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3 Y N OPS I S 

This work consists essentially of two parts. 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 indicated how the equations 

should be modified when considering a cylindrical rotor 

synchronous generator. The analyses have been done 

using the symmetrical components. 

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 

phase. The object of the analysis is to predict the 

fault currents flowing in the various parts of the 

armature windings. 

A detail analysis of an internal line-to-ground 

fault has been performed by V.A. Kinitsty in 1965 and 

the method of analysing a line-oto-line fault has been 

suggested. 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 application of Maxwells' Loop 

Equations have been found to be simpler• 

«««» >>> 



(iv) 

NOMENCLATURE 

r, 

Aa 
If  Ii  II 

,B 	,C, Da a : 	Coefficients of the nutual inductances 
between the 'f' and 'p' windings. 

It 
"b 

tl 	It 	II 

,Bb 	'0b 	,Db : 	Coefficients of the mutual inductances 
between the 'f ` winding and phase C or B. 

a. 11 , 	~, : 	Number of parallel paths per phase. 
Ef 'Er 'E :  Substan~ient generated voltages in the 

p 'f',1r1 	and 'p' windings, respectively. 

Es 	 : Subtransient generated voltage of system. 

E~ f 	 : Third harmonic induced voltage in 'f' 
winding. 

Ef~ 	 Subtransient generated voltage per phase. 
i f 	 : Total fault current in 'f'  winding. 

I fl, 1f 3 	: Amplitudes of the currents of the fun- 
damental and third harmonic. 

Id ,Iq 	 : Armature currents in the Direct and 
quadrature axes, respectively. 

Ial'Ibl'Icl 	: Positive-sequence currents in the A,B 
and C phases, respectively. 

Iapl 	Current in the 'p' winding. 

II2,Io 	: Positive, negative and zero sequence 
currents in the entire armature winding. 

If2 	. Negative-sequence current of fundamental 
frequency in the 'f' winding. 

If 	 : Field current 
IZ 	: Lzne current 

Il 	: Line current prior to fault. 

j 	 imaginary operator. 
k 	 : Effective turns ratio between the 'f' 

winding and the entire phase. 



(v) 

r : Effective turns ratio between the ' p' 
winding and the entire phase. 

kl,k3  ; Winding factors for the fundamental and 
third harmonic compon-ents,respectively. 

kpr,kp f,kpd  : Winding factors of the 'r' ,'f' 	and 'p'  
winding s, respectively. 

It 

hf 'hf2'Zfo 
Positive, negative and zero sequence 
self-inductances,respectively,of the 
'f' 	winding.. 

hr '1r2'1ro = Positive, negative and zero sequence 
self-inductances, respectivelypof the 
'r' winding. 

I, 

L 	p2,Zpo  .: Positive, negative and zero sequence 
self-inductances ,respectively, of the 'pr winding. 

Lfd  ILf q Subtransient inductances of the 'f' 
winding in the direct and quadrature 
axes, respectively. 

Lit  : Subtransient inductance per phase. 

1d : : Subtransient inductances per phase in 
the direct and quadrature axes, 
respectively. 

Lo 	: Zero-sequence inductance of the entire 
phase. 

Lf 	: Inductance of field winding. 

LD,LQ 	: Inductances of direct axis damper winding 
and quadrature axis damper winding, 
respectively. 

Z 	 : Amplitude of the variable part of the 
mt 	 mutual inductance between the 'f' 

winding and the remaining part of the. 
phase to which the 'f' winding belongs. 

1,L 	: Main inductances of the 'f' and "r' 
windings respectively. 



(vi) 

Ism 	 : Amplitude of the variable part of 
mutual. inductance between the entire 
phases. 

LI 	 t Number of phases. 
M 	M 
frd' frg Mutual-inductances between the 'f' 

and 'r' windings, in the direct and 
quadrature axes, respectively. 

Til 	 M 	,M 
pf 	pf 2 	pf o 

: 	Positivo,negative and zero sequence mutual 
inductances, respectively, between the 'p' 
and If?  windin frs . 

Mpr' Mpr2' Mpro : 	Positive, negative and zero sequence 
mutual inductances, respectively, between 
the 	'pt 	and 'r' 	windings. 

Mfr ,Mfr2'Mfro : 	Positive, negative and zero sequence 
mutual inductances, respectively,between 
the 	'f' 	and 'r' windings. 

Nf 	 ,M ",M " : 	Mutual inductances between the 'f' ap 	ab 	ac 
winding and the 'p' winding, and phase 
B and C, respectively. 

Ma o'Mabo'Maco Zero- sequence mutual inductances between 
p the 'f'  winding and the 'p' winding 

and phase B and C, respectively. 

r°Iad,Maq : 	Mutual inductances between the single 
phase armature winding and the rotor 
winding in the direct and quadrature 
axes, respectively. 

