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DZET 

! 
I 
! 
I -

Ger-ilim dli~d.imlinlin k~c;U2.. tlilmesi- ve k'eza enerji -ile

-tim kapasitesi~ii ~rttl~llm~sl'ic;in -uzun enerji iletim hat-

larlilda seri kapasi teler kullanlllr. 

Bu tezc.e, arlza dlizeyi ve korunIrja ba.~19 ~C;lslndan 
I -

Keban hidro-elektrik liretim msrkezi ile Golba91 ({rnkara) me~-_ 

k~zi araslnda :;;ebekeye elektri~ enerjisi ileten i~i benzer 
- \ 

• I , 

-hat tan olu.;;an ornek sistem tizerinde seri KOmnaTISasyon etki-
. ~ - \-

leri incelenmi:;; ve arlza analizleri yapllmlf;>tlr. Y;apllan he-
I 
! 

saplarln sonuc;larJ_na gore, seri kapasi telerin iletirn hat tl 

lizerinde optimal bir yerlef;>:Lrr':'i~in oneriler verilmif;>tir. 
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ABSTRACT ! -.' 

i -

To reduce the. vol t.age· d.rop 'and also _.~toincrease 

. power ·tratl"sf~r capacity' of the long power transmission lines 
• i • 

series capacitors are used • 

. In this thesis the effects of series compensation, 
. . j 

from fault level and protection points of yiew,. are investiga-i 
\ . 

ted a.'1d faul,t analysis is 9-C?ne on the exanJple system of fwo 

identical long transmission lines . trarlsfe:rJingelectrical 

energy from Keba~ H~dro-elect~ic Generatinl ~tation to th~ res: 

of the grid at GolbEup. Station (Ankara). . \ . 
\ 

Based on the results of calculations, suggestions are 

made for the optimal placement of series ca~acitors along the 

J .. l,.wanSrnlSSlon 

\ 

lines. 
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IWfRODUCTION 

In order to improve the power transmission capa

bility of the transmissionlines.There are three different 

main methods~ increacin~the line voltage, reducing the 
, 

line reactance by using serie~ capacitors or increacing 

the number at the lines. The easiest .and and' eC'onomical one 

is the reduction of series reactance of the line by inser~ 

ting ~eries capacitors to the line. This also improves the' 

voltage condition. 

Series capacitors were used in subtransmission lines 

for the purpose of reducing voltage drops. Because of rapid 

development in production of high voltage capacitors during 

.the last two decades, their application t'o high voltage 
., , .:, :' 

" 

transmission lines have became very common. 

Reducing of.the' series reactance in parallel of 

course means increasing the fault level which ,is important -

from circuit breakers rating and operation of the protec 

systems view point'. This thesis is the investigation of 

these ef-fects. 

In chapter one a brief information i~ given about 

the long transmission 'lines and its important parameter, 

inductive reactance. 

In chapter' two the power transfer ability of trans-

mission lines and reasons of reducing the line reactance 
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are described. 

In chapter three series capacitors as the main 

source of negative react~nceand their effectsto the 

system are explained. 

In chapter four some necessary information about 

the principle short circuit and open circuit fault and the 

procedure and methods of their calculation is given • 
. . . . ' \ 

In chapter five b~ief information is given abou~ dis~ 

tance relays and circuit breakers as the main components to 

limit fault damag~s. 

In chapter six the sepecific~tions of the system 

under investi~ationJnecessary assumptions, approximations 

and methods used'in fault calculations are described. 

The result of the whole tnvestigation is given in 

Conclusion part. 
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CHAPTER ONE 

LONG TRAN SM ISSION_ LINES 

Transmission lines are t:he arteries of the elec';" 

tric power systems. The availibilty of a.' well-developed 

high capacity system of tr~nsmission line makes it tech-
" 

nicallyan economically feasible to move large blocks of 

electric energy over large distances. 

Generally long high voltage transmission lines are 

used for the transport of electric energy from remote hy~

roelectr~c stations. 

,. 

Power transmission lines may be classified as a short 

or long. A Short line is defined as one for which. shunting._ 

effects can be ignored. A short li~e has a simple series 

equivale~t circuit (or model). This approxl~ation is usually 

justified for lines up to about 80 kill. route length. An . 
appr·pximate solu tiori 0 f long line ( or sometimes re fered to 

as a medium ) assumes that all shunting effects can be lum-
I 

ped at a few selected points along the line, for example all 

~t the middle giving the nomiral (T) or half at each end 

(n) as shown in Fig.l.l 

1 "I 
I .. 1... . 

(a) (b) 

FIG.l.],. (8.) Nominal-IT. (h) Nominal-T. 
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The primary parametens (so called constents) of 

a transmission line are its series inductance ( self and 

mutual ), its shunt capatitance and its series 'and shunt 

resistance. 

1.1. The Inductive Reactance of 'Transmission Lines 

For fault analysis the main parameter is the line 

inductance, the effect of others are negligible, in calcu- ---

tions. 

The inductance of,a power line is by far the most 

important' line parameter from engineering point of vi~w. 

For normal line desgins the reactance is the dominating 

impedance element and it directly effects the transmission 

capacity of the line. 

The effective self inductance of each phase conductor 

of a 3- Phase line is given by 

Where Deq and Ds are geometric mean spacing ,<:~distance 

( G. M.S or G.M.D ) and geometric mean radius ( G.M.R). 

Positive and negative-sequences currents flowing in 

a tr~nsmission line require no return path because their 

al~ebric sum equals zero. 

When zero sequence currents flow a transmission line 



they may choose any available return path. Some of the 

current may return through, ground, som~via the overhead2 

ground wires. These latter wires are usually grounded at 

each transmission tower' and therefore the return 'current 

in them may not be uniform throughout the line. 

The zero sequence impedence,will have q,ifferent 

val",es, dependi~g upon the actual return path since 'the 

ground impedence depends greatly upon soil, humidity and 

other empi~ic f~ctors it is customary ,to make certain simp

lifying assumptions regarding the actual current distribu-

tiqns. 

Thus the zero-sequence inductive reactance of each 

phase conductor is 

whe:re , De:=;KJ ~f 

j is the earth resistivity which is very variable 

refered to nature of gr,?und.The Zero Sequence reactance 

of a transmission line is usually between 2 and 3~5 tiines 

thepositive-suquence series reactance Xl. 

1.2. Improving, .. VoltageCondi:tie>ns' in. the Lihe " • . , .... 

Since the voltage drop on a transmission line is 

approximately proportional to the inductive reactan«e the 

reduction of this reactance is an obviously powerful tool 

\ -
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in improving voltage conditions. Unfortunately however, 

it is not easy to accomplish su~h a reduction. 

Change of dimensions does not effect too much. Pa

ralleling two or more similar lines is very ,effective but 

is not economical way of improving the voltage drop. 

There remains the compensation of the line renctance 

by a capacitor connected in 'series with the line; so-called 

Series Capacitors. 

c rr'hey generate vars proportional to the square of the 

current in them and cancel of permissible 50% of line.'·s 
. . 

series inductance moreover giving raise to the pbwer limit 

and 'to improve the system stability ( will be discussed lat-

ter ). 

.. \. ,:. .-
.' " 
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cHAP..PERTWO 

POWER TRANSFER IN LONG-LINES 

The length of the line increases amounts of reac

tive power andres~lts ~n the increase 01 current and 

. losses~ Also the longer. the line, the more the stability 

enters as/limiting factor. All this indicates ~hat the max.i

mum amount of pow'erwhich can be ~ransmitted on transmission 

lines is a co~plicated function of many engineering and eco-

nomic varaiables. 

The ,transmission o~ 25 M. W over a distance of moye 

than 300 kIn.s wou-ld hardly be economical. The only power 

values close to the natural power~can be ,transmitted over 

large distances, a limit soon is reached where either the 

natural power has to be raised or the load has to be dist

ributed on parallel lines (or both must 'be done). 

The latter solution, while expensive, also increases 

the reliability 'and flexibility of the system. Further more, 

less capacity is lost incase of a fault if the load is 

derived between two lines. , . '.' .' \ 

The former solution can be obtained ac~ordingto 

Eq:'.n ,(2.1) either by increasing the ,voltage or by reducin'g 
i . 

. Jt 

(~ ) If the line is terminated at its· characterstic impe
dance the line losses will be minimum. The powe~ 
transmitted in this condition, 

~. PN = ~~Zo (2.1) 

Is called the natural power, where EN is the receieving 
end voltage and zo := "Lie. 
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the characteristic impedance of the line. The most obvious 

way of increasing the natural power is by increasi~g the vol

tage since the natural power increases with its square.Fart

her more, according. to Eq'n ~2.2) and (2.3) the increase of 

'voltage is 

Sending End ~" E' 
e =1--8

s 
[A' cos( 13 - oq -r-!] S·max .,Es 

Receieving End . E21[Es" .~. 
~max= Sr E -A,cos( 13-.d.) 

. r 

2.2 

equally as effective (square of the voltage ) in increasing 

the power limit of moderately long but heavily loaded lines 

as it. is increasing the natural. power on 'lang lines. 'llhe' in

c~ease of transmission voltage, however, is accompani~d by 

considerable difficults and it becames cumulatively more 

expensive ,as voltage rises,~onsequeritly, there is a nee4for . .' , .:. ,)' 

I .i. ' .. 

investigating the possibilities of reducing the characteris-

tic impedance. 

The characteristic impedance derives from the line', 

constants and the ultimately from the line'di~ensions ~annot 

be changed widely since conductor distances are limited by 

consideration of insulation levels and corona. Furthermore, 

the line constants are proportional to t.he logarithm of the 

line dimension, conseque.n tly any change in. the,. line dimensi-

ons is reflected only in a smaller proportion in the line ~ 

constants. ~his then leaves the act~al addition of capaCitors 

as the only possible way of changing the characteristic impe

dance •. Fig 2.1 shows the application of series capacitors. 
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--------~Irl ------~llr ~--~~. 

Fig 2.1 Single 'phase line with series capacitors 

.This results in a reduction of L and. consequently in reduc

* tion of Zo and 1 ~ this is completely desirable. 

. . 

(*) ~ the propagation constant 
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CHAPrnER THREE 

3-SERIES CAPACITORS 
',' i .:. l' 
,I \. 

A series capacitor may be cohsidered as a negativ~ .. 

( Capacit~ve ) reactance in series with the line. The vol~ 

tage rise across the capacitor, as a function of the cir -

cuit current, is automatic and practically instantanous, 

Fig. 3.1.' 

Series capacitors are applied to ·tiel feeders to inc~ 

rease power-transfer ability and to improve system stabili

ty ,it has the effect .of improving voltage condition . too. 

'llhey generate vars proportional to the .square of the cur.

rent in them and cancel of perm~sible up to 50 percent of 

lineJs series inductance. 

li_ 

[I 

LINE 

~ 

te I. • I 
Ee [ 

~ __ -L--L-____ ll • Ie -I 

Ec . 

ORIGINAL POWER FACIJ.IOR ANGLE 

POWER FAC'l'ORANGLE WITH CAPACITORS 

Fig 3.1 
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The voltage rise of· the series capacitor is con':"" 

centrated across the capacitor itself ( Fig 3.2 J. This 

results in a step like voltage distribution along the 

line. Th~ series capacifors have not considerable effect 

on power-factorimprovem~nt. 

Il el, rise caused 
by capacitor 

e~ •• ,"":::-=-~~=_--I 
11 

Fig 3.2 
1\ 

3 .1- Effect of series' capaci tor·s on stability limits 

Assuming that on a t~ansmission line the resistance 

of line is much small~r than its reactance the transfered 

power can be obtained, from : 

where ~ is the angle between the sending E.r and receivi~g 
, 

E voltages. With a series tapacitor the expression for po-s . 

wer transfer is 

ThelGefore lor a given phase-angle difference between the 

voltages, the. transfer is greater with a series capacitor. 
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Whus making possible a gre~ter interchange of power, the 

normal lo~d transf~r and the synchronizing power flowing 

during transient conditions ·are increased, there_by.hel

ping stability. This' is ·illustrated. in Fig 3.3 which shows 

that for the same. power angle, a series capaci tor·-effects 

'a 40 percent increase in power transfer ability and also . 
the maximum power that c~n be transfered. 

\ 
' , 

·s 

250 

t-
'" :0200 
< .. 
.!! ., 
Cl50 

~ 

40 60 80 100 120 140 

Angle ~i-Deiree. 

Fig.3.3-The power-transfer ability of a 
tie feeder may be increased from curve 
Ca) with6ut series:capacitors,to curve 
(b) with series capacitors.' 

Furthermore to transfer the same amount of power through 

the transmission line an~le' is smaller, which aids sta

bility of the system. 

Complete compensation is generally not desirable 

for stability reasons. During line faults, the fauitcur-

rent produces an excessive voltage ~cross the capacitor 

which makes it essential that tb be taken. out of:service 

," 
~~ . 

I'-
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fvery.qui'ckly. But taking the capacitor out of service 

is eq~ivalent to adding reactance to ~ircuit, which, is 
-

the worst thing that can be done at a time of f~ult vi-

ew point of maintaining'stability. 

The manner 'in which this schem~effects stability 

ofa system illustrated in F1g3.4 for the case of,two, 

parallel lines with an intermediate sectionalizing 'stati

on with series capacitor~ '.t:he Fig. shows. the power angle 

diagram for the system operating normally, for the system" 

with an assumed fault to ground, for the syst~m with the " 

faulty line section removed .but the capac'itor still short

circuited, and for the system with the· faulty line out and 
~ 

the capacitor reinserted. The initial operating condition 

is unit power and angle of 30 degrees. 

~O~~~---.~---r----r----r~~ 

~~I-H--U -I~b·· . ~. 
. Fault \ 

Capacitor . 
Load .. 

1:: 
~lOO~--~~~~~~~~~~~--~ ... 
If 

Degrees 

F'igure 3.4 Power-angle diagram'.'of trasmission system 
with intermediate series capacitor. 
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The fault reduces the power flow from a to b" 
"" \f 

"at the first instant of time , ~and angular shift mo~es 

the operatihg point to C. At this point the faulted 

section is removed and the ~operating point moves up to f 

,with the capacitor." reinserted in the circuit. The restoring 

forces are shown by the area dfikg wit.hou~:': the capacito~ 

" the~'restoring "forces would be as indicated by the area dhe"g. 

"Thus the series capacitor, if properly applied greatly in

crease the restoring fo::cesand the .system"stability.during 

faults, provided that it does not have to be taken out of 

circuit to protect it against ~estruction. 

3.2- Series",:Capacitors Protection puring Line Fault 

An important p~oblemis the protection of the series 

capacitors when they are called upon to carry heavy currents 

during fault conditions on the power system. ~he v~ltage 

drop across the capacitor :i.s equal to I~cand the value 

of I is large. This voltage which is of courie appiied ac -

ross the capacitor plates, may reach "a sufficiently high val

ye to cause break down of the dielectric and the consequent 

destruction of the capacitor. One method of pr~tection is " 
\ 

to connect a spark-gap across the unit arranging it to bre-

akdown at·, some voltage low enough to aviod risk of dam~g:~.:.t,o 
, . 

the capacitor ( Fig 3.5 ) ~hen the 1Xc drop across the.~-

nit reaches appropriate value the gap breaks down, effectively 
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sho~t circuiting the capacitor, reducing the voltage ac

ross it to zero. 

- Voltage relay 
Air inlet 

Exhaust 

Figure 3.5 'rypical protective scheme and gap 
for series capacitor.R.Resistor. G.Gap. V.Val
vee A.Air reservoi~. S. Short-circuiting switch. 

As standard capacitor units can with_stand about..: I .. ' "' 
200, percant of their rated working voltage for bi-iei pe,-' , 

riods without damage to the dielectric, it is necessary 

to use capacitors with continuous 6urrent ratings equal 

to 50 percent of the maximum current that may fiow during 

a fault, or to use a voltage limiting device. For a given 

re.,actance, the cost of capaCitors increase approximately 

as the square of the rated currents so that it is more 

economical to use capaCitors whose ratings are based on 
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the working qurrent and to limit the voltage that can 'ap~ 

pear across their terminals by means of auxiliary appara~l: 

tus. 

