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OZET
Ge“111m disg umunuﬂ kugu“*u1m651 ve keza ene*Jl iie-

im Papa81t951n1n arttlrllmas- 191n uzun enerji 11et1m hat-
larlnda'Seri kapasiteler kullanlllr. ; S
ariza dizeyi ve kurunma bakls agls ndan -

Bu tézﬁe,
ezi 11e aOTbacl (Ankara) mer-

Keban hidro-elekirik uret;m meD:
‘ . .i.
i ileten iki benzer

kezi arasinda sebekeye elektrik energwsw
. : ’ . ; - .
Kompansaéyon etki-

-hattan olﬁsan ornek sistem Uzerince seri
leri 1nce1enm1$ ve ariza a4a11¢ler1 vap17m1$t1r. Yanllan he-
saplarin sonuglarina gbdre, seri kapa51teier1n 11etim hatta

izerinde Optimal bir yerlesimiigin Oneriler verllmlgtlr.
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ARSTRACT .

- To reduce the vol+age drop and also to 1ncrease
iPOWET transfer capac1t of the 10nv power urarsm1551on iines
serles capa01tors are used, ‘ ” i

In this thesis the effecte of series compensation
n points of %iem_ are investiga-
- |
;am of two

from fault level and prote
ted and fault analysis is done on the example system 01
ng electrical

Station to the re s

1aent1cal long transmlsswon lines tran T
ng
A

energy from Kebdn Fydro elech“c Genereui

of the grid at Golbasl Station (Ankara).
Dased on the results of calculatlons

nade for the optimal placement of series capacztors along the

suggestions are

[ .
transmission lines,

L
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INTRODUCTION

In order te improve the power transmiesion capa-
bility of the transmieeionlines.There are three-different
main methods: increacingethe'line ﬁoltage' redu01ng the
line reactance by using series capa01tors or 1ncrea01ng
the number at the lines, The easiest.and and economlcal one
is.the reduction of series reactancé of the line by inser-
ting_series capacitors fe the line. This aiso improves the:

voltage condition,

Series capacitors were used in subtransmission lines
 for_the purpose of reducing voltage drops. Because of rapid
development in production ofihigh voltage capacitors during
1the 1ast two decades, their application to high voltage

transm1581on lines have became very common,

'Reduciﬁg of.thefseries reactance in'pafallel of ;
'course means increasing the fault level which is'iﬁpdrtaht-
from 01rcu1t breakers rating and 0perat10n of the protectlo
systems view point, This the81s is the 1nvest1gat10n of_‘

these effects, -

e e

In chapter one a brief information is given about
. the 1ong transm1581on lines and its 1mportant parameter,

inductive reactance.

In chapter two the power transfer ability of trans- |

mission lines and reasons of reducing the line reactance.._



are described,

In chapter three'series>capacitdrs as the main \
 source of negative reactance'abd their effectsto the

system are explained.,-

In chapter four some necessary information about.
the principle short circuit and.Opeh~circuit fault and the
procedure,ahd methods of their calculationbis'given.

In chapter five brief information is given about dis-
tance relays and circuit breakers as the main'components,to

limit fault damages.

In chapter six the sepecifications of the system
‘under investigation,necessary assumptions, approximations

and methods used in fault calculations are described.

The result of the whole investigation is giveﬁ in

Conclusion part,
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CHAPTER ONE
' LONG TRANSMISSION LINES i -

Transmission lines are fhe arteries of'the elec
tric power Systems. The availibilty of é;well-developed ‘
high capacity system of.trénsmiésion liﬂe makes it tech-
nically an eéonomically féasible to move iarge.bibéké of
‘eieétfic energ& dvef 1arge}distances. |

Genérally long high.voltage transmission lines are
used fbr'thevtransport of electric energy from remote hy{-

roelectric stations.

Power trahsmiséion,lines méy be classified as a short
lor iong.‘AsLort line is defined as one for which shunting
effects can be ignored. A short line‘has a simple series
equivaleht circuit (or model)._Thiskapproxhpation is usually
jﬁstified for»lines up to about 80 km. route length, An |
_ appppximéte'solution of 1ong_iihé‘( or sometimes refered to
as<azmédium ) assuﬁes that all shunting‘effgcts-can be' lum-
ped at a few selédted poinfs along the line, for examplean.
at’ the middle giVing the nomirai (T) or half at each end
(TT) as éhown in Fig.l.1 | |

(b)

FIG.1.1 (a) Nominal-II. (b) Nominal-T,

[N



The primary parametens (so called constents) of
a transmission line are its series inductaﬁce (' self and
mutual ), its shunt‘capacitance and its series ‘and shunt

resistance,
“1.1. The Inductive Reactance of Transmission Lines

For faultranalysis_the main parameter is the line
inductance, the effect of others are negligible in calcu-""

 tions,

The inductance ofia power.iine is by far ﬁhé’most
- impértant’line parameter from engineering point of view.
»Fdr normai:line desginskfhe feactance is the dominating
impedance elemen£7ahd it directly effecté the transmission

capacity of the line.

The effective-self inductance of each phase conductor

of a 3- Phase iine is given-byx

v ..vﬂo D(:‘ )

,Whére Deq ahd Ds are geometric mean spacing - ;distance

( Go M,S or G.M,D )‘and'geometric'mean'radius ( GeM.R).

Positive and negative-sequences currents flowing in
a'transmission line require no return path because their

algebric 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; some via the overheaduﬁ'
ground wires. These létter wires‘are usuaily grounded at -
each transmission tower and therefore. the return current -

in them may not be uniform through out the line,

The zero sequence impedence will have different
-vaiues- depending upon the actual'return pathlsince ‘the
‘ground 1mpedence depends greatly upon 5011 ‘humidity and
other empiric factors it is customary to make certaln 81m§-
lifying assumptlons’regardlng the actual current distribu- -

tiQnS .

Thus the zero-sequence inductive reactance oOf each

phase conductor is

M, Be '
X =3-2=.| ny
| o Zn n rm_Dz m ‘ |
where De;,Kqﬁi;

f is the earth‘resistivity which is very veriable
refered to nature of ground The Zero Sequence reactance
of a transmission 11ne is usually between 2 and 3, 5 tlmes

the p051t1ve -suguence series reactance Xl‘

1.2. ImprovingeV01tage‘Conditions"in-theuLine,"- R

: Since‘the voltage drop on a transmission line is
approximately pr0portiona1 to the inductive reactanme'the

reduction of this reactance'ie'an~obviously powerful tool




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 drbp.,,

@

There remains the compenSation Of the line renctance
by a capacitor connected in series with the line; so-called

Series Capacitors,

P

< Thgy‘generate Vars prOportiohal'to the squafe ofvthe
'cﬁrrent in them and cancel of permissible 50% of liné!s
series inductancevmoreover'givihg_raise tovthe pbwer limit
~and ‘to improve the éystém stability ( will‘be‘discussedllat_

ter ).



CEAPPER TWO

_ POWER TRANSFER IN LONG LINES

<v

The length of thé'llne inéreases amounts of reac-
tive power and-résﬁlts in the.increase bf'current andk
~lo$ses,vAlSO theuloﬁger-thé 1ine,vthe more the stability
enters as?limiting factor. All this indicates that the maxi-
mum amount of pOwér;whichléah be transmitted on trahsmissionl
lines is a complicated function of mény engineering ahd eco-

nomic varaiables. .

| The transmission of 25 M,W over a diStanée‘of move -
than 300 km.s would hardly be éconOmical. The only power -
vaIUes'cloée ﬁo.the natural pdwer*can be:transmitted»over
large.distances, a limit soon is reachedehere‘éither fhe_
| haturalrpower.has'to be raised or the load hés_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 in case of a fault if the load is

Ay

derived between two lines.

The former solution can be obtained according to

lEqiniﬁa.l) either by-increasing the~voltagé or by reducing

.:’z’!

(*) If the line is terminated at its: characterstic impe-
dance the line losses will be minimum., The power
transmitted in this condition,

L = Be/2o  (2.1)

Is called the natural power, where En is ‘the rece1ev1ng
end voltage and Zo ;wa/



[

the eheracteristic impedanee of the line. The most obvious
way of 1ncrea31ng the natural power is by 1ncrea81ng the vol-
tage since the natural power increases w1th 1ts square Fort-
her more, accordlng to Eq'n (2. 2) and (2 3) the increase. of

‘voltage is

Sending End E% E, - 42#2 )
[g :o——[A-COS('Q-O() +—J
max 81" . Es : ,
Receieving End. 21 . N 2.3
o8 _EFIEs . o :
e |E Ao

equally»aé effective ('squére of the voltage } in increasing_‘

the power limit of moderately long but heavily loaded lines

as it is increasing the natural power on ‘long lines. The in-

crease of transmission veltage, however, is accompanied by

considerable difficults and it beCemes cumulatively more

‘expensive .as voltage rises,consequently, there is a need(fOr:
. : . . B o

investigating the.possibilities of reducing the characteriefvg

L

- tic impedance.

The characterlstlc 1mpedance derives from the llne'.

constants and the ultlmately from the llne dlmen51ons cannot'

be changed widely since conductor dlstances are llmlted by

- consideration of insulation levels and corona. Furthermore,

the line constants are proportionallto'the logarithm df the
line dlmen81on, consequently any. change in. the line dimensi-

kons is reflected only in a smaller proportlon in the llnev

constants. This then leaves the actual addition of capacitors.

as the only-posSible'way of changing the characteristic impe;:

- dance. Fig 2.1 shows the application of series capacitors.



Fig,Z.leingle‘ﬁhase line with series'capacitors

‘Thls results in a reductlon of L and consequently 1n reduc-

W
tion of Z, and " ;, this is COmpletely desirable,

{*) fl the propagation constant
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CHAPTER THREE

%- SERIES cAPAéITORs e
A serieé capacitor may be édhsidered és a‘négatiyé“'
( Capacitive ) reactance in series with the lihe.,TheVVOl;"T
tage rise acroés the capacitor, as a‘functionrof the cir -
cuit.current;‘is automatic and prabtically instanﬁahous,

Fig. 3.1.°

Series capaéitbrs are a§p1ied td~tiE)feeders to'inc;‘
' rease power;transferkébiiity and to improve system'stabilieyl
ty ,it has the effect.of_impréving voltage condition .tdo;'
They genérate,vars proportional'to the'squarerofbthé_cqu-'
'rentvin them‘and‘cahcel of permissible up to 50 percént Of‘

line's series inductance,

|
e
|

m
m

- . . LOAD . ————31"!‘;‘1 :

ORIGLNAL POWER FACTOR ANGLE
POWER FACTOR ANGLE WITH CAPACITORS
Fig 3.1 |
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The voltage rise of- the series capaqitorbis con- |
centrated across-thevcapaqitdr itself ( Fig B.é )o. This
results in a step likevvoltageidistribution élongvuthe
line. The series‘capaciﬁorskhave notrcohsiderable_effect
on power-factor'impfoveméng;~ o "

- -
bus = —‘ -
. Load
. AES rise coused
: : by capacitor
EUUI 6\ \3 R ——
rop o, esuifgrn ’
1! P coyg ant A
. ed by logg™
. 4

3,1- Effect of'serieS‘cépacitors on stability 1imits

Assuming that on a transmission. line the resistance

of line is much smaller than its reactéhCe the transfered

power can be obtained: from :

where{ is the angle between the sending Er and receivipg‘ 

E voltages. With a series capacitor the expression for po-

wer transfer is

Therefore for a givén phase-angle différence between the

Voltages, the transfer is greater with a series capacitor.r
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Thus maklng pos51b1e s greater 1nterchange of power, the
normal load transfer and. the synchronlzlng power flow1ng
vdurlng transient conditions -are 1ncreased there_by. hel- :,‘{
ping stablllty. Thls is 1llustrated in Fig 3.3 Wthh shows |
‘that for the same power angle a series capa01torueffects

a 40 percent 1ncrease in power transfer ablllty and also

the max1mum power that can be transfered

N

TN

0 20 40 60 80 100 120 140 160 180
Angle $\-Dezreel ’

g
N
/

g

8
T
|
1

8

Relative Power Transfer Ability

.-

Fig.3.3-The power-transfer ability of a
tie feeder may be increased from curve

" (a) without series- capa01tors to curve
(b) with serles capa01tors.r

B
"

Furthermore to transfer.the same . amouﬁt of pOWer through
.the transmission line angle 5 is smaller which aids sta-_i'

b111ty of the system. - o . ; o

Complete compensation is generally not desirable‘
for stability reasons. During line faults, therfault'our-
rent produces an excessive voltage across the capacitor

which makes it essential that to be taken. out of#service
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Tvery quickly, But taklng the capac1tor out of service
is equivalent to addlng reactance to c1rcu1t which is

- the worst thing that can be done at a time of fault vl-

ew point of maintaining stability.

The manner 'in which this scheme'effects'Stability‘
of a syStem~illﬁstfated in Fig 3.4 for the case of two.
‘parallel llnes w1th an intermedlate sectionaliz1ng statl-

Aon with serles capac1tor. ‘he Fig. shows the power angle
diagram for the system operating normally, for the system.
w1th an assumed fault to ground for the systém with the -
faulty line -section removed but the capacitor Stlll short-
01rcu1ted, and for the system with the. faulty line out and

the capac1tor relnserted The 1n1t1a1 Operatlng condltlon

is unit power and angle of 30 degrees.

220

R /\
O =0 -

T \,,a:; | /&%\\\\\\.

pwEy/ - v
5 ) //\d;/// "IN
ST T T\

80 i'//\

20 v

0 30 60 90 120 150
) Degrees R

Figufé 3.4 Power-angle diagram ‘of trasm1881on system
: with 1ntermed1ate serles capac1tor.



.o

1

The fault reduces the power flow from a to b

‘at thelflrst instant of time , -and angular shift moves"

the operating point'tokC, At this point the faulted

section. is removed and the‘operatiué point moves up to f

}with the,capacitor:reinserted in the circuit. The restoringt

‘forces are shown by the areavdfikg withoug:ithe capacitor
l-thefrestoring7forces would betas indicated_b& thevareavdheg.;'
' "Thus the series capacitor"if properly applied greatly in—

crease the restorlng forces and the system stability durlng

faults, prov1ded that it does not have to be taken out of

circuit to protect it agalnst destructlon.

’3.2-,Seriestapacitors»Protection During Line Fault

An 1mportant problem is the protection of the serles
capa01tors when they are called upon to carry heavy currents :
durlug fault conditions on the power system, The voltage

'drop across the capaCitor»:is”equal to IX.and the value
of I is large, This VOltaée which is of course applied ac ~ .
ross the capacitor plates, maytreach7a sufficieutly high vale
\ue to cause break down of the dielectric‘and the cohsequent
destruction of the capacitor. One method of protection is
to connect a spark-gap across'the‘unit arranging it tosbre-.
:akdownafusome voltage low ehough to aviod risk of damagelto'
the capacitor ( Fig 3.5 )'when the IX, drop across the“u-‘

- nit reaches appropriate value the gap breaks down,effectively
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shozt 01rcu1t1ng the capa01tor reducing the voltage ac-

ross it to zero.

