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(iii)

S YNOPS TS

This work consists essentially of two partse. In
the first part the general principle of analysis of all
types of internal faults in a synchronous generator is
discussed. Although a salient pole synchronous genera-
tor is considered, it has been ind%gated how the eguations
should be modified when considering a cylindrical rotor
synchronous generator. The analyses have been done

using the symmetrical componentse.

The second part consists of a mathematical analysis
of a short=circuit between one parallel path of phase A
and another parallel path of phase B of a 141 MVA, 120MW,
0.85 pf turbo=generator having two parallel paths per
phases The object of the analysis is to predict the
fault currents flowing in the wvarious parts of the

armature windings.

A detail analysis of an interﬁal line-to-ground
fault has been performed by V.As Kinitsty in 1965 and
the method of analysing a line-to-line fault has been
suggesteds In the case when the numbers of turns between.
the fault points and the neutral in the two faulted
branches are not the same the suggested method becomes
very cumbersome, and the épplication of Maxwells' Loop

Bguations have been found to be simpler.
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(iv)

NOMENCLATURE

Coefficients of the mutual inductances
between the 'f' and 'p' windings.

Cocfficients of the mutual inductanccs
between the 'f' winding and phasec C or B.
Number of parallel paths per phasc.
Substansient generated voltages in the
£1,'r! and 'p' windings, rcspectively.
Subtransient gencratcd voltage of system,

Third harmonic induced voltage in 'f!
winding.

Subtransient generated voltage per phase.
Total fault currcent in 'f' winding.

Amplitudes of the currents of the fun~
damental and third harmonice.

Armaturc currents in the Dircet and
guadraturc axes, respectively.

Positive-sequence currents in the 4,B
and C phases, respectively.

Current in the 'p!' winding.

Positive, negative and zero sequence
currents in the centire armature winding,

Negative—sequence current of fundamental
frequency in the 'f' winding.

Field currcent

Line currcnt

Linc current prior to fault.
imaginary opcrator.

Effcective turns ratio between the 'f!
winding and the entirc phase.
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Effcetive turns ratio between the 'p!
winding and thce entire phase.

Winding factors for the fundamental and
third harmonic components,respectively.

Winding factors of the 'r','f' and 'p'
windings, rcspectively.

Positive, necgative and zcro scquence
self-inductances,respectively,of the
'£! winding.

Positive, negative and zero scquence
self~inductances, respectivelysof the
'y!' winding.

Positive, negative and zero sequence
gelf=inductances ,respectively,of the
'p' windinge.

‘Subtransicnt 1nducténces of the 'f!

winding in the direct and quadrature
axes, respeetivelye.

Subtransient inductance per phasec.

Subtransient inductances per phasc in
the direct and quadraturc axes,
respgctively.

Zero~scquence inductance of the entire
phas Cs

Inductance of field winding.

Inductances of direct axis damper winding
and quadrature axis damper w1nd1ng,
respectively.

Amplitude of the variable part of the
mutual inductance betwcen the 'f'
winding and the remaining part of the.
phase to which the 'f' winding belongs.

Main inductances of the 'f' and 'r!
windings respectively.
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(vi)

Amplitude of thc variable part of
mutual inductance between the entire
phases.

Numbecr of phascs.

Mutual- inductances between the 'f!
and 'r' windings, in the dircct and
gquadrature axes,rcspectively.

Pogitive,negative and zero sequence mutual
inductances, rcspectively, between the 'p!
and 'f' windinss.

Positive, negative and zero scequence
mutual inductances, rcspectively, between
the 'p' and 'r' windings.

Pogitive, negative and zero sequence
mutual inductances, rcspectively,bctween
the 'f' and 'r' windings.

Mutual inductances between the 'f!
winding and the 'p'! winding, and phasc
B and C, rcspectively.

Zero—sequence mutual inductances between
the 'f' winding and the 'p' winding
and phase B and C, respcctivcly.

Mutual inductances between the single
phasc armaturc winding and the rotor

winding in the direct and quadrature

aXes,respectivelye.

Mutual-inductances between the }p' and
the 'f' windings in the direct and
guadraturc axes, rcspectively.

Mutual inductance between 'f' and 'r!
windings congidered in isolation.

Mutual inductance between the ‘f' and the
'p' windings considered in isolation.

Mutual inductances between the 'f!
winding and phasc B and C, respectively.
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(vii)

Constant part of the mutual inductancc
between the 'f' winding and the
remaining part of the phasc to which
the 'f' winding belongs.

Constant part of the mutual inductance
between the cntire phases.

Numbew of turns of the 'f','r! and 'p!
windings, rcspcctively.

Rated power.

Positive, negative and zero sequence
rcesistances, rcspecetively, of the 'f!
windinge.

Positive, negative and zero scquence
resistances, rcspecctively, of +the

'r' winding.

Pogitive, negative and zero scquence--
resistances, respectively, of the 'p!
winding.

Resistance of the damper windings in the
guadraturc and direct axes,rcspectively.

Resistance of the ficld winding.
Fault impedance.
Load impedancec.

Resistance of armature winding per
Phasce

Positive, ncgative and zero scgquence
impcdances of the parallel system.

Base capacity and basec voltage,
respcctively.

Phagsc terminal and Line voltagces,
respectively.

Recactances of the 'f','r' and 'p'
windings srespectively.
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(viii)

Reactance per phase in the direet and
quadraturc axes, respectively.

Lingular frequency.

Rotor displaccment angle corresponding
to the 'f' and 'r' windings,rcspcctively,
when these windings arc considercd as
polyphasc ones.

Phasc angle of the subtransient impe-
dancc difference between the direcet and
guadraturce axcs of the 'f' winding.

Anglc between the axis of the magnetic
systems of thc rotor and stator.

Power factor.

Phase anglce of fundamental and third
harmonic currcnts,respectively, in
respcect to the chosen reference.

Phasc angle of the negative-sequence
current in the 'f' winding.

Angle between the 'f' and 'r' windingse.

Shift angle between the 'f£! winding and
Phasc L.

Positive, negative and zero sequence
flux linkages,rcspectively, in the
separatcd branch.