M,Mp f " : 	Mutual- induct an es between the ' p' and 
p  q the 'f' windings in the direct and 

quadrature axes, respectively. 

Mafr : 	Mutual inductance between tf' and 
windings considered in isolation. 

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

r~ f ,Me f : 	Mutual inductances between the 'f' 
winding and phase B and C, respectively. 



M : Constant part of the mutual inductance 
between the 'f' winding and the 
remaining part of the phase to which 
the 'f' winding belongs. 

Ms  : Constant part of the mutual inductance 
between the entire phases. 

Nf ,Nr,Np  : Numbers of turns of the 	If' ,'r' 	and 'p' 
windings, respectively. 

P : Rated power. 

Rf1,Rf2,Rfo : Positive, negative and zero sequence- 
resistances, respectively, of the ' f' 
winding. 

Rrl'B2'Rro : Positive, negative and zero sequence 
resistances, respectively, of the 
'r' winding. 

Rpl'Rp2'Rpo  : Positive, negative ,and zero sequence-T  
resistances, respectively, of the 	p 
winding. 

RD,RQ  : Resistance of the damper windings in the 
quadrature and direct axes,respectively. 

Rf  : Resistance of the field winding. 

RF  + JX : Fault impedance. 

RL  + jXL  : Load impedance. 

,ra  : Resistance of armature winding per 
phase. 

Rs+jXs",Rs2+.jXs2  : Positive, negative and zero sequence 
impedances of the parallel system. 

Rso jXso 
Sb ,Vb 	: Base capacity and base voltage, 

respectively. 

Vt ,VL 	: Phase terminal and Line voltages, 
respectively. 

Xf ,Xr,Xp 	: Reactances of the 'f' ,'r' and 'p' 
windings ,respectively. 



Xd'Xq 

VT 

f 

6f''r 

e 

4 
4f1'~f3 

~f 2 

fr 
of 

Vapl' Vap2 
Vapo 

fr 

rf 

Reactance per phase in the direct and 
quadrature axes, respectively. 

Angular frequency. 

Rotor displacement angle corresponding 
to the If' and t r' windings ,respectively, 
When these windings are considered as 
polyphase ones. 

Phase angle of the subtransiont impo-
dance difference between the direct and 
quadrature axes of the 'fr winding. 

Angle between the axis of the magnetic 
systems of the rotor and stator. 

: Power factor. 

Phase angle of fundamental and third 
harmonic currents,respectively, in 
respect to the chosen reference. 

Phase angle of th-o negative-sequence 
current in the 'f' winding. 

: Angle between the 'ft and 'r' windings. 

Shift angle between the 'f' winding and 
phase .1.. 

P ositivc, negative and zero sequence 
flux linkages,respectively, in the 
separated branch. 

Mutual-flux Linkages between the 'f' 
and 'r' Windings, 
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CHAPTER-I 

INTRODUCTION AND REVIEW OF THE EXISTING LITERATURE 

1.1 INTRODUCTION: 

Although much work has been done on fault currents 

calculations due to faults occuxing external to the 

machine, very little has been done on faults occuring 

internal to the machine. This could be due to, inter-

alia, three reasons. Firstly, the probability of occu-

rence of an internal fault is much less than that of 

an external fault. Secondly, the analyses are very 

involved due to mutual inductances between all windings, 

including damper and field windings. Thirdly, external 

faults stress the machine more severely than internal 

faults . 

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 insi-

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 connected 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. 
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Two types of internal faults, namely, the line--

to-'ground and the turn--to-turn which can occur more often 

than other types of faults, can be simply analysed by 

the use of symmetrical 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 NVA, 120 MVA, 0.85 pf,  , turbo-generator 

having two parallel paths per phase has developed an 

uncommon type of fault, that of a short circuit between 

one parallel path of one phase and another parallel 

path of another phase. No previous work has been done 

on such type of fault. So the management of BHEL, Ranipur, 

has approached the Electrical Engineering Department, 

University of Roorkee, Roorkee to carry out a mathematical 

analysis of this fault in order to predict the fault 

currents flowing in the various circuits. 

1.2 REVIEW OF EXISTING LITERIiTUPE: 

As it has been mentioned earlier 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 series 

of short circuited turns. The fault currents calculated 
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by Galbraith refer to the direct and quadrature axes 

of the faulty machine. Further, the parallel operation 

of the faulty machine with an active network has not 

been taken into account. 