On large series capa6itors in transmission lines 

special high-speed. circuit breakers or both maybe requi··: 

red to protect the capacitor and re-insert:them into the 

,I 

'" ,Cll:c!Jit.,within a ~alf cyqle or a cycle after the fauit ,itiS 

necessary ,to enable the series capacitors' to provide system . ' 

stability. If the capacitors are not·rein$erted within a 

cycle or less, their fault benefit cannot. ~e realized and 

their usefulness on tie line~ would be reduced materially 
.• " , .;. 'i" 

both electrically and economically. 0' " 

3. 3. Location of Capacitors 

In general a series capacitor can be 10 uted at any 

convenient place on a line provided that certainTeq~ire-
.. ' 

, ',1 - . 

ments are met. The voltage level at the out-put 'terminals 

\ : 

. " 

of the bank must not be too high for the line insulation and 

light.e.ing arresters. 
i 

I ;., It can be located in the middle of the line in one I 

i I 
'Ibank through the whale of line, or two banks may be prefe-
I 
I 

t::~~ ::s:o::ru:~:o:::Q:::::n~So:b::::::n::r::::ct:::::r~ 
. rh'e line the short circuit current . and voltage:. levels across 

the capacitor, b~nks" of the latter :type will be le.ssthan the 

former one, but the cost and economical considerations is im-, 

portant f~ctor in the desgin. 
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CHAPTER FOUR 

4- FAULTS 

Power systems are sub'ject to many kinds of faults. 

The principle· types are .: 

Three phas.e with and wi thou t earth connection, pha~- I 

to:-phase,( "two phase.)" phase to earth ( single-phase ) 

and double phase-to-earth ( phase-phase-earth ). Faults so

metimesoccur simultaneously at separated points on the sys

tem and different phases ( cross:...country f~ul~s ).Sometimes 

they are accompanied by a broken conductor or may even take 

the form of a broken conductor without earth-connection. 

With the exception of the'three-phase short circuit 

all of the faults ,listed represent unbalanced conditions. 

Faults are the result of the reduction in the basic 

insulation strength between phase· conductors and earth for 

any natural, mechanical or electrical reason. 

4.1- Types of Faults .. 
The principle type of faults.may·be classified in 

four major following groups. 

4.1.1~:Short Circuited Phases 
i 
\IFaults of this type are caused 'by insulation failure 
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'. l'.:. 

between phase conductors or between phase conductors an:d" 

earth C, Fig 4.1 a ) 

I 
. I 

Three-phase clear·of earth 

I· ----~------1-~~---~ 

Phase-to-phase 

I 
Two-phase-to-earth 

~----~----~--~-

:." 

Three-phase-to-earth . 

1 
Single-phase-to-earth 

--...1----·' 

I 
Phase-to-phase plus 
single-phase-to-earth 

Fig. '4.1.a. Short-circuited-phase faults. 

4.1.2- Open Circuited phases 

This type of fault is illustrated in Fig 4.1.b is 

the failure of one or more phases to conduct. The single

phase and two-phase open circuit conditions are of parti

cular ·interest because they both tend to produce.unbalan

ce of power system. currents and voltages with consequent 

risk of rotating plant~ 

, . 
.. , 

I , 
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, ;, 

-------

Single-phase 
open-circuit 

Two-phase 
open-circuit, 

Three-phase 
open-circuit 

Fig.4.l.l.b. Op~n~circuite'd-phase faults 

4.1.1,2- Simultaneous and Winding .l"aults 

The rating of· thes'e faults do not exceed the rating 

of first typa so t~ey are not as important as the ,other two 

and ar.e not included in our calculations'. 

4.2- §actors Effecting Fault Severity 
,I' '. 
The factors which are normally required to be .consi-

dared are : 

4.2.1- Source ~onditions 

. ,. These relate to the amount of power supplied to the 
\) 

system and wether the plant is'in maximum or minumum load 

connected conditions. 

4.2e2- Power System Configuration 
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~his is determined by the items of plant namely 

generators trans.formers, overhead-lines' and etc' assumed 

to be in service for particular condition being'investi

gated. 

4.2.3-. Neutr.al Earthing 

Faults which involve the flow of earth. current 

( e.g'SLG ) may be influenc~d by the ,system neutral-e

p.rthing arrangement, par:ticulary by the number of neut-.: 

ra~ earthing pOints and the presence or absence of ne

utral earthing impedances. In ~ost high voltage systems:t 

the neutrals are solidly,grounded with the exception of 

generators. The advantages of such' grounding are as fol- I ;' 

lows' : 
, 

Intermitten~ ground faults and high voltages due 

to arcing fault$ are elimi~ated. 

- Voltages to ground are limited to phase voltage. 

- Sensitive protective relays operated: by .ground 

fault currents clear these faults at any early 

stage. 

4.2.4- Nature and 'I'ype of Fault 

The type of the fault and its position in the power 

system have a considerable effect on the magnitude and dis-
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,tr.ibu tion 0 f the system fault. The three-phase short cir-. 

cuit can normally be regarde.d as the most sever condition, 

therefore it is accordingly the ·~aximum. ~ossible value of 

the three-phase fault level which normally determines the 
-. 

requi!'ed short-circuit rating of the power-system switch-

gear. 

Another important factor wich must be taken into 

account is the maximum value of single-phase-to-earth fa

ult current, in a solidly eartkd system. may exceed the . 
..... 
\J 

maximum three phase fault ,curr~nt. 

4.3- Relative Number of different Kinds of Faults 

Faults on overhead lines account for about one half 

of the total number of faults. For a power system thefigu

res given below serve merely to indicate the order of pre

valence and emphasize· that there are usually a great many 

more line-to-ground faults than faults of othertypese 

. 5 percent 

i' 

I· 

Thr.ee-phase Faults 

Two-line-to-ground Faults 10 percent·' .. 

Line-to-line 

Line-to-ground 

Total 

4.4- Methods of Fault <.;alculation 

Faults. 

Faults 

. \ 

15 percent 

.. 70 percent 

lob . If 
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The information normally required from .a fault cal

cUlation is that which gives the value of currents and vol

tages at the stated points in the power system. Faul.t cal

culation is therefore essentially a matter of network ana

lysis and can be achieved by a number "of alternative met -

hods namely:" 

a- direct solution of the network equations obtained" 

"from the mesh-current or nodal-voltage methods, 

b- solution by network reduction and back substitution, 

c- solution by simulation using a fault calculator or 

network analyser, 

d- modern fault programs for digital computers, usually 

based on the bus impedance matrix, are widely used 

for large "and complex systems now. However solution 

by network reduction, using manual hand calculators 

is done for the systems of limited size and.comple

xity. 

4.5- Unbalanced Fault Conditions 
. ,J I 
,. \ 

A full and proper analysis of unbalanced conditions 

ina three-phase network is made pos~ible by the use of sym

metrical components. 

4.5.1- Symmetrical Components 

These components are represented by the some of tliree 
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set of balanced or symmetrical vectors, namely, the positi

ve sequence set, the negative s~quence set and the zero se

quence set as shown in Fig 4.2 

,---
a . 

.. 
c _____ ~ 

• .1 ~ c 

Positive sequence Negative sequence . Zero sequence. 

.fi'ig.4.2 Vector-diagram representation of phase-' . 
sequence components. 

If I a , Ib and Ic are any set of unbalanced three phase 
• '.:. j. 

current.· In terms of syrnrntric components of the reference 

phase ( phase a ) it can be easily shown that 

I a = 10 + II + 12 Ia I I. I 10 
! 

. 2 
=> Ib I· .2 

I I b = 10 + a II + 12 a a • :t 

Ic = 10 + all+ctI2 Ie I a a2 
12 

similar relationship between phase values and sequence com

ponent values are equally appliciable to voltage vectors in 

terms of reference-phase (phase a ) 
.. ---. 

. i 
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4.5~2- Phase-Sequence Networks and Impedances 

The vector relation of the phase-sequence voltage drop , 

to the phase sequence current producing it, is the same i.n" 

all three phases and is termed the appropriatephase':'sequen· -

ce impedance of the circuit concerned. Where Zl,Z2aftd Zo de~ 

note ·.the positive, negative and zero sequence respectively. 

4.5.2.a-"The Positive Sequence Network 

"." l J I' 

Each three-phase circuit is represented by its p6~1~ . 

tive-sequence impedance or impedances,and in case of a power 

source by driving voltage re~resenting the generated e.m.f 

behind the source of positive sequence impedance. 

4.5.2.~- The Negative Sequence Network . 

The three-phase circuit can be pepresented by its ne

gative-sequence impedan,ceor impedances, there will be no 

driving yoltages since there are no generated negative-sequ

ence e.m.f~ in power systems. In static plant the positive 

and nagative impedances are always ~qual but differ so far 

as rotating machines are concerned. 

4.'5.2.c- The Zero-Sequence Network 

Sim~lary the three phase circuit can be represented 

by its zero sequence impedance or impedances. There is no 

generated zero~sequence e.m.fs in power systems, so there 
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rwillbe no <Lr iving voltage in zero sequence network. 

4.6- Sequence Impedances of NetwOrk Components 

All sequence impedances for a synchronou~ machine 

are essentially purely reactive and .since it is a dynamic' 

element, its sequence values are different also ,the per

unit value of each. sequence impedance varies for different 

machine types. 

The positive and negative sequence imp~dances of 

transformers are identical as it is a static element but 

the zero-sequence greatly depends on the 'winding type 

( Delta or Star ) also wether the neutr.als are grounded. 

Fig 4.3 Typical symmetrical-component modplshfor 
the six most common connect~Ons of t ree-
phase transformers. 

BusP Bus 0 Pos Seq Neg Seq Zero Soq 
p' r$~ r JS~, ' Wye G WyeG P '. $~ 0 
-uu.u..r-0 -u.u..u.,.... P e-uJ..l.l.J.re 0 

--~ .,.~ W~$_ Wye G Wyo P rs~ r r 
~O P $~ 0 p $~ 0 
~ ~.I • ... ., .. ~ ~ 

r rs~ , 

~ 
Wye G Oolta P st: 0 

P -u.u.u.r--0 ~ 
" 

".$~4 $""~ r ' r JSt: Wyo WyfJ P It: 0 P ,t: 0 
~ ~, p • ..w.u", .0 

~.#$'##NM ._".M'~, -~ p. ~t: 0 
J r ' r,~ WyfJ Della P , $~ 

-v..u..tJ..r4 ~O, P........u.tllJ .0 
WMM$#_p"$~ e,~ -~~ r. r. r,~ Della Oelto p. S~ 0 P $t: 0 
~ -..w.u",-. p. dU1.I.J .0 

~ • .@'4'D,@j _:wM'~ W4 __ .@'ff.Q#.4 
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4.7- Analysis of short circuit conditions 

In general analysis of fault~d conditions involve 

the three phase sequence networks of the given power system. 

It is convenient to represent each equence'networkin its 

simplest ~or~ asview~d from the point o~ short circuit, 

F. ( Fig 4.5 ,). It should be noted that the voltageE is the, 

a 

b 
Power system --' F 

c 

L' ---;- Zl," ,F
l 'L" Z',' "F czo

,' " , " ' Z . FO 

, ' 

Positive Negative Zero 

Fig.4.5 Equivalent phase~sequenc~ circuits of a 
power system as seen from the point of 
fault '. 

pre-fault reference voltage at the point of fault and Z 1 
and Z2 and 

of fault. 

Zo are the sequence measured from the point 

4.7.1- The Three-phase Fault 

Considering the three-pha~e fault shown in Fig 4.6a, 

the required 
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a 

b 

'. F 

I -= 

Fig.4.6.a The three-phase fault 
. . 

symmetric-component equations 

Il = E Il, 

I2= 0 

I -0- 0 

The phase currents flowing the fault are 

Ia = Il = E 
\ 2 . 

Ib = a . 11= 

Ic =. a. II:;: 

• 0 

(: a = H120 ) 

/Z1 
2 

a . E/Z
t 

( a. E ) / Z1 

4.7.2- The Phase-to-Phase Fault (L.L) 

It is convenient to assume the phase-to-phase fault 

to be between phases band c as shown in Fig 4.6.b 
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\' .. 

a -
Power b 

ayatem c I ~ -
F 

..L . -=- . 

Fig.4.6. b The phase-to-phase fault 

The required component equations 

Il. = E / ( ~ + Z2 ) 

12 = - E / (Z~ + Z2) 

10 = 0 

The phase currents flowing into the fault are 

Ia = I~+ 12 = 0 

Ib = a •. Il. + a~ I =_gJ3E) / ( Zl.+ Zgl 

Ic = a .Il.+.a:I2= ~nE) / ·(·Zl.+Z2)-· 

4.7.3- The Single-phase-to_Earth. Fault (S.L.G) 

~'or this fault condition it is convenient to assume 

the short circuit to be between phase a and earth as shown 

in Fig 4.6.c 

a· 

Power . b 
system --

c --'. 
F 

..L -'-

Fig.4.6.c The single-phase-to-earth fault. 
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~he requi~ed phase-sequerice currents in the faulted· 
' .. , . 

circuit are given by 

The phase currents flowing into the fault 

Ia = ~~+ 12 + 10 = 3E / ( Z~+ Z2+ Zo) 

Ib = 2 " 
a I~ + a 12'+ 10= 0 

2 
Ic a I~ + a 12 +,10= 0 

4.7.4- The Two-phase-to-Earth Fault { L.L.G ) 
, 

It is convenient to ,assume the two-phase~t'o-earth fa-

ult to be ',between phases band c and earth as shown in ~'ig. 

4.b.d 

...... 
'J 

b 
Power 
system 

--+---0--. 
c 

Fig.4.6.d The two-phase-to-earth fault. 

The component equations 

I~ = ( Z2+ Zo)~ / ( Z:L Z2 + Z2 Zo +ZoZ~) 

12' = :.. Z2E / ( Z Z2 + Z2 Z + Z Z ) 
~o 0 ~ 

10 = -Z2E / ( Z~Z2+ Z2 Z0+ ZoZ~') 
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The phase current flowing into the fault 

la = IJ. + 12 + 10 = 0 

2 
a IJ. + aI2 + 10 

( ZJ. Zo+Z2 Zo + Z2 ZJ. ) 

4.8- Analysis of Open Circuit Conditions 

Two phase-open-circui t and single-phase-open cir'cui t 

arc the important types. The remaining are of little pr~cti

cal significance. These faults are analysed by symmetrical 

compopents too. 

4.8.1- The Two-Phase Open Circuit 

For this case it is convenient to assume the open 

circuit to be in p~ases ~ and c of the gtveq circuit as 
;. 

shown in Fig 4.7.a the positions P and Q denotihg the po-

ints in the circuit between which the open circuit is assu

med fOhave occurred. 
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Positive 

a 

b 
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P a , ,. 
, ·1 
I , , 
I I 
1 I 1 
I I 

.1 
I 
I 

P z Oz 
Negative 

Ia 
) 

Ib 
) 

Ie 
) 

• 

Po 0 0 
Zciro 

, 

-' 

.. 

F'ig. 4. 7a, The two-phas~ open-circuit condition 

..... _-

The required phase-sequence currents in the faulted circuit 

are given by 

and the phase currents in faulted circuit are 

I a= (3Z~~ I~ pf ) / ( Z~+ Z2+Zo) 

Ib=O 

I - 0 c- . 

4.8.2- The Single-phase Open-Circuit .; 

It is convenient to assume the single-phase dpen-cir-

cuit to be in phasea or the given circuit as shown in Fig. 

i 
:1 

.1 



a 

.b 

e: 
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P Q. 
I 
• 
I 
I 
I 
I 
I 
I 

I .' I 
• 

Pz QZ 
. NegaUve 

·Ia, 
) 

Ib 
) 

. Ie: . 

) 

· . 
Fig. 4.7 b The single-phase open-circuit condition. 

Th~ phase-sequence currents are given by 

The phase current 

11 = -0,----
Z2,Zo 

Z2.z0 

1a = 1i+ 12 + 10 0 

. 2 . 
1b=a.1~+ a.12 +10 

I - I +c1. 12+1 c-a ~ 0 

I 

~ .}. I' .. 
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4.9- Fault CalculatiQn Procedure 

4.9.1- Over-Head Line and Cable Circuits "-
Overh.Bad~lines and cable circuits are represented by 

their . IT- circuits, it being usually sufficient to employ 

the nomin~l,.. IT circuit in Which. the series arm represents 

tne total series impedan.ce of the· cir.cuit concerned and e;::tch 
.', 

Of the two shunt arms the impedance corresponding·to··on~ half: 

of the total phase-to-neutral capacitance. The shunt arm im

pedances a~e a~ways large in cOniparisi'on with the series-arm 

impedance, and r'epresen tation by the. serie's arm alone is usu-' 

ally sufficiently exact for most practical purpose, particu-, 

larly for over-he ad-line ci~cuits~ 

. , 

4.9,2- Transform~rs and Synchrontius Machines . 