Mutual-flux Linkages between the 'f!
and 'r!' windings.
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CHAPTER-T

INTRODUCTION AND REVIEW OF THE EXISTING LITERATURE

1.1 INTRODUCTION:

Although much work has been done on fault currents
caleulations due to faults occuring external to the
machine, very little has been done on faulté occuring‘
internal to the machine. This could be due to, intér—‘
aiia, three reasons. Firstly, the probability of occu~
rence of an internal fault is much less than that of
an external fault. 3Secondly, the analyses are very
involved due to mutual inductances between all windings,
including damper and field windings. Thirdly,external
faults stress the machine more sevérely than internal

faultse.

It is; however, important to be familiar with
the method of calculation of fault currents due to the
occurence of an internal fault. This will give an ingi~-
ght in the magnitude of fault currents flowing in the
various parts of the armature windings. With this know-
ledge a suitable scheme of protection against internal
faults can be designed. This analysis also shows that
when a synchronous generator connccted to another system
develops an internal fault, current will flow into the
generator. So the protection scheme should be devised to

prevent this as well.,



Two types of internal favlts, namely, the line-
to-ground and the furn~to—fturn which can occur more often
than other types of faults, can be simply analyscd by
the use of symmetricai components; The mathematical
analysis of fault currents, in a machine, having several
parallel paths per phase, and which has developed an
internal fault in one or more of the parallel paths, is

very involved.

A 141 MVA, 120 MVA, 0.85 pf, turbo-generator
having two parallel paths per phase has developed an
uncormmon type of fault, that of a short circult between
one parallel path of one phase and another parallel
path of another phasece No previous work has been done
on such type of faulte. So the management of BHEL, Ranipur,
has approached the Electrical Engincering Department,
University of Roorkee, Roorkee to carry out a mathematical
analysls of this fault in order to predict the fault

currents flowing in the various circuits.

1.2 REVIEW OF EXTSTING LITERLTURE:

As it has been mentioned earlicr there is extre-

mely little work done on internal fault current calculations.

In 1941 R.A, Galbraith presented a method for
the calculation of fault currents in one or a geries

of short circuited turns. The fault currents calculated



by Galbraith refer to the dirxect and quadrature axes
of the faulty machine. Further, the parallel operation
of the faulty machine with an active nctwork has not

been taken into aecount.

The main work has been done by V.he Kinitsky in
1965{j} . He ghowed that a synchronous machine with an
internal fault in its armature winding can be represented
by an equivalent circuit in each sequence nctwork. The
interconnection of the sequence nctwork is dictated by
the type of fault. The fault ourrent in ecach winding
of the faulty machine can be calculated from the obtained
interconnécted network in accordance with the method of
symmetrical components.' However detailed analysis was

done for only a line=to-ground fault.

In 1968 V.A, Kinitsky |2] developed a computer

programme for the calculation of internal fault currents
in synchronous machines operated individually or conn-
ected to’alsystem. The applicd method boiled down to

a gtraight-forward solution of a network with seQeral
loops and sources. Deviationslbetween calculated and
nmeasured currents were found and were attributed to the
parametcrs used :ather than to the method itself. Here

also, only a line-to-ground fault was considered.



In 1960 V,A, Kinltsky | Bib.5 | devised a certain
relay scheme which could proteet generators against all
internal faults. In 1964 he presented avvery useful
paper on the calculation of mutual inductances between

a part of armature windings and all the other windings.

The last work mentioned salthough not dealing
directly with internal fault calculation, is instrumental

in the calculation of internal fault currents.

1+3 FORMALTION OF DISSERTALTION WORK:

In the preparation of the work the arrangement

given below has been followed.

In the first chapter a brief introduction is
given about the dissertation work. & review of existing
literaturce has been done. The literature reviewed deals
mainly with the work of V.A., Kinitsky. It seems that
he is the only one who has done most work on internal

fault ealculations.

In the second chapter it has been shown that a
synchronoug machine, which hasg developed an internal
fault can be represented by an equivalent circuit in
each sequence network, Cases for a generator on no-load,
load and operating in parallel with another system have
been discusseds The calculations of third harmonic

fault currents also have been discussed.



In the third chapter the fault currents in various
parts of the armature winding of a turbo-generator are
calculated;: Since the short c¢ircuit is between one
parallel path of one phase and another parallel path of
another phase and the number of turns involved between
fault points and neutral are not the same in the two
faulted branches, the Maxwell}s Loops Equations were

prefered and henee used.

In the final chapter, the calculated values of
fault currents are summerised and commented on and

suggestion is given for further investigation.



CHAPTER « 2

FQUIVALENT CIRCUIT OF L SYNCHRONOUS MACHINE DUE
TO_AN INTERNAL FAULT LAND CALCULATION OF FAULT
CURRENTS

2.1 INTRODUCTION

It is shown that a synchronous generator with any
numbex of parallel paths per phase can be represented, for
the sake of analysis, by only two parallel paths per phasces
L synchronous machine with an internal fault can be repro-
sented by an equivalent egircuit in cach sequence network.
The networks are conneeted according to the type of fault
and the sequence currents calculated by Kirchhoffs'! Lawse.
In case the synchronous generator is operated in parallel
with another system, the latter is represented by its
sequénce network and its line and neutral terminals are
connected to the corresponding sequence networks of the
faulted generatore The three sequence currents are calcula~
ted by Kirchhoff's laws and the fault currents in egch
branch is given by the sum of the fhrec s¢.quence currents
flowing through it. In case of a salient pole generator
the third harmonic fault cufrent is not negligible and
should be calculated and included in the total fault

current.



2¢2 SYNCHRONOUS MaCHINE OPERATING SINGLY AND ON NO LOLD

As a general case, let us assume that cach phase of
the gencrator has"a‘ parallel paths and that a fault has
occured within one of them, The faulted branch is separated
from the rest of the windings. The (a-1) unfaulted paths are
represented by an equivalent circuit dcnoted by 'p'.Supnose
the fault oceurs somewhere within the faulted branch, say
at point }c’, dividing it into two parts: one adjacent’ to
the neutral and referred to as the '£' winding and the second
adjaecent to the machine terminal and referred to as the ?r'
winding. The number of turns of the 'f! winding is Nf and
consequently the number of turns of the 'r' winding is Nr

and thet of the 'p' winding N, (Fig. 2.1).

4t the breakdown of the minor insulation in the.sepa-
rated path, a turn=to~turn fault occurs which can also be
represented by two parts of the separated branch, the first
adjacent to the neutral having say one turn and the second
~1) +uyms where'N !