The main work has been done by V.!.. Kinitsky in 

i9651: . He showed that a synchronous machine with an 

internal fault in its armature winding can be represented 

by an equivalent circuit in each sequence network. The 

interconnection of the sequence network is dictated by 

the type of fault. The fault ourrent in each winding 

of the faulty machine can be calculated from the obtained 

interconnected network in accordance with the method of 

symmetrical components. However detailed analysis was 

done for only a line—to—ground fault. 

In 1968 V.J. Kinitsky 121 developed a computer 

programme for the calculation of internal fault currents 

in synchronous machines operated individually or conn-

ected to'a system. The applied method boiled down to 

a straight-forward solution of a network with several 

loops and sources.. Deviations between calculated and 

measured currents were found and were attributed to the 

parameters used rather than to the method itself. Here 

also, only a line--to--ground fault was considered. 
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In 1960 V.A. Kinitsky I Bib.5 I devised a certain 

relay scheme which could protect generators against all 

internal faults. In 1964 he presented a very useful 

paper on the calculation of mutual inductances between 

a part of armature windings and all the other windings. 

The last work mentioned ,although . not dealing 

directly with internal fault calculation, is instrumental 

in the calculation of internal fault currents, 

1.3 FORMIfTION OF DISSERTI~TION 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 

literature has been done. The literature reviewed deals 

mainly with the work of V..t.. Kinitsky. It seems that 

he is the only one who has done most work on internal 

fault calculations. 

In the second chapter it has been shown that a 

synchronous machine, which has 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 discussed. The calculations of third harmonic 

fault currents also have been discussed. 
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In the third chapter the fault currents in various 

parts of the armature winding of a turbo—generator are 

calculated. Since the short circuit 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 3joops Equations were 

prof ered and hence used. 

In the final chapter, the calculated values of 

fault currents are summerised and commented on and 

suggestion is given for further investigation. 



CHP TER - 2 

EQUIVALENT CIRCUIT OF A SYNCHRONOUS MACHINE DUE 

TO AN INTERNAL FAUTIT AND CALCUL!+TION OF FAULT 

CURRENTS 

2.1 	INTRODUCTION 

It is shown that a synchronous generator with any 

number of parallel paths per phase can be represented, for 

the sake of analysis, by only two parallel paths per phase. 

1 synchronous machine with an internal fault can be repre-

sented by an equivalent circuit in each sequence network. 

The networks are connected according to the type of fault 

and the sequence currents calculated by Kirehhoffst Laws. 

In case the synchronous generator is operated in parallel 

with another system, the latter is represented by its 

sequence network and its line and neutral terminals are 

connected to the corresponding sequence networks of the 

faulted generator. The three sequence currents are calcula-

ted by Kirchhoff's laws and the fault currents in each 

branch is given by the sum of the threesc.quence currents 

flowing through it. In case of a salient pole generator 

the third harmonic fault current is not negligible and 

should be calculated and included in the total fault 

current. 

R 
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2.2 	SYNCHRONOUS MACHINE OPIATING SINGLY AND ON NO LOAD  

As a general case, let us assume that each phase of 

the generator has tat  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 denoted by ' p' .Suppose 

the fault occurs somewhere within the faulted branch, say 

at point t c' , dividing it into two parts: one adjacent' to 

the neutral and referred to as the ' f' winding and the second 

adjacent to the machine terminal and referred to as the tr' 

winding. The number of turns of the 'f winding is Nf  and 

consequently the number of turns of the 'r' winding is ITr  

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

At 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 

_.part adjacent to the terminal having (Np-I) t;!r; s where'Np' 

is the number of turns per parallel path. Consequently , 

the equivalent circuits of the synchronous machine during a 

single phase-to-ground fault and a turn-to-turn fault shall 

be similar. 

The two parts of the defective branch, the ' ' 

the 'r' windings and the equivalent parallel branch form a 



0 

'i .2.1 Representation of parts of armature windin ys 
due to a fault in ono parallel path. 
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delta. The mutual induc4ances between the adjacent windings 

are connected at the corners of the delta, The inductance 

of individual windings will be its original value minus the 

mutual inductance associated with it (Fig. 2.2). The three 

end points P,N and F of the equivalent circuit in each se-

quence represent the terminal of the machine, the neutral end 

the fault point, respectively. If there is a fault impedance 

(RF, + j XF) then the latter should be introduced into the 

fault path of eadh sequence network. The sequence networks 

should be connected in accor'ance with the type of fault as 

in the case of an external fault. In the case of a line-to-

ground or a turn-to-turn fault the three sequence networks 

should be connected in series, thus the point F1  is connected 

to N2, F2  is connected to No and 'Fo is connected to N1  as 

shown by the dashed lines (Fig. 2.2). In the case of a line-

to-line fault involving equal numbers of turns from the 

neutral in both faulted phases, the positive and negative 

sequence networks are connected in parallel an shown by the 

dotted lines. (Fig. 2.2),, The electromotive forces of funda-

mental frequenctr behind the corresponding substransient 

impedances at the instant of fault are inserted in each 

active branch of the positive sequence network. 