Gap G ST o {Capacitcrs in Iine\'
\\\\\\\ :
//

%,
\

a

—]T _J ) : Voltage relay .

o

&

Air inlet

Exhaqst

.Fiéure 3.5 Typical protective scheme and gap
for series capacitor.R.Resistor, G.Gap. V.Val-~

" ve,., A,Air reservoir., S. Short-circuiting switch,

As standard capac1tor unlts can w1th-stand about

I

200 percant of thelr rated worklng voltage for brlef pe-'w

rlods w1tnout damage to the alelectrlc, 1t is necessary
Ato use capac1tors with continuous current Iatlngs equal
to 50 percent of the maximum current that may flow durlng
a iault or to use a voltage llmltlng dev1ce. For a glven
reactance, the cost of capac1tors increase approx1mately
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 current and to 11m1t the voltage that can ap-’ hfw

. pear across thelr termlnals by means of aux111ary appara—-

On large seriesvcapacitors'ih-transmissiohtlines !
cspecialihigh-speed circuit breakers.or both may'be‘requiz*
‘red to protect the capacitor and re—lnsert them 1nto the "fi;
jc1rcu1t w1th1n a half cycle or a cycle after the fault 1t15 i
necessary to enable the serles capa01tors to prov1de system .
‘stability, If the capacitors are not relnserted w1tn1n a
cycle or less,,thelr fault.beheflt cannot,be real;zed'anda"
their useﬁulness on.tie lines_would be reduced>materiallyx‘j

a PRk . Sl
‘both electrically and economically. T

3. 3. Location of Capacitors

In general a series capacitorlcan bello’uted:at'any-f‘fw
convenient place on a llne prov1ded that certaln requlre-
ments-are met. The voltage 1evel at the out-put termlnals tr
vof the bank must not be too high for the llne insulation and

lighteing arresters.
] .

/f*' It can be located in the miqule of the»lihe‘inhone
fbank through“ the'whole of line, of»two banks may be prefe-fA'
rable as more uniform voltage is obtalned through the 01r-’
cu1t Also for the same percent of reactance reduction of
hejl;ne the short circuit current . and voltage! ;evelsacross
:the capacitor~banks“of the latteritype Will be leSshthah the
h‘former one, but the cost and economlcal con51derat10ns 1s im-

‘ portant iactor in the desgln, R o = f 4‘t

.N{
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CHAPTER FOUR
4= FAULTS

Power systems are subject to many kinds of faults.

The principle‘ types are .;

oy

Three phase w1th and without earth connectlon,phas-«
vto-phase ( two phase ), phase to earth ( s1ngle-phase )
‘and double phase-to-earth ( phase-phase—earth ).‘Faults so;
metimee»occuf simultaneously at separaﬁed pointslonvthe sys- -
| tem and different.phases ( cross-country faultsv);Sometimes -
they are accompanied by a broken conductqr or may'evenpfahe}

the form of a broken conductor without earth}connection.h

With the exception of the three-phase short circuit

‘all of thé faults listed represent unbalanced conditions.

‘Faults are the result of the'reduction ih the basic
insulation strength,between phase~rconductors and earth for

any natural, mechanical or electrical reason,

L.1- Types of Faults

The principle type of faults.may be classified in

four major following groups.

y |
4.1.1- Short Circuited Phases
\Faults of this type are caused by insulation failure
“.\ N "‘. ) . - .
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betweén.phase.conductorg:or between phase conductors and'

,earth (. Fig 4.1 a )

ISP

- - ——— I
Three-phase clear-of earth L Three-phase-to-earth '

Phase-to-phase . . Single-phase-to-earth ' Toom
Two-phase-to-earth |  ' v - Phasesto-phase plus

single-phase-to-earth

Fig. 4.l.a. Shottecirquited-phasevfaults;

4,1.2- Open Circuited phases. | o

B This tyﬁe of fault is illustrated in Fig 4.1l.b is
fhe féilure of one or mdre phases to conduct. The single-
»  phase and two-phase open circuit»conditions areiofrpértis
‘cular ‘interest because they'both‘ten@ tokproducerunbalan- 

ce of power system currents and vbltages withfconéequent

risk of rotating plant.

<)

N S

o
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- -

Single-phase : ‘
- - = — _open-circuit
T . Two-phase
e - === oOpen-circuit.
B o - Three-phase
i e !wee- open-cirewit o

Fig.h;l;l.b.UOpen7circuitéd4phase faults<'v

ho.l.1,2- Simultaneous and'Winding Faults

The rating of thesévfau1ts do nof exceed the rating _{‘
of first type so they are not as important as the :other two

and are not included in our calculations.

4

.2~ Factors Effecting Fault Severity
, The factors which are'normally required to be: consi-

dered are |

4.2.1-,Sourcé Conditions

ig Thésevrelate to the amount of power supplied to the
system and. wether the plant is in maximum or minumum load

connected conditions.

4.2.2- Power System Configuration
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Ihis is determined by the items of plant namely ;
generators traASformers,'overhead-lineS”and etc assumed
to be in service for particular condition being investi-

gated, - ' . Aa,

4.2.3- Neutral Earthing

Faults which involVe the flow oftearth‘current
(e, ¢ SLG ) may be influenced by the system neutral-e-
tarthlng arrangement partlculary by the number of neut~lf
ral earthing points and the presence or - absence of ne-
utral earthing impedances. In most high voltage systemsg
“the neutraisgare solidlycgrounded_with the exception of
generators. The advantages cflsuch'érounding are as fol=.:

lows’ 3

- Intermittent ground fanlts and high voltages;dne

to arcing faults are eliminated.
- Vcltages to ground are iimited to phase voltage.

--Sensitive-prctective relays operated by ground
. fault currents clear these faults at any early

stage,

4.2.4-'Naturerand Type of Fault

.The type of the fault and its p051t10n in the power

system have a con51derable effect on the magnltude and dls-“
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ALribution of the system fault, 'The three -phase short cir-

cult can normally be regarded as the most sever condltlon,

therefore it is accordingly the max1mum p0551b1e value of

the three-phase fault level which normally determlnes the

requlred short- 01rcu1t ratlng of the power- system sw1tch- ;ei

gear.

Anqther:important'factOr wich must be takeh into

account is»the maximum value of single-phase-toéearth fa- -

ult current, in a solidly earﬂﬂd system may exceed the

J

‘max1mum three phase fault current

4.3-,Retetive Number of different,Kinds of Faults

Faults on overhead lines account for about one}half,~"

of.the‘total;humber of faults.kFor a power systemfthe_figufe

res given'belbw servelmerely to indicate the order of:pre-vg

valence and emphasize that there are usually a great many

more line-to-ground faults'than faults of.otherftypes.'

| Three—phase Faults

-Two-line-to- ground Faults

.Llne-to-llne Faultsh
Line-to-ground - Faults
Total

" 4.4- Methods of Fault Calculation

;5 percent .

10 percentfs'

15 pereeht

;70 ﬁercent"

100 . "
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The information normally‘required from a fault oala

"culatlon is that Wthh gives the value of currents and vol-

tages at the stated p01nts in the power system. Fault cal-

culaﬁlon is therefore essentially a matter of network‘ana- |

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

hods namely'i

Q-

Lo5- Unoalanced Fault‘Conditions

direct solutionvof the network equations obtained

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

solution by network reduction and back substitutiOn,

solution by 51mulat10n using a fault calculator or f

network analyser,

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 systemsﬁof limited size and comple-

Xity. )

..y '
N

» A full and- proper analysis of unbalanced condltlons f

in. a three phase network is made pOSSlble by the use of sym~"

metrical components.

C L, 5 1- Symmetrlcal Components

These components are represented by the some of three’pf
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set of balanced or symmetrlcal vectors, namely, “the p051t1- .

ve sequence set, the negative sequence set and the zero se-

quence set as shown in Fig 4.2

Positive sequence Negative sequence ' Zero sequencev

Blg 4 2 Vector dlagram representatlon of phase-
sequence components, - : :

If Iy, IB and I, are any set of unbalanced three phasef ,
, L Ak
current,’ In terms of symmtrlc components of the reference

phase ( phase a ) it can be eas1ly shown that

o o SR LA
Lizlo+hi+ I |14 N Tl
27 _ 2 |+
Ip=lo+alr+Iz = |Ip| = | I a a |gI;
Ic=1Ig 4 a11+312,‘7 Y I a &L,
‘ v _ . | €] L g} L2

»similar relationship between phase values and sequence com-~

ponent values are equally app11C1able to voltage vectors in

terms of reference-phase ( phase a )
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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 produ01ng it, is the same 1n, \ff
all three phases and is termed the appropriate phase- sequen: - . -

ce 1mpedance of the clrcult con”*rned Where Zl,Zaand ZO de~-

note the p051t1ve, negatlve and zero sequence respectlvely.

4f5.2.a—‘The PoSitive Sequence Network .

R -y' .

Each three-phase circuit is represented'by its pasi-
tive-sequence 1mpedance or 1mpedances and in case of a power '
‘source by dr1v1n5 voltage representlng the generated e.m.f

behlnd the source of positive sequence impedance,

4.5.2.b- The Negative Sequence Network

The three-phase circuit can be pepresented by its ne-

- gative-sequence impedanCélor impedances, there will be no

driving voltages since there are no generated negative-sequ-

ence e.m.fs in poWer systems, In static plant‘the positive
- and nagative impedances are always equal but differ'so far

as rotating machines are. concerned.

" 4.5.,2.c= The Zero-Sequence Network

Similary 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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[vwill ‘be no dw iving voltage in zero sequence netwqfk. : 

4.6~ Sequence Impedances of Network Components

All sequence impedances for a synchronous machine
are essentially pureiy reactive and since it is a dynémic'
element' its sequence values are dlfferent also the per-

~unit value of each ‘sequence 1mpedance varles for dlfferent
machine types.‘ | E .
The positive and negative sequence impedances. Of .
transformers areldentlcal as it is a static element but

the zero-sequence greatly depends on the’ w1nd1ng type

( Delta or Star ) also wether the neutrals are grounded,

i it 1ca1 s odels for ..
__ELﬁ_é tﬁg six- mgg%eggégg% ggg %ngng %hree-’
phase transformers. '

Bus P . Bus @ 7 Pos Seq - Neg Seq Zero Seq

P4 2 .
Wye G W P 3¢ p s %e .-
' . y yéc » "'\LUJ.!rfo _-—\_Lu.uf.a PWO
. VIR T T
i S z, ) z.
Wye G Wye P se. sc %
4 — L9 P’-\_l_u_ujr-oa PWJ.O

.V{feb‘ Delta PSSTTYY _ .
z. - “

s P g %e %
We o We Yeun~?  Aiini? A Ly o9
‘ T ~%Wi T

P %S¢ ‘ - %e e
Wye. Delta —au—? Pt 9 P gyygy, o2
gz Ry

. ' Z
Dolta Delta Po—uu_u_,..@' LA L —~2 P )

o \k\n\sv\\mns\

BQGN.\(.\ e
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- L7~ Analysis of short circuit conditions

In general-anélysis of faulted conditions involve
the three phase sequence‘neﬁwerks of fhé given pewer system.er
It is convenient to represent each equence network in its |
'81mplest form asv1ewed frOm the p01nt of short c1rcu1t

F.( Fig 4.5 ). It should be noted that the voltage E 1s the

Power system i °oF

Positive Negative ~ Zero

Fig.4;5 Equivalent phase'sequence circuits of a
power system as seen from the point of
fault, ; v , v

pre-fault reference voltége at the point of fault and Zi
and Z2 and Zg are the sequence measured from the point

of fault.

4.7.1-.ThekThree—phase,Féult

Considering the three¥phaSe'fau1t shown in Fig L.6a, -

the required
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. .
b - !
Power N T e it
system ' c 1
= :
. F i
L !
L]
b

Fig.4.6.a The three-phase fault

symmetric-component equations

.12::‘0_
I,= 0

~ The phase currents flowing the fault are

Ioz I3 = E /21
Ip=a 2 11=’ a E/Zl
: Ic:lia. 1;( a.E ) /21

. (:"a=|:f{1'20°' )

4,7.2- The Phase-to-Phase Fault ( L.L')

o
e

to be between phases b and ¢ as shown in Flg 4 6. b

It is convenlent to assume the phase -to- phase fault o
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- g . :
a .
Power ‘-o——f._o__
system < :
: Eetiar quamnne T o TR |
F
I -
=. . 3 .

Fig.q.ﬁ. b The'phaée-to—phase fault

The required component equations
L-E /[ Coy oy By )
I -E/ (2,4 2Zp)

Igzo0

The phase currepts flowing into the fault are
Ia: I ‘+ IZ = 0 v : ,

lp= asIyy &I = GI3E) / ( 214 22)
. - ) S —-
Icza-Ii+ a.pz (JTE) / (Zy+22) -

Le7.3- The Single-phase—to-Earth.Fault ( sS.L.G ) -
¥or this fault condition it is convenient to assume
the short circuit to be between phase 3 and earth as shown

in Fig L4.6.c .

Power
system

T

,Fig;4.6.c The_single-phase-to-earth fault.



29

The required phase-sequence currents in thé féultedf o

circuit are given by
I = L= I,z E /G2y 4 Ty 4 By).
The phase currents flowing into the fault -

Ia?—' L+ o+ Loz 3E/ ( 2y YZZ'*_'on)

. 2
. Ic - a Ii+ -a‘IZ‘!’-Io:O

Lke7.4- The Two-phase-to-Earth Fault { L.L.G )

- It is convenient to assume the two—phase—ﬁb—earth fa-
ult to befbetWeen phases b and ¢ and earth as shown in [Fig.

L*'obo'd‘

Power
_ system

Fig.4,6.d The two—phase—to—earth fault.

The component equations

= ( Zo4 Z0)E / ( ZyZp + ZpZo + ZoZy)

<
e B

*_l

!