P S
is the number of turns per parallel path. Conscquently ,

part adjacent to the terminal having (N

the equivalent circuits of the synechronous machine éuring a
single phase~-to-ground fault and a turn=to-tum fault shall

be similar.

The two parts of thc dcfecetive branch, the 'T' ond
the 'r' windings and thc equivalent parallel branch form a

L L



o

= r
pPe Ny Tupns
& e
= = N larns L
N

I'iz.241 Representation of parts of armature windings
due to a fanlt in one parallel pathe.



delta. The mutual induetances Dbetween the adjacent windings
are connceted at the corners of the delta, The inductance

of individual windings will be its original value minus the
mutunl induetance associated with it (Fig. 2.2). The three:
end points P,N and F of the equivalent circuit in ecach se-
guence represent the terminal df the machine, the neutral and
the fault point, respeetively. If therc is a fault impedance
(Rp + J X3) then thc latter should be introduced into the
fault path of cadh sequence nctwork. The sequence ncetworks
should be conneeted in accorgance with the type of fault as
in the casc of an cxtcrnal fault. In the case of a line-to-
ground or a tum—to=turn fault the threc seguencc networks
should bc comnected in serics, thus the point F1 is connccted
to NZ’ F2 is commected to No and 7TFo is commected to N1 as
shown by the dashed lines (Fig. 2.2). In the case of a linc-
to=line fault involving equal numbers of turms from the
neutral in both faulted phases, the positive and negative
scquencce nctworks aré connected in parallgl ay shown by the
dotted lines. (Fig, 2.2), The electromotive forces of funda-
mental frcguency béhind the corrcesponding substransient
impedances at the instant of fault are inscerted in each

active branch of thc positive secquence network.

23 CALCULATION OF FAULT CURRENTS
Considering a line=to=ground fault; the total

current flowing in the circuit can be simply obtained by
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replacing the positive scquenee network by its Thevenin
equivalent, the negativc and zero seguence nctwoxks hy
their cquivalent impedances and then applying Kirchhoffhs!
Taws, The current flowing in the wvarious branches are then
obtaincd by +the current division principlce The fault
current in any branch will be equal to the sum of the

positive, negative and zcro scquence components of currents.

2.4 SYNCHRONOUS MACHINE ON T.OAD

Suppose now that a 3~phase load of (Ry + J XL) por
phasc is connceted to the synchronous gencrator. The load
must be connected betwecen the terminal and necutral point of
cach scquence notwork and for a line—-to-ground fault the
sequence networks are connected in series as shown in Fig.2.3
by the dashed lines. For a line-to-line-to-ground fault,
with the numbers of turns between fault points and the
neutral in cach faulted phase being equal, the cguivalent

circuit will be as shown by the dotted linces in Fize 2.3.

245 CaLCULATION OF FAULT CUERENTS

First of all the negative and zero scquence networks
are rcplaced by their equivalent impedance. The application
of Maxwells' loop Hyuations then, gives the positive-

sequcnce currcnts in the 'Ft o tpt ang 'p' windings ond the

positive =~ scquence fault current. The negative-seguence
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currents are obtained by replaeing the positive—scquenco
network by its Thevenin cquivalent, the zcecro-scguénce nect-
work By its equivalent impedance and then applying MaxWells;
loop Equations., The zero-scquenece currents arc found in

the mame way. The total fault current will be'givon by the

sum of the three scguence components of currents.

p2+3W(Lp2-Mpf2'Mpr2);

) respectively.

84155580 R -t»jW(Lp"-nMpr"-Mpr" }s R

R+ 3W(L
a(p

PO o’Mifo"Mpro

2.6 SYNCHRONOUS MACHINE OPTELTING IN PARALLEL

HITH ANOTHER SYSTEM

The system is represcented by its sequence metworks.

The line and neutral terminals are.connected to thce faulted
generator networksin cach sequence. The resulting sdquence
networks should thenlbe connected according to the type

of fault, For a line-to-ground fault the sequcnec networks
are connected in scries as shown by the dashed lines in

Fige 2.4+ For a line-to-line fault, provided the same number
of turns between fault points and neutral arc involved in
both phases, the scquence ndtworks arc connected in parallcl

as shown by the dotted lines in fig. 2.4

The fault currents in the various branches and in
the short eircuit loop arc calculated in cxactly the same

way as in the case of a loaded machinc. In casc of a linc-
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to~line fault involving uncqual numbers of turns in the two
phases we  shall have two networks with thw same confif
guration as in Fig. 2.4 connccted in parallel, The corres—
ponding inductances and mutual inductances will have
differoni valucs, depending upon the location of +the fault.
In such a case the applieation of scequcence components ig

more euribcraone than the applieation of circuit theorcmse.

2.7 HARMONICS IN TAULT CURRENTS:

When a synchronous machine operates under fault con~
dition (unbalanec), third-harmonic voltages are induced in
the various branches duc to thc flow of negative-sequence
currents in the corresponding branches., The third-harmonic
voltage (E3f)induced in the 'f' winding can be detcrmined
from (2.1)[1].

: . Ny
"o 11" " " {

b= 31 wia'- M )—(D, " L b
Bp = % TeoW #{lpq = Mprg Merg ™ (Pea = Mpga = Merd ),
With 2 phasc shift (8;.) given by (2.1)
= . X ]
bre = 5 ¥ Bep * OF | (2.2)
where If2 is the negative—-sequence current of fundamental

freguency in the 'f' windings; W is the angular fregquencys
Lfd" and qu" arc the subtransient inductances of the 'f!

winding in the direct and quadrature axcs, respectivelys
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t1t te " : . ,-"-t
Mpfd fnd M@fq are the mutual inductances between the 'p
and 'f' windings in the direct and quadraturec axes,

a 1 ~ . 1t tt -~ s
respectively; Mfrd and Mfrq arc thc mutual inductancces
between the 'f! and 'r' windings in the direct and quadrature,
axes, respectively; ﬁf2 is thc phase angle of the ncgative-
segquence current in the }f‘ windings 6%' is the phasec angle
of subtransicnt impedancc differcnce between the direct

and quadraturc axes of the [F3 windinge

The third-harmonic voltages can be detcrmined by
(2.1) and (2.2) with the corresponding valucs for cach
branch of the faulted machinc and for any machine in the
network, The equivalent network for the third harnonie is
similar to that of thc fundamental freguency, but with
inductive reactances thrce times greater than the corrés—
ponding reactances of the fundemental frequency. The
third-harmonic voltages are insecrted into the third-harmonic
positive-~sequence network and the third-harmonic currcnts

can be determined,

The third-harmonic currcnts of negative scequence
in cach branch of unsymmetrical synchronous machines
induce fifth~harmonic voltages in the corresponding bran-
ches , which can be calculated from cquations similar to
(241) and (2.2). The fifth-harmonic currents can be

dctermined by inserting the induced fifth-harmonic voltages
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into the fifth~harmonie network, Usuvally the fifth-
harmonic currents are relatively small and can be neglected
in the internal fault calculation., Thus, the total a.c.