2.3 	CALCULATION OF FAULT CUrRENT S 

Considering a line-to-ground fault; the total 

current flowing in the circuit can be simply obtained by 



	

l 	' 

~f 	 Rp,d~CbpMP# !MP,.'' 	P 

0 
Rfi dLf M r „) 	Mr„ 	Rr>-!•dw(L+^ MPt Nlf ~, ) 

i:ii R FS d AGF 

Ft 

Rpz 	 'Lp2_Mp~2-Mpr2) Q Z 	 gz 	p? 

J 111 prz 
C 

R12+SW(2f2-MPf2-Mfr2) 	~~ Mf R22fd`''(Lra-Mpy2-Mfy~ ) 

RF+dXF 

Rfo +da'(LP ° _MPS°-MP).o) 
Aa 

	 £ tIIJ  Po 

d ' Mpr'0 

Rfo f d k'~Lfo-M~fo_M ro  	W 	Rro -~ j -( 4 Ya- grro-M.fy°) 
d M1 t- o 

RF 4d)(p 

-- — -- -- 

 

--  

L-.2~2 Equivalent circuit of a synchronous generator on 
neo—load and with an internal fault. 
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R,L,M 	3w Resistance, self-inductance and mutual- 
inductance, respectively. 

n 
E 	Subtxansient generated voltage 

W 	= angular frequency 

Suffix 

f , r , p 	: f--winding, r--winding, p--winding, 
respectively. 

1,2,0 	Positive, negative and zero sequences, 
respectively. 

F 	- Fault. 
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replacing the positive sequence network by its .l evenin 

equivalent, the negative and zero sequence networks by 

their equivalent impedances and then applying Kirchhoffb' 

Laws, The current flowing in the various branches are then 

obtained by the current division principle. The fault 

current in any branch will be equal to the sum of the 

positive, negative and zero sequence components of currents. 

	

2.4 	SYNCHRONOUS MACHINE ON LOAD 

Suppose now that a 3-phc.se load of (RL  + j XI) per 

phase is connected to the synchronous generator. The load 

must be connected between the terminal and neutral point of 

each sequence ,otwork 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 each faulted phase being equal, the equivalent 

circuit will be as shown by the dotted lines in Fi T. 2.3. 

	

2.5 	CALCULATION OF FAULT  CUFREN T S 

First of all the negative and zero sequence networks 

are replaced by their equivalent impedance. The application 

of Maxwells'-  loop uations then, gives the positive- 

sequence currents in the 	?f' trt and 'p' windings and the 

positive - sequence fault current. The negative•-sequence 



W 12(a) 

'f  

fj 

W 

2' 

F2  

Ho I 	 I Go 

To  
0 

ko  

Fo  
Big. 2.3 Equivalent ci: cuif of a synchronou, „ener. ctor  

le al i.L .tea... .;it ;3 an I n-1- c ial fa.i.it ,  
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RL + j XL 

H1 ,H2 ,HO 	-- jWMpf !' , jWMpf2 , jWMpfo ,respectively 

G1 ,G2 ,Go = jV pr , jWMpr2 , jWMprof respectively 

K1 ,K2 ,K0 	- jwmfr" 
jWMfro+ ( *̀SKF ) 

T1 2,T0 	= Rfi+jW(Lf 11 -Mpft~ _Mfr tr~'Rf2+~"'(I'f2-Mpf2 

0Mfr2);Rfo+iW(Lfo-Mpfo-Mfro ) ,respectively. 

U1,U2 ,U0 	_ Rr1 + jW(Lrr' _Mp~,'r _Mfr")'Rr2+~w(Zr2_ 

Mpr2 Mfr2 )' Rro+ j w(Lro-Mpro-Mfro) , 
respectively. 
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currents are obtained by replacing the positive--sequence 
network by its Thevenin equivalent, the zero-sequftee net-
work by its equivalent impedance and then applying Maxwells' 

loop equations. The zero--sequence currents are found in 
the same way. The total fault current will be given by the 
sum of the three sequence components of currents. 

•S.1 ,S2 ~-q0, Rp 1 +3W(Lp,1_Mp fK -Mpr t )' I'̀ p2+jl.V(Zp2-Mpf2-Mpr2 ); 
Rpo + jW(Lpo. pf o.. Mpro ) respectively. 