Iy = =08/ (B b+ 2,0+ 2,7,)
= -L,E / (BT BB 4 BB

H
1
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-The phase current flowiﬁg into the fault

la= I 4 12¢+' Ip=0

Lz Tsaly I, =B (Zyaz)

~

( ZZ04 ZpZo + Zp%y)
Ic = alwpa Iy Io E( Zo4 a2 )

( Z1Z0yZ2Z0+4 Z2%1)

k8~ Analysis of Open Circuit Conditions .
Twolphase-OPen-circuif and single;phase#9ben circuit

arc the important types, The rémaining are of'littlé practi-

cal significance. These faults are analyséd by s?tnmetfical

components too,

'[1.8.1- The Two-Phase Open Circuit

For this case it is convenient to assume the open -
¢ircuit to be in phases 'b'and c of the,giVeq ciréuit‘asw
shown in Fig 4.7.a the positions P and Qfdenoting the pb—‘
ints in the circuit between which the open circuit is assu-~ -

med to-have occurred,
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P Q
a boov
— cne - N
] " -
| [ I .
——— b ' 1 \b .
o o s T
' I
c ' - c
— N ———
. : >-
| B -
] ’ -
. B !
—— O - ——d - c——l O
Positive . Negative Zéro -

]

Fig. L4.7a. The two-phase open-circuit condition

s

- The required phase-sequence currents in the faulted circuit
are given by :

iz Tp= To=( 2,101 ) / C Byt oy Z)

i
h
i

i

and the phase currents’in'faulted,circuit are : o o

El

: _ X Iz ( 3Z1711pf‘) /,S.ZI*Z2+ZO) ‘ |
I-0 '
1.=0

LeB8.2~ The Single—phaSe'Open—Circuitf

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

‘cuit to be in phasea of the gifen circuit as shown in »'Fig;

4.7



g8

""" P Q.
! | -
R I, .
—_ Ny -
1 ] -
| | :
S Ip
1 - l - 7z
| | Ig .
| 1 ~ o
[] - R
N
| l
| i
-——J.b Omm=} 0 O—==| - -
Positive " Negative Zero

Fig. 4.7'bbThe single~phase{open-cifcuiticondition;‘

The phase-sequence currents are given by

Thé'phase current

I

( 2,I,pf )
I= ; )
7,7

D L= (g) /(2.0

To=(-BgL) / ( Zp.Z5)

azlhi+la+lg = O
I 827 ;I I
b= '1+"2+

o

| Ly
Ic:all+a‘12+-o

T
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L ,9- Fault 'Calculation Procedure

4.9, 1- Over-head Line and Cable Clrcults | o “‘ff i bff‘ef
Overhbad-lines’ and cable clrcults are represented by

their T71-01rcu1ts, it belng usually suff1c1ent to employ

_the. nomlnaerT'01rcu1t in whlch the serles arm represents

tne total serles 1mpedance of the’ c1rcuit concerned and each

. of the two shunt arms the 1mpedance correspondlng to one half"'.i

of the total phase to—neutral capac1tance. The shunt arm im-

pedances are. always large 1n-compar1s1on with the serles-arm

clmpedance and representatlon by the series arm alone 1s usu-

~ally sufficiently exact for most practlcal purpose part1cu—~

larly for over-head—llnetc1rcu1ts.

4.9,2—'Tran3formers and Synchronous Machines

.Their'impedances are predominantly reactive with X/ R"
ratlo typlcally between ten and twenty. It is therefore. usu -
t’ally safficient exact to 1gnoye the re51st1ve component of the.
1mpedances_and to assume all the 1mpedances to,bevpurely re- ;~‘

active,

4.9.3- Load

/Load impedances‘are always,large'in.valueﬁin comparisi— fj
on‘with series impedancesvof power systems'plant and‘they there;
fore have only small effect on the value of the- total fault cur-

rent condltlons. Load can therefore be 1gnored in the maaorlty

‘ 'of short-01rcu1t calculatlons.
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- ReGel- Transformer Tapfposition

For the great magority of fault calculatlons it is usu-:”

ally sufficient to 1gnore actual tap positlon and to assume all -

the transformers to be Operatlng on the nomlnal-ratlo tap-pOSl- .

tion,

" 4.9.5- Equivalent Sources

A

The representatlon of a complex power-system network can

often be s1mp11f1ed con81derably by the use. of an equlvalent ge—"

nerator to represent .the whole or cetaln parts of a glven net -
"work Thus a complete network as seen from any glven p01nt may
be represented u51ng Thevenln s Theorem', as a single derlng

voltage in- series W1th a 51ngle impedance.v

49.6- Treatment of complex impedance

z

In many cases the resistance'components of the impedan -

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

such a pure reactance form of representatlon results in a short a

circuit current Sllghtly greater“‘than the true value.v

e 10-‘Comparision of Fault Levels"

The relatlve magnltude of fault currents and fault volt- ».v

ampers w1ll be compared in thls section, taklng the 3-phase fa-
ult as “the standard-for comparlslon ( 1.0 p.u ). For slmp1101ty
it will be assumed that the system resistance is‘negligible'and

~thaty X=X

] ) i.e for alternators the{subtransient is taken for .

e—
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also it will be assumed. that the fault impedance is 'negli—:
‘gible. Since the main p01nt is to show that an earth fault ne—”f

ar a eolldly_eartheu source neutral-p01nt can exceed that of S

a 3-phase fault,

a?) 3 phase fault
Fault’current = Ean / X

3VrBan /x3

Fault VA.

.b) Earth fault. :
Feult current — an

Xa4X24X0
‘and expressedvin per-unit of the 3-phase fault valﬁe;~»
 Fault.current':,BXl/ﬂ(ZxI+xo) Peu
If Xo:Xi then earth fault current 1.0 p.u
If xé<kl theh 5earth fault currend l.o:'p,u
Fault 'VAFB?VrTEan (;(er+xa+xo):
end'agein in per unit of the 3-phase fault’valve We.have
Fault‘” 'VA;’Xl] y( 2xl+ xo ) p.u
'Thls fault w1ll be cleared on one pole of 3 phase clrcult bre-
aker hav1ng three 1dentlca1 poles, Thus the 3—phase»break1ng :
VA rat1ng~of“tne circuit breaker will be -
3X° / C2X 4X)

Thus_i_l X, <<X an earth fault requ1res a 01rcu1t breaker of o

larger ratlng.
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CHAPTER FIVE

§- RELAY AND’CIRCUIT—BREAKER APPLIQATION

The function of the relays and the Circuit breakers

in the 0perat10n of a power system is. to prevent or limit du-

ring faults or overloads and- to minlmize their effect on the o

—

remainder of the system.'

5.1- The-Selection of<Circuit'Breakers

Breakers are identified by nominal voltage. Among ot-

“her factors spe01f1ed are rated continuous current, rated ma-

- ¥imum voltage, voltage range factor K and rated short cir --.,v

cuit at rated max1mum kilovolts. K determines the range of
the voltage over which rated short-circuit times 0perat1ng‘
voltage .is constant Breakers of the 115 KVfclass-and hig-

her have a K of 1.0.

Yhe data for selecting the breakers are available_from
- fault studies.,

I‘_
i

5.2— Distance:Relay and Distance Protection.

In order to protect high voltage and’ mediume volage
Atransmission'lines against fault generally distance ralays
are used. The distance relay is basically ‘an impedance re-s
lay since the impedance of’the‘line is_directly.prOportioe
~nal to its lenght; The driving point impedance of any net-

work is Z=V / I. During a faultvon'a line I increases and

-
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as a result V decreases, consequently Z. decreases too. So PR

71t can be deduced that 1n a faulted line the shorter the fa—ﬂ'

'ult point distance from statlon the smaller the 1mpedance Q‘{,hfiﬂf

AOne of the main spe01f1cat10ns of the dlstance relay the’
duratlon of its response to command the c1rcu1t breaker to S
‘0 pen the feedlng point of the fault, is a functlon of the :
distance from fault,p01nt The 10nger the dlstance, the lon— L
ger the time of operation"whlch is also acceptable from _
-phy81cal point since the short 01rcu1t current of a fault
‘Wlth longer dlstance ( greater the 1mpedance ) will have
-.smaller magnltude. The measure of the dlstance is based on

the llne 1mpedance or its components reactance or resis -

tance.

Modern relays haveb§tepped-time characteristic; Th?yw'k
earevusually built With three protectivekzones;as indicateé\w
in Fig.s.l. The~stage ( Zone) 1 v0f‘the relay. provideszlns-
‘,tantaneOuSrtripping'for any fault within the predeterminede.;.V
distanCebfromythe relay'( freQuently-SO percentiof;the’dis -
‘tance between substations A and B ),"Stagela operates with
a time_lag for any faults between the snd'of the first stage

and well intolthe feeder between Bband C ( between: 20 per--,
Jcent and 50 percent of B to C is usually included in thls
stage‘ ); Stage 3, in- whlch a further tlme delay is prov1ded,;
ifor trlpplng, acts as a back up to the relay at B and also
to the first two stages of A , The fault point is app01nted
by the impedance’comparision:between-the fault impedance

and.a constant adjusted impedancé of the relay. In case of

[ L.
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short circuit on the line all operatinglelements ofdthetdis-f?f»
tance Protectlon are stlmulated and compare the 1mpedance.‘t
‘The only relay nearest to the fault p01nt measures the sma1;; “
lest impedance in the ‘other words the smallest dlstance and

‘glves the shortest time conimand of its stepped time charac—

terlstlc. N
A B [+
‘Infeed ~
]"\ A ra
1
}
: -'
' ! |
Operating ! | S
time, | |
Stlge.l __;_\_‘__ ___,_____-_.__ e Stage 3
Stago; R Stage 2 — ‘ Stage 2
. Stage 1 L stagad 1 Stage 1 _ Stagal -

l'—eﬁra——’ll‘—m-ﬁ—'l

—a Distance

Flg 5.1 Characterlstlc of three stage dlstance
relays. B

5¢3- FQplt-ImpedanoevAs Function of the Fault Type

C By symmetrlcal component analy81s 1t can be shown ”
thet the primary impedance is a functlon of “the type fault
and then devise methods whefeby the relay need.only be set
in terus of three-phase fault condition i.e term of:positif

ve sequence impedance 2, .
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In order to have the same primary impedance Zi‘for-'ulg

phase-to-phase and phase-to-phase-to-ground faulté;,phase-‘_‘{f'ﬂ

fault compensation method is employed which is delta com-' 

bination of .C'T'S, and use of Line-to-line voltages.j3

Fa'a'al
| | ey
bl
Fom" e ¥
u
c
¥ - - -
CcT compensating transformer
o ] turns » rotio 20

- EfF PfF
) operating
circuits

 ‘Fig 5.2 Residual compensation. Eartrfault'( E/F )
relays take phase voltage. Phase-fawlt
( P/F ) ralays take line voltage.

l_,
: Also to have % as primary impedance for single-pha-
se~-to-earth two different methods of residual and sound-pha-~
Sefcompensationtcan;be used which are special combination of

:C.Tvs and V.T.s too. ( Fig 5.3 )

turns ratio

Fig‘5;3 Sqund-phase éompensation
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CHAPTER SIX

'THE SYSTEM UNDER INVESTIGATION AND , |
FAULT CALCULATIONS - = . . .

The eystem consists of tws parallel horthern and so--
uthern transmission lines. These lines traﬁsfer electrical e-
 nergy from Keban hvdro electrlc Generating station to Colba$l"-:
Statlon. The 1enguh of the 11nes is 546 kms and the values of
~line parameters are- glven in Table 2. The- ratea volta ge of the .

\11nes 1s 380 KV

’rf The Keban hydro elec»rzc Generatlng statlon con51sts
n*'of twe grouPs ‘of generatlng unlts where eacn group has four
1dent1cal generators w1th the ratwng of 179 MVA and cOl 5 MVA
f[respectlvely and tne rated voltage is 14 L4 ¥V, ”hese generators
are connected through corresponaTng aelta/scar step-up trahs+
formers ‘to the coamon busbar of thx 1e senalnE end of the llnes.
~_ With reference to tﬁe.infbrmation‘oﬁtained from T.E.K

( Tﬁrkiye Elektrik Kurumu ), the':est of the grié’cohnecied to
Gﬁlbasl—stationiis repreeented by an assumed eQUivélent network
consisting of_two'identicél parallel lines with the length of
' one third and the same parameter/km, values'as of the above |
‘menﬁioned,lines‘éonneCted through five idertical step-up trans-
~formers to‘a_grouP of five identical generators with the rating

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

are in Table 1 .,
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The length of the line from Golbagi to Kayseri (the looa -"
tion of capacitor banks ) differes elightly from the Kayeeri to
Keban but in ¢ fault,calculations-‘ it can be assnmed that |

: ogpacitqrs.are inserted in the middle of the lines (Fig.6.1)

[}

- The base chosen in the calculations is 100 MVA end 380 KV

and all other data are given in per unit with respect to this base.

SO 6.1, The’Thévenin Equivalent of Sfations
100365 434010° j 002 | -

1) 0022

Fig.6 2.8+ The Thevenin Equivalent of the Rest of the

Turkey, Grid from Gclbasl bns.
j0.0228 :

O

Fig 6.2.b The Thevenin Equivalent of Keban plant from

Keban bus._
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. Pig 6.3.2. The Positive Sequence .
: \- : 213 M AAL “nTn;— ‘ .
—\W : ! . |
| 8sa0® © J0059 T 6503 0059 S
0.0662

T Tem0Tc joosy T T

XS XA

. 85403 Jo0sy

L

| 2ssa0® doom |-

Fig 6.3.b., The Hegétive Seguencs

0.035 0.218 0035 31022 . -
| ) 0.023 1, 0.029]

’\N\M—. rEETE— .
001 ;0086 - |
. e AAAARA ST AIAA

J 021% - 0035 J 022

0035

. i

|
|

Fig 6.3.c. The Zero Sequence
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6.3, Combination‘ofISeries Capacitors with the Lines ~
In order to reduce the reactahce of'the line, series cepa-~
citors can be inserted at differant locations and in different

combination . Some possible and practical {types are. given below.

(4)

(3)

b
O

(¢)

<3

L.
‘FIG.64

. The reactance of the capagitor banks is chosen to have the

same dompensation effect for any type of combinat;on.

—
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The above types of combination can be olassified in two -
groups . |
~the linee have common points where the capacitors are inserted

'A end B types .
-the lines without any common points except at keban and Gﬁlbasl

atation s Cand D types .’

The first group has the advantage as’ viewed from atability

' _point where as the seoond group is more reliable ,

Algo the’ type of combination affects on the rating of fault :

levels which is studied in the next seotion .
6e4s Fault Caloulations

The main object of fault analysis is fhe calculation of
fault levels for the determination of" circuit breakers' capacity

and performance of protectlve relays o

The principle short circuit faults ( three phase , SeLeG,y
L.L.G and L.L ) and open circuit faults at main buses and at'the
capaciter terminale:are calculated for all abovecombination types o

' In the caloulations the following permissible assumptions and S

‘approximations are made :



Le

- the system 1s assumed %0 be under no - ioad conditieans so the
voltage behind the fault is taken éﬁe per unit ,
+ the resistance of tﬁe S§stem“even under'comnansafian ig less
than one fifth of its resctance , so0 is neg gible s
’Q shunt erm impedances sre ignored and’

- all generators are’ under overatlon .