component of fault current in the 'ff winding is

if = Ifl sin(W”c + ﬂgfl)"' If3 Sin(w't + )6f3) (2'3)

Yhere T and If3 are the amplitudes of the current of the

fl
fundamental and third harmonic, rcspectively, dfl and ﬁfB
arc the phase angles of thce fundamental and third harmonic
eurrents, respeetively, in respeet to the chosen refcrences
The d,c. component is equal to the a.c. component at the

switching time t = O,

We can also conelude from (2.1) that in cylindrical-
rotor machines, third and higher harmonicecurrents are

extercmely small as L. t' M . " and M ' are almost
fq

rfq
equal to Lfd", Mpfd" and Mfrd"’ respectivelya

frg

2.8 DETERMINATION OF INDUCTLNCESS

To calculate initial values of fault currents, the
subtransient valucs of inductances should be used in the
sequence-networks equivalent circuits. The subtransicnt
inductance (L'') per phasc of a polyphase armaturc winding
is given by

L'+ Lt Ldt}_L '
Tt = e 4 5= cos 2 6 [Biv.2] (244)
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where Ld}' and Lq}} are the subtransiegt self-inductances
Per phase in thevdirect and quadraturc axes, respectively.'
For the positive~sequence © is equal to the rotor displacc—
ment angle &, for the negative and zero sequence, however,

© varies from O to 2n. TFor a cylindrical rotor machine

the variable part of the inductance given by (2.4) is

equal to zero.

The inductance of one parallel branch, in a system
of ?5; parallel branches, is:*a' times greater than that
of the entire phase. Therefore the subtransient inductance
(Lp'}) of the 'b‘ winding in the positive sequence is given
by

a L'+ L' L.''- T

Lp” = —y ( d 4 & d 9 cos 26)

in the negative seguence (Lpz) ig given by
"
Ld||+ Lq
(S rla

=)
Lp2 = a1

and in the zcro sequence (Lpo) is given by

L = E‘fi( L) (2.5)

Where Lo is the zero-sequence inductance of the whole

phase .

The inductances of the *f' and 'r' windings are

proportional to the sgquare of 'Nf' and ‘Nr', respectively.
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Thus the inductance of the ]f' winding in the threc

sequences ean be written as shown belows

T vt T, ot

. N o
TP TN N N - M AU
N Tt o4 T
by = o (g)? (et
N |
Loy =a ( —&)° (x,) (2.6)

Where 8f is the rotor displaccment angle corrcecsponding
to the 'f£'!' winding when this winding is regarded as a

polyphase onee.

The inductance of the '=x! winding can be calculated
using (2.6) but inserting the corresponding number of

turns and rotor displacemcent anglce

2.9 DETERMINATION OF MUTUAL INDUCTANCES:

The mutual inductance between the separated branch
and the equivalent parallel branch in the positive sequence
can be found from the total flux linkages in the
separated branch caused by a positive-scgquence current
(Il) flowing in the entire armature winding,except in the
separated branch with thc rotor windings short~circuitede.
With phase A as a refcrence, the positive~seguence currents

arc
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Ta =11

” I

Ly =(-5-7 Ié") Iy
I, =(-=3+381

Ll

Where Ial' Ibl and Icl are the positive-seguence currents
tn the AB and C phases, respectively. Considering that
the separated branch belongs to phase A, the positive-

Saguence eurrent (I__-) flowing in the 'p? winding is given

apl
by

- a=l oy g

apl a 1 (2.8)

I

The total flux linkages ( vapl) in the separated branch

caused by the positive-~seguence qurrents arc given by

O — v

\ e 1t
Uapl Map,z Iapl M I,y + M o Io1
| - a=1 1 L ; 1;‘_11_ ne L IZ

[N

(2.9)

The expression in the square brakets of (2,9) is
the positive sequence mutual inductance between the

scparatcd branch and the cquivalent parallel branch.



The positivewscquence mutual inductance between the 'f!

and ';p7 windings can be found from (2.9) by considering

——

1 VR Mt ; :
Map s Mab and Mac as nutual inductances between the

'f* winding and the 'p' winding and phases B and C,
respectively. These mutual inductance are [4].

1

[OS gy te

‘ 1
tt \ s 1t
ap = Aa + B cos 20— j(Ca +Da cosS 2 9)

(‘»-o

=

- e . - - ‘ o
ty — ] e 11 1
ap' | =y e By cos (26-120)«+ thb +D cos(26—120)§

-

L %

|

=
{

= At Bb'¥ cos(20+120)+ 3

ae ey Db'; cos(26+120)§

(2..10)
where, the coefficients of the mutual inductance between

the 'f! and 'p‘ windings arc [4].

. 2 : .
A' =M .+ k.k ‘ C, X -DR )= TF W Lp |
a st t ‘ Z(sz+ D%2) f e fe e Q.
: WM 2 -
B =T .+k.k ad (C,X -D.R )+F W L. |
a T Tmt Tty 2 2y fTe e e a |
2(C.%+ D) |
£ £ [
W M 2 -
C ' = k. k i ad (CR +D.X)+F R. |
a t l 5 5 e f Te e "Q
Poo(cS + D.F) |
{ f il j
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resistance andthe self-inductance, respcctively, of the
damper winding in thce dircet axis, and Maq is the mutual
inductance between the single-phasc armaturc winding and

the rotor winding in the quadraturc axis.