2.6 	SYNCHRONOUS MLCHINE OPE:I~TING IN PAFALLEL 
TNOTHER SYSTEM 

The system is represented by its sequence rt  works. 
The line and neutral terminals are connected to the faulted 
generator notworksin each sequence. The resulting sdquence 
networks should then be connected according to the type 

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

Fi ,. 2.4. For a line-to-line fault, provided the seine number 
of turns between fault points and neutral are involved in 
both phases, the sequence ndtworks are connected in parallel 
as shown by the dotted lines in fig. 2.4 

The fault currents in the various branches and in 
the short circuit loop are calculated in exactly the same 

way as in the case of a loaded machine. In case of a line-- 
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IJ 

Ff 

Ni 
• ~t 	 fJ ~~ E 

1 

A2 	 S2 	 Bz 	 Pz 

I  R  ' 

`Z 

	

TZ 	 L[ z 
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i I 	Aa o 	Po 

LIJ
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To 	 u o 
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Fo 

Fig.2.4 	aiv~1ent circuit of 'Lt;lted generator operating in 
parc11e1 with another oyoten. 

H1 ,Ii2 ,HO; A ' 2 ,T0' 319J99JQ ,U1 ,TJ

2 

UQ; t~,I ,I:2 ,K0 have the same 
meaning ~.o toe in ri~;.L.3.Y 

	+ axe"), (P),'+ ::02)3(flso+jxeo) 
are the , 	c.n,ient posi-tive,nc ; -̂̀ ive ancI. zero sequence 
impedance: e o_ the system.,respectivoiy. 
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to-'line fault involving unequal number, of turns in the two 

phases we shall have two networks with th r same confi- 

guration as in Fig. 2.4 connected in parallel.. The corres-

ponding inductances and mutual inductances will have 

dif crent values,, depending upon the location of the fault. 

In such a case the application of sequence components is 

more e :b-cvaone than the application of circuit theorems. 

2.7 HAXIONICS IN FIJULT CURRENTS; 

When a synchronous machine operates under fault con-

dition (unbalance), third-harmonic voltages are induced in 

the various branches due to the flow of negative-sequence 

currents in the corresponding branches. The third-harmonic 

voltage (E3f)induced in tho If" winding can be determined 

from (2.1)[1], 

3 i1  it  p 	p 

3f 	2 If2V1 ~ (Zfq 	Mpfq -Mfrq )-(Zfd - Mpfd ~' Mfrd ) r 

With a phase shift (63f ) given by 
	 (2.1) 

&3f _ 2 	 (2.2) 

Where 'f 2  is the negative-sequence current of fundamental 

frequency in the ' f' winding; W is the angular frequency; 

L'' and L, '` are the sub-transient inductances of the 'f' 

winding in the direct and quadrature axes, respectively; 
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Mpfd"and pfq" are the mutual inductances between the 'pt 
and 'ft windings in the direct and quadrature axes, 

respectively; Mfrd ' ' and M frq ' ' arc the mutual inductances 

between the ' f' and 'r' windings in the direct and quadrature, 

axes, respectively; f2 is the phase angle of the negative- 

sequence current in the 'f 	winding; ef' is the phase angle 

of subtransient impedance difference between the direct 

and quadrature axes of the 'fr winding. 

The third-harmonic voltages can be determined by 

(2.1) and (2.2) with the corresponding values for each 

branch of the faulted machine and for any machine in the 

network. The equivalent network for the third harnonic is 

similar to that of the fundamental frequency, but with 

inductive reactances three times greater than the corres-

ponding reactances of the fundamental frequency. The 

third-harmonic voltages are inserted into the third-harmonic 

positive-sequence network and the third-harmonic currents 

can be determined. 

The third-harmonic currents of negative sequence 

in each branch of unsy~mnetrical synchronous machines 

induce fifth-harmonic voltages in the corresponding bran-

ches , which can be calculated from equations similar to 

(2.1) and (2.2) . The fifth-harmonic currents can be 

determined by inserting the induced fifth-harmonic voltages 
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into the Ii h-haronie  network. Usually 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 'f' winding is 

1f = 1f1 sin(ZVTt + 6fl )+ If3 sin(Wt + If 3 ) 	 (2.3) 

Where I and I are the amplitudes of the current of the 

fundamental and third harmonic, respectively, ~f1 and $f 3 

are the phase angles of the fundamental and third harmonic 

currentst respectively, in respect to the chosen reference. 

The d,c, component is equal to the a.c. component at the 

switching time t = 0. 

We can also conclude from (2.1) that in cylindrical-

rotor machines, third and higher harmonic-currents are

•exteremely small as Lfq;' Mpfq " and Mfrq" are almost 

equal to L fd" , Mpfd '' and Mfrdt' , respectively. 