The method Lsed in the calculatioas is qiscuszed by the
'following example . It is assumed tu&t a fault developes at point
- Foas shown belcw . Refe ed to the type of the fault tne necessary
;‘.eomblnation of the sequence networks is glven ‘and - =11 figures are
' 7 Ld¢awn afier deltal star ansfcrmation nro“ess . | . 3
- the currents with 1ndicles of & and X ( I and IK) denc»e tne;
E Lcurrentg fee@ing the faultulocation from Golbag; and Keban sﬁations

and IT.denotésffhe’total fault current .

o—1——
T S

1) three phase fault

T 'iE'._‘.‘

~

g : . B
R | == =19 67
J4810 e li==10.78 I _J‘ | |
Cjo0se) o a00m If =) 20.5
Trot Cb i
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11 ) Phese - to - Phese - to - ground fault
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2 - A.
T g= -9 4.8

I.0og= J 475

iv ) Sir\lgl‘e“; - gﬁase - ground fault

The effect of different feult types on the sogther? ;Lineﬂ

gre 1little so negligible , .

o d 2.4
'-5JA2.4‘ .

4371.97- 

-3 2;15 ;

-4 2.13_

-3 2.56

~

h
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6.6 o Fault Calculation - Open Circuit
" In order %o obtain5open‘circuif fzult currents , the pre -
fault ghould be mown . In thesé calculzations it is assumed that

the systenm is eperating at its rating current and p.f of’0.9'. Sot

I 1025
“1pg - 152

(0.9 -4J 0.436 )

= 6,7 25.8

‘TThe'most.impbﬁtant type of combination is tésted as =n exemple !
. ‘1) Single.- phass open -

~opDo7e Pt T JO006L |
Che o} Joor oog006 | ik

T J007 f.“[ ~ —
 poo7e T AT 0086
126 - J001 11006 2k

- o008e EIE 1 J0023 |

.  Hion. log
J 0169 m _JQ.'!QZ;. K

: onG
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Ial‘n 3‘45 - 31067

-
1

I, —Q.GQ »+1J 0.34

1
i

15=0

‘GBlbagi

me 1900

tatea = L0204,
= Ibé.ée = 152 VA x

Ib:g(:)Q | Keb;n 'Sid.e.
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Compa ing the asa: :iained frorm the fault cal-
culations, given in Tables 3,1-4, the following results

are obtained:

-Since the neutrals of high voliage side.dﬁ-thg’

transformers at Keban-Stetion are solidly grounfied the ra-
’ /

tlng of the single phase fault at this bus is hlvhe ﬁhan
three-phase fault ( Ref [4], Page 308 ) and — !9

- fault levels at both sides of the cayac170r termlnéls dif-
fer con51derab1y which is 1mp0ruant in setting the dleaDCG
relays. Also for the case “here capa01tors are spread along
1  the 11ne_(,' and D types Y the difference betv.e,enkifaul+ 1eve13
at fhé,sémé.sectlon prpau;es impdftant-difficﬁlfiéé in'get—'

ting the zones,



CHAPTER SEVEN

DISCUSSION

To-be able to decide on the best choice from reley
setting point of view s for different combinﬂtion types ,

it is necessary to aetermine the eXpremum data.‘ : ;it

with refefehég to thé\anal&sis éf the-results cb%ained
from calcilations (Table 3 and 4 givan»at‘thg énd ) these .
necasséry dafaf;,*ﬁe pef-cent inéréasé of véltage acfoss
capacitor terminals and the per cent increase of current
 _in sach line section with respect to their nominal valuee,
are given in ?ables T.1 and 7;2 . in the following.p&ges'.
Also for different fault.tyaes th; maximum bercentage of
voltege - dron zcross cap301tor term;nals and meximum percen-
tage of curnent 93551ng_through the line sections for any
tyﬁé of'cémbination.&fe.éhown iq~decreasingvorder/in Tables

T.1ca and 7.2.2 .'

In the'analysis of the different combinations the nominal

values shown in the following figures are used .

{
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I(0,C,) =1025 A

Vn ( €,+C, )=35.87 Kv';v

S 15;M€§D e
e L T L L 1f3}llL‘ :)_'; o
: l;: ‘t;. | %{;-7* .
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©

o3= %oq = o5 = Eeg = Xgg = 5 Fpym a5

( 03 = C4 = 05 = Cs.a 2C

In (03,04,05,06) = In (C,,C,) = 1025 A

1 .
6) 2 ¥n (Vl,ea)

Vo (c,,C,,C,0C

Numbers on the lines denote the faultvlocations{}

Numbers inside the circules denote the line sections,
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b
N
»
&

. l . . R »’ . ) )
x°7 = 3 xcll-_ 7.5 ( 07 - 201 )

In (C;) = 2 In (€,,C,) = 2050 4

W, (c,,}), =Ta (¢,,C,) = 35.87 kv

LN
)
3
No
)
5

-

| In (08,09) = In (07) = 2050 A

D)
O
o

N

a
..f'\‘4
ST

D
of

Va (Gg,Cq) = —3— Vn (C;) = 17.94 Kv




~ TABLES 7.1-9
Pecent~Increaée,of.the Voltage across Capaéitors

" for Various Faults and Fau1t7Locations

<k



e Capacitor

Fault 'LOGatioh" ;

Cy . — - — ——
1 2 3 4 5 6 7 8 9 | 1w
~ |3-Phase [74.45 74.45 |210,5 | 143 | 65.0 |74.45 |-178 | 23 65 65.0
Fault _ — , - _ ; : -
Type SeL.G {5745 5705 | 129.6 100 57.15 | 57.5 - { 0.7 0.7 57.15 | 57.15
| T, 6348 63.8 | 163.9 123 | 56,0 [63.8 1|1.1 1.1 | 56,0 64.45
LoLeG 7045 70,5 | 172.1 142.5 | 64.45 | 70,5 1.5 . 1.5 | 64.45 | 64,45
..'Capacitqr Fault ILocation
o, _ — ‘ ' , —
1 2 3 4 5 6 T 8 9 | 0 -
| 3-Phase ' |T4.45 | T4445 |-1.78 23 | 65 ' |74.45 | 210.5 143 | 65.0 | 65.0
Fault ‘ T '
S.L.6 57¢5 .| 57¢5 0.7 0.7 5715 | 57.5 |129.6 | 100 | 57.15 | 57.15
Type . 1~ S B ~ — \ - R B
B L.L - 63.8 63.8 |1.1 lel 56,0 |[63.8 |163,9 | 123 | 56,0 |56
I.1.6  |70,5 70.5 | 1.5 1.5 | 64,45 | 70,5 | 172.1 | 142.5 | 64.45 | 64.45




~ Feult Location

Capacitor
s — . . —
1 2 5 6 9 10 11 12 13 14
3 - Phase| 74,15 | 74.15 | 65.0 74,15 | 65.0 | 65.0 | 48,3 [ 13.3 | 122.7 |132.7
Fault - ’ . . , ‘ ‘ , . R
| - SeLeG 57.15 | 57.15 | 57.15 | 57,15 | 57.15 | 57.15 | 114.8 | 105.4 | 80.3 [85.9
Type ) , , . ,
L.l 63.58 | 63.58 .| 56.0 63.58 | 56 56 | 126,0 | 121,53 | 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
C, , ' '
15 | 16 17 18
. v 3 - Phase 5.8 5.8 H 548 . 5.8 -
' Fault ' ‘ S :
S.L.G . 1.4‘ \;-.4 1.4 . 1.4 L
Type : , |
| L.L ] 262 242 262 262
L.LeG 340 3.0 3.0 3.0




Fault

Capaci tor Location
| 1;06 , —_— _ — —— SR ——
- 1 2 5 6 -9 10 11 12 .13 14
3 - Phase 74015 74015 6500 74015 ‘ 65.0 6500 5.8 508 5.8 5.8
" Faul’d » B : o — T , ‘ _ e
Type S.L.G 57 415 57415 57.15 | 57415 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 | 64045 | 3.0 3.0 [ 3.0 | 3.0
Capacitor Fault Location
: 15 16 17 . 18
3 - Pha . . . .
Fault "ée 148.3 ‘ 151.1 | 184 - 132,7
S.L.G | 114.,8 . | 97.6 142.2 8549
Type — - :
| L.L 126 129,4 | 156.0 |121.1
L.L.6  |141.6 |128.8 |166.2 |114.3




.

Féult 'Location

Capacitor ' .
e C4' : E ’ . .
: 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 .| 151.1 | 184 132,7 |
. SoL.G 57.15 | 57.15 | 57.15 | 57.15 | 57.15 | 57.15 |114.8 97.6 142.2 | 85.9
Type R — - . . ‘
L.5L 63.58 | 63.58 | 56.0. | 63.58 | 56.0 56,0 | 126 129.4 | 156.0 | 121,1
L.1.G | 70.8 | 70.8 | 64,45 |70.8 | 64.45 | 64.45 |141.6, | 128.8 | 166.2 | 114.3 |
. L . N ] VAN )\‘ A
Capacitor -Fanlt‘ Location
C: N
4 15 16 17 18
3 - >Pha.se 5.8 5.8 548 508
Fault = | 5,1.6 1.4 1.4 | 1.4 1.4
L.L 2,2 2.2. 2.2 2.2
1z.1.6 3.0 | 3.0 3.0 ’}3.0




Capacitor Fault Location
Iy . - ‘ ‘ i . : .
Cs 1 2 5 6 9 10 11 . 12 13 | 4
3 - Phase | 74.15 | 74.15 | 65.0 | 74.15 65.0 65.0 | 5.8 | 5.8 | 58 5.8
Fault . — , . - ’ 4 -
_ SeLeG 57415 5715 57415 57.15 - | 57.15 | 57.15 |1.4 1.4 1.4 1.4
Type v v . ' ‘ .
L.L 63.58 | 63.58 | 56.0 63.58 | 56.0° | 56,0 |2.2 | 2.2 2.2 | 2,2
L,LsG 70,8 70.8 | 64.45 | 70.8 64.45 | 64.45 |3.0 3.0 . ‘3.0 3.0
, Capaéitor Eauijb iocatioﬁ B
C .
5 15 16 17 18
3 - Phase |148.3 | 143.3 |122.7 | 132.7
Fault A .
Type , -
L.L.G 141.6 | 136.6 |105.3 |114.3




Fault Location

lzoz.e

Capacito: :
- Cr 1 2 -5 6 9 10 19 20 21 22
3 - Phase | 75 75 64.9 | 75 64.9. 64.9 | 107 . | 107 107 88.4
Fault . , » . . - ’ ﬁ ’
o SeL.G 5704 . 57-4 57-1 57-4 57.1 57«1 87.8 87 .8 87‘8 . 6702
Type - . g - ' .
. L.L 63.8 6348 5643 63.8 - | 5643 5643 91,2 . | 91,2 91.2 76.1
|z.1.6 70,8 70.8 64.4 | 70.8 |64.4 4.4 97.5 |97.5 |97.5 |&0.6
'.C'apacitor Fault Location
c
T 23 | 24
_ | 3 - Phase | 88.4 88.4
- Fault :
| S.L.G 67.2 | 67.2
Type - .
| 11.1 76,1 76.1
80,6 80,6

19




’, Fault Location

Capacitdr,
Cg — , T o ' -
» 1 2 5 6 9 10 25 26 27 28
. 3 - Phase | 74.1 | 74.1 [66.4 |74 | 66,4 [ 66,4 | 93.0 [ 93.0 [ 93.0 | s0.1
Fault | . - | - — ,
Type S.LeG 57«4 : 57.4 5700 57-4 5T7.0 57.0 T73.0 73.0 73.0 65.2 .
L.L 64,1 | 64,1 | 55.6 64.1 | 55.6 | 55.6 | 65.2 | 65.2 | 65.2 | 74.1
L.L.G " 70.1 70.1 64,7 | 70.1 647 | 64.7 85.9 85.9 85.9 | 74.7
Capacitor Fault Location
08 : .
B 29 30 31 32 33 34 | 35 36 -
3 - Phase|80.1 |80.1 ‘[70.2 |70.2 |70.2 |78.6 |[78.6 | 78.6
Fault ' i - g , -
T S.L.G 65.2 65.2 5406 54‘6 5406 ) 6008 6008 _ 60.8
Type ' T g - N
L.L 74,1 | 741 59.6 | 59.6 59.6 68.0 | 68.0 68.0
L.L.G 74,7 | 747 | 647 647 |687 |77.5 |75 | 77.5

29



Fauit Location

Capacitot
<) e e .
G 1 2 5 6 9 | 10 25 |- 26 271 | 28
| 3- Pnase| 741 | 7401 | 66,4 | 742 | 6604 | 66.4 93.0 | 93.0 | 93.0 |as5.7
Feult | s.1.0 5704 | 57.4 | 57.0 | 574 | 570 | 5750 | 73.0 | 73.0 | 73.0 |69.7
Type . - ' , — A
LL.c | 70.r |70.1 | 647 |70.1 | 647 |6s.7 |85.9 | 8509 | s5.9 [s1.4
Capécitor‘v Fault $ocation
09 N o . .
| 29 30 3. | 3 33 34 35 | 36
| 3- Pnase| 5.7 |85.7 | 2037 [1203.7 |103.7 | 786 | 78.6 | 78.6
Feult ' — .
SeL.G 69.7 69.7 96.5 96.5 | 96.5 60.8 60.8 60.8
Type — , . T . .
3 L.L 69,1 | 69.1 |89.2 |s89.2- |89.2 60.0 | 60,0 | 60.0
L.L.G 81.4 |8l.4 |99.2 |99.2 992 775 |77.5 | 77.5

g9



PABLE 7.a

Severe Voltage»Percent Increase across'thé

Terminals of Capacitors given in Deacreasing Ordep.
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)

, | Fault | Percent | . Fault Percent ‘ Fault Percent
{Fapacitor Locati'oq Increase Capgcitor f[:qcation Increase Capacitor Location | Increase
| 3-Phase 3T 210.5 4,6 - 13,17 | 184 4,6 16,12 - 151,1
Fault S.L.G n 129.6 f| = " 142,2 " n | 9746
Type - ' ' , :
L.L " 163.,0 - | " . 156,0 " " 129.4
L.L.G n 172.1 n " n 166,0 || » n 130
ault = |Percent || _ Fault Percent Fault Percent
»apacitor Location |Increase Capacitor Location | Increase capacito‘?Location Increase
_ , 3-Phase " 4,6 11,15 | 148.3 3,5 12,16 | :143,3 | 1,2 4,8 A143.o'A -
Fault 8.L.G n . " 114.8 n " ) 105.4 n _ n - 100.0
Type - — ' - -
| | L. " " 126 || L 53 121,9 || = " 123.0
L.L.G u n " 129 JL L LR 136 " L 142.5 |

b
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Fa.ult

! B Fault: |Percent  |Fenat  [percent ; Percent | -

apacitor Location |Increase apagit_o o Location | Increase apacitor Location | Increase
3-Phase | 4,6 14,18 | 132.7 3,5 13,37 | 1227 || 7 21 107,0
Feult ERA: " " 8549 " " 80,3 " n 87.8
Type L.L " n 121.1 " m A 106,5 n n 91,2
1116 n " 114.3 . |l . " 109.3 " " 97.5