The cocfficients of the mutual inductances between

the '£! winding and phase B or C arc:

oy WMad? ' B
11t — -— - -
Ay = k, M, o+ > > (CeX DfRe)
| 4(C” + D)
WMadZ . -
tt - s - : .
B, =k, rﬁm + T (cfXe I&Re)+POWLQ‘
| 2(0f +Dp ) |
. - WM L2 ' T R
K ad —e. 9
Gy, = kt > > (che + Dy xe) + 5
4(Ce+ D7 ) :
} W Mad2 y
Tt — - : —
D, = ky . (CfRC+Der) + FCRQ
2(0f +Df ) !

- J

“here'MS is the constant part of the mutual inductance
between the entire phases and Lm is the amplitude of the
variable part of mutual inductance between the entire

phasesQ

(2.13)
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DY =k k . W M’lg. ( ) | ' ( )
a t T = C.R _+D_X - Ry = 2+11

Where MSJC is the comnstant part of the mutual inductance
between the 'Y winding and the remaining part of the phase

to which the Tf? winding belongss L is the amplitude of

me
the variable part of the mutual inductance bhetween the }f}
winding and thce remaining part of the phase to which the

'f!' belongss Mad is the mutual inductence between the single
phase armature winding and the rotor winding in the direct
axiss LQ and RQ are the self-inductance and the resistance
of the damper winding in the quadrature axis, respectively;
kt i1s the effective turns ratio between the "fwt winding

and the entire phase; and kr is the effective turns ratio

between the !'p! branch and the entire phase; The other

factors in (2.11) ares

2 | 2
- W (Lf Ly - M, )

Ce = R, Ry
Dy = W (Lf Ry + LD Rf)
X, = W (LD + Lf - 2Mad)
WM .2
» _ ag (2.12)
e

2(Rg? + W 1% )
Where, Rf and Lf arc the resistance and self-inductance,

respectively, of the field winding, Ry and LD are the
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Inserting (2.10) in (2.9) the positive-sequence mutual
inductance between the et and the 'p} windings becomes, by
considering that the rotor angle © is equal to the rotor
displacement angle 6f.

el ol
L .a a _J

e [(hoy

Py
T
|_J

=

+
no-
s

cos 26f+

(2.14)

The total flux linkage‘( $ ) in the separated branch

ape
caused by the negative-scquence current (12)_can be deter—

mined as in the case of the positive-~scquence current.

)

dJa.p2 B [( QE;Q 1\Tajp'"*Mab“("' % +3J ¥Z)+ Ma MCE _j;I%m) T

—

-

e 2 2

(2.15)

The rotor angle © changes periodically from O to 2% in the
negative sequence. Therefore by inserting (2.10)in (2.15),
the average value of the negative-sequence mutual inductance
(prz) between the 'f'! and -'1:3-f windings should be considcred

and this becomes
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a—l el s -1 )|
ﬁfpz = ).La. - hb''= j ; ( 9"5— ) Ca"i-cb"j )

Any zcro=sequence current Io’ will produce a third-—

(2.16)

harmonic field in the air gap. Consequently, in order to
obtain the corresponding mutual inductances in the zero

scquence, the mutual inductances glven by (2.10) should be

multiplicd by the factor ( ) ( ,)2, where m is the
numbecr of phases and klanq k3 are the winding factors for
the fundamental and third-=harmonic components, rcspectively
[Biv.3]. Similarly the total flux linkages ( ¥ ) in the
scparated branch caused by the zero-scquence current become

jckm e E e T I (2. 17)

ﬁapo apo abo aco | "o

The zero-sequence mutual inductance (ﬁﬁfo) between the 'f'
and the 'p' windings is obtained by inserting (2.10)

into (2.17) with the proper multiplication factor and
considering the rotor angle © to change periodically from
0 to 2m,

Moo ‘3% ( ki ) L( . 1)A P24 1] i (= 1)C =20 'ﬂ

}

! }

(2.18)

The mutual inductances botwéon the ‘r} and 'p-l windings

- .‘ " o . e
Mpr ’ MﬁrZ and Mpr

and (2.18) by inserting the corresponding valucs.

o can be determined from (2.14),(2.16)

/125 95—

ENTRAL LIBRARY UNIVERSITY OF ROORKF®
ROORKEBE
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The negative-sequence mutual inductance (ﬁ% ) between the

T2
'f! and 'r' windings can be determined from (2.20) by

considering © to vary poriodically fxom O to 2. Thus,

™ = Lot o spatt
Mfr2 = (éa jCatt) (2.22)
The zero-sequenec mutual induetance (ﬁfro) between

the '£! and 'r' windings can also be determined from (2.20)
by considering the third-harmonic flux in thc air gap and

the periodical change in the rotor angle. Thus,

Efro = “%_EET—_< "gz—)z (AaFi il Ca',) (2.23)
1
The imaginary part in the expressions for mutual-
inductances is caused by.the rcsistance of the rotor
winding. |

2.10 MUTUAL INDUCTANCE BETWEEN PORTIONS OF THE ARMATUERE
TINDINGS CONSIDERED 1N 1SOLATION:

In (2.11) and (2.13) the mutual inductance between
the ;f‘ winding and the romaining part of the phase to
which the 'f' winding belongs and the mutual inductance
between the phases respectively, are reguired. The main
inductanee of thec ‘f} winding is proportional to the squarc
of its number of turns. The mutual inductances betwcen the
'f' and all other windings arc proportional to the product
of the effective numbers of turns of both corrcsponding

windings. It has been shown [4] that the mutual inductance
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The positive-scquence mutual inductance between the
'£' and }r‘ windings can be determined from the magnetic
linkages of the }f‘ winding caused by the positive~sequence
current —% flowing in the tpt winding or vice versa. The
magnetic coupling between the }f' winding of phasc 4 and
phases B and C has been considered in the mutual inductances
between this winding and the ;p' winding. Consequently;
the mutual flux linkages (vgﬁf) between the 'f! and 'z

windings becomes.

1, W | (2.19)

o=

qJfr = 1 "ap

From (2.19) and (2.10)

Mfr" = é ALY + Ba}; cos 26 - j(Ca"+Da'} cos 29)_ (2.20)

T

i

t

H

!
-

The rotor angle ©, in this case, is cgmal to the displace—
ment aﬂgle 8 minus one half thc angle Yer betweeﬁ the

'f] and }r' windings. Thus, the positive-sequence mutual
inductance between the 's! and ff' windings becomes.