2.8 DETERMINLTION OF INDUCTl1VC_ ES:. 

To calculate initial values of fault currents, the 

subtransient values of inductances should be used in the 

so quenc c-networks equivalent circuit., The subtransiont 

inductance (L'') per phase of a polyphase armature winding 

is given by 
LIT + L '' 	L' t_1 r t L' ^ - - d 2 	a 	+ d 2 -a-,-q--,-- cos 2 8 £B ib . 2] 	(2.4) 



where Id t' and L q '' are the subtransient self-inductances 
per phase in the direct and quadrature axes, respectively. 

For the positive-sequence e is equal to the rotor displace-
merit angle 6, for the negative and zero sequence, however, 

0 varies from 0 to 2n. For 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 at parallel branches, is 'a' times greater than that 
of the entire phase. Therefore the subtransient inductance 
(Lt t) of the 'p' winding in the positive sequence is given 

by 
r, 

a 	Z''+ L'' 	l i t_ Z 
L ' _ ami _ ( d 2 ~ + 	 _ cos 2e) 
p 

in the negative sequence (Zp2) is given by 

a ( d + q L 	T ~~ a 1 	2 

and in the zero sequence (L 0)is given by 

a(2.5) 
Zpo - a-1~ 	Zo ) 

Where Lo is the zero-sequence inductance of the whole 

phase. 

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

proportional to the square of 'Nf and 'Nr', respectively. 



Thus the inductance of the t f' winding in the three 

sequences can be written as shown below: 

Lf ip tea ( Nf )2 ( L
d+Z t, 	+ 	ci 	L t► cos 28f ) 
2 Lf2 =aC 

	1' )2 ( I,
d1 t 2+I1d ~~ 

L fo a a (--N ~2 (Lo ) 	 (2.6) 

Where 6f is the rotor displacement angle corresponding 

to the 'ft winding when this winding is regarded as a 

polyphase one. 

The inductance of the 'r winding can be calculated 

using (2.6) but inserting the corresponding number of 

turns and rotor displacement angle. 

2.9 DETFFMIN.f:TION OF MUTUL INDUCTI.NCES: 

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-sequence current 
(I1) flowing in the entire armature winding,excopt in the 

separated branch with the rotor windings short-circuited. 

With phase A as a reference, the positive-sequence currents 

are 

19 
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Where Ial, 1bl and Icl are the positive-sequence .eurrents 
in the.A,B and C phases, respectively. Considering that 

the separated branch belongs to phase .t, the positive- 
a. quenc o current (Iapi ) flowing in the 'p4 winding is given 

by 

ar .1 1 apl 	~-a ) (2.8) 

The total flux linkages 1Japi) in the separated branch 
caused by the positive-sequence currents are given by 

rapt 	- Map' ! 	Iapl ♦ rlab Zbl 	+ Mact r 	Icl 

as ) N p ' ' + Nab ' ' ( -- 2 -~j -- 2 )+ Mac" (.. 2 +j 

(2.9) 

The expression in the square brakets of (2.9) is 

the positive sequence mutual inductance between the 

separated branch and the equivalent parallel branch. 

20 
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The positive-sequence mutual inductance between the 'f' 

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

Map" Nab' ' 	and M_-" as mutual inductances between the 

If' winding and the 'p' winding and phases B and C, 

respectively. These mutual inductance are 

It 	It 	 1t 
Map ° t 	lea +B a 	20-- j(Ca ' ' ♦Da cos 2 e) 

Mab t 1 = Ab"+ Bb cos (2e-120)x- j 1Cb ' t+7 b cos(20-120) 

M cr r _ 1 t'+ Bb+' cos(20+120)+ j ; Cb' + Db t' cos(20+120) s 
fin. 

(2..10) 

vihere, the coefficients of the mutual inductance between 

the 	'f' and 'p' windings are [4j. 

W Mad2 
Aa r =M st+ ktkr 	C 2 	2 (C f Xe D fe 	e R) - F1~J L~ 

2( f + I)f ) 

II 
V+l Ma2 

B 	Zmt+kt 	
2~C2D2) (C

f Xe -Df Re )+Fe pfdI,~ 
f -C f 

W M 2 Ca'' ^ ktkr 	, --~----t̀ea 	(CfRe + Df Xe ) +F R~ 
2(C + Df 2) 
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0 

resistance anithe self-inductance, respectively, of the 

damper winding in the direct axis, and Maq is the mutual 

inductance between the single-phase armature winding and 

the rotor winding in the quadrature axis. 

The coefficients of the mutual inductances between 

the 'f t winding and phase B or C are: 

r1Mad2 	 F WIL 	W~ 
Ab'' 	_ _ kt 	Ms + 	 (C f X0_B fRe )- C. 	