~ Fauit,‘ Percent . Fault ‘Perﬁzent : Fault Percent

Capacitony . ction Increase ?‘pacitorbocatio:z Increas a.apgcitorLocaﬁon |Increase
| 3-Phase || 9 ‘31 | 103.7 | 8,9 27,27 | 93.0 7 23 88,4
Feult SeL.G L 96.5 " " 73.0 " " 67,2

Type A — - . , - . .

t LI " n 89.2 " n 6542 " " 76,1
1.5.G n " 99,2 . n 85.9 " " 80.6

<9
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. Fault | Percent || Fault | Percent Feult |Percent .
Capacitorlocation | Increase|[Capacitor|Location | Increase apacitor|Location | Increase|
| 3-Pnase I 9 29 85.7 | 8 28 | 80,1 35 78.6.
"Feault ' : .
S.L.G ‘ n " 69.7 "v " 65.2 " 60,8
Type ‘ 3 . , . _ o ) : _
’ {L.L ‘ " " 6_9._1..,, ; n n S T4el _ n 60,0
L.L.G " " 81.4 " " " T4.7 " 7745
} | Pault | Percent Fault | Percent Fault | Percent
Capacitor ‘ : apacitor| = - . ' :
. Location | Increase Location | Increase Location ]|Increase
Feult .. | g,1,6 LI 5704 " " 57e15 " 0.7
Type L o " 6348 l " ~m ] 56,3 " 1,1
LLeG lLﬂ " 70.8 I m " 64.4 m 15

. Q0



Faulf

_ Fault Pez'c:en1; ' : I’ei:éent _ - .| Feult =~ | Percent
Capacitor ' N Capacitor] - NI Capacitor| |-
“|Location |Increase ‘ Location | Increase ' Location | Increase
3-Phase 2-6 [16,16,13,75 5.8 1,2 7,3 -1,78
Fault N _ o
] . ) S.LQG » " " 1.4 n " ' 0.7
Type R . _ '
: L.L " " 2.2 n n 1.1
T.LeG. " n 3.0 n " 1.5 i
Fault Percent ]  7Fault_ Percent Fault Pgrcent
Capacitodlocation |Increase |[Capacitorflocation |Increase |Fapacitor|Location | Increase
BfPhase
Fault : -
D Seli.G -
Type ~
‘ L.L.




TABLES 7.2-22

Percent Increase.of Currents thrbugh the line

. sections for various Faults and Fault Locations.

<r



Line Séction k L SR - ‘Eault Location ~
3-Phase |95.0 | 95,0 | 61.57 | 72.9 | 65.25| 95.0 | 61.57| 71.9 | 65.3 | 65.3
Fault = , - _ = : ) ‘ — » ) - .
type  |.SeLeG - ]90.5 90,5 ] 39.3 | 50445 | 57.1 | 90.5 [ 39.5 50,45 | 57.1 | 57.1
L.L "  182455 | 82455 | 53.4 | 61.5 56.35 | 81.55 | 53.4 61.5 56.35 | 56435
L.L.G  |92.65 |92.65 | 54.9 | 712 | 64,5 | 92.65 | 54,9 | 71.2 | -64.5 | 64.5
Line Section = ’ : "  - Fault idcation : !
(2) _ . ‘ . —
: 1 2 3 -4 5 6 7 8 9 10
| 3-Phese |74.2 |74.2 | 105.3 |144.0 65.2 | 74.2 | -17.8 | 23.7 65.3 | 65.3
’ N S.L.G 157.8 . 57 .8 T7.1 100.9 5701 5708- 1.5 1'5 571 5Tel
Type ' —t _ —f— ' — , - ~
| L.L 63.8 |63.8 1103.0 |123.4 56.4 |63.8 2.2 | 2.2 | 56.4 | 56.4




Iine Section

Fault Location‘.

(3) » B . 1 —
1 2 -3 4 5 6 T 8" | 9. 10
Fault ~ ; _ , — 4 —— : '
Type SeLG . [ 57.8. | 57.8 | 132,06 | 100.0 | 57,1 | 57.8 | L5 | 1.5 | 57.1 | 57.1
ER 63.8 | 63.8 | 165.4 | 136.6 | 56,4 | 63.8 | 22 . | 2.2 | 56.4 | 56.4
|z 705 | 7005 | 27500 | 137.5 | 6405 | 705 | 3.0 3.0 | 64.5 | 64.5
line Section Fault Location
RO , —
R L1 2 3 4 5 6 7T: 8 9 10
3-Phase | T4.2 ' 74.2' 105,3 | 68.25 | 116.5 | 6543 1105,3 | 68.25 | 116.5 116.5
Fault : - . . - — —T - —_ _ '
Type - S.L.6 57,8 . | 57.8 | 6640 53.7 | 157.3 | 57.1 | 66.0 57.3 | 157.3 | 157.3
| Lol 63.8 - | €3.8 | 827 | 69.35 | 98,7 | 5604 | 827 | 69.35| 98.7 | 98.7
L.L.G 70,5 | 705 |87.5 | 61.55 | 149.1 | 64.5 | 87.5 61.55 | 149.1 | 149.1




Iine Section

g‘Fault',Locationr

). 1 2 :3‘ 4 5 6 T 8 s 1710
3-Phase | T4.2 | 742 | -17.8 | 23.7 65.3 | T4.2 105.3] 144,0] 65.3| 65.3
Fault - ' ’ e : ' ‘
~ SeLeG 57.8 | 57.8 | 1.5 | 1.5 57.1 | 57.8 7.1 100,9{ 57.1 ] 57.1
?yPF L.L 63.8 | 63.8 | 2.2 2.2' 56.4 | 63.8 103.0]  123.4] 56,4 | 56.4
{z.1.6 70,5 | 70,5 | 3.0 3.0 | 645 70,5 |- 104.0] 1s2.4] 64,5 | 64,5

~ Iine Section - © - Fault Location

1 2 3 4 5 6 T 8 9. | a0
o 3-Phase | T4.2 | T4.2 | -17.8 | 23.7 65.2 | 74,2 | 190.5| .160.0 65,3 | 65.3

Fault _ * » . , . : B PN L
- S.L.G 57 .8 57.8 | 1.5 1.5 57.1 | 57.8 132.0} :300,0} - 57,1 ] 57.1
~ L.L 63.8 63.8 | 2.2 2.2 56,4 | .63.8 165.4] 13646] 56,4 | 56.4
L.L.G 7045 70.5 3.0 | 3.0 | 64.5 | 70.5 175.0{ 137.5| 64.5 | 65.5




" Line Section

‘Fault Location

(7) 1 2 5. 6 9 10 11 12 13 14
3-Pnase | 74.2 | 7402 | 65.3 | 7402 | 653 | 65.3 | 126.1| 143.0| i2e.7]| 132
Fault v . — —t—— . ,
S.L.G 57.8 57.8 57.1 | 57.8 57.1 | 57.1 89.0 | 105.3| 80.1 | 86.0
Type _ - _ v _ -
| L.L - 63.8 6348 5644 63.8 5644 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 Feult Location
M 1. | 1w | a7 18
o "~ 3-Phase 509 ; 5.9 509 509
S Feult .} os1e 3.5 0 1.5 | 1.5 1.5
2L % 2.2 2.2 2.2 2.2
L.L.6 - |2.97 - |2.97 | 2.97 2,97




Line Section :

Fault Location .

o 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 Lo . : S . . o _
'S.L.G | 57.8 57.8° | 57.1 | 57.8" 57.1 | 57.1 106,4 | 97,9 80,1 | 86,0
type LI 63.8 | 63.8 | 6.4 | 63.8 56.4 | 56.4 | 133.5| 130.5| 105.3| 121.6
L.L.G 70.5 | 7045 6445 70,5 64.5 | 64.5 120.1 | 136.5| 109.8 | 114.2
. Line Sectibnv - - Fault Location
&) 15 | 16 17 18
, 3-Phase | 5.9 549 5.9 . | 5.9
Fault A o
- L S‘.L.G 1.5 105 105 105
Type e 1 R




Iine Section

~ Fault Location B

(9) 1 2 5 6 9 10 11 12 13 14
| 3-Prase | 742 | 742 | 65.3 | 742 | 65.3 | 65.3 |. 155.8 | 152.5| 183.2] 148.4
Fault ‘ T ’ o ‘ ’ -
S.LoG 57‘.8 578 ST.1 - 57.8 . . 57.1 57,1 - 10644 97.9 " 142.4 118.7
. Type T B — . ) — — T
L.L 63.8 | 63.8° | 56.4 | 63.8 | 56.4 | 56.4 133.5 | 130.5| 155.8| 128.6
| .16 70,5 [.70.5 | 645 {7005 | 645 | 645 | 120.1{ 135.5] 166.1| 139.4
'Line Section Fault Location
o) 15 (16 | | .
4 | 3-Phase |5.9° | 5.9 5.9 5.9
" Fault ’ T 4
SoLoG 1.5 105 105 105
S A 2,2 2.2 2.2 | 2.2
L.L.G 2,97 |2.97 |2.97 |2.97




)

Iine Section

. Fault Tocation .

(10) : . ' . '
1 2 5 | -6 9 10 11 12 13 | 14
3 - Phasel| 74.2 * | 74.2 65.3 | 74.2 65.3. | 65.3 | 5.9 549 5.9 | 5.9
Fault - | o S T | R
| | senee 57.8 | 57.8 | 57.1 | 57.8° 57,1 | 57.1 1.5 1.5 | 15 | 1.5
Type -l - o o | _ |
] 1. 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 | 645 | 70,5 | 6405 | 6405 | 2.97 | 207 | 2097 | 2.97
Line  Section Fault Location
(10) ‘ ‘
15 16. 17 18
3 - Phase | 126,1 | 143.0 |122.7 | 1320
| Fault R D o o ,
: S.L.G 83.0 | 105.3 |s0.1 |86.0 . -
Type : AR R :
| 1.5 108,3 | 121.7 | 105.3 | 121.6
| L.L.G 120,2 | 129.1 | 109.8 | 114.2

44,



Line Section

Fault Location

(1) 1 2 5 .6 9 10" 11 12 13 14
3-Phase | Tde2 | T4e2 | 65.3 |-74.2 | 65.3] 65.3 5.9 | 5.9 | 5.9 | 5.9
Fault — v , , » - : ‘
S.L.G 57 48 57.8 | 57T.1 | 57.8 57+1 | 57.1 1.5 1.5 1.5 1.5
Type - ‘ - * . )
1.L.G 705 | 705 | 64.5 70.5 | 64.5) 64.4 | 2497 2,97 | 297 2.9
. iine Section‘ Fault Location
v(ll) 15 16 17 18
| 3-Phase | 155.8 | 151.5 | 122.7 | 132
‘Fault | " 1
S¢L.G‘ 106.4 97.9 80.1 ) 86.0 -
Type o o T S o .
| I.L 133,5 - ~130.5 105.3 121.6 v
120.1 | 136.5 | 109.8 | 144.2. i

L.L.G

)



)

Line Section

. Pault Location .

2) 1 5 1 -6 9. 10 1| 12 13 | 1
| 3-Phase | 74.2 74,2 65.3 T4.2 65.3 | 65,3 5.9 5.9 7| 5.9 | 5.9
~ Fault ’ IR ‘ | » 2 »
Type ' . , o '
L.L.G 705 | 70.5 {645  |70.5 | 645 64,5 | 2097 | 2,97 | 2.97 | 2.97
line .Section Fault ZLocation
(12) |
4 15 16 17 18 . -
| 3-Phase |155.8 [151.5 [183.2 |148.4
Fault
| S.L.¢  |106.4 }97.9 142.4  |118.7
‘Type | o | 1.
1.6 [120.1 [138.5 |166.1 |139.4
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© Line Sectiqh “

~ Pault TLocation

o

(13) 1 2 5 .6 9 19 20 21 22 23
3-Phase | 74:2 | 74.2 | 65.3 | T4.2 6543 | 68.6 68.6 | 68.6 | 88.3 | 88.3
Fault ) - R . o T : . | . — _ T
Type N _ - : R ' » o |
- L.L 63.8 63.8 | -56.4 63.8 5604 | 59.3 59,3 59.3 76,4 | 76,2
L.L.G 70,5 | 70,5 | 64.5 " | 70,5 | 64,5 65.3 | 65.3 | 65.3 | 80.9 | s0.9
Line SeCtion" Fault Iocation
| 1 2 5 6 9 19 20 21 22 23
 3-Phase |74.2 | 74.2 | 65.3 | 74.2 65.3 . | 107.6 | 107.6 | 107.6 | 79.4 | 79.4
Fault , - B : — ‘ . -
- . SJL.G 57.8 5748 57.1 57 .8 57.1 ]89.0.- | 89,0 89.0 68.3 | 68.3
Type ;#L. S _ - , : _ » - E , |
| L.L 63.8 63.8 5644 63.8__ | 56.4 | 91,2 9.2 | 91,2 67,5 1 67.5
-i,.L.G 70.5 70.5 . | 6445 | 7o.s 64.5 | 97.9 97.9 97.9 | 74.9 | 74.9




(15)

Line Section

_',Féult Location

| 1 2 5 6 9 19 20 21 22 23
3 - Phase [ 7402 | 742 | 65.3 |7427 | 5.3 | 68.6 68.6 | 68,6 8.3 | 88.3
Fault L S I ‘ ‘ , » .
SuL.G 57.8 57.8 | 57.1 | 57.8 57.1 | 54.9 54,9 | 54,9 | 67.6 | 67.6
Type ‘ . o . - ) . .
 L.L __163.8 |63.8 | 56.4 63,8 5634 59.3 59.3 59.3 _76.4 76,4
L.5.6 70.5 | 70,5 | 64,5 | 70.5 64,5 | 65.3 | 65.3 | 65.3 | 80.9 | 80.9
Line Section | Fault Location
(16) 1 2 5 6 9 19 20 21 22 23
- 3-Phase |74.2 |74.2  |65.3 |74.2 65.3 | 107.6 | 107.6 | 107.6 | 79.4 | 79.4
Pault — 1 | - '
Type - o A ; ' S P L
L.I 63.8 | 63.8 56,4 | 63.8 56,4 |o1.2 | 91,2 | 01,2 | 67,5 | 67,5
LI.6 705 70,5 |64.5 |70.5 64.5 |97.9 | 97.9 | 979 | 74.9 | 74.9




‘Line Section Fault ITocation
(17 1 2 5 6 g 10 24 25 26 27
3-Phasg | T4.2 74,2 | 65.3 | 74.2° 65.3 | 65,3 75.7 | 81.6 70.5 | 81.6
Fault ' ' , : L ‘ -
S.L.G. 57.8 57.8 57.1 57.8 57.1 | 57.1 | 62.3 65.3 54.9 | 65.3
Type. o . ' _ : R S R : : o
‘ L.L 63.8 63.8 56.4 63.8 5644 56.4 80,1 T4.2 60,0 T4.2
LLG 70,5 | 70,5 | 645 [ 705 | 645 | 645 | 0.5 7| 7409 | 6.5 | 7a.9
Line ‘Section Fault Iocation
(17) 28 29 30 31 32 33
3-Phase |81.6 [70.5 | 705 |70.5 | 78.6 | 78.6 ;
'_Fault_ » ,} . ] ;
o SeL.G 165.3 54,9 56.9 5649 60.8 | 60,8
Type L N e . - N L . _ - . .
, L.L 74,2 |60.0 60,0 | 60,0 75.7 | 75.7 -
L.L.6  [74.9  |64.5  |64.5  f64.5 1.9 | 71.9

SN

6/,



Ter

‘Line Section.