ﬁ%rfr - % Aa|:+ Ba'}cos 2( 5 - 1£§.)~ 3 ! Ca..+Da,,
L

y
¥ P
cos 2( & - 452“) }i (2.,21)
o 3
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The negative-scquence mutual inductance (EfrZ) between the
'£! and 'v' windings can be detormined from (2.20) by
considering © to vary periodically fxom 0 to 2n, Thus,

i ;l.-_, N B e

Merp = 3 (by jcat') (2.22)

——

The zero-scquencc mutual induetance (Mfro

the '£! and 'z windings can also be determined from (2.20)

) between

by considering the third-harmonic flux in the air gap and

the periodical change in the rotor angle. Thus,

== 2 k 2 (a1 .
Mero = S 207 (1t =3 6,1 (2.25)
1

The imaginary part in the exprcessions for mutual-
inductances is caused by the rcsistance of the rotor

winding.

2.10 MUTUAL INDUCTANCE BETWEEN PORTIONS OF THE ARMATURE
TINDLNGS CONSIDERLED IN ISOLLTION: .

In (2.11) and (2.13) the mutual inductance between
the.;f‘ winding and the rcemaining part of the phase to
which the 'f!' winding bcelongs and the mutual inductance
between the phaées respectively, are required. The main
inductanece of the if‘ winding is proportional to the squarc
of its number of turns. The mutual induwetances betwecen the
'f' and all other windings arc proportional to the product
of the effective numbers of turns of both corresponding

windings. It has been shown [4] that the mutual inductance
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ﬁafr between the 'f' and the 'r! windings is given by
| Nk
Moepn = ~ﬁ§E§§— L.r (2.24)

wWhexrc kpr and kpf

windings, recspcctivelys me is the main inductance of the

arc the winding factors of the 'r' and 'f!

'f' winding. The mutual inductance (ﬁapf) between the 'f!

and each parallcl path of the same phase is given by
Nk

Mapf = —Tr{%""___ Lor (2.25)

fpf '

Where kpd is the winding factor of the whole armature
winding for the¢ main wavc. The mutual inductancc between
the '£!' and the two other phascs B and C considering a shift

in space to be + 120°, are

| Hic .
M = —-RQ——~ L cos {(120-a,) (2.26)
bf _kapf mf il
7 _ de : A v
of 5 @& L ¢ cOS (240—qf) (2.27)
N .k
£Xpr

Where @, is the shift angle boetween the 'f' winding and
phasc As Thus fhe matual inductance hetween two phases
is always negative as a result of the displacement of the
phasc windings by 120 electrical degrees in spacc from

cach othere.

The mutual inductancc between the 'r' winding and
all other windings arc obtained by substituting the corrcs—

ponding values in (2.24) to (2.27).
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CHIPTER-ITIT

CALCULATION OF FAULT CURRENTS IN /. TURBO~GENERATOR
WHICH HLS DEVELOPED A LINE-TO-~LINE FAULT

3.1 INTRODUCTION:

A 141 MV, 120 MW, 13.8 KV turbogoncrator having
two parallel paths per phasc has decveloped a short—circuit
between one parallcl path of phase i and anothcer of phasc
Be. A4Lg the numbers of turns between thé fault points and
the neutral of the machine in the faulted pPhascs are not
equal, the application of symmetrical components for the
calculation of fault currents would be very cumbersone.
This type of problem can, however, be solved morc elegantly
by circu;t theory method such as the Maxwﬁlls}' Toop

Tquations.

3.2 TAULT CONDITION AND MACHINE DLTA:

The turbogenerator,141 MVA,13.8 KV, 0.85 pf, 50Hz,
2 poles, 2 parallel paths pcr phase, has developed a short
circuit between 21.66 pcrcent turns of_one parallel path
of phasc A and 72.04 percent turns of another parallel path
of phase B, as shown in Fig.J.1. The gencrator is connccted
to an infinitc bus through a star-star, grounded neutral
transformer. The latter has a reactance of 0.15 pPeu. and

negligible resistance.
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Pransicnt armature reactancce in the D-axis
Subtransient armature rcactance in the D-axis
Subtrensient resistance at 20 °C in the D-axis
Number of Stator slots

Number of turns per parallel path

Coil pitch

Mutual induetance between single phase
~armaturc winding and rotor winding in the
D=axis

Mutual induetance between single phase
armature winding and rotor winding in
the Q-axis.

Self=-inductance of the damper winding
in the D-axis

Main reactance in the D-axis

Leakage rcactance

There is no damper winding in the Q-axis,

31

= 0,265 P.u.

= 0.206 pJu.

= 0.001664 oh:a.
=72

=12 |

=1 to 31

= ‘0265 Pele

=1 0222 pcul

0.0766 peue.
= 1.4—80 p.U..

]

0.154 p.u.

further, the

" resistance of the damper winding in the D-axis is unknown

and has been assumed to be negligibly small. The per—

unit system is used throughout and the capacity (141 MVA)

and the terminal voltage (13.8 KV) has been taken as one

P.u. cach. In the absencce of a damper winding in the Q-

axis, terms containing Ly and Ry in (2411) and (2.13)

will become zZero.
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3.3 DETEIMINATION OF STLF-INDUCTANCES:

The subtransient inductance pcr phase is 0.206 p.u.
hence the subtransicnt inductance per parallel path is
0.412 pPeue The inductances of the 'f' and 'xr' windings axrc

proportional to the squarc of Nf and Nr’ respectively.

Considering Phagce=~i
21.66

Nf = =300 — X 12 : = 26 turns

Nr = 12-2.6 = 9.4 turns
NS 2

X, = ( 22-)%xo0.12 = 0.019 p.u.

XI‘ = ( “'%‘é—i—-)z X 0.4.12 = 00253 Pele

Considering Phasc-B

N, o= 280 w2 = 8.65 turns.
Nr = 12-8,65 , = 3,35 turns
Xf - ( j—%—gi— )2 x 0.412 = 00214 Pele
XI‘ = ( 2%25—)2 X 0.4-12 = 00032 Psle

3.4 DETEEMINATION OF ROTOR DISPLACEMENT ANGLE WHEN DELIVERING
RATED LOAD: -

The per-unit subtransient resistance of the ar-

Sb
X Letual

(V)

resistance (3.1)

maturc winding (ra) is given by rg Peus =
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x, poue = —41— x 0,001664 = .0012
(13.8) -
Hence T is negligiblce in comparison to the per unit
reactancce.
2
Prow 3 = (;712222? (3.2)
. zbase = Q_B_,_S_f_ = 1.351 ohmg

141 -

1351 x 1.48 = 2 ohmg

Prom P = {3 Iy Vy cos § (3.3)

Aetual impedance

Where P = Power, Iy and Vq are line current and Linc

voltage, respectively, and 4 is the phase angle.