Their 'impedances are predominantly reactive with X / R 

ratio typically between ten and twenty. It is therefore usu 

ally safficient exact to ignore the resistive compone'nt of the" 

impedance·s and to assum e all the impedances to be purely re-

active. 

4.9.3- Load 

Load impedances are always large in value in comparisi

on with series impedances of power systems plant and they there~ 

fore have only small effect on the value of the 'total fault cur

rent conditions. Load can therefore be ignored in the majority. 
,.. I 

of short-circuit calculations. 

\ ; 

j 
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~.9.4- Transformer Tap~position 

Fo'r the great majority of fault calc~lations it is usu

ally sufficient to. ignore actual ·tap position and to assume all -

the transformers to be operating on the nominal-ratiotap...;posi-

tion. 

4.9.5- Equivalent Squrces 

'llhe representation of a complex power-system network can 

often be simplified considerably by the use of an equivalent ge-

nerator to represent the whole 'or cet~in parts of a given net -. i 

work. Thus a complete netwc>;rk, as seen from any given· point may 

be represented using. Thevenin's Theorem, as a single driving 

voltage in series with a singleimped~nce. 
., ( .: I' 

" 

, ' 

4.9.6- Treatment of complex impedance 

In many cases the resistance components of the impedan -
• ; i 

ces are small compared with the reactance components. The use of 

such a pure' reactance form of repres~ntationresu'lts in a short 
I • -

circuit current slig'htly greater" th.sm the true value. 
./ 

40 10- Comparision of -Fault Levels 

The relative magnitude of fault currents and fault volt-

ampe~6 will be compared in this section,taking the 3-phase fa

ult ~sthe siandard for comparision ( 1.0 p.u ). For simplicity 

it will be assumed that the system resistance is negligible and 

that x
1
=x

2 
i.e for alternators the subtransient is taken for 

, 
" 
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also it will be assumed. that the fault impedance is negli

gible. Since the mciin po:ln t is to show that an earth fault ne-, 

ar a solidly-earthed source neutral-point can exceed that of 

a 3-phase fault. 

a? 3 phase fa~lt 

Fault current 

Fault V A. 

. b) Earth fault 

Fault current 

Ean / x~ 

3VrEan /x3: 

and expressed in per-uni~ of the 3-phase fault valve 

If xo=xi then earth fault current 1.0 p.? 

If xO<"l then ~'earth fault currend 1.0 p.u 

Fault V~3.Vr· Ean / . ( X~+X2+Xo) 

and again in per unit of .the 3-phase fault valve we .have 

Fault VA: 'X~ / ( 2X~+ Xo ) p.u 

This fault will be cleared on one pole of 3-phasE7 circuit bre

aker having three identical poles. Thus the 3-phase breaking 

VA rating of the circuit breaker will be 

Th'..lS if. X
D 

<Xl an earth fault requires a circuit breaker of 

larger rating. 



CHAP'fER FIV E 

~- RELAY AND CIRCUrrr-BREAKER APPLI(;A'l'ION 

The function of the ·relays and the circuit breakers 

in the operation of a power system is to prevent or limit du

ring 'faults or overloads and to minimize their effect on the. __ 

remainder of the system~ 

5.1- The Selection of· Circuit 'B~eakers 

B.ceakers·are identified by nominal vOltage. Among ot

.he~ factors specified are rated continuous current, ratedma-

X1.mum voltage, voltage range factor K and rated shor.t cir -:

cuit at rated maximum kilovolts.K determines the range of 

the vOltage over which ~ated short-circuit time~ oper~ting 

voltage .is constant. Breakers of the 

her have a Kof 1.0. 

115 KV' class and hig-

''uhe data for selecting the. breakers are available from 

fault studies. 

5.2- Distance ~elay and Distance Protection. 

1n order to protect high voltage and' mediume volkg~ 

transmission lines against fault generall~ distance ralays 

are used. The distance rela~ is basically an impedance re- . 

lay since the impedance of the line is directly. proportior. 

nal to its lenght. The driving point impedance of any net

work is Z = V I I. During a fault on a line I increases and 
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as a result V decreases~ consequently Zdecreases too. So 

·it can be deduced that in a faulted line the shorter the'fa

ult point distance from statio'n the smaller the impedance. 

One of the main specifications of the 'distance relay;; ... ,. the 

duration' of its response to com!Iland the circuit breaker to 

'open the feeding point of the fault, is a function of the 

distance from fault point. 'l'he longer the distance, the lon-

ger the time of operation' which is als~ 'acceptable· from 

physical point since the short circuit current of a fault 

with longer 4istance (greater the impedance ) will have 

smaller magnitude. The measure' of the distance is based on 

the line impedance or its components, reactance or resis -

tance. 

Hodern relays have ~tepped time characteristic., Th.e~ J . ' . 

. ' " 
are usually built with three protective zones as indicated 

in Fig 5.1. The stage (Zone) 1 of the relay provides ins

tantaneous tripping for aily fault within the predetermined 

distance from the relay (frequently 80 percent of 'the dis -

tance between substations A and B ). Stage 2 operates with 

a time lag for any faults between the ~nd of the first stage 

and well into the feeder between Band C ( between 20 per

cent and 50· percent of B to C is usually included in this 
, 

stage ). Stage 3, in·whidh a further tim~ delay is provided 

for tripping, acts as a back up to the relay at B and also 

to the first two stages of A. The fault point is appointed 

by the impedance comparisionbetween the fault impedance 

and a constant adjusted impedanc~ of the relay. In case of 
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short circuit on the lin~ all operating elements ot thedis~,' 

tance protection are stimulated and compare the impedance. 

The only relay nearest to the fault point measures the smal

lest impedance in the 'other words the smallest distanc~ 'and 

gives the shortest ti~e co~~and of its stepped time char~c

teristic~ 

, , I A. 
) -)( 

'Imoe,d. ' 

t i 
1 
I 

Operating I timo, 
Staio,..l_' -----------
Stai~ ~ _________ -r--....j..-l~~---J Sta e Z 

Staio'..:l~+=~~====l=:::~:::==::.::±::~~== 
t--I-~---I.I -1)4-,----==-=-=----1' .. I 

80r. AB 80"0 B,C 

- Di.tanco 

Fig.5.1 Characteristic of'three stage distance 
relays. ' 

5.3- Fault, Impedance-As Function of the Fault Type 

By symmetrical component analysis it can be shown 

that the primary impedance is a function of ' the type fault 

and then devise methods whereby the relay need only be set 

in terl~s of three-phase fault condition i.e term of positi-

ve sequence impedance Zl. 
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In order to have the.same primary impedance Z~ for' 

phase-to-phase an~ phase-to-phase-to-ground faults, phase

fault compensation method is employed which is delta com

bination of C.T.s and use of L~ne-to-l~ne voltages •. 

compensating transformer 
I . turns n ratio 20 

E/F P/F 
oP.tfat.ing 
circuits 

Fig 5.2 Residual ,compensation. Eart.-fault ( ElF) 
relays take phase' voltage. Phase-fau·lt 
( P/F ) ralays take l~ne voltage. 

'," \ .~ t, 
" 

Also to have :c, as primary impedance for single;..pha

se-to-earth two different methods of residual and sourid-ph.a-

se ~ompensation ~an .be used which are speci~l combination of 

,C.T.s and V.T.s too. ( Fig 5.3 ) 

o 

b 

C 

CT 

tUfl)S ra'tio 
n 20 

F'ig 5.3 Sound-phase compensation 

ElF P/F 

-,I 

.. 

. ; 
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CH AP T'ER SIX 

THE SYSTE1·~ UNDER INVES'l'IGATION AND 

FAULT CALCULATIONS 

The system consists of two parallel northern and so--

utbern transmission lines. These lines traisfer electrical e

- nergy from Keban hydr-o-electric -Generating -~tation to' Golb~~l 
, ' 

Station. The length of tbe iines is 546kms and the values of 

linepa::ameters ar,e' given in Table.2 .• The rated voltage of the 

lines is 380 KV. 

The Reban Hydro:":electric G~nerating sto,tion - consists" 

of twc groups 'of genel'atlng'upitswhE:re each group has four 
, , 

identical generato~s with the rating of i75 11V A and, 201. 51vlV it 
, 

respectively and t~e rated vOltage_ is 14.4 l:V. Tbese generators 
',' 

are connected through corresponding 'delta/star step-up trans';;. 

formers to the common busbar of the senciing end of the lines. 

~itb reference to the informatibn obtained from T.E.K 

( Ttirkiye Elektrik Kurumu ), the ':rest of the grid connected to 

Golba~l-Station is represented by an assumed ~qtiivalent network 

consisting of two identical parallel lines ~ith the length of 

one third and the same parameter/kID. values as of the above 

mentioned lines connected througb five identical step-up trans-

formers to a group of five identical generators with the rating 

of 14.4 KV and 201.5 l1VA. The necessary data about both plants 

are in Table 1 • 
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The length of' the line from ,mSlbaQl. to KaYf!eri (the 10ca' -

tion of capacitor banks ) differes slightly from the Kayser~ to 

Keban bu~ in , fault ,calculations,' it can be assumed that 

oapacitorsare inserted in the Diiddle of the line~ (Fig.6~1) 

. 

../ 

, The base chosen in the calculations is 100 MV A and 380 ltV 

and all other-data are given in per ,unit with respect t,o this base. 

.... 
v 

6.1. The'Thevenin Equivalent of Stations 

J 0.0365 J 0.02' 

x,.,. 

I) 0.022 

. 
') 0.04. 

Fig.6.2.a. The, Thevenin ~uivalent of the Rest of the 

Turkey, 
j 0.0228 

Grid from GolbaQl. bus. 

"-----'--4 , ' 

~{ 

Fig 6.2.b The Thevenin Equivalent of Keban plant, from 

Keban bus._ 

'J 

i 

,\ 
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6.2. The Equivalent Sequence Networks of the System 

!--Jy>..."'-".r----"-rn:"'I!'---; ~.~----'"n 

0.5;.163" )0.059 6.5)<1(1 . JO.o:19 

2.15 .. 163 JO.07B 

, Fig 6.".a. The "Positive Sequence 

. 
2 j'S,.1Q3 16.0'19-

t--..rv>.Iv\" " ~I,,-. -...., f--~(VV"I'\'\.----<"1rno~-i 

~ ,"" 3" 
"£.5",10 ' . JO.o59 , , 65~'O," - jO.059-

Fig 6 • .3.b. The :Negative Sequence 

!----,'\.MN---..:..---'-rt'TTl'------i ~""--~nTT''----i 
0.035 J 0.218 ,0,035 J Q22 

0.011 J 0,086 

00)5 J Q21t 0.035 J 0.22 

\ 
Fig 6.3.0. The Zero Sequence 

JO.o6l. 

b.05G2 

, I 
I 
f . 

I. 
! 

/ . 
I 

0.023 J 0.029 

) 



44 

6.3. Combination of Series Capacitors with the Lines" 

In order to reduce the reaotanoe of the line, series capa-

oitors can be inserte'd at different looations and in differen~ 

combination • Some possible andpraot~cal ~ypes are given below: 

(A) 

CD) 

Q-11----t--_:~I----:' --Ira 
Ce) 

o1l---,'+-1 --:-----t: 1--: ' --I~ 1--: -:-----tr-o 
CD), 

FIG.6.4 

The reaotanoeof the oapapitor banks'is ohosen to have the 

same oompensation effeot for any type of oombination. 
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The above types of combination can be classified'in two 

groups • 

-the lines have common po~ts where the capacitors are inserted, 

A and B types • 

-the lines without any common points except at keban and Gijlba§1 
. ,~ 

station , C and D types • 

The first group has t~e advantage as'viewed from stability 

point where as the second group is more reliable • 

Also the type of combination affects on the rating.of fault 

levels which is studied in the next section • 

6.~. Fault Calculations 

The main object of fault analysis is the calculation of 

fault leve~ for the determination of circuit breakers' capacity 

and performance of protective relays • 

The principle short circuit faults ( three phase t S.L.G, 

L.L.G and ~.L ) and open'cirauit faults at main buses and at the 

capacitor terminals are calculated for all abovecombination types ~ 

In the calculations the following permissible assumptions and ' .. \ . .:. " 

approximations are made : 



- the system is assumed to be under no - load Dondi l!. DOS so the 

voltage behind the fault is taken one per unit , 

.I.. th i ... f th' " . I . I ~e res s~ance 0 e system even under compensation is less 

than one fifth of its reactance t 60 is negligible t 

shun t arm impedances are ignored and 

all generators are under operation • 

The method used in the calculations is discussed by the 

following example • It is assumed tPat· a fault developes at point 

~ as sho~n below. Refered to the type of the fault the necessary 

oombination of the sequence networks is given and- all fi~es are 

drawn after deltal star trans:formationpro~ess • 
-

- the currents' wi ~h.indicies of G ,arid K (IG .and :sc> denote the . 

. currents feo~ing the fault location from Golb~l. and Keban 'stations 

and I denot'es' the total fault current • 
. T 

ro' 
1 

K 

1 ) three phase fault 

1 

11G =-J9.b7 

, J~O.Oa4: 
IF =-J 20.45 

~G L..' ---r---!lK 

\ 
'. 
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ii ) . Phase - to - Phase - to - ground fault 

In:= -J 5.61 -

12K=J 3~95 - .' 

IOK=J l:.95 . 

I IG ... .j6.25 ' 

I~G- J-4.46 
" 

.... I a:.j 1.50:. OG . . 

_ . JaG ,'-,-: --r) ~------:----:--:~~ . .1:aK '. 
... .IbG f3.73lWBl g.5P1JJ1l~ lb K 

.8.73/18-! ';, " 

. . ' 

~i1) Phase ~ to - phase fault 

f2'(; '1~K 

. -

. 9.S8L1f-i. Ie K 
, . 

+L ·=J10.35'· n. , 

laG 
IbG -9.21 : 

leG 9.21 

-8.3 

8.3. 

la~ 

I~ 
I 

let 
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iT ) Sjlei 
- phase - ground :ra;'U 

• 
/ 

)QOB4~ 
. Ji18 +~.-. -.-...r-----J. 11K 

.. :1 J4.8.16~J 

: . 

. \ 

I = -.1 2.4 a2G' .. 

··I 00· .. -.1 ,1.97 . 
. a 

.' I .. -.1 2 1) . 
a2K • I 

J 013' .. I 
- I IT' 

. ~<iG'+\ ----.-..:.--~.:)cK .[aG. __ ~j_o~;S_--r--:_-J~cfi_8_4 ___ Ial 
\ I li':3.84· . 

. . . bS ) -: -\ c! IbJ 
. \ \ 

leG) '- < lei 
\ 

\ 
The effect of different fault types on the southern line 

are little so negligible • 

! 
·1 
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6.6. Fault Calculation - Open Circuit 

I 

I 
In order to obtain open circuit fault currents, the pr~ -_ 

i 
i 

:fault should be known. In these calculations it is assumed that 
I . 

the system is operating at its rating current and p.f of 0.9 • Soi 

The most important type- of combination is ~ested as -an example: 

, liG!-

-
;'.1 ) ,Single, - phas~ open 

J 006/s 
'j001 JOD6-- 11K ' 

--J ·0.07 
• " J..-B..-'7iO"n"'-----1 J GO 66 

J 0.01 -, 

J 0.169 
~iD.o2-3 



50 

Ia1 a 3.45 - j1.67 

Ia2 a-2.76 + j 1~334 

Iao =-O.6~+,j 0.34 

Ia=O 

GolbaSll. Ib =-9 00 Keban Side 
------~~~------------------~~~.---~(~-

Side 

r··... ... l025 A. . railed ,', "' 

I . " ,a 152 A 
base 

, ,' .. 