 Fault Location’

(18) 1 2 5 6 9 10 24 25 26 27
3-Pnase | 74.2 | T4u2 | 65.3 | 74.2 | 65.3 | 653 | 94.2 | 942 | 94,2 | s6.0
& S.L.G 57.8 57.8 | 57.1 | 57.8 | 57.1 | 57.1 3.4 | 73.4 | 73.4 | 69.7
Line Section. - Fault Locgtion
(18). . 28 29 130 31 32 33
|3 - Pnase [86.0  [70.5 |70.5 [70.5 | 78.6 |78.6
Fault ' R , - |
type L.L l69.4 - Je0.0 |e0.0  |60.0 67.5 | 67.5
LI o166 6445 [64.5  |64.5 71,9 | 71.9

08



Section

'Line Fault Lodation
. » Y ‘ <
- (19) 1 2 5 6 1 9 10 24 25 26 27
- 3 - Phase | T4.2 | 74.2 65.3 |.74.2 65.3 | 65.3 94.2 | 94.2 | 94.2 | 86.0
Fault e : — — v
- SeLeG 5748 57.8. | 57.1 578 57,1 | 57.1 73.4 | 73.4 | 73.4 | 69.7
Type - - ' — — : — : _ - ,
| L.L _ }63.8 63.8. | 56.4 | 63.8 56.4 | 5644 65.3 | 65.3. | 65.3 | 69.4
L6 [70.5 |70.5 645|705 | 645 |45 | 6.0 | s6.0 | s6.0 | 81.6
Line Section Fault -Location
(19) '28, 29 = 30 | 31 " 32 1 33
3 - Phase 86,0 |103.6 |103.8 [103.8 | 89.0 |89.0
‘Fault . | ~ —
| S.L.G 69.7 96,0 |.96.0 96,0 '83.0 |83.0 ] _
Type. [ | _ 1
_L.L ] 6904 8900 89.0 8900 7507 7507 - E prereeraemrrere—
L,1.G 81.6 99.4 _ |99.4. " |s9.0 | 86,0 |g6:0

T8



’iine Section

Fault Location

© (20) 1 2 5 .6 97 10 24 25 26 21
3 - Phase | T4,2. | T4.2 65.3 {742 | 65.3 | 65.3 | 75.7 | 816 | 70,5 | s1:6
Fault SeLsG 5748 57.8 57.1 57.8 57.1 57.1 62.3 | 65.3 54.9 65.3
Type o R R B 1 | o - "
¢ | 63.8 63.8 56.4 | 63.8 | 56.4 | 56,4 | 80.1 - | 74.2 | 60.0. | 74.2:
1.L.G 7065 | 70,5 ] 64.5 | 70.5 | 64.5 64.5 | 70.5 | 74.9 | 64.5 | 7449
Line Section Feult Location
' ;(20) 28 29 30 31 32 33
3 - Phase |81.6 |70.5 |70.5 |70.5 |78.6 | 78.6
Fault ol fesi3 549 | s6.9 | se.9 |60 | 608
Type iR . - — —
R 174.2 60.0 | 60,0 |60.0 |75.7 7547
LYL3G 74,9 64,5 |64.5 |64.5 71,9 | 719

" 2g



line Section Feult Location
(21) — —T= _ - —
- 1 2 5 6 9. R 25 .26 27
3'- Phase | 74,2 | 742 | 65.3 | 742 | 65.3 | 653 | 942 | 942 | 4.2 | s
Pt dse 578 | 578 |57 |78 | s7a1 | 511 | 73.4 | 7304 | 73.4 | 697
Tyee 1. |63.8  |63.8 |56u4 |63.8 | 56,4 | 56.4 65.3 | 65.3 | 65.3 | 69.4
L6  |70.5 |70.5 645 [70.5 | 645 |64.5 | 6.0 | 6.0 | 6.3 | 1.6
Line Section Fault Iocation
| 28 29 30 31 32 34
| |3 - Pnase [86.0 - |70.5  |70.5 |70.5 | 7846 |78.6
| Fault RN " , o
tre L.c 1697 [%6.9 1549 —
L.  {69.4  |60.0  |60.0 |60.0 | 67.5 |67.5
| L6 fer6 645 645 feas | a9 |79

cO



Line Section:

Fault Locafion_l .

o (22) BT s o : . e
. | 1 2 5 - 6 9 10 24 25 26 27
| 3- Phase 74,2, | 742 | 653 | 742 | 65.3 | 65.3 94,2 | 94.2 | 94.2 | 86,0
Fault . ' i - ~ . , , - o ,
S.L.G 57.8 57.8 59.1 - | 57.8 57.1- | 57.1 7344 73.4 | 73.4 | 69.7
Type : — ‘ ‘ T ' — '
L.L 63.8 63.8 56.4 | 63.8 56.4 | 56.4 64.3- | 65.3 | 65.3 | 69.4
LL.e 70,5 - |70.5 |[64.5 | 70.5 64.5 | 64.5 | 86,0 | 86.0 | 86.0 | 81.6
Line Séction ‘ Fault ILocation
28 | 297 | 30 31 32 33
‘| 3 - Phasel| 86.0 103.8 | 103.8 | 103.8 | 89.0 |89.0
Fault - , - _
S.L.G 69.7 |96.0 96.0 96,0 83.0 |83.0
Type . | - L '
L.L 69.7 [89.0  ]89.0 89.0 75.7 | 75.7-
|Zen.e 616 99,4 |99.4 | 99.4 |e6.0 |sso

e



 TABLE 7.b

Severe Current Percent Increase thée line sections

given in Decreasing Order.,



_Line | a

<

Line Fault |Percent ‘Fault Percent || Line Fault Pevréen:t
Section |Location | Increase ||Section [Location |Increase Section | Location | Increase
3-Phase || 3,6 9,7 | 193.5 |l 9,22, |13,27 | 183.2 || 3,6 4,8 | 160.0
1 4 , T ‘ A —1
Fault  ls.1.6 3,6 9,7 | 132.0 | 9,02 |[13,17 | 1424 || 3,6 4,8 | 100,0
Type y - — —
L.L 346 9,7 165.4 9,12 13,17 155.8 346 4,8 | 13646 -
{1.1.6 346 9,7 | 175.0 1 9532 | 23527 166.1 || 3,6 4,8 137.5
Line: Pault |Percent | Line | Feult Percent || Line. ‘Feult - Percent
Section Location | Increase [{Section [Location Increase [|Section | Location | Increase
|3-Pnase || €,9,11 11,12,15| 155.8 || 8,12 | 12,26 | 151.5 9,12 14,18 | 148.4
Fault —— - — : - c - — - - .
~m§§; SeL.G 8,9,11 {11,12,15| 106.4 | 8,11 | 12,26 | 97.9 | 9,12 14,18 | 118.7
L.L 8,9,11 [11,12,15 | 133.5 8,12 | 12,16 130,5 9,12 14,18 | 128.6
LeLet 8,11 136.5 8,11 | 12,16 136.5 || 9,22 | 14,18 | 139.4

|a1,12,15
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‘Fault -

Percent

Iine

7,10

Line . ~Line Fault Pé_rcent : Fa.ult}, Percent
S ction Location | Increase || Section |Location | Increase {|Section | Location| Increase
3-Phase [|2,5 4 4,8 144,0 7,10 12,16 143 "-7,8;11 14,14,18] 132.0
Fault — — . _
M| Isazee || 2,5 4,8 100,9 || 7,10 12.16 105.3 Jl,7,e,11 14,14,18| 86,0
| Type N - - : ' : - —
: %L 2, 5 | 4,8 123.4 7,10 12,16 | 121.7 " 7,8,11 | 14,14,18| 121,6 =
L-L.G.- 2,5 | 4,8 142.4 JL 7,10 12,16 N 129.1 “ 7,8,11 . 14,14,13_ 114,2
Tine Fault | Percent || Iine | Fault Pefcgnt ine Fault | Percent
Section |Location Increase || Section Locgtion Inorease| Section| Location| Increase
- 3-Phase ﬂ 7,10 | 11,15 126.1 7,20 | 13,27 | 122.7 || 44 |50 | 116.5
Fault _ T = — . T
| 2yp0 SiL.G 7,10 11,15 89.0 7,10 13,17 80.1 |l 4,4 |50 157.3
| L.L 7,20 | 11,15 | 108.3 7,10 | 13,17 ,!105.3][44.4 5,10 98.7
LoL.G 7,20 | 11,15 | 120.2 13,17 | 109.8 u,4.4§' 5,10 149.1

-
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| Line Fault Percent || ILine | Fault Percent Line ) Fault - _ Pérc’ént
Section | Location | Increase|| Section |Location | Increase Section Loce.'tion Increase
3-Phase | 14,16 | 21,21 | 107.6 2,5 | 3,7 | 105.3 || 19,22 | 31,30 | 1038
Fault ' o , . : - ' . ‘
SeleG 14,16 21,21 89.0 2,5 3,7 TTel 19,22 | 31,30 : 96
Type . - : — . . _ _ -
- L.l 14,16 21,21 | 91.2 JI 2,5 3,7 - 103 19,22 | 31,30 | 89
Line Fault Percent || Iine Fault - | Percent Line ¥| Fault | Percent
Section | Location | Increase|| Section 'I.‘oca._tion, _increase Section | Location| Increase
3-Phase - || 1,1 ‘»'1.'2‘ 95 18,19_ 24',24'.24!._:?::94.2 1_.9,22 32,32 89.0
Fa.‘,llt S.L.G 1,1 1,2 90,5 118,19 | 24,24 | T3.4 19,22 132,32 | 83.0
: L.L 1,1 1,2 81,55 18,19 24,24 65.3 19,22 | 32,32 | T5.7
L.L.6 “ 1,1 1,2 92,65 18,19 24,24 86,3 | LL 19,22 32,32 86,0

.8



line - [Pault Percent || Line Fault | Percent || Iine | Fault | Percent
Section Location| Increase||Section. Locé.tion Increase || Section [Location | Increase
| 3-Phase || 15,13 | 22,22 |s88.3 . || 18,29 | 27,27 | 6 20,17 | 27,21 | 81.6
Fault 8.5.0 15,13 | 22,22 | 6746 18,19 | 27,27 [ 69.7 20,7 | 27,21 | 65.3
Type —— . ~ | , . |
15,13 | 22,22 | 76,4 || 18,19 | 27,27 | 69.4 20,17 | 27,21 | 7442
L.L.G 115,13 | 22,22 | 80,9 18,19 | 27,27 | 816 " 20,17 | 27,27 | T4.9 .
Iine Fault | Percent || Line Fault Perceﬁt_ Line "Fa‘ult Percent
Section | Location|Inorease [[Section Location Increase || Section |Location Increase
, 3-Phase | 14,16 | 22,22 | 79.4 17,18,2p 32,32,3d  78.6 17,20 | 24,24 | 75.7
Feult S.L.G 14,16 | 22,22 | 68,3 - |l17,18,20 | 32,32,32| 60.8 17,20 | 24,24 | 62.3
‘ LT li.l§ 22,22 1 67,5 _ 1117,38,20 |32,32,321 75,7 17,20 | 24,24 80,1
LoLeG J] 14,16 22,22 | 74.9 .|[17;18,20 B2,32,32 | 71.9 - || 17,20 | 24,24 | TO0.5

00



> Line Fault Percent Line, Fault |Percent |l 1ine | Fault Percent
Section Location | Increase Bection |Location |Increase ||Section | Location|Increase
_ | 3-Phase 2-22 1,2,6 | 74.2 1,1 4,7 71.9 17,21 | 30,31 705
| Pault ' , | , ' . - - "
o S.L.G 2-22 1,2,6 | 57.8 1,11 4,7 | 50.5 “ 17,21 | 30,31 54,9
Type — - : ' \ ;
' | Lol 2-22 1,2,6 | 63.8 1,11 4,7 61.5 17,21 | 30,31 60,0 -
LoLeG 2-22 | 1,2,6 | 70.5 1,11 4,7 | 1.2 17,21 | 30,31 | 64.5
Fault | Percent Line Fault Percent | Pault | Percent
Location | Increase Section | Location Increase || Section Location|Increase
3-Phase 20,20 |66 | 122 | 59,10| 653 | 57 |11 | e
Fault 8.1.& - 20,20 | 54,9 1-22 5,9,10 | 57.1 1,1 - | 39.3
Type L.L 20,20 .| 59.3 1-22 5,9,10 | 56.4 1,1 53.4
L.L.G 20,20 | 65.3 1-22 5,9,10 | 64,5 1,1 . | 54.9
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- . o ” ‘ " T y . ] i ) ] . .
ILine Fault | Percent q Line Fault Percent || Line Fault | Percent
ection |Location |Increase || Section | Location| Increasef Section | Locatiod Increase
3-Phase 2,6 8, 4 23.7 7,10 16,22 | 5.9 || -3,5 7,3 -17.8 -
Fault SeLeG | 2,6 8,4 1,5 7,10 | 16,12 | 1.5 3,5 | 17,3 1.5
Type L.L 2,6 8,4 | 2.2 7,10 | 16,12 | 2,2 3,5 | 7,3 2.2
L.L.G 2,6 8,4 3.0 M 7,10 6,12 | 2.9 | 35 | 1,3 | 3.0
Iine Fault | Percent || Tine Fault Percent || Iine |Fault Percent -
Bection |Locatimn Ini_:reaée Section [Location | Increasel| Section |Location | Increase
3-Phase 1'
Fault
] 8.L.6
Type ~
L.,L N
L.L.G

06 -



CONCLUSION

From ths relisblity point of.view , the € =and D typesof

eombination aere prefered , since the sys»eg contists of ywo\inde -

'j pendent-parallel lines ,.1n cese of a £ ult\ ‘ene of themfthe ot~

»

 her line will continue its normal ope*atzon ./

From suakility point of V¢3% s B and A comoinatlon types are

profered respeciively . When the faulted line snction is removed .

" the increase in<1ino reactance of;these'types will be less than the

]
|

o ethers . T oD T

| From protsction point of view the following problems wili |

Ifl. and Ifé' are the currents feeding feult ?odations 1lend 2 !