'z = Tphase '{31i013.8x.85 = 20T
Vonase™ i&;Qm = 7.968 kV
Iy X4 = 5,907 sin § x 2 = 6.224 KV
I, Xq = 5.907 cos $ x 2 =10.048 kV
ten & -~ TlgtEisy = 0.707

Where, 8 is the rotor displacement anglc.

& = 35.27°

Determination of rotor displaccement angle (bf) when the 'f!

s —

winding is considecrcd as a polyphase onc .

Consider Phesomd.

21.66

Terminal voltage =



21466

Phase current %75 X 5.907

il
L]

1 'Y 279 ].(.['x.

Phase impedance x ( 2 )2

i

|

Power faector 0.85

I, %, = Iy, cos # Zph = 1,279 x 0485 x 0,094 = 0,102 kV

on Sin 8 Zn = 14279 x 0,527 x 0.094 = 0.063 kV

~1 ,102 ¢

Id Xd w I

Determination of yotor displacement angle (Gr) when the 'ri

-— 2 a

Winding is considered as aApolyphase'one:

Terminal voltage = 1§%%%~ X 7.968 = 6.242 kV
Phase current - 23 5,907 = 4.628 kA
Phase impedanec = ( ~%§i~ Yex 2 = 1.227 ohms
Iq Xq = 44628 x 0.85 x 1.227 = 4.827 kV
I, X, = 4,628 X0.527 % 1.227 = 2,993 kV
6, = tan” L 3.695 = 27.6°

Considexr Phase-B:

The rotor displacement angle when the 'f' and 'x!
windings were considered as forming the polyphase machines, resp—
cetively, wor . determined in a similar method and were

found to be
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0
Gf 25

o
ﬁr = 5.3

3.5 DIETERMINLTION OF MUTU/LL-INDUCTANCES:

Subgtituting the values of the constants of the

machine in (2.41) and (2.13) we have

A;" = Mo+ kK (;1.171)
B '' = kg kg {—1.171)

c'' = kg k. (0.060)

D'' = k. k. (0.060)

't = -kt (=1.249)

By'" k, (-1.171)

i

Gt o= kg (0,030)

D't = L (~0.060)

Consider Phase-A

Determination of mutual inductance between 'f' and |

trnt windi
p' windings (Mpf)

Main inductance per parallcl path = (1.48 = 0,154)2
= 20652 pouo
2.6 \2

From (2.25)

12
MS't = "_2-:%" X 00124- = 00572 pouo



36

= 26
12
Kp = Tog =05 o
[La" = 00509, Ba" = "'00063’ Ca“ = 0.003’ Da" = 00003
A.b" = 04135, Bb" = ~0.126, Cb' ' = 0,003, Db" = ~0,006

From (2,14) be = 04025 + j 0.012 p.u.

Determination of Mutual~inductance between the 'r‘ and ‘'p!

whmn@s(%mﬁ

90‘4 2
L. = ( —?5——% X 24652 = 1627 Dol
M 12 L 1627 076
st = -W X 1 = 2, 7‘ Pele
ky, =-gt =039,k = X -o.5
Agl! = 1,847, B! = - 0.230, Cy'" =0.012, D' = 0.012
A 'Y = 0490, B '' = ~0.460, C,'' = 0.012, D '' =0.024

Substituting in (2.14) we have

”’Mp—r = Oc207 + j¢538pou.

Determination of mutual inductance betwecen the 'r'! and 'f!
windings (Mfr)‘

]

! = 220 - 2 - =30°
k= —E52— 20,108, k, = 23— =0.392, Y;,=30
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Aa!' = 0.399, B_'! = ~0.099, Ca" = 0,003, Da" = 0,003,

Substituting in (2,20) we have

P/Ifr = 0018:[ "":] 00003 P.U..

)

Consider Phase~B:

Determination of mutual inductance between the 'f!

and 'p'! windings.

me = ( —-8_7.’_2_5-—'” )2 2.652 ,= 1.378 Pelle
M. = 1.378 £2 = 1,912
st T °° .64 - bt
8465  _ - A2
Ila“ = 1'701’ Ba" = "'00211’ Ca" b 00011, Da" = 0.011
Ayt = 04450, Byt = -0.422, C ' = 0.011, D' =0.022

Substituting in (2.14) we have

M

pf = 00172 + jo4—57 pouo

Determination of mutual inductance between the 'r!

Tt i
and 'p' windings (Mpr)'

Le = ( 222 )%x20652 - 0.207 p.u.
- 2 -
My = 0.207 x 3.35 = 0.742 p.u,
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ky, =242~ =0.140, k = o= = 0.5

t T2 = 57
A.a'l = 0;660, Ba” o - 0.082, Can =_0.004_’ De” = 0,004
L' = 0,175, By'' = =0.164, C ' = 0.004, D '' =0.008

Substituting in (2.14) we havec.

= ° .OQ o e
Mpr 0.032 + ) 033 p u‘

Determination of mtual induectance betwcen the *f' and 'r!

windingse
Ba65 ' _ 335 _
k, = 3 = 0.360, k, =222 = 0.140
— 2822 _
M, = 1.378 x—2°22 = 0.535 p.u.
Aal.l= 0.475, Bati = -0,059, Ca!t = 0,003, :Da” = 0,003

Substituting in (2.20) we have

Mfr = 00215 had j 00003 P.u:m

Consider phase -~ C

Determination of mutual inductance between the two parallcl

paths.

Ky =35 = 0u5p kyw0,55 M, = 20652 x 45~ = 2.652 p.u.
by'' = 24359, B'' = 0,293, G_'' = 0,015, D_'' = 0.015
h'' = 0.624, B_'' = =0.586, C_'' = 0.015, D" — =0.0%0

Substituting in (2.44) we have
Mutual inductance between 2 parallel paths = 0,367 + J 0.797.
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346 DETETRMINATION OF SUBTRANSIENT GENERATED VOLTAGE:

The subtransient generated voltage (E'') is given
Y _ 3 1

by B'T = Vy 4 3 Iy Xyt (3.4)
Where Vt is the terminal voltage and I1 is the current

flowing beforc occurrence of fault.,

B = ;(V,c + Iy Xd")2 +(Iqu")2
N

= 00707 p.u.
Hence voltage gencratced in 'f} winding of Phase A

21.66

= 5555 x 0.707 = 0.153../0 p.u.