Ic=900 
< 

\ 

, 
" 



I 

I 
I 

).1 

r---~----~-~ 
~ N 

~o q, 
o --, 

--.:1' 
CJ) 

6; , 
.L 

~----~...,LD~ 
LD 
0' 
d 

" 

·1 ig
T
····· ·T 

") , , ' o! 

en 
E:3 

_----..;......;~6 -, 

\ 

I:'- ' 
o o , 

;::8 
~--------~~~ 

'I 

5, 
d: , 

-~ 

o 
o 
l{) 

\I -ro 
o 

II 
...0 -

. 
.-I 

II 
M 

H 

o 
II 
L) ..--

H 
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Comparing the Q3.',.3 0: tained froI:'. the fault cal

culations, given in Tableb 3.1-4,' the following results 

are obtained: 

-Since the neu tralG 0 f high voltage side) ~':r\ -the 

transformers at Keban-Stction Et.re solidly grounJ.e.a he ra-
I / 

ting of the single phase fault at this bus is highe .than 

three-pbase fault ( Ref [4), Page ~08) an.d I . j: ... 
- fault levels at both sides of the canacitor terminals dif-. . ~ I . 
fer considerably.whidl is important in .. setting the .. dis~ance' 

relays. Also for the case where capacitors' are spread along . '.' i 
the line (:B .. and D types) the di'fferEmc'~' betwe-en fault ~levels: 

.. 1 
I 

at the.samesection produces iruportahtdifficultics in set~· 
.. 

tirig the zones,. 
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CHAPTER SEVEN 

DISCUSSION 

To"be able to decide on the beet choice from relay 

setting point of view t for different combination types , 

it 1e necessary to determine the exttemwn data. : 

With reference to the analysis of the results obtained 

from calculations' (Table J and 4 given at the end) these 

nec3ssary data, the per· cent increase _of voltage across 

capaci t.or terminals !,and the per cent inc!'ease o:t; cu.i."rent 

in eaoh l1ne section with respeot-to their nominal ·vEU..uee t . 

:. . 

are given l.n Tables 7.1. Blld 7 .. 2' • in the i"ollowing pages .. 

Also for· different fault types the maximum percen~age of 

voltage - drop across capacitor terminals and maximum perc en-

tage of curr:ent passing thr'ough the liile sections for any 

type of combination are shown ind6c!'easilig order in Tables 

In the 'analysis of the different oombinations the nominal 

. values shown in the following figures are used • 

\ 
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". 

XC1 .. Xc 2 • 35.n.. ( C1 D C 2 ) 

~ ( C1,C2 ) = 1025 "A 
I . 

® ® 
f-1L-----+~ -H rI+12+" --" -~-1t-300Hl"1+1 -f------;...t 

i" 

~----~~~r~A~6~--~-1~7~1~~1~----~~ 

®® 

Vn (C3,04'C5,C6) 1 
-yVn ( V

1
,e

2
) 

\ 
on the lines 

\ 

fa.ult locations _I Numbers denot.e the 

Numbers ~nside the circules de~otet~~ line ~ections_ \ 
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, .. 

In (°7 > • 2 In (01.02) • 2050 A 

. Vn. (P7) • Vn (01'02) • 35.87 Kv 



·'.\ 

TABLES 7.1-9 

Pecent· Increase of the Voltage across Capac~tors 

for Various Faults and Fault 'Locations 

. j 



Capaoitor Pault Location , . '.'. 
le .• ,-~ 

C1 1 2 3 4 5 6 7 8 9 10. 

3-Phase 74.45 74.45 210..5 143 '65.0. 74~45 -1.78 23 65 65.0. 
Fault 

Type S~L.G 57~5 57.5 l29.6 10.0. 57.15 57.5 ' 0..7 0..7 57.15 57.15 

L.L. 63.8 63.8 163.9, 123 56.0., 63.8 j 1.1 1.1 56.0. 64.45 ... 

L.L.G 70..5 70..5 i72.1 142.5 64.45 70..5 1.5 1.5. 64.45 64.45 

.. 

Capacitor Paul t, Looa tion 

C2 
1 2 3 4 '5 6 7 8 9 " 10. 

3-Phase' ' 74.45 74.45 -1.78 23 65 74.45' . 210..5 143 65.0. 65.0. 
Fault 

S:L.G 57.5 ~ 57.5 0..7 0..7 57.15, 57.5 129.6 10.0 57.15 57.15 
Type 

63.8 63.8 " 1.1 
. 

56.0. 63.8 163.9 , 56.0. 56 L.L' 1.1 ., 123 

L.L.G 70!'5 70..5 1.5 1.5 64.45 70..5 i72.'l ' 142.5 64.45 64.45 
, 

~ .. -



,~ .' 

Capacitor Fault Locati'on ., ; :~.: 

: -
C
3 

1 " ,2 5 6 9 10 
, , 

11 12 13 14 
. 

3 - Phase 74.15 74.15 65.0 74.15 65.0 65.0 148.3 143.3 122.7 1)2.7 
Fault 

S.L.G 57.15 57,.15 57.15 57.15 
Type 

57.15 57.15 114.8 105.4 80.3 85.9 

L.L 63.58 63.58 56.0 63.58 56 56 126.0 121.9 106.5 121.1 

,L.L.G 70.8 70.8 64.45- 70~8 64.45 64.45 141.6 136.,6 109.3 114.3 
---

" 

Capacitor Fault Location 
I i 

C
3 15 16 17 18 I 

I 

i 

3 - Phase 5.8 5.8 5.8 5.8 
Fault 

, 

I S.L.G 1.4 ~ 1.4 1.4 1.4 
, . 

Type .. " 

, -
, L.L 2.2' 2.2 2.2 2.2 

L.L.G 3.0 3.0 3.0 3.0 
": ". 

" . . , ,-

~_. ____ ._" __ c_~ __ ~_ , •• __ ._-...............!.._. 



Capacitor Fault Location 
. 

C6 
.' . , .- -. '-- ----" ,~,- ' .. ~ ..... ,-. .. - -- . ,"-- -.~. -.... .-- .. __ ..... _ .. 

" "-'= 

1 2 5 6 9 10 11 12 13 14 
. 

3 - Phase 74.15 74.15 65.0 74.15 65.0 65.0 5.8 5.8 5.8 5.8 
- Fault - - .---. 

Type S.L.G 57.15 57.15 57.15 57.15 57.15 57.15 1.4 1.4 1.4 1.4 

L.L 63.58 63.58 56.0 63.58 56 56. 2.2 ' 2.2 2.2 2.2 

L.L.G 70~8 70.8 64.45 ' 70.8 64.45 64.45 .3.0 3.0 .3.0 .3.0 
1..-...-..--- .. ------ .. ----- ------__ -----"----

Capacitor Fault Location 
, 

C6 15 16 17 ·18 

Fault 
.3 - Phase 148.3 151.1 184 1.32.7 

• - i 

Type S.L.G 114.8 "- 97.6 ,142.2 85.9 

L.L 126 129.4 156.0 121.1' 

L.L.G 141'.6 128.8 166.2 114 • .3 
, , 

'. '>" 
;.. ". 

; 

i 



, 

Capacitor Fault Location 

l:,j C4 i 2,~ 5 6 9 10 11 12 13 14 

3 - Phas~ 74.15 74.15 65.0 74.15 65.0 65.0 148.3 ' 151.1 184 132.7 
Fault 

SoL.G 57.15 57.15 57.15 57.15 57.15 57.15 114.8 97~6 142.2 85.9 
Type 

L.L 63.58 63.58 56.0 ' 63.58 56.0, 56.0 126 129.4 156.0 121.1 
" 

L.L.G' 70.8 70.8 64.45 70.8 64.45 64'.45 141.6 " 128.8 166.2 'J.14.3 
\' , 

" 

Capacitor Fault Location 

C' 
4 15 16 17 18 

, 

3 - Phase 5.8 5.8 5.8 5.8 

Fault - S.L.G 1.4 1.4 i.4 1.4 , 

Type . 
L.L 2.2 2.2 2.2 2.2 

L.L.G 3.0 3.0 3.0, ~3.0 
, , 

- .-~-.~ •. ---<.---~--- -.~ ~ .• ~-~-.- .• -~---. ··--'---.~~~~. __ ~ ______ ~L......o..-~ __ ._~ _____ .,~ _______ .~ ___ ~_~ •• __ -, 



Capacitor 
<. 

C
5 1 2 5 

3- Phase 74.15 74.15 65.0 
Fault 

S.L.G 57.15 .57.15 57.15 
Type 

L.L 63.58 63.58 56.0 

L.L.G 70.8 70.8 64.45 

. ' 

Capacitor 

C
5 15 16 17 

3 - Phase 148.3 143.3 122.7 

Fault 
S.L.G 114.8 105.4 80.3 

T~pe 
126.0 106.5 L.L 121.9 

r 

L.L.G 141.6 , 136.6 105.3 

Fault Location 

6 9 ' 10 

' 74.15 65.0 65.0 

57.15 57.15 .57.15 

63.58 56.0 56.0 

70.8 64.'45 64.45 

Fault Location 

18 

132.7 

85.9 

121.1 

114.3 

. 

11 . 12 

5.8 .5.8 

1.4 1.4 

2.2 2.2 

3.-0 3.0 . 

, 

. 

13 

;~~-,:,'4~'~i~ 

5.8 

1.4 

2.2 

3.0 

" 

-

14 

.5.8 

1.4 

2.2 

3.0 

-

-

'. ' -

c 
( 



Capacitor 

, C 
7 1 2 ' :5 

3 - Phase 75 75 64.9 
Fault 

S.L.G 57.4 57.4 57.1 
Type ' . 

L.L 63.8 63.8 56.3 

" L.L.G 70.8 70.8 64.4 

Capacitor 

. C7 23 24 

3 ~ Phase 88.4 88.4 

Fault 
S.L.G 67.2 .67.2 

Type' 
L.L 76.1' 76.1 

< 
L.L.G 80.6 80.6 

, 
,. 

; .... 

Fault Location 
(.'). 

6 9 10 

75 64.9, 64.9 

57.4' 57.1 57.1 

63.8 56.3 56.3 
I 

70.8 64.4 ,64.4 

Fault Location 

-. 

19' 20 21 

107 , 107 107 

87.8 87.8 87.8 

91.2 91.2 91.2 

97.5 97.5, 97.5 

" 

22 

88.4 

67.2 

76.1 

80.6 

, 

-

I 

I 

I 

-

(j\ 

I-' 



·. -

. 
Capacitor 

C8 
1 -- 2 5 6 

3 - Phase 74.1 74.1 66.4 74.1 
Fault 
Type S.L.G 57.4 -57.4 57.0 57.4 

, -

L.L 64.1. 64.1 55.6 64.1 

L.L.G 70.1 70.1 64.7 70.1 

Capacitor 
c8 

29 30 31 32 

3 - Phase 80.1 80.1 70.2 70.-2 

Fault 
i.-' S.L.G 65.2 65.2 54.6 54.6 

Type 
L.L 74.1 _ 74.1 59.6 59.6 

, 

L.L.G 74.7 74.7 64.7 64.7 

Fault Location 

9 10 25 

66.4 _ 66.4 93.0 

57.0 57.0 73.0 

55.6 55.6 65.2 

64.7 64.7 85.9 

Fault Looation 

33 34 35 

70.2 78.6 78.6, 

54.6 60.8 60.8 

59.6 68.0 ' 68.0 

64.7 77.5 77.5 
-- "---

26 

93.0 

73.0 

65.2 

85.9 

36 

78.6 

60;8 

'68.0 

77.5 

, 

27 

93.0 

73.0 

65.2 

85.9 

" 

28 

80.1 

65.2 

74.1 

74.7 

I 

(J\ 

I\J 



.! i~ 

Capacitor Fault 
<:). - - ••••• - .--- •• --... _._ •• -_. + .--- --

. C9 1 2 5 6 

3 - Phase 74.1 74.1 ·66.4 74.1 

Fault S-.L.G 57.4 57.4 57.0 57.4 
Type 

L.L 64.1 64.1 55.6 64.1 

L.L.G 70.1 70.1 64.7 70.1 .. 

Capacitor Fault 
.. 

C9 29 30 31 - 32 

3 - Phase 85.7 85.7 103.7 103.7-
Fault 

S.L.G 69.7 69.7 96.5 96.5 
!fype 

L.L 69.1· 69.1 89~2 89.2--

L.L.G 81.4 81.4 99.2 99.2 
, 

• 

Location 
-

9 10 25 

66.4' 66.4 93.0 

57.0 57.0 73.,0 

55.6 55.6 65.2 

64.7 64.7 85.9 

Location 

33 -34 35 

103.7 78.6 78.6 

96.5 60.8 60.8 

89.2 60.0 60.'0 

99.2 77.5 77.5 

26 

93.0 

73.0 

65.2 ' 

85.'9, 

.. -

-. 

36 

78.6 
-

60.8 

60.0 

77.5 

27 

93.0 

73.0 

65.2 

85.9 

28 

85.7 

69.7 

69.1 

81.4 

. -

'. 

C' 
\.N 
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~ABLE7.a 

Severe Voltage Percent Increase across the 

Terminals of Capac~tors given in Deacreasing Order. 



<'). 

Fault . Percent 
. papacitor Location Increase Capacitol 

. 
)-Phase 1,2 3,7 210.5 4.6 

Fault S.L.G n n 129.6 n 

Type. 
L.L II n 163.0 . .. 
L.L.G .. n 172.1 " 

.f-\J 

~ault Percent 
~apacitor 

Location Increase Capacitor 
o· 

)-Phase 4,6 11,15 148.3 3.5 
Fault S.L.G .. .. 114.8 It 

~ 

Type 

L.L n .. 126 n 

L.L.G n " 129 " 

.I 

--~---. -~~~~.-~-.~ .. ~~~-

Fault Percent 
Location Increase Capacitor 

13,17 184 ,4,6 

n 142.2 ,n 

.. 156.0 n 

0" 166.0 .. 

Fault. Percent 

Location Increase Capacito 

12,16 143.3 1,2 

n 105.4 " 
-

n 121.9 " 
n .136 n 

Fault 
Location 

16.12 

n 

n 

.. 

Fault 
to. Location 

4,8 

" 

." 

" -. , 

! 

Percent 
Increase! 

I 

'151.1 

97.6 

129.4 

130 

Percent 

Increase 

143.0 I 

100.0 
I 

123.0 

142.5 

o 
+: 



<~ 

Fault; Percent 
. papacitor 

Location Increase 
Capacito% 

3-Phase 4,6 14,18 132.7 3,5 
-Fault S.L.G " " 85.9 " 

Type L.L " ft 121.1 " 
.. 

L.L.G " " 114.3 . " -

Fault Percent 
Capacit~x ~ocation Increase CapaCitor 

3-Phase 9 . .31 103.7 8,9 
; . ' 

Fault 
S.L.G " - " 96.5 , " ~ 

Type 
L.L " " 89.2 II 

L.L.G II " 99.2 " " 

Fault Percent 

Location Increase Capacitor 

13,17 122.7 1 

" 80.3 " 
" 106.5 " 

" 109'.3 " 

Fault Percent 

~ocation IncreaSE Caapacito 

27,27 93.0 7 

" 7.3.0 " 
II 65.2 II 

" 85.9 " 

.. 
Fault 

Loca.tion 

21 

" 

" 

" 

Fault 
Location 

23 

" 

" 
II 

Percent 

Inprea.se 

107.0 

87.8 

91.2 

97.5 

Percent 

Increase 

88.4 

67.2 

76.1 

80.6 J 

0"
\Jl 



.;). 

Fault Percent 
Capacitol ;Location Increase Papacitor . 

)-Phase 9 29 85.7' 8 
-Fault , 

S.L.G " " 69.7 tt 

Type 
L.L " tt 69.1". " 

L.L.G " tt 81.4 tt 

Fault Percent 
Capacitor Capacitor 

Location .Increase 

3-Phase 1-9 1,2,6 75 1-9 

Fault, , -
S.L.G " " 57.4 tt , 

Type L.L " n 63.8 ". 

L.L.G tt tt 70.8 " 

Fault Percent 
Location Increase Papacitor 

28 80.1 '. 9 

tt 65.2 n 

" . '74.1 " 
n 74.7 tt 

Fault Percent 
apacitor 

Location Increase 

5,9,10 65 .1,2 

tt 57.15 " 
tt, 56.3 tt 

" 

tt 64.4 tt 

Fault 
Location 

35 

tt 

'tt 

tt 

Fault 

~ocation 

8.4 

'" 
" 
~ 

, -, .-

Per~ent 
Increase 

78.6 

60_.8 

60.0 

77.5 

Percent 

Increase 

23 

0.7 

1.1 

1.5 

a 
a 



~" •. :) .. 
Fault Percent Fault Percent Fault Percent 

Capacitol Capacitor Papacitor 
, Location Increase Location Increase Location Increase 

J-Phase 2-6 16, l~; 13,1'.:; 5.8 1,2 7,3 -1.78 
Fault 

S.L.G " II 1.4 n " 0.7 
Type 

L.L " n 2.2 " n 1.1 

L.L.G.: " n 3.0 n n 1.5 -
- -~-- -

Fault Percent Fault Percent Fault Pjrcent l 
Capacito' I.ocation Increase Capacitor ~ocation Increase ~apacitor Location Increase ! 