Q 

f C 2 + D 2 

VJM 2 	 _. 
Bb ' r 	kt 	lm + .,..~.,, ad  	(C fXe -- LfRc )+F 0V'LQ 

2(Cf 2+Df 2 ) 

k 	"Mad 2 	
_.,~.  b kt 

	

	(Cf Re + 	Xe ) + 	2 
4(C f 2+ Df 2 ) 

~ `ti, Mas 2 	 .._, 

b 	t 	 -~° (C f RC +D f Xe ) + F0RQ 
2 2 2(Cf +Df .) 

lhero 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 

phases. 

(2.13) 
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M ~~ r 	2 Da" 	ktkr 	`~ d 	(C f P e+D f Xe ) -F eRq 	(2.11) 
2(Cf +Df ) 

'There Mst is the constant part of the mutual inductance 

between the 'f' winding and the remaining part of the phase 

to which the I f t winding belongs; LMt is the amplitude of 

the variable part of the mutual inductance between the f f s 

winding and the remaining part of the phase to which the 

'f' belongs; Ma is the mutual inductance between the single 

phase armature winding and the rotor winding in the direct 

axis; ZQ and RQ axe the self-inductance and the resistance 

of the damper winding in the quadrature axis, respectively; 

kt is the effective turns ratio between the `ft winding 

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

between the t pt branch and the entire phase. The other 

factors in (2.11) are: 

Cf - Rf RD -- w2 (Lf ISD - M ad2 

Df = 	w (Lf RD + 1D Rf ) 

R = 
Xe 	w W (I,D + l f - 2Mad ) 

W M 2 
(2,12) 

e 2(RQ2 + V~2 ZQ2 

Where, Rf and L f are the resistance and self-inductance, 

respectively, of the field winding. RD and LD are the 
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Inserting (2.10) in (2.9) the positive-sequence mutual 

inductance between the 'f'  and the 'p' windings becomes,  by 
considering that the rotor angle 0 is equal to the rotor 
displacement angle Sf. 

Mfp r r 	- ( aal ) Aa''_lb't + j ( aa )Bay r~, 2 Bbr 	cos 2S f + 

2 I b Sin 2S f- j 	( aal )a' r +0b 	( aal  )Dae 

2 I~' t I cos S f + 2 B'' cin 2S f

j 

(2.14) 

The total flux linkage ( ~Tap2 ) in the separated branch 
caused by the negative-sequence current (I2) can be deter 

mined as in the case of the positive-sequence current. 

( a_l)  
ap2 	a Map '' +Mab '' (-- 	+Mac '' 	I2 

(2.15) 

The rotor angle 0 changes periodically from 0 to 21t in the 

negative sequence. Therefore by inserting (2.10)in (2.15), 

the average value of the negative-sequence mutual inductance 
(Mfp2) between the 'f' and 'p' windings should be considered 
and this becomes 
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~vlf 2 - as )1 	r - alb' e,,, 	~! ( aa~ 	Ca rt Cb r t j 	(2.16) a

Any zero-sequence current Ion will produce a third-

harmonic field in the air gap. Consequently, in order to 

obtain the corresponding mutual inductances in the zero 

sequence, the mutual inductances given by (2.10) should be 
k 

multiplied by the factor (3m ) ( ~~ ~)2 , where in is the 
1 

number of phases and kland k3 are the winding factors for 

the fundamental and third-harmonic components, respectively 

FBib.3J . Similarly the total flux linkages ( Japo ) in the 

separated branch caused by the zero-sequence current become 

( 	)M 	+ 	+ 	I 	 (2.17) apo 	~ 	a 	apo 	abo 	aco a o 

The zero-sequence mutual inductance (Mp fo ) between the 'f t  

and the t p' windings is obtained by inserting (2.10) 

into (2.17) with the proper multiplication factor and 

considering the rotor angle 8 to change periodically from 

0 to 2n. 

( k M 	_ 2 	, C3 )2 ( 	I ()C , r_2Cb ' f pfo 3m kl 	a a 'b 	a a   

(2.18) 

The mutual inductances between the ' r t and t p' windings 

Mprtt, 1 pr2 and Mpro can be determined from (2.14),(2.16) 

and (2.18) by inserting the corresponding values. 

/7Y d qs- 
l"F1ITRAi 1IIRARY UWIVERSITY OF NORM 

R OORKES 
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The negative-sequence mutual inductance (Mfr2) between the 

If' and 'r' windings can be determined from (2.20) by 

considering 0 to vary periodically from 0 to 2n. Thus, 

Mfr2 	a (liar r _ jCa") 	 (2.22) 

The zero-sequence mutual inductance (Mfro)  between 

the 'f' and 'r' windings can also be determined from (2.20) 

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

the periodical change in the rotor angle. Thus, 

fro 
2 

 3 am 	3 ) 2 	 ar - j Call) 	(2.23 ) 
kl  

The imaginary part in the expressions for mutual-

inductances is caused by the resistance of the rotor 

winding. 