Voltage generatedninif} winding of phasc B

804 5 0,707 £ 120 = 0.509 [120° = =0,255-30.441 p.u.

37 DETERMINATION OF FAULT CURRENTS

The equivalent circuit of the fauwlted machine and

the system 1s as shown in Fip. 3.2 where,

F)= 0+019-0,181+j+,003-0.,025-30.012 = -0.187-~j0,009

Ey= 04253-0.207-j0.538-0.181+30.003 = =04135=30.535
P;= 0,412-0.207-30.538=0.025~30.012 = 0.180~30.550
Fp= 0.214-0.172-3j0.457-0.215+3j0.003 = ~0.173-30.454
Rpg= 0.032-0.032-30.033-0.215+30.003 = =0.215=30.030

PB= O-Ar12"'00032"j00033"'00172"‘5]00457 ‘ = 00208"‘30.4—90
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Lpplying Maxwells' Loop Bquations
0 = =1I,(-0.142-31.094)+ I,(0.187-30.009)+I,(0.180-30.550)
+ 15(0.180-30.550)+16(0.180—30.550)

408+30,4414)= 11(0.187+jo.009)+12(0.233)+I3(0.173+jO.454)
+1,(0.197+j0.469)+I(0.@25+30.012) + |
I,(0.025+j0.012).

0 - 12(0.173+j0.454) - 13(0.180+j0.974b 4

14(0.208—30.490).

0 = 1,(0.180-30,550) + 12(0.197+j0.469)+I3(0.208-j0.490)

+ 14(1.124)+I5(0.562) + I.(0.562)

0 = 1,(0.180-30.550)+ I,(0.025+j0.012) + 14(0.562)
+ I (1.124) + \T,(0.562)

0 = 1,(0.180-30.550)+ I,(0,025+30.012)+ 14(0.562)

+ 15(0.562) + 16(0.562) (3.4)

Solving (3.4) simultaneously we have

0 0 o
0.83 [ =96.1 , I, = 3.93/-173.9, Iz = 3.45 [22.3

-
i

il

| Y
3,66 [14.4° , 15 =0, I, =4.31 L 13

3.8  CALCULLTED VALUES OF TALULT CURRENTS

Considering phasec~i

Fault current in 'f'winding=I,-I, = 4.19 [17.40p.u.
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. ' 0
Fault current in '®!' winding = I1 0.83% /~96.1 p.u.

1

0
FPault current in 'p' winding =I1+I4+IS+I6 0,95 £ =53.9 4

Considering rhasc-B

it

0
1.14 /51 p.u.

o]
3.45 [22.3 p.u.
9.54 / -48%p.u.

Fault current in }f’winding = 12-13

il

Fault current in 'r! winding= I3

Il

Fault current in 'p! winding=13+IA

i

The fault current calculations have, also, been
performed for a Line—to—line—to—earthAfault. The fault
condition is the same as for the line-to~line case and no
earth impedance have been considered; Iflaasstwells.i Loop Equations

have been applied and the following results have been obtained.

Congidering Phage=A:

Fault current in the 'f! winding = 4411 164.60 Dells
Fault current in the 'r' winding = 0.88 /=49.9° p.u.
Fault current in the 'pi winding = 1415 4140 Polle

Considering Phagc—B:

Fault current in the }fi winding 0474 [270 Palle
0.20 /5.7° p.u.

Fault current in the 'p' winding = 0.07 /74.1° p.u.

1

it

Fault current in the 'r' winding

Fault current to carth 343 [55.50 Dol
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CHLPTER~IV

SUMMARY AND CONCLUSIONS

4.1 DISCUSSION:

It has been shown that a synchronous machine with
an intcecrnal fault can bc represented by its sequence
networks. The sequence networks should be connected
according to the type of fault and the fault currents cal-
culated in accordance with the method of symmectrical
components. In the case of a line-to-line fault where
the numbers of turns between fault point and neutral are
not the same the method of symmetrical componeﬁts becomes

more ewiborsone than that of circuit thcecorxry methodse.

The calculated valucs of fault currents in the
various parts of the armaturc windings should be compared
t0 0.5 peuaeas this is the normal ‘rated current per
parallcl path. The values of fault currents calculated
seem t0 be reasonable. HAs expected the heaviest fault
currents have been shown to flow in the 'f' winding of
phagse A and 'r' winding of phasec B, which are cight and
seven times the normal currents, respedtivelys. There is
also a net flow of currcnt and hence power into the

faulted generator from the system.
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4.2 LIMITATIONS:

Errors in the calculatced values of fault currents
arc duc to the usc of simplified equations for the
calculation of machine mutual inductances. The fact that
saturation and non-linearity of the stator and rotor
materials have not been considercd, all calculated values
of mutual inductances, which have been done by conventional
methods, aré lg;igbihan actual values. This results in the
calculated values of fault currents being lower than
the actual ones. In fact it has been shown in a previous
work [1] that for a line-to-ground fault,all calculatcd
values of fault currents arce lecss than the measurcd ones,
when the mutual inductances arc calculated using (2.10),
However, it.is felt that-the obtained accuracy is suffi-
cient for the corrcet choice of the machine protection

against internal fault.

4.3 SCOPE FOR FURTHER WORK:

The method of fault currents calculations is all
right but calculated valucs of fault currcnts are less
than the actual ones duc to the use of simplificd equations
for the calculation of mutwal inductances. Hence better
methods should be deviged for more accurate calculations

of their valucs.
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When magnctie non-linearity of the stator and rotoxr
matcrials arc considered the machine reactances become
dependént on thec saturation conditions in the machine,
which are a function of the operating conditions. Hence,
the values of reactances used in the fault current cal-
eulations should have been those obtained under operating

conditionses

It has been shown recently [i] that the reactances
and the load mgle under saturated conditions are actually
lecss than those obtained from their classical unsaturated
values. Hence in futurc work the wvalues of reactances and
load angle under saturated conditions should be used. This
would most probably reduce the margin of differcnce between

the caleulatcecd and mceasured valucg of fault currents.
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