I 
J-Phase I 

Fault - I S.L.G 
~ 

Type ". 
1 

. I 

L.L 

, 'L.L.G 
I . ... 

'" 
.. ' 



" \.J. I' .. ~, ., 

i. 

. i 

TABLES 7.2-22 

. ; 
Percent Increase.of Currents through the line 

sect.ions for various Faults and Fault Locations. 

, ' 



-.' 

Line Section Fault Location '--, 

, (1) 1 2 3 '4 5 6· 7 8 9 10 

. 3-Phase 95.0 95.0 61.57 71.9 65.25 95.0 61.57 71.9 . 65.3 65.3 
Fault 

Type S.L.G 90.5 90.5 39.3 ' 50.45 57.1 90.5 39.5 50.45 57.1 57.1 
. ' 

L.L 81.55, 81.55 53.4 61.5 56.35 81.55 53.4 61.5 56.35 56.35 

L.L.G 92.65 92.65 54.9 71.2 64.5 92.65 54.9 71.2 ,64.5 64.5 

Line Section Fault Location ! 

(2) 
" 

1 2 3 4 5 6 ' 7 8 9 10 

3-Phase 74.2 74.2 1,05.3 144.0 65.2 74.2 -17.8 23.7 65.3 65.3 
Fault , 

S.L.G 57.8 57.8 77.1 100.9 57.1 57.8- 1.5 1.5 57.1 57.1 
i 

~ 

Type 
i 

63.8 63.8 56.4 
. ' 

56.4 L.L 103.0 123.4 63.8 2.2 .2.2 56.4 

L.L.G· 70.5 70.5 104.0 142.4 65.5 70.5 3.0 .J.O 64.5 64.5 

" 
.; .... 

.......... 

-;i,f 
..... 9. ••• ~. ! •• I ,;, I .i 



Line Section . Fault Location 

en -.. . . 
1 2 3 4 5 " 6 7 8 9. 10 

3-Phase 74.2 74.2 193.5 160 65.3 74.2 -17.8 23.1' 65.3 65.3 
Fault 

Type S.L.G . 57.8 . 57.8 132.0 100.0 57.1 57.8 1.5 1.5 57.1 57.1 

L.L· 63.8 63.8 165.4 136.6 56.4 63.8 2.2 . 2.2 56.4 56.4 

L~·L.G 70.5 70.5 175.0 137.5 64.5 70.5 . 3.0 3.0 . 64.5 64.5 

Line Section Fault Location .~ .. 

.. 

(4) 
- 1 2 3 . 4 5 6 7: 8 9 10 

)-Phase 74.2 74.2 105.3 68.25 116.5 65.3 105.3 68.25 116.5 116.5 
Fault 

Type S.L.G 57.8. 57.8 66.0 53.7 157.3 57.1 66.0 57.3 157.3 157.3 
-. 

L.L 63.8 ~ 63.8 82.7 69.35 98.7 56.4 82.7 69.35 98.7 98.7 

" 

L.L.G 70.5 ·70.5 87.5 61.55 149.1 64.5 87.5 61.55 149.1 149.1 

.I 



-

Line Section Fault Location 

(5) .:~ 

1 ' 2 3 '4 5 6 7 8 9 '10 

< 

3-J?hase 74.2 74.2 -17.8 23.7 65.3 74.2 105.3 144.0 65.3 , 65.3 
Fault . : 

S.L.G 57.8 57.8 1.5 1.5 57.1 57.8 77.1 100.9 57.1 57.1 I 
Type L.L 63.8 63.8 2.2 2.2 56.4 63.8 103.0 123.4 56.4 I 56.4 I 

, 'L.L.G 70.5 70.5 3.0 J.O 64.5 70.5 104.0 . 142.4 64.5 64.5 
-_._-

;, 

Line Section Fault Location 

(6) 
1 , ,2 3 4 5 6 7 8 9, 21.0 

J-Phase 74.2 74.2 -17.8 23.7 65.2 74.2 190.5 I ,160.'0; 65.3 65.3 
Fault 

S.L.G 57.8 57.8 1.5 1.5 57.1 57.8 132.01.100.0' 57.1 57.1 

63.8 56.4 
Type. 

L.L 63.8 2.2 2.2 56.4 .63.8 165.4 
" . 

136.6 56.4 

L.L.G 70.5 70.5 3.0 3.0 64.5 70.5 175.0 I . 137'-5~ 64.5 65.5 



.... ., 

'. 
Line Section 'Fault Location 

';" (7) 1 2 5 . 6 9 10 11- 12 13 '14 

3-Phase 74.2 74.2 - 65.3 74.2 65~3 65.3 126.1 143.0 i22.7 132 
Fault I 

S.L.G 57.8 57.8 57.1 57.8 57.1 57~1' 89.0 105.3 80.1 86.0 
Type 

L.L 63.8 63.8 56.4 63.8 56.4 56.4 108~3 121.7 105.3 121.6 

L.L.G 70.5 70.5 64,.5 70.5 64.5 64.5 120.2 129.1 109.8 114.2 

, 

,Line Section Fault Location 
"-

(7 ) 15' 16 17 18 -

3-Phase 5.9 ' 5.9 5.9 5.9 ,-
:' 

, Fault, ' " 

S.L.G i.5 1.5 1.5 1.5 -

Type 2.2' 
.. 

L.L 2.2 '2.2 2.2 . 
L.L.G 2.97 ' 2.97 2.97 2.97 

-
.~ •.. 



.-~ ... 
~··~1 

Line Section Fault :Location 

(8) <). 

1· . 2 5 . 6 .9 10 11 12 13 14 

3-Phase 74.2 74.2 65.3 74.2 65.3 . 65.3 155.8 151.5 122.7 132 
Fault 

S.L.G 57.8 57.8 57.1 57.8 57.1 57.1 106~A q7 ,q 80 1 86 () 
Type . --

L.L 63.8 63.8, 56.4 63.8 56.4 56.4 133.5 130.5 105.3 121~6 

L.L.G 70.5 '. 70.5 64.5 7'0.5 64.5 64.5 120.1 136.5 109.8 114.2 

.. 

Line Section Fa.ult Loca.tion 

(8) 15 16 17 18 

3-Phase 5.9 5.9 5.9 5.9 
.-

Fault '. 

- . S.L.G 1.5 1.5 1.5 1.5 ,--

. Type .. 
L.L 2.2 2.2 2.2 2.2 . 

2~97 2.97 
. 

'. ,L.L.G 2.97 . 2.97 
" 

" 
~. -



Line Sec.tion Fault Location -. 
.~ 

-

(9) 1 2 5 6· 9 10 11 12 13 14 
~ 

3-Phase 74.2 74.2 65.3 74.2 65.3 65.3 155.8 151.5 183.2 148.4 
.. 

Fault 
S.L.G 57.8 57..8 . .57.1 57.8 57.1 57.1 106.4 97.9 142.4 118.7 

Type 
L.L 63.8 63.8 56.4 63.8 56.4 56.4 133.5 130.5 155~8 128.6 

L.L.G 70.5 70.5 64.5 70 •. 5 64.5. 64.5 120.1 135.5 166.1 139.4 
~ 

Line Section Fault Location .. 

, ..... ~, . 

(9) 15 16 ·17 18 
.... 

J-Phase 5.9 5.9 5.9 5.9 
Fault 

S.L.G 1.5 ,1.5 1.5. 1.5 . 
Type -., 

I 
L.L 2.2 2~2 

. 2.2 . 2.2 .' 
i 

, 

L.L.G 2.97' . 2.97 2.97 2.97 I 
I 

,. 



_.-.. . 

Line Section Fault Location 
, 

" 

(10) (:1 -1 2 5 '6 9 10 11 12 13 14 
-

3 - Phase 74.2 74.2 65.3 74.2 65.3, 65.3 5.9 5.9 5.9 5.9 
Fault .,... 

S.L.G , 57.8 57.8 57.1 57.8 . 57.1 57.1 1.5 1.5 1.5 1.5 
Type , 

L.L 63.8 63.8 56.4 63.8 56.4 56.4 2.2 2.2 2.2 2.2 ' 

L.L.G 70,5 70.5 64.5 70.5' 64.5 64.5 2.97 297 2.97 2.97 
--:J 
-I="" 

Line Section 
- Fault Location 

I 

(10) 
15 16 

'" 17 18 

3' - Phase 126.1 143.0 122.7 132~0 

Fault 
S.L.G 83.0 i05.3 80.1 86.0 . 

- . ~ --. ~---

Type 
L.L ,108.3 121.7 105.3 121.6 --- -

L.L.G 120.2 129.1 109.8 114.2 
,'- , .. -.- ...• - . -

.' 
0: ... 

._-----"-- -------- --



, ' ....... - . -

Line Sectj.ol+ 

(11) 1 2 5 

3-Phase 74-.2 74.2 65.3 
Fault 

S.L.G 57.8 57~8 57.1 
Type' 

L.L 63.8 63.8 56.4 

L.L.G ,70.5 70.5 64.5 

Line Section 

(11) 
15 16 17 

3-Phase 155.8 151.5 122.7 

'Fau1t 
S.L.G 106.4 97.9 . 80.1 

~ 

Type 
L.L 133.5 ' , 130.5 105.3 

. 
L.L.G 120.1 136.5 109.8 

Fault Location 

. 6 9 10' 

·74.2 65.3 65.3 

57.8 57.1 57.1 

63.8 56.4 56.4 

70.5 64.!S 64.4 

Fault Location 

18 

132 

' 86.0 . 

121.6 

144.2 ' 
.' . 

11 12 

5.9 5.9 

1.5 1.5 

2.2 2.2 

2.97 2.97 

" 

.. , 

" 
~ ... 

13 

5.9 

1.5 

2.2 

.2.97 

14 

5.9 

1.5 

2.2 

2,.97 

I 

-.,.J 
\1l 



Line Section 

(12) . 1 2 5 
<. 

3-Phase 74.2 74.2 65.3 

Fault 
S.L.G 57.8 57.8 57.1 .. 

Type 
L.L· 63.8 63.8 56.4 

L.L.G 70 • .5 70.5 64.5 

Line . Section 

(12) 
15 16 17 

3-Phase 155.8 151.5 183.2 

Faul t 
S.L.G 106.4 97.9 142.4 

~ 

Type 
L.L 133.5 130.5 155.8 

L.L.G 120.1 1.38.5 166.1 

Fault Location 

. 6 9· 10 11 _" 

74.2 65.3 65.3 5.9 

57.8 57.1 57.1 1.5 

63.8 56.4 56.4 2.2 

70.5 64.5 64.5 2.97 

Fault Location 

18 
- -- - .. - --- .--

148.4 

118.7 

128.6 . 
139.4 

'. 

12 

5.9 
. 

1.5 

2.2 

2.97 

- .. --- .. __ ." 

-

, 
13 

5.9 

1.5 

2.2 

2.97 

. - --- . __ . - .-

-

14 

. 5.9 

1.5 

2_.2 

2.97 

-.- ... 

---:J 
0\ 



Line Section' Fault 

(13) 1 2 5 ·6 

3-Phase 74~2 74.2 65'.3 74.2 
Fault 

S.L.G 57.8 57.8 57.1 57.8 
Type 

L.L 6~_~8 6~.8 ' 56.4 63.8 

L.L.G 70.5 70.5 64.5 70.5 

Line Section' Fault 

(14) 
1 2 5 6 

3-Phase 74.2 74.2. 65.3 74.2 
~au1t 

, S.L.G 57.8 57.8 57.1 57.8 
Type 

L.L 63.8 63.'8 56.4 63.8 -. 
L.L.G 70.5 7.0.5 64.5 '70.5 

, 

.i:. ... 

~ocation 

9 19 20 

65.3 68.6 68.6 

57.1 54.9 54.9 

56.4 59.3 59.3 

64.5 65.3 65.3 

Location 

9 19 20 

65.3 . 107.6 107.6 

57.1 89 .• 0 . 89.0 

56.4 91.2 91-.2 
- . . 

64.5 97.9 97.9 

. -

21 22 

6$.6 88.3 

54.9 67.6 

59.3 76.4-

65.3 ,80'.9 

21 22 

107.6 79.4 

89.0 68.3 

. 91.2 67 ____ 5 

97.9 74.9 

23 

88.3 

67.6 

76.4-

80.9 

.. 

23 

79.4 

68.3 

..6.1.....2 

74.9 

. 

.:. 

~ 
~ 



. , 

Line Section Fault Location 

'~ (15) 
,1 2 5 . 6 9 

3 - Phase 74.2 74.2 65.3- -74.2' ,65.3 
Fault 

S.L.G 57.8 57.8 57.1 57.8 57.1 
Type 

L.L, ., , 6).8, .. _.~3.8 , ' 56.4 63.8 56.4 

L.L.G 70.5 70.5 64.5 70.5 64.5 

, , 

Line Section , Fault Location 

(16) 1 2 5 6 9 

3-Phase 74.2 74.2 65.3' 74.2 65.3 
Fault 

S.L.G 57.8 57.8' 57.1 . 57.8 57.1 
... --. 

Type ' . 

L.L 63.8 63.8 56.4 63.8 56.4 

L.L.G 70.5 70.5 64.5 70.5 64.5 
-- -----.•.. - .- . " .... _- '-" 

. , 
' , 

19 20 21 

68.6 68.6 68'.6" ' 

54.9 54.9 ' 54.9 

59.3 59.3 59.3 . 
65.3 65.3 65.3 

-

19 20 21 

101.6 107.6 107.6 

89.0 
~ 

89.0 89.0 

91.2 91.2 91.2 

97.9 97.9 97.9 
" 

. 

22 23 , 

88.3 88.3 

' 67.6 67.6 

..1.6 • ..4. 76,4 

80.9 80.9 
- --- --¥--~-~-- "--'-- - .~ ._- -

22 23 I 

79.4 79.4 

- 68.3 68.3 i 

, 
67.5 67.5 

----

74.9 74.9 

.' 
·1 

I 
I 
! 

~ 
0:.' 



·'- . 

Line Section 

(17) 1 

3-Phasg 74.2 
Fault 

S.L.G, 57.8 
Type 

L.L 63.8 

L.L.G 70.5 
-

Line Section 

(17) 28 

3-Phase 81.6 
'Fault 

S.L.G 65.3 
Type -. --

I L.L 74.2. 

L.L.G 74.9 
- --

,. 

-' 

2 

74.2 

57.8 

63.8 

70.5 

29 

70.5 

54.9 , 

60.0 

64.5 

! 
! 
j 

Fault 

5 6 

65.3 74.2 

57.1 57.8 

56.4 63.8 

64.5 70.5 

Fault 

30 31 

70.5 70.5 

56.9 56.9 

60.0 60.0 

64.5 64.5 

Location 

'" 9 10 24 

65.3 65.3 ,75.7 
-, - ---.-.-- - .. 

'57.1 , 57.1 62.3 
' , 

56.4 ' 56.4 80.1" 
.-

,64.5 64.5 70.5 ' 

" 

Location " 

32 33 

78.6 78.6 

60.8 60.8 

75.7 ' 75.7 

71.9 71.9 

I 

I 25 

! 
I 

81.6 

65.3 

, '74.2 

74.9 

, 

. 

26 

70.5 

54.9 

60.0 

' 64.5 

;. 

27 

81.6 

65.3 

74.2 

740'9 

, 

, 

I 

~ 
\,() 

/-



, 
Line Sectipn 

(18) 1 2 5 

3~Pha:se 74.2 74.2 ·65.3 
.. -.~ .'- .,. 

Fault . 
S.L.G 57.8 57.8 57.1 

Type. 
L.L 63.8 63.8 56.4 

L.L.G 70.5 70.5 64.5 

, 

Line Section 

(18) , , 28 29 30 

3 - Phase 86.0 70.5 70.5 
Fault 

S.L.G 69.7 54.9 54.9 ~ 

Type 
L.1 69.4 60.0 60.0 I -

" L.L.G 81.6 64.5 64.5 

Fault Location -
. 6 9 10 

74.2 65.3 65.3 

57.8 57.1 57.1 

63.8 . 56.4 56.4 

70.5 64.5 64.5 

Fault Location 
, . 

31 32 33 

70.5. 78.6 78.6 

54.9 60.8 60.8 

60.0 67.5 67~5 

64.5 " 71.9 71.9 

" 

24 25 

94.2 94.2 

73.4 73.4 

65.0 . 65.3 

86.0 86.0 . 