¢lose to the

w2
T e \

‘capaclitor buses o With reference to thé calculations the megnitude

iof Ifz is conside;ably greater than I 71 9 meaning a fault
‘'standing in reach of second zone of distance relayling system
located at A will have much greater magnitude « So care should

_be taken in setting the relays .
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Spreadlng the cvwncitor banks along the line as shown

below mey have the following mdvantages -y

- Hrf by )
— 'k g

- smaller step drops in line voliege and réletively

Yoltagé along the line and
' - 1‘
- Lower voltag drop leval across capaci%or termlnals &uring

faults .

But there will be serioas Qif;iculties in set _ﬁg the
»uistanae relays N

; .
f? ;nd‘If4 -

" Refered to thébreéulta of calculationsi, if I
are currents feeding a single — Phase ~ to - ground fault at
point- 3 =znd a thre§ - phase fault at,paintv4 respectively-, “

the magnitude of I is. considerably greater than Igy « So

T4
: |
setting the zone one for. 114 ¢ the rel&y will see negative reac-

-tance resulting in its disability to operate for the fault at point

3.

\
5

S . ‘ \
\

Jonsidering the above :‘actors ; the following suggestion is
given : since the sysiem is the mailn ipterconnectcr of the meain

electrical energy source of Turkey to the rest of the_grid s its
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reliable and permanent opsration becomes the most importent
-factor . There.fore the C typs fs the best copbination since it

is one [of the most reliable onesz .

- The advaniages of the C type to the D type are :

- the insallation cost is 1eas and

" - the relaying coordination is much simpler . a esier znd more

- acourate,

The inarease of power transfer can be a.hisveu leng two

:spare busbars at both sides of capacltar banks . These buses'f‘

!

- Q

which are shown by dashed 1ines enter operatlon when one of\the

/

' linee ;rom the ;eft ‘or right sides is removed from.operatlar
3




Y

2)
.3)
»

6)

94
REFER'ENCES.

Westinghause (Ed), " Electrical Transmisaion and Distribution
Referenoe Book," Weatinghouse Electric Corporation ’ Pennsyb

vania , U, S.A. 1964

The Electrioity Council, "Power System Protection Handbook n

Vol.,l and 2 , Macdonald and Jane's Co. ’ 1975

-J.Zaborézky o " Eieotrio Power Transmission " Ist edition-,

Ronal& presa,Co..‘1954

ALE .Guile ’ W.Paterson~" Electrical Pdwer,Systems " Vol,l and 2

2nd Edition , Pergamon Press , 1977 R ; e
D.Beeman s " Industrial Power System Handbook ", Ist Edition,.

Ma.cgraw - 411 Book Co. , 1955 |
TeEeKe Iletim Sebeke Isletmeleri Dairesi Baskanllél " Tﬁrkiye

“AUlusal Elektrik Aglndaki Haval Hatlarin ' Trafolarmn ve Jenerap

‘.torlerin Elektriki Karakteristikleri.

7

8)

Elektrik Muhendisleri Oda31 " Elektrik Mﬁhendisleri El Kitabl"'

Elek.Mﬂh.Od381 Yaylnlarl l993

.B,M Weedy , "Electric Power System " 2nd Edition , John Wiley

and Sons , 1974




95

GOLBASI.

INANE OF POWER PLANT KEBAN _
: C Thevenin Eguivalent
{No. of , _
GENERATORS - 1-4 > -8 1-5
RATED POWER (KVA) ) \x 175 .201°,25 201.25.
Cos ¢ 7 \ 0.9 0.9 0.9
Speed- o | - / : _ i
o | 166.7 166,67 166.67
] o : |
Reted Voliage j_o ]
. - - o4
e ( tmd) | 00
m) | 16014 18500 18500
[m o 3.5 5.5 352
| (MW sec )/ MVA FRad e STe
X 0B 02/83° | “B7/81P 87/81
x 70 61/57° 61/57
X 29 32/30° 32/30
} B 4 )
XL u 70 61/57 61/57. f
- l LT
X 'n'. - lb_ 22 221
a 7 ,_
n 1] . | iy K
X 22 » 24
a | 24 = N
- ;
x " 20,5 23 23 .
: o \_
X n 11 845 8.5 . \
[o) ‘\,_‘ »
X 21\ 25 | 25 |
Tdo (sec) 6,01 72 72
T a . 2.1 - 2.65 2.65
T a8 - 0,032 0.04 0.04

Table 1 - Necessary data of the Plants; ’
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0,02

0.027

0.027

0.0827

0.1425

0.1425

-0.026

0.06

06277

0024 L

" 0.24

7.77

——

7.82

STEP l UP TRANSFORMER ‘DATA

No of, Phases

o1

1

Yeo11: o |

- |Rated Out put (MVA)

Vector Group Symbols|  ¥néi =

60,3 |

e

60e3°

No Load Rotio:(kv)

14.4 /380

14,4/380 -

Tap Range . (%) }
|

2
-2 X

+2 X 5
2.5

Impedance ( % )

11 -
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Gﬁlba.si - Kayseri

Kayseri - Keban

. ; . . / *
Length (m) ||/ e 275
S . ' : "
R
Voltege (Kv) / - 380 380

Cross Section -’ | R2X 945

~ R2X 945

X (ohé> . .“% B 85%3 - ; ss.st

y (Mmho).i' 1' B 931;0 Vséo.?
R, (o0m) f | 49ﬁ6' 50,3

X, (o) | 31;}1 316.7
Y (mho) | 1481'2 488.3

Table 2 - Data of the Lines.;



'TABLES 3.1-4
Rating of Fault Currents it Fault Locations: ( .IT ),

from Golbasi ( I ) and Keban ( I ) Buses
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1
- ”
‘ s . .
Fault Location
R | G K
Type of The Fault : ) ; ,
E o |k | Tn|% |k | o
| P.U. |12075 | 8.1 |eo.ss | 7.2 |15.7 |22.9
Threé Phase [ ~ — ' ,
, R(A) |1940 | 1230|3160 | 1100 {2380 {3480
1 .U, [12.23] 6.5 |18.7 | 6.5 |20.9- |27.4
| R(A) |1860 “| 990 |2850 | 990 | 3170 | 4160
C P.U. [11.0 | 6.9 17,9 | 6.3 [13.3 |19.6
L.L _ - —* -
R{A) ]1660 | 10602720 * | 950 | 2030 |2980
| P.U. |12,5 | 7.6 [0.1 | 7.0 |20.1 |27.2
L.L.,G , ; —_
R(a) 1900 | 1160[3060. | 1060|3060 |4120




1 B 1, -
<G | K.
—— A ——
‘Fault Location
: G B c . K
_ Type of Thé Fault T A . » ‘ B = , o
| | o | k| Te | Te |k | T | T |k | Tp | T | %o | Ip
| | Pi) [12.75{10,0 |22.8 | 9425 | 245 |23,7-| 21,9 [20.7 | 2206 | g g |15,7 | 24,5
Three ~ Phase ' _ - 1 . T - s | . AR
R(A) [1940 [1530 |3470 |1400 |2200 |3600 | 1810 | 1630 | 3440 | 1330 {2390 | 3720
- Pl |12.2 [ 7.8 | 20 | 7.4 | 12,0 |19.4 |9.11 |9.21 |18.33| 7.7 |21.2 |28.9
S . L’o G - - “ . ’ V N ’ . . | ‘ i \ . '
' R(A) [1850 |1180 3040 | 1120 | 1800 [2950 |1385 | 1400 | 2790 1170 |3200 | 4370
Py | 11 | 8.6 [19.6 | 8.0 |12.3 [20.3 10,3 | 9.1 [129.4 | 7.6 [13.3° |20.9
o R(A) | 1670 1310 |2980 |1210 | 1870 (3080 [1560 |1380: | 2950 |:1150 [2030 | 3180 -
», 2 [12.5 ] 9.5 |21.3 | 8.8 13,2 |22 [10.9 |120.1 | 21 | 8.7 |20.1 | 28
L .L .G . ’ A . B . . ‘ L ‘ o .
| ‘R(4) |1900 (1450 {3230 {1340 :| 2000 3340 {1650 (1530 | 3180 | 1320|3060 |4260 :

66



«."l-'

Fé.ult Location
, | ¢ 3 | c D
Type of The Fault ':;I- ‘ T v o , t ‘
| e |k | Te | e | Tk | Te [ %o [T | Tp | Tg | Ix | Tn
| P.U [12.8 | 10 |22.8 | 20,2 |12.7 |22.8 | 22 -[31.6 |22.6 | 9.5 | 14 |23.5
Three - phase. —— —t— ~1= . :
| | R(A) {1940 |1525 | 3470 | 1550 |1920 | 3470 {1660, [1760 |3440 | 1440 | 2130 |3560
S P [12.2 | 7.8 | 20.0 | 8.4 9.9 |18.3 | 8.8 | 94 |18.2 | 7.4 | 13.0 |20.4
.S eLl 4G —1— , 1 N
R(A) |1854 |[1180 .| 3030 | 1280 1500 | 2780 {1340 -|1430 |2770 | 21120 | 2980 |3100
o P,y [11.0 | 8.6 |19.6 | 20.8 | 8.8 |19.6 [10.0 |9.35 |19.35 | 81 | 12.0|20,1
L.L — : ‘ — - _ : ——=
| R(A) [1670 [1310 | 2980 | 1640 | 1340 | 3000 |1520 |1420 |2940 | 1230.| 1824|3060
i POU 12,5 | 9.5 21.3 905 11.6 21,1 10.0 ‘111.0 21 ¥ 8.7 13.4 j22.1
L [ L -* G ‘ N R : ] . ‘ ‘ . . - B ’ B . .
' | R(A) 1900 |1450 | 1130 | 2440 |1760 | 3200 |1520 1670 {3170 ‘|1320 | 2040 |3340

- cgﬁt.

00T



<1K’

Fault ZLocation -

Type of the Fault — T :
' o 1k | I )T | Tk | I
PolU | 2046 [ 22,0 |-22.6 | 8.8.]15.7 |24.5
Three - phase. - — — N ,
. : 'R(4) |-1610 1820 | 3440 | 1330 |-2390 | 3720
?.U 802 11.2 1904 , 7.7 21.2 ’2809‘
- R(A) | 1250 [ 1700 | 2950 | 1170.| 3200 | 4370
. .U -.9.1 '15.55 >19.4 7.6  13‘03 20,9
R(4) |{2380.],2550 | 2940 |' 1150|2030 | 3180
S 12U | 94711216 |22.3 | 8.7 [20.1 | 28
Lol o - —— —=
. | R(4) | 1480|1770 | 3230 | 1320 |3060 | 4260
Conte irbm;previous page S |

0T



-
e

|  %3’_,
6 B ¢ K :
Fault Lo'c‘a.'bi_on ‘ n
Type of The Fault — , ) - — T -
~ | o | I [ To % | Ik | Ip % [Ix | T | T |Tx | Ip
P.l) {12.8 |.10. 22.8 | 843 | 13 21,3 | 9.7 {10.8 |20.4 | 8.8 | 15.7 24.5
Three - phase — - : » —1- — ? - _
R(A) |1940 | 1525 | 3470 {1260 |1980 | 3240 [1470 {1640 | 3110 | 1330. | 2390 | 3720
| P.U [12.2 | 7.8 |20.0 | 5.3 | 8.8 |14.2 | 6.8 | 6.8 | 23,6 | 7.7 | 21.2 28,9
S . L . G " . ) . PR ' ¢ -
| R(A) [1850 | 1180 | 3030 | 810 |[1330 | 2153 |1030 . [1030 | 20,7 | 1170 | 3200 |4370
: P.U 11.0 8.6 19‘6 7‘2 11.0 18‘2 _ 803 902 17.5 . 706 1303 20-9
'R(A) [1670 | 2310 | 2980 |1090 |1680 | 2770 |1260 1400 | 2660 | 1150 | 2030 |3180 -
R(A) [1900 | 1450 | 3230 [1130 |1760 | 2890 | 1260 {1410 |2750. | 1320 | 3060 |4260

20T .



. it mi :
| I
I | :
¢ . | < X
1 ~tt : |
c D E K Ca
Fault -Location
- | G B c- D
Type of The Fault — 1. , T T . : ' o
| | o | k| ol T | ik | T |Te | g | Ip | T | T | Tpe
| S P, | 12.8 | 0.0 | 22.8| 8.5 | 20.5 | 19 | 9.64] 10.21] 19.9°| eiz7 | 12,35 2006 |
Three - phase _ ) ) . _ ’ - ! : -
R(A) | 1940 | 1520 | 3470 [ 1200 | 1600 | 2900 | 1470|1551 | 3020 | 1260 | 1880 | 3134
Po 1222 ) 7.8{ 20 | 640 {7,377 | 23.2| 7.1 6.6 | 13.7 | s5.4{ 0.6 | 15
' R(A) | 1854 | 1180 | 3040 | 900 | 1100 | 2000 | 1080 | 1000 | 2080 | 823 | 2455 .| 2280
L1 P, | 11,0 8.6 ] 19.6] 7.3 | 940 | 16,33 s.2| 8.8 l17.0° | 702105 | 17,6
R(4) | 2070 | 1310 | 2980 | 1210 | 1370:| 2480 | 1250 | 1330 | 2580 | 2090 {1600 | 2690
o Po | 12,5 9.5 | 2.3 8417 [i9,2 1 27,3 | 8.7 | 9.2 | 27,9 |!7e4 | 10.2 | 18,6
L .5 G - - - T ) T TTTE e N D
Bt R(A) | 1900 | 1450 | 3230 | 1230"| 3400 [ 2630 | 1320 | 2400 | 2610 | 2120 | 3700 | 2830
L - Cont,

coT



fromfpreyious page

. 1t 1t
S DI B C. b
' Fault Location -
E. K
Type of The fault ' —
| | e |k || | % | I
Three - phase — , : T -
. "|R(A) ]1360 | 1520 | 2880 ‘1330 2390 [ 3720
' P.U ) 508 . 8 1308 707; 21.2 28.9
SelL G — R - .
' : R(A) 831 1210: 42109 1070 3200 | 4310
v 1P | 9456 | 8.67 [16.23 | 7.6 |13.3 | 20.9
L.L ‘ _ 1 _
o R(4) {1150 | 1320 | 2470 | 11502030 | 3180
- | pU | 7.7 | 9.2 | 17.1] 8.7 |20.1 | 28
L PY IJ ° G T — ] . ] N
E : R(A) (1270 | 1430 | 2600 |1322 | 3060 | 4260
. . L)
". Cont,

HoT



| TABLE 4.1-4

Fault Currents in Series Capacitors ( Ifc. )

 and‘Resultant VQltage"DrOps ( Vfc )'forr the

given Féulp Location, -
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~ Sct:
-1 —H
. - 5Cy
Fault Type
| o Vo
| P.U | 100 007
‘Three - Phase — 1 :
SRR PV | 7.8 0.054%
Sel .G
‘ .RA,KV,‘llso - | 20.6
_ p.uU | 8.6 0,06
L.L
R, xv] 1310 22.9
) P | 9.5 0.07
L oL oG R _
| "A,KV | 1450 25,4



106

'SC. .