.. . . ' 

" 

.... -

26 

94.2 

73.4 

65.3 

86.3 

, 

27 

86.0 

69.7 

69.4 

81 6 

. 

. 

(Xl 

o 



-

Line Section 

(19) 1 2 5 

3 - Phase 74.2 74.2 65.3 
Fault 

S.L.G 57.8 57.8·, 57.1 
Type 

L.L 63.8 63.8, 56.4 - -"" - . 

L.L.G 70.5 70.5 64.5 
~ 

Line Section 

(19) 28 29 30 

3 - Phase' 86.0 103.8 103.8 
Fault 

S.L.G 69.7 96.0 96.0 
-,. , 

Type. 
L.L 69.4 89.0 89.0 

-, 

L.L.G 81.6 99.4 99.4' - .. 

.' 
~.-

Fault Location 

. 6 9 10 

,74.2 65.3 65.3 

57.8 57.1 57.1 

63.8 56.4 56.4 

70.5 64.5 164.5 
" 

Fault ,Location 
. , 

31 . 32 33 

103.8 89.0 89.0 

96.0 83.0 83.0 

89.0 75.7 75.7 

89.0 86.0 .' 86 ;0 

. 

. < .... ' 

24 25 26 

94.2 94.2 94.2 

73.4 73.4 73.4 

. 
65.3 65.3 . 65.3 

'8'6'.0 86.0 86.0 
---" .... 

- , 

- .. -- . --- ... --. _ .. - ~ .. --

, I 
27 J 

I 

86.0 
I 

69.7 

69.4 

81.6 
.-.--. --. ~~"- -., 

, 
I 

, 

I 

I 

' - ... -

--,.,. 

():l 
I-' 



.. ~...... ~ , ' 

.. 

'Line Section 
c, (20) 1 2 5 , 

3 - Phase 74.2, 74.2 65.3 

Fault S.L.G 57.8 57.8 57.1 

Type L.L 63.8 63.8 56.4 

L.L.G 70.5 70.5 64.5 

Liile Section 

(20) 28 29 30 

3 - Phase 8'1.6 70.5 70.5 

Fault S.L.G 65~3 54.9 56.9 

Type 
L.L 74.2 60.0 60.0 

LiL.G 74.9 64.5 64 • .5 - -.---- ---

Fault Location 

, 
. 6 9' 10 

.' 

74.2 '65.3 65.3' 
-

57.8 57.1 57.1 

63.8 56.4 .. ,56.4 

70.5 . 64.5 64.5 --_.-

Fault Location 

31 32 33 

70.5 ,78.6 78.6 

56.9 60.8 60.8 

60.0 75.7 75.7 

64.5 
--~--

71.9 71.9 

" 

,. 

24 25 
,. 

75.7 81.6 
-

62.3 . 65.3 

80.1 . 74.2 

70.5 74.9 

. 

" 

~ 

. 

26 

70.5 

54.9 

60.0, 

64.5 . 

-

27 

81~6 

65.3 

74.2 . 

74.9 

~. 

~ ... 

.0 

():; 
I\J 



. - .. 

Line Section 

(21) 
,1 2 5 

, 
3'- Phase 74.2 74.2 .65.3 

"- - ... ~ . --

Fault S.L.G 57.8 57.f? 57.1 
Type L.L 63.8 63.8 56.4 

. - .. .. .' --

L.L.G 70.5 70.5 64.5 . 
-----.. .. - - .. 

Line Section 

(21) 
28 29 30 

3 - Phase 86.0 70.5 70.5 
Fault 

S.L.G 69.7 56.9 54.9 
Type .. 

L.L.,., . . 69.4 60.0 60.0 . 

L.L.G . 81.6 64.5 64.5 
... 

.' 

Fault Location 

., 

6 9 10 

74.2 65.3 65.3 
.. - -. 

57.8 57.1 57.1 

63.8 56.4 56.4 
-. .,-- . -

70.5 64.5 64.5 

. -_. -- ..... - - --- .. . 

Fault Location 

31 32 34 

70.5 78.6 78.6 

54.9 60.8 60.8 

60.0 67.5 67.5 

64.5 71.9 . 71.9 

~~ 

24 25 ,26 

94.2 94.2 94.2 

73.4 73.4 73.4 

65.3 65.3 65.3 

' '86.0 86.0 86.3 
. ' .. _. . .... --.. -. -- .. ~"--. 

- . -.- - ~ -' 

. 

! . , 

.. 

-
27 

, 

86 ! 

69.7 

69.4 

81.6 -
- ...... ~ . 

- -- - . 

-" ... " .. -.- .. _--. 

0: 
\J. 



' ... . ........ --

Line Section 

(22) 
1 2 5 

-
3 - Phase 74.2 ~ 74.2 65.3 

Fault 
S.L.G 57.8 57.8 59.1 ' 

Type 

L.L 63.8 63.8 56.4 

L.L.G 10.5 70.5 64.5 
... - ... . '" .~,-

" 

Line Section 

28 29 ' . 30 
, 

3 - Phase 86.0 103.8 103.8 
Fault 

S.L.G 69.1 96.0 96.0 

Type -
L.L 69.7 89.0 89.0 

I· 

L.L.G 81.6 99.4 99.4 -- . ~ - .-- -. .- - -.. - - -- --_.. . .--

/ 

Fault Location' _ 

' 6 9 10 

14.2 65.3 65.3 

57.8 57.1- 57.1 

63.8 
, 

56.4 56.4 

10.5 64.5 64.5 

Fault Location 

31 32 33 

103.8 89.0 89.0 

96.0 83.0 83.0 

89.0 75~7 75.7' 

-99.4 86.0 86.0 

24 25 

9,4.2 ' 94.2 

13.4 73.4 

64.3' 65.3 

,86.0 86.0 

" 
~~ -

26 

94.2 

73.4 

65.3 

86.0 

21 

86.0 

69.7 

69.4 

81.6 

-

co 
-J:'" 



TABLE 7.b 

- . , . 

Severe Current Percent Increase th~ line sections 

given in Decreasing Order. 

-' 

-. 



~ine Fault Peroent Line --

Seotion ~ Looation Increase Section 
\ 

3-Phase 3,6 9,7 193.5 9,12 -

Fault S.L.G 3,6 9,7 132.0 9,12. 
Type . 

L.L 3,6 9,7 165.4 9,12 

L.L.G 3,6 9,7 175.0 9,12 

Line' Fault Percent Line 

Seotion Looation Increase Seotion 

)-Phase . 8,9,11 ll,12,15 155.8 8,11 
Fault 

.. 
8,9,11 11,12,15 106~4 8,11 

Type S.L.G 

L.L 8,9,11 11,12,15 133.5 8,11 
- . 

,- L.L.G 8,11 11,12,15 136~5 8,11 . 

(.":. 

Fault Peroent Line 

Looation Increase Section 

13,17 183.2 3,6 

13,17 142.4' 3,6 

13,17 155.8 3,6 

. 13,17 166.1 . 3,6 

Fault Percent Line. 

Looation "Increase Section 

12,16 151.5 9~12 

i2,16 97~9 9,12 

12,16 1)0.5 9,12 

12,16 136.5 9,12 -

Fault 
Location 

4,8 

4,8 

4,8 _ 

4,8 

Fault 

Location 

14,18 

14,18 

14,18 

. -14, 18 

"'." 

-
Percent 
Increase 

160.0 

100.0 

1.36.6 

1.37.5 

Percent 

Inorease 

148.4 

118.7 

128.6 

1.39.4 

~ . 

I 

I 
I 
I 

I 

I 

I 

():) 
\J1 



Lin a Fault ' Percent Line 

ection Location Increase $ection . 
", '":'" , 

3-Phase 2,5 it 4,8 144.0 7,10 
Fault 

S.L.G 2,5 4,8 100.9 7,10 
~e ' , 

L.L 2,5 4,8 123.4 7,10 

L.L.G, 2,5 4,8 142.4 1,10 

Line Fault Percent Line 
Section Location Increase Section 

3-Phase 7,10 11,15 126.1 7,10 
Fault 

Type SJL.G 7,10 11,15 89.0 7,10 

L.L' 7,10 '11,15 lOS.3 7,10 

L.L.G 7,10 11,15 120.2 7,10 

Fault Percent Line 

Location Increase Section 

i2,16 143 ·7,8,11 

12.16 105.3 7,8,11 

12,16 121.7 7,8,11 

12,16 129.1 7,8,11. 

'-~ 

Fault Percent Line 
Location Inorease Section 

. 13,17 122.7 4,4 

13,17 80.~1 4,4 
," 

13.,17 '105.3 4,4 

13,17 109.8 , 4.4.-" 

Fault 
Location 

14, 14, lB 

14,14,18 

14,14,18 

14,14,18 

Fault 
Location 

5,10 

5,10 

5,10 

5,10 

. 
Percent 
Increase 

132.0 

86.0 

121.6 

114.2 

Percent 
Increase 

116.5 

157.3 

98.7-

149.1 

I 

i 

I 

1 

! 

I 
I 

(Xl 
~ 



Line Fault Percent Line 
-

Seotion Location Increase Section 

.3-Phase 14,16 21,21 107.6. 2,5 
:Fault 

S.L.G 14,16 21,21 89.0 2,5 
Type, 

L.L 14,16 21,21 ' 91.2 2,5 

L.L.G ' 14,16 21,21 97.9. 2,5 
-- --

Line Fault Percent Line 
" 

Section Location Increase Section 

.3-Phase 1,1 1,2 95 18,19 

Fault S.L.G 1,1 1,2 90.5 18,19 

Type . 
L.L· 1,1 1,2 81.55 18,19 

L.L.6' 1,1 1,2 92.65 18,19 
- -_ .. - --- - ~----- ----- - ----- ---- -

,', 
Fault Percent Line 

Location Increase Section 

3,7 105.3 J.9,22 

3,7 17.1 19,22 . 

3,7 103 19,22 

3,7 104 19,22 .' 

Fault . Percent Line "i 

Location Inorease Section 

24, 24)'~ .:':94.2 19,22 

24,24 73.4 19,22 

24,24 65.3 19,22 

24,24 86.3 19,22' 

" 

, 

Fault Percent 

Location Increase 

31,30 103.8 

31,30 ; 96 

31,30 89 

31,30 99.4 
-- ----------

Fault Percent 

' Location Increase 

32,32 89.0 

.. 
32.32' 83.0 . 

32,32 75.7 

32,32 86.0 
------- ----

I 

co 
~ 



Line Fault- Percen't Lin~ 

Section Location -Increase Section. 

)-Phase 15,13 22,22 88.3 . 18,19 
Fault S.L.G ,15,13 22,22 67.6, 18,19 
Type 

L.L 15,13 22,22 76.4 ,18,19 

L.L.G 15,13 22,22 80.9 18,19 
-_. 

Line Fault Percent Line 

Section Location Inorease Section 

3-Phase 14,16 22,22 79.4 17'18'~ 
Fault S.L.G 14,16 22,22 68.3 . 17,18,20 

, 

Type , 
, -L ..... L 14 16 22 22 . 67.5 17.18.20 

, , 

L.L.G 14,16 22,22 74.9 1:'1-18 20 , , 

Fault Percent 
Location Increase 

27,27 86 

27.27 69.7 

27,27 69.4 

27.27 81.6 
---

Fault Percent 

Location Increase 

o .32, .32,.3~ 78.6 
, " 

.32,32,.32 60.8 

32.32.32 _75.1. 

~2,.32,.32· 71.9 ' 

Line Fault 
Seotion Location 

20,17 27,27 

20,17 27,27 

20;17 27.27 

20,17 '. 27,27 

Line Fault 

Section Looation 

17,20 24,24 

17,20 24,24 ' 

1.1. ... 20 24.24 
" 

17,20 24,24 

Percent 
Increase 

81.~ 

65 • .3 

74.2 

74.9 

Peroent 

Increase 

. 7,5.7 

62.3 

80.1 

70.5 

i 

I 

0: 
0: 



c:l. 
Line Fault Percent Lin~ 

Section Location Increase Section . 

3-Phase 2-22 1,2,6 74.2 111" 
" 

Fault 
S.L.G 2-22 1,2,6 57.8 1,11 

Type 
L.L 2-22 1,2,6 63.8 1 11 ,. 
L.L.G 2-22 1,2,6 70.5 1,11 

Line, Fault. Percent Line 

Section Location Increase Section 

3-Phase 13,15 20,20 68.6 1-22 

Fault S.L.G 13,15 -20,20 54.9 1-22 

Type L.L 13,15 .20,20 59.3 1-22 

L.L.G 13,15 20,20 " 65.3 1-22 

Fault Percent Line 

Location Increase Section 

4,7 71.9 17,21 

4,7 50.5 17,21 

4,7 61.5 17,21 

4,7 "71.2 17,21 

Fault Percent Line 

Location Inorease Section 

5,9,10 65.'3 5,7 

5,9,10 '57.1 5,7 

5,9,10 56.4 5,7 

5,9,10 
i " 

64.5 5,7 

Fault 
Location 

'30,31 

3"0,31 

30,31 

30,31 

Fault 
Location 

1,1 I 

, . 

1,1 

1,1 

1,1 

Percent 

Increase 
. 

70.5 

54.9 

60.0 

64.5 

Percent 
Increase 

61.57 

39.3 

53.4 

-' 
54~9 

, .' ." 
" 

00 
\.0 



<. 
Line Fault Percent Li!te 

Section Location. Increase Section 

3-Phase 2,6 8,4 23.7 7,10 

Fault S.L.G 2,6 8,4 1.5 7,10 

Type L.L 2,6 8,4 2.2 7,10 

L.L.G 2,6 8,4 3.0 7,10 . .. 

Line Fault Percent Line' 
-, ~ection Loca'tian Increase Section 

3-Phase 
Pault 

S.L.G 
Type . L.L , 

L.L.G 

Fault Percent Line 
Location Increase Secti~ 

16,12 5.9 -3,5 

16,12 1.5 3.5 

16,12 2.2 . 3,5 

16,12 2.9 3,5 

, 
Fault Percent Line 

lLocation Increase Section 

~ 

Fault 

Locati,o~ 

7,3 

7,3 

7,3 

7,3 

Fault 
Looation 

I 

-
Percent 
Increase 

-17.8 

1.5 

2.2 

3.0 

Percent 
Increase 

I 

I 
i 

i 

'-C 
C 

,'.; 
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CONCLUSION 

From tho reli.abiity 'point of view t the C and D types of 

oombination are prefe!'ed , since the, s:ltem\ oontists of tw~',inde -

pendent parallel lin.sin ease of a jtL!". ·one of th~m/ the ot~·· 
he.r line Will continue its normal operation. 

I . , 
From .sta~il1typo1nt of vi,w f B and A combination types are 

! . 
prefered respectively e' When the faulted line section is removed ~ .' . I . 
the increase in lin 0 reaotanoe ofl these types will be less than the 

I 
I 

atherB • . i 

lirom' protecti~n' point of. view the following prob,lems will 

. exist 

Ifl and If2 are the currents feedingf~ult locations 1 and 2 

close to the 

A 

IlfL ~1f 
. \ . 

~ 

lf2 I: 

.. I 
I 

,capac! tor buses • Wi t~~ reference to the calculations. the magrii tude 

10f If is cons1der~bly greater than Ifl t meaning a fault 

\~tandin: in reaoh of second zone of distance relaying system 

located at A will have much greater magnitude • So care should 

be taken in setting the relays • 
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Spreading the c~pacitor banks along the line as shown 

below may have the followinlr advantages -I 

- \ 

rtL-----1M~~ \ 
143 4, . I 

-
- . I I -::::: ::::g :::Sli:e1

:: voltOge and TlativelY iform 
- I 

Lower voltag drop level across capacitor terminals during 

fauli;s • 

'-

Bu~ there will b~ serious difficulties insetting the 

distanoe relays • 
i 

Refered to the results of calculations, if If~ aridI:f4 -

. \ 
are currents fesc.ing a s:i..l"lgle - Phase -to - ground fault at 

- - . \. 
point J and a thre. - phase fault at point,~ respeotively , 

the magni tu.de of I:f4 is·. considerably greater than -1)3. So 
\ 

setting the zone one for I~., the relay will see negative reac-
I,,!" \ 

tance resulting in its disability to operate for the fa~lt at point 

:3 • 

LnS1der:lng the above ::aotors • the following suggestion is 
\ 

given : since the system is the main 1pterconnector of the main 

electrical energy source of Turkey to the rest of the grid of its 
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reliable and permanent opel"atior. becomes the most important 

factor. There-fore the C type is the best combination since it 

is one lof the most- r.eliable ones • 
I .. 

.) 
/ 

file advan tages of the C tY'pe to the D type are 

- the insallationcostis leBs and 

- the relaying coordination is much simpler and more 

acourate. 

The-.inorease of pow~r transfer C&.D. be ·achievedusing two 

spar.e . busbars at both sides of capacitor bailks ~ These buses .. , 

" 

I 
. , , , , 

G t--------:----W; I H-! ......;.;...---------1 j 
.- \, 

which are shov,n by dashed lines enter operation when one of .\the 
/ ! 

linea: from the left or right· sides \ 1s removed .from opera tian. 
\ ' 

'\ , 

, , 

, I 

I 
I 

- I 

i, 
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NAME OF P()WER PLANT KEBAN GOLBA91 
Thevenin ~guivalent 

110. of 

GENERATORS 1 - 4 5 - 8 1 5 -
RATED POWEll (MVA) ). . i 175 201c25 201.,25. 

Cos ¢ / 0.9 0.9 0.9 . 
/ 

~66.7 -Speed I . I 

I 166.67 166.6~ 
(rgm) . / I I 

I . 

I I 
Rated Voltage I i ! 

: 14.4· 14.4 14.4' .' 

(kV) . .. 

Gb2 ( tm2) f . 16014 18500 18500 '. 

! 
H~ i .. - 3,5 . 3.52 3.52 

( MW sec )/1YTVA . ; ., 

92/83b 87/8ib 
.. 

X C% ) .87/81 . d' . 

X " 61/57
b 61/57 

.. 

q 70 .. 

Xl 
" 2'9 32/30b 

.32/30 d .. 
! -

Xl 70 61/57° .61/57· I 
I I. 

" 
I i 

q I .I ! 
1~ I 

X" 22 221 I' 

tt 
d I 
tl 

" I I I j 
X 22 24 24 I 1 .q I I i . 

I 

tI 
I . 

\ X2 
20.,5 23 23 I i 

.1 \ 
, , 

X " 
11' 8.5 8.5 \ ; 

0 \ I .. f 

X 21\ 25 25 
\ 

i 

" . \ ~ , 
p , . --- : 

Tdo (sec) 6 .. 01 72 72 
\ 

I 
\ .' 

T d' 2,.1 2.65 2.65 .. 
" T d6 0.032 0.04 0.04 - ! 

Table 1 Necessary 
Cont. - .data of the Plants 

•• - .< 
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" Td 0.02 

" T qO 0.0827 

" , 
T 

) '\ - 0.026 
q 

\ 
T ! \ 0.277 a i 

I. 

/' /, 

TA I 7.77 
, , i . 

STEP l"up 
J 

TRAN SFOR1~E..'1 DATA 

, 
I 

1 No .of, Phases 
! • .' -

-
Vector ·Group Symbols '., Y..1'1dl . , 

Rated Out put (In"V A) 60.3' 

No Load Rotio (kv) I l4.4 /380 

\ 

-
Tap Range (%) +2 X 5 

-2 X 2.5 

Impedance ( % ). \ 12 

Table 

0.027 

0.1425 

-. 
0.06 

, 

0.24 . 
-

7.82 I 
I 

I 

-

~ .. 

.. 

mol 2 
I 

I 

60.3 
.. 

j 

14.4/)80. 
, 

+2' X 5 
-2 X 2~5 

11 -

, , 

1. 

0.027 ' 

0.1425 -

0.06 

0.24 

7.82 

1 

Yn'ol 1 ' . 

.. 
:60.3 

14.4 / )80 

+2 ;t 5 
-2 iX 2.5 

11: 

; 

\ 
-' 

\ 
\ 

\ 

-

.' 

.. 

. I , 
I 

.. 

\ 
j 
1 

1 

I 
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. 
Go1b~1. - Kayser! Kayser! -Keban 

-.. 

J \ 
. 

, 

/ • 
/ 

Length (lem) / 271 0215 
I / I 
I 1 0 

I 

/ 
! 
! 

Voltage (Kv) 380 380 

! , o· 

l' 
o~ 

R (Ohm) . 9.4 09.5 
-

. -.- .. o· 

,0 
Cross Section R2X945 R2X 945 0' 

! : 
i -I 

X (Ohm) S5~3 I 86.5 
\ 

(N.mho) 
,. \ 

y 931-0 0, 950.0 
, 

\ 0 

Ro (Ohm) 49.16 , 
50.3 

i 

\ 
\ 

\ 

X) (Or.m) 312.1 316.7 

~ 

. 
Yo (Mmho) 481.2 488.) 

-

Table 2 - Data of th L' e lnes.! 

I 
f 
I 
I 

-

, 

. 

\ 

/ 
I 

\ 
\ 

\ 
\ 
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TABLES 3.1-4 

Rating of Fault Currents at Fault Locations' (.1 )" 
T 

from Golba91 (I ) and Keban (I ) Buses 
G K 
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G 

t 

" 

4 

Type of The Fault 
IG 

P.U. 12~~5 

Three Phase, 
RCA). 1940 

\; 

p.u. 12.2.3 
s • L • G 

R.(A) 1860 ' 

P.u. 11.0 
L • L 

RCA) 1660 

P .. u. 12.5 
L • L • G 

R(A) 1900 

, -

Fault Location 

G 

IK ,I '. 
T IG 

8.1 20.85 7.2 

12.30 .3160 1100 

6.5 18.1 6.5 

990 2850 990 

6.9 17.9 6 • .3 

1060 2720 950 
,-

7.6 20.1 7.0 

1160 )060. 1060, 

K' 

K 

IK 

15.7 

2.380 

20.9' 

.3170 

1.3 • .3 
, I 

20.30 

20.1 

.3060 

, I ' 
.K 

IT 

22.9 

.3480 

27.4 

4160 

19.6 

2980 

27.1 

4120 

-._-



lG 
'-iI f-it-

,,~ .... I -----------4 
- G :B c 

Fault Location 

G , B 

Type of The Fault 
IG IX I I IX IT T 'G 

P.u 12.75 10.0 22.8 9.25 ,14.5 23.7 . 
. -

Three - Phase 
RCA) 1940 15.30 .3470 1400 2200 ' '3600 

' ~ .... 

P.t) 12.2 7.8 
S '. LoG 

_ 20 7.4' 12.0 19.4 

R(A) 1850 1180 .3040 1120 1800 2950 

P·u 11 8.6 ' 19.6 8.0 12 • .3 20 • .3 
L • L . 

RCA) 1670 1.310 2980 1210 1870 .3080 
. 

" .. ',", 

.' ' 
"P.U :12.5 .. 9 .. 5 21.3 8.8 13.2 22 

L 0 L • G 
R:CA) 1900 1450 .32.30 1.34'0: 2000 .3.340' 

" 
~.-

IK 

K 

C 

I G, IX IT 

- - ' , 

11.9 10.7 22.6 
. 

1810 1630 }4j9 

9.11 9.21 18 • .3.3 

1.385 1400 2790 

10.3 9.1 19.4 

1560 1.380- 2950 

10.9 10.1 21' 

1650 1530 .3180 

,''). 

, 

X 

IG IK 

i . 8~8 15.7 

1.3.30 2.390 

7.7 21.2 

1170 .3200 

7.6 1.3 • .3' 

-
:1150 20.30 

, 

8.7 . 20.1 

1.320, .3060 

,) 

i ' 
I 

I " T I 

I 

24.5 I 
-

.3720 

28.9 

4.370 

20.9 

3180 
, .. 0-

28 

4260 

\0 
\0 



I 

~ ... G B c 

. , ' 

Fault 
, 

G B 

Type of The Fault 
':"I IK I I IK G T G 

P.u 12.8 10 ' 22.8 10'-2 12.7 
Three ... phase, 

R(A) 1940 1525 3470 1550 1920 

P.u 12.2 7.8 20.0 8.4 9.9 
.S.'L.G 

R(A) 1854 1180 . 3030 1280 1.500 

P·U 11~0 8.6 19.6 10.8 8.8 
L • L 

R(A) 1670 1:310 2980 1640 1340 

P.u 12.5 9.5 21.3 9.5 11.6 
L • L. G 

R(A) 1900 1450 i1.30 1440 ,1760 

IK 
t- ...... ... 

D E K 

Location 

C 

IT XG ' IX I, 
T 

22.8 11 . 11.6 22.6 

3470 1660, 1760 3440 

lB.3 8.8 9'.4 18.2 

2780 1340 ' 1430 2770 

19.6 10.0 9.35 19.35 

3000 1520 1420 2940 
.. 

21.1 10.0, 11.0 21 <. 

.3200 ,1520 1670 .3170 

IG 

9.5 

1440 

,. 

7.4 
-

1120 
' . 
. 8.1 

~.--.. -

1230, 

8.7 

1320 

D 

IX 

14 

2130 

13.0 

1980 

.. 12.0 

1824', 

13.4 

2040 

IT 

23.5 

3560 

20.4 
- -

3100 

20.1 

3060 

22.1 

3340 

cgnt. 

I-' o 
o 



IG 
....;, H 

I 
~ it-

G B c D E <). K 

Fault Location -

E K • 

Type of the Fault . 
IG IIC . '. IT' IG . IK IT . 

P.u 10.6 12.022.6 8.8. 15.7 24.5. 
Three - .phase· . 

R(A) 1610 '1820 . 3440 1330 '2390 3720 

, '.U 8.2 11.2 19.4 7.7 21.2 28.9 -
S • L' • G . j,:....;....;..;""",;.;..;. . ..J----.J~--.:....--+--+---J---f--+---'--_J_-__t--:-_;_--T-__jr_-__t 

R(A' 1250 1700 2950 1170. )200 4370 

P.U 9.1- 10.2.. 19.4 . 7.6 13.3 20.9 . 
L • L 

R(A) 1)80':j 1550 . 2940' i150~ 2030 3180 
-.. ., 

L • :L '. G 
P.u 9.7· 11.6 21.3 8.7 20.1 28 

RCA) 1480· 1770 3230 1320 )060 4260 .. 

Cont. ~ro~~previous page 
-,: .. - . 

t-' 
o 
t-' 



t; 

.G . B C 

. 
. Fault Location 

G B 

Type of The.Fault 
I IX I . IG IX IT . G T 

P·u 12.8 .10. 22.8 8.3 13 21.3 
Three - phase 

R(A) 1940 1525 3470 1260 1980 3240 

P.u 12.2 7.8 20.0 5.3 ·8.8 14.2 
S • L • G 

R(A) 1850 1180 3030 810 1330 2153 
.. 

P.u 11.0 8.6 19~6 7.2 11.0 18.2 
L. L 

. R(A) 1670 1310 2980 1090 1680 2770 
-

P.u 12.5 9.5 21.3 7.40 11.6 . 19.0 
L • L • G 

R(A) 1900 1450 3230 1130 1760 . 2890 
: "--:' .... -

-

#. 

~ ... 

K 

. 

-
C 

I . 
G 

. I . 
X 

.' 9.7 ·10.8 

1470 1~40 

6.8 6.8 

1030. 1030 

8.3 9.2 

1260 1400 

.. .-
8.3 9.3' 

.. -:.. 

1410 1260 

I K 

I T IG 

20.4 8.8 

3110 . , 1330 

13.6 7.7 

2b"'7 1170 

17.5 . . 7.6 

~. 

26'60 . "1150 

18. 8.7 

2750. 1320 
--

X 

IX 

15.7 

2390 

21.2 . 

3200 

'13.3 

2030 

20.1 

, 
3060 

-----

IT 

24.5 

37~0 

28.9 

4370 

20.9 

3180 . 

28 

4260 

I-' 
o 
I\) 



.II 

IG·I ::,,----.. , 
G B C D E K 

Fault Location 

G B C' 
Type of The'Fau1t , 

IG IK I' , 
T IG IK IT I G, IK 

P. 12.8 10.0 22.8 8.5 10.5 19 9.64 10.21: 
Three - phase 

R(A) 1940 1520 3470 1200 1600 2900 ' 1470 1551 ' 

P. 12.2 7.8 20 
S - L.G 

6.0 7.17 13.2 7.1 6.6 

R(A) 1854 1180'. 3040 gOO 1100 2000 1080 1000 
" 

" . 

L ~ L P. 11.0 8.6 ,19.6 7.3 ,9.0 ' 16.33 8.2 8.8 
" .... 

RCA) 1070 1310 2980 ll10 : 1370 : 2480 , 1250 13.30 
, , 

0 __ 4 • . ' 
12.5 ' 9.5 21.3 8.1: ' i 

~7 .3 ' :8.7 9.2' , p. "9,2 ' 
" \ L • LoG -0. _ .. _ .. 

. -'-- - - -........ 

RCA) 1900 1450 3230 1.236~ ,1400 2630 1320 140O , 
, 

• I 

. ' 
.~ .. 

~K 

.::1. 

. 

IT IG 

19.9 ' 8.427 

3020 ' 1260 

13.7 5.4 

2080 82.3 

17.0 ' 7.1 
, 

2580 ,1090 
_0" 

17.9 : 7.4: 
- , 

2610 ,1120, 

.,. 

D 

IK 

'12.35 

1880 

9.6 

1455 ' 

10.5 

1600 

11.2 
--,--

1700' 

I "''1" 

T 

20.6 

3134 

15 

2280 

lL.6 

2690 

18.6 

28.30 

Cont • 

~ o 
VJ 



'---------., ,... ----------1 

·1 I t--I ~---; 
·G, 0::.. B C. D E 

Fault Location 
" 

E X 
Type of The fault 

IG IX IT' IG IX IT 

PeU'" '8.9 10 18.9 8.8 /15.7 24.5 
Three - phase 

. R(A) 1360 1520 2880 1330 2390 37~O 
, , 

P·U 5.8 8 13.8 7.7 21.2 28.9 
SoL • G 

.. R(A) 881 1210 2100 1070 3200 4310 

P·U 9.56 8.67 16.23 7.6 13.3 ' 20.9 
L • L 

.. 
R(A) 1150 1320 2470 ' '1150 2030 3180 

P.U 7.7 9.4 17.1 8.7 20.1 28 
L .L .G 

R(A) 1170 1430 2600 1322 3060 4260 

.. 
Cont. from .pre~ious p~ge' 

x 

. ' 

• 

,.< 

...... 
o 
-I=" 



, , .' 

TABLE 4.1-4 

Fault Currents in' Series Capaci.tors (Ifc.,,) 
. i .. 

and'Resultant Voltage Drops ( Vfc ) for the 
• ' 't. 

given Fault Location. 

..'---. 
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,SC1' 
.. 

~-----+ 11-; ------tll}< 

" sC1 
l!'au1t Type 

Ito Vtc . 
, 

P.t) , 10.0 001 
Three - Phase' 

26.6 RA KV 1S~O, 
, 

, 

P.u 7.8 0.054 
S • L • G 

RA,KV 1180' 20~6 

P.u 8.6 0.06 
L • L 

RA,KV 1310 22.9 
, 

p.U 9.5 0.07 

L • L .G 
RA KV . . 1450 '25.4 , 
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S' cl 

IG 
Ht-

IK 
--

F 

SOl 

Fault Typ'e 
I fc Vfc '. . .. .J. I' .' " 

P.U 14·5 ,OJ 
Three - Fhase 

'R 2200 ~Sl . . A,Kv 

.' F.U 12.0 0.08 
S • L . • G' 

RA KV 
t 1800 31.5 

F.U 1.2.3 0.086 

L • L 
RA KV 1870 32.7 " , • ! 

" 

F.O 13.2 0.09 

L .L • G R . A,KV . 2000 35.0 



:1 . sG -

-, 

. 

-- 107 

Fault Type 

P.u 
Three - Phase ~ 

~A KV . 
t 

P.u 
S • L .G 

RA KV , 
-

P.tI 

L • L .RA,KV 

p.u 
L • L .G 

RA,KV 
.. 

SCl 
,-

-'--
I fc ' V fe. 

11.9 O.OS 

1810 31.7 -

9.11 0.063 

1380 24.1 
-

10.3 0.07 

1560 27.3 ! , 

10.9 0.08 -

1650 28.9 
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'-._'-

F 

SCl 

Fault Type I fc 
V ' 
fc 

P.U, 8.8 0.016 

Three -, Phase 
RA KV 1330 23.3 , 

. 
P.u '7.7 0.053 

S • L .G . 
RA KV , 1170 20.5 

P.U 7.6 0.052 

L • L 
RA,KV 1150 20.2 

," P.u 8.7 0.06 '~ 

L • L .G 
R , A,KV 1320 23.1 

, 1 
I 



IG 
H 

<). 