R _ sy
Pault  Type - —
- Iee ch
: : PV 149 0
Three .~ FPhase - -

o Paxe | 2200 ] 391
o ' P | 12,0 0.08
S e L o G !
Bpkv | 1800 | 31.5
PV | 12.3 0.086
L.l R _
A,KV | 1870 32,7 .
P | 13.2 0.09
LoLaeG In _
' S 17a,xv | 2000 35,0
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56,
Fault Type SR
- ' Tee- | Voo
L P | N9 | 008
‘ Three - Phasei -
o Ra,e0 | 1810 | 317
o | P.U 9.11 | 0.063
S o L .G "
| | Ba,xv | 1380 24.1
, P | 10.3 | o0.07
L.L o .
| | P | 10.9 0.08
L.L.G = —
' A,KV | 1650 28,9 .

<
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G s€,
Fault Type B —
S Iec Vee
P.U . 8.8 00016
Three - Phase [{ N E - '
o ' AKV | 1330 23,3
. ’ P.U ;707 - 0.053
S o IJ v.G - " — -
Rp,xv | 1270 . | 2045
| P.0 | 7.6 0,052
L.L YR R
. AKV | 1150 20.2
94 - P | 8.7 10,06
L1 , ,
' Raxv | 1320 23.1




_~IG ‘ . : ,IK
F
o s, . sC |
Fault Type e ' ; '
B : Iee Vee Ii‘c Vee
- Pu |10 0.035 | 10 10,035
3 ~ phase - — : '
| ' Ry xv | 1525 13.3 1525 | 13.3
A P [ 7.8 ¢ 0,027 7.8 0,027
Ry xv | 1180 10,3 1180 . | 10.3"
PU | 8.6 0.03 846 0.03
L.L ‘ , : .
| Rp,xv | 1310 11.5 1310 | 11.5
| | U | 9.5 0.033 | 9.5 0.033
L .L .G R ,
A,KV | 1450 12,7 1450 | 12.7

60T



[N

1 2 L
. - i j —
o
B - SC SC,
Fault Type :
Ifc vfc I:fc vfc
o PV | 12.7 0,036 | 12,7 0,036
3 - phase (
o | Rp,xv | 2920 13.6 1920 13.6
P.U 9.9 04029 9.9 0,029
S [ L Y G "
Ry xv | 2500 11.2 1500 | 11.2
: P | 8.8 0.038 8.8 0,038
|Ba,kv (1340 | 1404 1340 | 4.4
o Py |11.6 0.033 11.6 0.033
Le.LaG . _ ,
o Rp,xv | 1760 12,6 | 1760 |12.6 *.

OTT



e Ly = A
e T = LIS
. F A
| SC,. 50,
Fault Type . )
' ' Iee , Vee Iee Vee
. P,U |11.0 0,038 11.6 0.04
- phase : ‘ - - ' , -
Ry, kv | 1660 14.5 1760 | 15.4
A ‘ : -
Ba,xv [1340 11,7 1430 [ 12.5
| P.Y |10.0 0,035 | 9.35 0,033
Ry, kv [ 1520 13.3 1420 12.4
P! |10,0 . 0,035 | 11,0 0,038
e L oG ' '
Raxv |1520 13.3 1670 | 14.6

It -



s

SC. -
¢ Y3 L
S : IK
—2>- - HE - F—
F
| . S¢ ¢y
Fault Type : 7 -
- Iee Vee Ire Ve
o PU | 9.5 0,033 | 14.0 0,05
3 - phase ; —
| Rp, kv 1440 12.6 2130 | 18.6
. S P | 7.4 0,026 | 13.0 0.046
Sela@ = =
A,KV| 1120 9.8 1980 | 17.3
PV 12,0 0,042 | 8.1 0.028
L.5L _ ~ — —
Ra,kv| 1824 | 16,0 | 1230 | 10.7
P.U | 8.7 0,03 13.4 | 0,047
L o L « G - - . -
< Ry, xv] 1320 11.6 2040 | 17.8

clt



SC] | > L2 :
, IG' ' 1 IK
] —- — ~
< F
0 !
Fault Type e -

' : Ifc - Vee Iee Vee
S : Pl | 8.8 0,031 8.8 0,031 .
Three - phase

. Ry gv| 1330 11.6 1330 . ‘11.6'
~ P.U 7.7 0.027 ToT 0,027
SeL .G — — —
Rpkv| 12170 | 10,2 | 1170 |10.2
L.5L — '
, Ry xv| 1250 10,0 1150 | 10.0
, P.U 8.7 0.03 8.7 | 0.03
- Ry, gv| 1320 11.6_' 1?20 116

CHTT



SC

]G / o .:'IK
— HH - e
F
| sc sc,
Fault Type . - T
» ‘Ifc vfc Ifc_ vfc
- ~ |PwU | 1046 0,037 | 10.6 0,037
Three - phase — . : : ' -
[Reag 2030 ] wer a0 el
y PV |8.2. - [ o0,029 | 8.2 |0.029
| 1Ry gy | 1250 10.9 25 9
P.U | 10.2 0,032 10,2 0.032
L.L = — — '
A,KV | 1550 12,2 1550 | 12,2
P [+9.7 0.034 9.7 0,034
L ) L ..G‘ B - . s
- | Ba,xv | 12480 13.9 © | 1480 139

<

1T



s

G L
SC,
: 56y s,
Fault Type . ‘ : _ L
: ' : _Ifc Ve Ifc» ‘ ‘vfc_
| P.U 5,0 0.07° 5,0 0.07
Three - Phase ‘ — :
 Ra,xv | 760 26.7 760 26,7
S.eL.G _ _ e o
- {fa,xv | 590 20.65 | 590 - | 20.65
HER'EE 0.06 | 4.3 0.06
L.L | : S _
' Rakv | 655 22.9 655 22.9
§ P.U | 4.75 | 0.0665 | 4.75 0.665.
| " AKV | 725 © 25,35 725 25435

61T




b —i Iy
o
SC2 .
: Scl - sC,,
Fault Type :
. Irc Vee Ire Vee
o PU | -1.2 0.017 | 14.2 0.20
‘Three -~ Phase R T -
AKV| -:80 | -6.4 2160 7545
: PU | 0.1 - 0,0007 | 8.8 | 0s122
S.L .G :
' Ry xv| 15.2 0.26 1330 46.5
P | 0.15 0.001 | 11.0 0.155 .
Bpxv | 22.8 0.4 1680 58.8
" PU | 0.2 0.0015 | 11.6 0,162
. . : : . i
L.L.G = '

911



- : ﬂ
b . I
— e}
s -F '
.
,, SCl 802
Fault Type — -
| ' Ii’c vfc Ifc ‘ VV:E‘c
T | PU | 1.6 0.022- | 9.7 0.135
Three - Phase s - ‘
S "a,kv | 243 8.5 - | 1470 51,5
120" | o.2 10,0007 | 6.8 0,095
AKV | 15.2 0.26 1030 36405
L.%L ’ :
Ro,xv | 22.8 0.4 | 1260 44,1
1.1.¢ P.V“_ 0.2 © _9.0015 9.6 0.;34-
SR Ry, kv | 30.4 0,53 | 1460 [ 511

41T




I . i L
Gy Ko
| 5C2 - F.
| 5Cy - | SC,
Fault Type. T , ; A .
| Ire Vee Ire Vee
o e |4 0.061 | 44 0.061 .
" Three - Phase ‘ , — -
| Ry, xv | 660 23.25 660 23.25
SR P.U | 3.85 0.,0535 | 3.85 | 0.0535
S. L ,.’ G : " ~ P
Ra,kv | 590 20.45 | 590 20,45
| .U | 3.8 0,053 3.8 | 0.053
Lol —t —
Ry, xv| 580 20.125 | 580 20,125
| 2.0 | 4,35 1006 4.35 | 0.06
. | Rpev|660 | 23.1 | 660 - | 231

|TIT



) SC, 'SC
I | L | IR 4 I .
. K { .. ‘ Ié
F SC3 S 4
o ! SCy 5, SCy
‘Fault Type - i : _ - .
, Iee vfc If,c vfc » Ifc vfc Iee Vee
P.U | 5.0, 10.035 | 5.0 0.,035. | 5.0 0.035 | 5.0 0.035 -
Three - Phase : , ,
Rp,KV| 760 1 13.3 760 - 13,3 760 113.3 760 13.3
P.U | 3.9 10,027 3.9 10,027 | 3.9 10,027 | 3.9 0,027
S «.L .G
Fa,rv| 590 10,3 590 10.3 1590 10,3 590 10,3
' P | 4.3 0,03 | 4.3 0.03 4.3 0.03 443 10.03
L.L | ' ; -
Ra,xv| 650 11.4 650 11,4 | 650 11.4 650 11.4
- P.U | 4,75 [ 0.035 475 | 0.035 | 4.75 0.035 | 475  [0.035
L.L.6 _ ' v
1 Ra,xv] 725 12,7 725 12,7 |'7125 | 12.7.- | 725 12.7

61T



1 iz i'r2
I | _ (1
‘ I I
F o
_ SCy SC,
o 561 sC, sc sc
Fault Type — , : 4 —
' I:fc L Vs Ige Ve Ite Vee 'Ifc Ve
C | Py | 0.4 - |0,003 | 0.4 0.003 | 10.0 0.07 - | 10.0 0.07
Three - Phase — - -
| | R, xv] 59.75 1.05 59475 1,05 1520 26.6 | 1520 - 26.6
S - P.U | 0.1 0.0007 0.1 0.0007 | 7.8 0.054 7.8 " 0.054
| Ry, xvl 15.2 0426 15.2 0,26 1180 .20.6 | 1180 20.6 .
P.U | 0.15 0.001 0.15 - | 0.001 8.6 0,06 8.6 10,06
L.5L , , —
Ry kv 22.8 40 22.8 .40 1310 22.9 1310 22,9
| Py fo.2  |o.0015 | 0.2 | 0.0015 | 9.5 0,07 |95 | o0.07_
L.L.G — _ . E : .
- Rpsv| 30.4 .53 30,4 | .53 1450 25.4 1450 25,4

oet



o -~ SC
I i I} I
Co 14 I i
T L
SC SC,
3 %
, 5C, sC 8¢, sC
Fault Type . S . . » T
' : -Ii‘c Vfc _Ifc Vfc ;fc . vfc Ifc vfc
| o PU | 0.4 10,003 0.4 0.003 | 9.64 0,068 | 10.21 0,071
Three ~ Phase . , ' - _ : : — -
Rp kv | 59.75 1,05 '59.75 | 1.05 [ 1470 25,7 1551 27.1
. P.U | 0.1 1 0.0007 | 0.1 0,0007 | 7.1 0.05 6.6. 0.046
S.L.G . : - ‘
| Ri,xv| 15.2 0.26 15.2 0.26 1080 1849 1000 - 17.5
P,U | 0.15 0.001 - | 0.15 0,001 | 8.2 0.058 | 8.8 0,061
L.L , —— e —— , ~—
A Ba,Rv| 2208 0.4 22.8 | 0.4 | 1250 | 21.8 1330 | 23.3 -
Py | 0.2 - ]o.0025 | 0.2 - | 0,0015 | 9.2 0.064 | .8.7 10,06
'),-LoLaG ' ' - T e—— - c ——
Raxv| 3004 | .53 30,4 | 0.53 | 1400 24,5 | 1320 23,1

I2T



o

D L F
o+ ~F
S¢ -5,
3 TC,
| | 5% SC 5C, sC
Fault Type ' ;
| Ire Vte Ite Ve e Vee Iee Vre
- - Pt |0,4 0.003 0.4 0,003 | 8.27 0,06 12,35 0.09
Three - Phase : = , -
faer ) 597 | 205 | 59.75 | 1,05 1260 | 22,0 |1s80 33.0
| P.U | 0.1 .0.0007 | 0.1 | 0,0007 5.4 26.4 9.6 0.07 -
: Pa,xv | 15.2 | 0.26 15.2 | 0.26 823 14.4 | 1460 25.5
P | 0415 0.001 | 0.15 | 0.001 7.1 0,05 |.20.5 0.07
B fakv | 22.8 0.40 © | 22.8 400 1090 19.1 1600 28.0
| P | G.2 10,0015 | 0.2 10,0015 | 11,2 0.08 | 7.4 0.05
L.L.G —— , — : ~ _ : \
| i [a,xv | 30,4 | 0.53 30.4. | 532 1700 29,8 | 1120 '19.6 |

22T



SCy

5Cy C o
jL
- 1 | P L,
.CZ\- . IG F _L_
= —it |
ch. ,SCZ
A 1 SC, 5C4 sc,
Fault Type - - : -
o , vac» ‘ vfc 'Ii‘c , vf,c Ifc Vfc Ifc 'Vfc
P.U | 0.4 0.003 0.4 0,003 8.9 0.06 8.9 0.06
- Three - Phase Y ' /
AKV | 59,7 1,05 5947 1,05 1360 23.8 , 1360 23.8
\ P.U [ 0.1 10,0007 - | 0.1 0.,0007 | 5.8 - 0.04 5.8 0,04
| Ry kv | 15.2 0.26 15.2 0426 880 15.4 880 15.4
L. L PU | 0.15 0,001 0,15 0,001 7.56 0.05 7.56 0,05
Ra kv 22.8 0,40 22.8 0,40 1150 20,1 1150 20,1
R . PoU 0.02 000015 - 002 000015 707 0005 707 0005
L e L o G - - — T o= .
Rp,xv] 30,4 |0.53 30.4 0.53 11170 20,5 1170 20.5" -

o7



SC1 | SC2 B
. IG : : N o » IK :
[ e
SCy G, F
- 50, S0, s¢, s,
Fault Type , , .
: Iee Vee : _:ch ' ‘Vfc. Ite Ve I_fc Vee
PU | 4.4 0.03 4ot 0.03 4.4 0.03 4.4 0.03-
3 - Phase _ T . ;
LT Ry, xv| 660 11,65 | 660 11.65 | 660 11.65 | 660 11.65
| » PU | 3.85 0.025 | 3.85 0,025 | 3.85 0.025 | 3.85 0,025
S.L.6G , _ — . ) v
o Ry xv| 590 11043 590 10.3 590 10,3 590 10,3
| 1e.u | 3.8 0.025 | 3.8 0.025 | 3.8 0.025 | 3.8 0.025
L. L ‘ _ — } — -
Ry, xv| s80 10.05 580 10,05 580 10,05 580 : 10,05
S | s, ' . 4. 0.0 .35 .03
1.1.6 o pEU 435 0,03 435 0,03 | 4.35 03 | 4.3 0.03
N | Ry, xv| ‘660 11.55 | 660 | 11.55 | 660 11,55 | 660 11,55

HoT
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