F 

sC1 
Fault Type 

I fc 

P.lf 10 
3 '''; phase 

RA KV 1525 , , 
P.v 7.8 " 

S • L • G 
RA KV , 1180 

P.u e.6 
L • L ' 

RA KV , ' 
1310 ' 

P.U 9.5 
L • L • G 

RA KV 1450 , 

~L 

'I~ 

. 

Vtc I tc 

0.035 10 

13.3 1525 

0.027 7.8 

:l0.3 1180 ' 

0.03 8.6 

11.5 1310 

0.033 9.5 

12.7 1450 

• 

SC2 

I K -

Vtc 

'0.035 

13.3 

0.027 

10.3 ' 

0.03 

11.5 

0.033 

12.7 

. 

.' ' 

I 

J 

I-' 
'0 

\.0 



.... , .. 

IG 

~~). . 

Fault Type 

3- phase 

S • L • G 

I 

L • L 

L • L • G 
, 

~1 --I 

I-~ ~~ .. ·II~ 
, 

f 

. 
SC1 SC2 

If'c Vf'c I:fc Vf'c 

p.U 12.7 0.0)6 12.7 0.0)6 

RA KV 
t 1920 13.6 1920 1~.6 

P.u 9.9 0.029 9.9 0.029 

RA KV 
t 1500 11.2 1500 11.2 

p.U 8.8 0.038 8.8 0.038 

RA KV , 1340 14.4 1340 14.4 

p.U 11.6 0.033 11.6 0.033 

RA KV 
t 1760 12.6 _ . 1760 12.6 ' . 

-~--

-~---~-'---"-----~--,--~ -~-.-- .-.. - -~----.-.~-.-

I 

.. 

:" 

f-J 
f-J o 

~ 

~-

~. -



,. ~Cl~2 
~------__ ~I I I 

-- .IG 
~ H 1-

F 
<.). 

sal' 

F'ault Type I fe Vfe 
.. 

P.U 11.0 0.038 
3 - phase 

RA KV , 1660 14.5 

P.U 8.8 0.035 
S • L • G 

--

RA KV 
t 1340 . 11.7 

, .-

P·V 10.0 0.035 
L • L 

RA KV 1520 13.3 
0- t 

P.tJ 1 10.0 0 0.035 
L • L .G 

" RA KV 1520 13.3 , 

. 

I fe 

11.6 

1760 

·9.4 

1430 

. 9.35 

1420 

11.0 

1670 

IK 
~ 

. so 
2 

Vfc 

0.04 

15.4 

0.033 

12.5 

0.033 

12.4 

0.038 

14.6 

I-' 
I-' 
I-' 



, 
1 

\ •• j 

" sc.l '_SS 
.~ ·rJ ~J-""""'-'-----.. ~ 

F 

SC1 SC2 
Fault Type 

I tc Y.tc I tc Vtc 

p.v 9.5. 0~033 14.0 0.05 
3 - phase 

RA KY , 1440 12.6 2130 18.6 

P.o 7.4 0.026 13.0 0.046 

S • L • G 
RA KY 1120 9.8 1980 17.3 , 

P.l} 12.0 0.042 8.1 0.028 
L • L 

RA,KY 1824 16.0 1230 10.7 

P.u 8.7 0.03 13.4 0.047 
L • L • G .-

'-
_R

AtKV 1320 11.6 2040 11.8 

.' 
.0 .... 

-----------~-~--.,.-.- _. 

I-' 
I-' 
N 



sc, 
IG I r 

c. 

" 

:'SC 

Fault 'Type 
I 
~c 

p.~ , 8.8 
Three - phase 

RA KV 1330 . , 
P.u 7.7 

S • L • G 
RA KV , 1170 

p.u 7.6" 

L • L 
RA KV 1150 

t 

p.U 8.7 
L • L • G 

, RA KV 1320 , 

::>L.2 ' r--_. 
'l- ,. 

I 

1 

Vfe I fe 

0.031 8.8 

11.6 ;1.330 

0.027 7.7 

10.2 1170 

0~026 7.6 

10.0 1150 

0.03 8.7 

11.6 1320 
, . 

" , 

, IK 

I 
F 

SC 
' ~ 

Vfe 

0.031. 

11.6' 

0.027 ' 

10.2 

0.026 

10.0 

0.03 

11.6 
" .•. '1 

" ; 

I-' 
I-' 
+-



sc, SC2 
IG I 1--1 --1 I I t--I--"'L IK 

--<: H 

F 

F.'au1t Type 
SOl S02 

If'c Vf'c If'c Vf'c 

P.U 10.6 0.037 10.6 0.037 
Three - phase 

R·A,~ 1610 14.1 1610 14.1 
.- . -.-, 

P.c;/ 8.2. 0.029 8.2 0.029 
S • L • G 

RA,KV 1250 10.9 1250 10.9 

P.U 10.2 0.032 10.2 0.032 

L • L 
RA,KV 1550 12.2 1550 12.2 

-

P.u '9.7 0.034 9.7 0.0~4 

L • L • G .::' 
RA KV 

--
~ 1480 13.9 1480 13.9 , 

10.;,---- ----

, 
" 

. 

.. 

... "). 

J-J 
t-' 

\..N 



SC -

'G -/ : ~ -r 
Fault Type 

Three - Phase 

S • L • G 

L • L 

L • -L • G 

F SC2 

I rc 
P.u 5.0-

R 
A,KV I 760 

P.u 

RA KV 
-~--

'IP.U 

3.9 

590 

4.3 

RA,kV I 655 

P.U I 4.75 

RA,KV I 725 

SOl 

v -- fc 

0.07 

26.7 

0.055 

20.65 

0.06 

22.9 

0.0665 

2.,5.35 
'/ 

j 

I fc 

5.0 

760 

'3.9 

590 

4.3 

655 

4.75 

725 

SO 
2 

, Vic 

0.07 

26.7 

0.055 

20.65 

0.06 

22.9-

0.665 

25.35 

I-' 
I-' 
\J1 



-Y" i:l f 
cO. 

SC2 

SC
l SC

2 
Fault Type 

I fc Vfc I fc Y.fc 

P.U -1.2 0'.011 14.2 0.20 
Three - Phase 

"RA KV -:80 -6.4 2160 15.5 , 

,P.U 0.1 0.0001 8.8 0.122 
S • L. 'G 

RA KV , 15.2 0.26 1330 46.5 

P.U 0.15 0.001 11.0 0.1?5 
L .' L R ' 

o A,KV 22.8 0.4 1680 58.8 
. 

P.U 0.2 0.0015 11.6 0.162 

L • L • G 
RA KV 

" 
30.4 0.5 1160 61.6 

t 

-

i 

I 

", 

~ 
~ 
0"1 



L). 

Fault Type 

Three - Phase 

S •. L. G 

L .L 

L • L • G 

'. 

;. 

r--------.jSC1 -----I: ;.--, ' -', I 'K. 
SC2 

SOl SC2 

If'c Vf'c If'c Vi'c 

P.U 1.6 0.022· 9.7 0.135 

RA,KV 243 8.5 1470 51.5. 
, 

P.U 0.1 0.0007 6.8 0.095 
-_.-

RA' KV , 15.2 0.26 1030. 36.05 

P.u 0.15 0.001 8.3 0.116 
.. 

RA KV , 22.8 ·0.4 1260 44.1 

P.U 0.2 .- .0.0015 9.6 0.134 

RA Kv , 30.4 0.53 1460 . . 51.1 

I-' 
I-' 
-'l 

," 



SC, 

'G >1"---~---;::J---,.-------j.1 ~. 
1---· -, . <. 

SC2 F, 

SOl SO . 
2 

Fault Type . 
I fc Vfc I fc Vfc 

P.u· 44 0.061 44 0.061 .. 
Three - Phase 

RA KV , 660 23.25 66e 23.25 

'P.u . 3.85 0.0531 3.85 0.0535 
S. L .' G , 

RA· KV 
~ 

590 20.45 590 20.45 

P.u 3.8 0.053 3.8 0.053 
L. L . 

".' 

RA KV , 580 2Q.125 580 20.125 

P.u 4.35 0.06 4.35 0.06 
L. L. G 

.' ~;.:;. ..... -
~ 

RA KV 660 23.1 660 23.1 , 
-... 

, ' 

" 
'.~::' 

._ .•. . __ : ____ •..• L_~_~_~_ • 

I 

., 

'-

I-' 
I-' 
,OJ 



SC
1 

SC2 

b. [ ..... ~-. ---I: :- ::t-. -----I~ 
F SC3 SC

4 

SCl SC 
.' .2 Fault Type 

If'c Vf'c If'.c V If'c fc 

P.u. 5.0. 0.035 5.0 0.035_ 5.0 
Three - Phase 

RA KV t 760 13.3 760 ' 13.3 760 

P.u 3.9 -0.027 3.9 0.027 3.9 
S • L .G 

RA,KV 590 10 .. 3 590 10.3 590 

P.u 4.3 0.03 
L • L 

4.3 0.03 4.3 

RA KV , ' 650 11.4 650 . 11.4 650 
, 

P.u 4.75 0.035 4.75 ' 0.035 4.75 
L .• L • G 

RA KV , 725 12.7 725 12.7 " 725 
__ • A 

SC
3 

V fc 

0.035 
.. 

13.3 

0.027 

10.3 

0.03 

,11.4 

-' 0.035 

12.7,' 
-

~ .. -

I fc 

5.0 

760 

3.9 

590 

4.3 

650 , 

4.75 
. ' 

725 

S~ 

Vfc 

0.035 . 

13.3 

-0.027 

10.3 

0.03 

11.4 

0.035 

12.7 
, 

I-' 
I-' 
\.0 



SC1 SC2 

JG/I--. ----1;: ::'--~---t~ " 

F SC3 SCi. 

: 
SC1 SC2 SC

3
· 

Fault Type 
I I tc 

V . 
Vtc I V .. tc . tc .tc fc 

-) 

P.IJ 0.4 0.003 0.4 0.003 10.0 0.07 
Three - Phase 

RA KV 
- , 59.75 1.05 59.75 1.05 1520 26.6 

.S.L.G 
P.U 0.1 0.0007 0.1 0.0007 7.8 0.054 

RA KV , 15.2 0.26 15.2 0.26 1180 .20.6 

P.u 0.15 0.001 0.15 Q.001 8.6 0.06 
L • L 

RA,KV ~2.8 .40 22.8 .40 1310 22.9 

I P.u 0.2 0.0015 0.2 0.0015 9.5 0.07 
L • L • G 

__ ~A'KV 30.4 .53 30.4 .53 1450 25.4 
--- --

.... -..{ . 

-~-'-~----~.-~~-~-- -~-~~.~~~-~ ~ 

I fc 

10.0 
, 

1520 

7.8 

1180 

8.6 

1310 

9.5 

1450 

SC4 
V . 
fc 

0.07 

26.6 

.. 0.054 

20.6 . 

·0.06 

22.9 

0.07 

25.4 . 

i 

.1-' 
N 
o 

.-- -.-~-.. 



" .. 

5(1 SC2 
LJ ...... -----i:~ 1r.;...1 ------1IIo+'-~K-'--
~ . ~ 1It---'-----l-

SC3 SC4 

. BC1 BC2 BC
3 

Fault Type 
Ire V I fe Vfe I fe fe . 

P,U 0.4 0.003 0.4 0.003 9.64 
Three - Phase 

RA KV , 59.75 1.05 59.75 1.05 1470 

P.ll 0.1 0.0007 0.1 0.0007 7.1 
s • L • G 

RA,KV 15.2 0.26 .15.2 0.26 1080 

P.\] 0.15 0.001 0.15 0.001 8.2 
L • L 

. RA,KV 22.8 0.4 22.8 0.4 1250 

P.\} 0.2 0.0015 0.2 ' 0.0015 9.2 
i. L 0 L • G -

R
A

-
KV , 30.4 .53 30.4- 0.53 1400 

. i 

Vfe I fe 

0.068 10.21 

25.7 .' 1551 ' 

0.<;>5 6.6. 

18.9 1000 

0.058 8.8 

-21.8 1330 

0.064 8.7 
'. 

24.5 1320 

BC
4 

Vic 
0.071' 

27.1 

0.046 

17.5 

0.061 

23.3 ' 

' 0.06 
'. - - , -

23 .. 1" 
, 

.. 
~~-

I-' 
I\) 
I-' 



C:). 

5 -

IK [-~--if' ~:2 -I I 
_ . '-II F t-....;...G_ 

S. Ir-~~~-
c3 . S - C4 

-, SC1 SC2 SC) 

Fau1-t Type I tc V
tc I tc V

tc
- I tc Vtc 

P.t) 0,4 0.003 0.4 0.003 8.27 0.06 
Three - Phase 

RA KV-, 59.7 1.05 59.75 1.05 1260 22.0, 
- --"- .... -... -.•.. - . - - - . 

P.u 0.1 0.0007 0.1 0.0007 5.4 26.4 
S • L • G 

RA KV 15.2 0.26 15.2 _ 0.26 823 
-, 

14.4 , 
- ,-

P.u 0.15 0.001 0.15 0.001 7.1 0.05 
L • L 

RA KV , 22.8 0.40 22.8 400 1090, 19.1 

P.u 0.2 _ 0.0015 0.2 0.0015 11.2 0.08 
L • L -,.-G 

RA KV , 30.4 -- 0.53 30.4, 532 1700 29.8 ' 
: 

----_. -----------~-~---,.----,---------~'~'---'---------

I tc 

12.35 

1880 

9.6, 

1460 

10.5 

1600 

7.4 

1120 

SC
4 

Vtc 

0.09 

33.0 

0.07 

25.5 

0.07 

28.0 

0.05 

_ - 19.6 , -

. 

I 

~ 
r\) 
r\) 



" 

C:). ~1--' __ --I~:11 SI~I--.2 __ -tIf-+-.~_ 
I , I ~ 

SC3 SC4 

SC1 SC2 

Fault Type I fc Vic I Vfc I fc fc 

P.U 0.4 0.003 0.4 0.003 8.9 

Three -:. Phase 
RA !IT 59,7 , 1.05 59.7 1.05 1360 

P.U 0.1 
\ 

0.0007 0.1 0.0007 5.8 
S •. L • G 

RA KV 15.2 0.26 15.2 0 .. 26 880 t 

P.u 0.15 0.001 0.15 0.001 7.56 
L • L 

RA KV , 22.8 0.40 22.8 0.40 1150 
.... 

F.U 0·.2 0.0015' . 0.2 0.0015 7.7 
I L • L • G 

RA KV 
t 30.4 0.53 30.4 0.53 1170 

- ' .. _-- -.~--.- _.-. .... ,-_. .--.-- - ," --
, 

SC
3 

Vic I fc 

0.06 8.9 

23.8. 1360 

0.94 5.8 

15.4 880 

0.05 7.56 

20.1 1150 

0.05 7.7 
. .._ .. ~~ - -- . -

20.5 1170 

I '. 

SC
4 

-

_. . 
~ .. -

V fc 

0.06 

23.8 

0.04 

15.4 

0.05 

20.1 

0.05 

-20.5 
i 
, 

f-' 
N 
\.N 



../ 

r 

c-~ 

SCl SCt 

h> I :: . :~I-----t~ 
~ ~ , . . 

SC3 SC4 F 

. SOl S02 
Fault Type 

I fc Vfc I fc V I fc fe-

P.u 4.4 0.03 4.4 0.03 , 4.4 
3 - Phase 

RA KV , 660 . 11.65 660 11.65 660 

p.U 3.85 0.025 3.85 0.025 3.85 
S • L • G 

RA KV , 590 10.3 590 10.3 590 

.P.U ~.8 0.025 3.8 0.025 3.8 
L • L 

RA KV , 580 10.05 580 10.05 580 
.-

. L .L • G P.u -'4.35 0.03 4.35 0.03 4.35 

.. , 
RA,KV '660· 11.55 660-

~ .-, 

11.55 660 

S03 

Vfc I fc 

0.03 4.4 

11.65 660 

0.025 3.85 , 

10.3 590 

0.025 3.8 

10.05 580 ' 

0.03 4.35 

11.55 660 

S04 

Vfc 

0.03-

11.65 

0.025 

10.3 

0.025 

10.05 

0.03 

11.55 

, 

.. 

I
J'\ 
+" 

-. 

~. -~-. ....'"------.~. --.. .:...:.....:~ .-:--.---.,~~-.' 
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