2.10 MUTUII  INDUCT1i.NCE  BETVMN PORTIONS OF 
WINDINGS CONSIDEI'MD IN IS0 TION: 

In (2.11) and (2.13) the mutual inductance between 

the 'f' winding and the remaining part of the phase to 

which the `f' winding belongs and the mutual inductance 

between the phases respectively, are required. The main 

inductance of the 'f' winding is proportional to the square 

of its number of turns. The mutual inductances between the 

'f' and all other windings are proportional to the product 

of the affective numbers of turns of both corresponding 

windings. It has been shown [4] that the mutual inductance 
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The positive-sequence mutual inductance between the 

' f' and 'r' windings can be determined from the magnetic 

linkages of the 'f' winding caused by the positive-sequence 
Z 

current 	flowing in the 'r' winding or vice versa. The 

magnetic coupling between the 'f winding of phase 1. and 

phases B and C has been considered in the mutual inductances 

between this winding and the 'p' winding. Consequently, 

the mutual flux linkages (VT lr) between the 'fi and 
windings becomes. 

£r 	a 1 Map r 	 (2.19) 

From (2.19) and (2.10) 

M fry t 	~~a~ t + Baer cos 20 -- j (Ca' ' +Da ' ► cos 20) 	(2.20) 
I 	 ' 

The rotor angle 0, in this case, is equal to the displace-

ment angle b minus one half the angle ^{ fr between the 
If? and 'r' windings. Thus, the positive-sequence mutual 

inductance between the 'f' and 'r' windings becomes. 

M' t = 1 	A "+ B ''cos 2( b -- fr )- j I 0 fr a a a 	 2 	a a 

cos 2( 8 - jr--) 	(2.21) 
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The negative-sequence mutual inductance (Mfr2) between the 

tft  and 'r' windings can be determined from (2.20) by 

considering 0 to vary periodically from 0 to 2n. Thus, 

Mf r2 	
(l;at t _ jCt ) 	 (2.22) 

The zero-sequence mutual inductance (Mfro) between 

the 'f' and 'r' windings can also be determined from (2.20) 

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

the periodical change in the rotor angle. Thus, 

D1fro 	3 am 	( k3 )2  (Aa 	_ 	C'') 	 (2.23) 
kl  

The imaginary part in the expressions for mutual-

inductances is caused by the resistance of the rotor 

winding. 

2.10 MUTUf I INDUCT1.NCE 
	

PORTIONS OF THE 
	

ULE 

In (2.11) and (2.13) the mutual inductance between 

the 'f'  winding and the remaining part of the phase to 

which the 'f' winding belongs and the mutual inductance 

between the phases respectively, are required. The main 

inductance of the 'f' winding is proportional to the square 

of its number of turns. The mutual inductances between 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 



Mafr between the 'f' and the 'r' windings is given by 
N c M of r 	Nxg"Pr ZMf 	 (2.24) 
f pf 

Where kpr and kpf are the winding factors of the 'r' and 'f' 

windings, respectively; Lr~ f is the main inductance of the 

'f' winding. The mutual inductance (Map f ) between the 'f' 

and each parallel path of the same phase is given by 
_ 	Nk 
M Pd ap f 	_ -M. f-- pf----- L f 	 (2.25)    

whore kpd is the winding factor of the whole armature 

winding for the main wave. The mutual inductance between 

the 'f t and the two other phases B and C considering a shift 

in space to be + 1200, are 

Nk 
Nb ±. 	Nfpf 

	

d 	L 	cos (120-af ) 	 (2.26) 
r~  

NkPd of 	= 	LMf cos (240--a~) 	 (2.27) 
Nf kcf 

Where a f is the shift angle between the 'f' winding and 

phase Le Thus the mutual inductance between two phases 

is always negative as a result of the displacement of the 

phase windings by 120 electrical degrees in space from 

each other. 

The mutual inductance between the 'r' winding and 

all other windings are obtained by substituting the corros-

Ponding values in (2.24) to (2.27). 



CH1:P TER-III 

CALCULATION OF FAULT CURRENTS INA TURBO-GENERATOR 

WHICH HAS DEVELOPED A LINE-TO-IaINE FAULT 

3.'t INTRODUCTION; 

11 141 MVH 120 MW, 13.8 1V turbogenerator having 

two parallel paths per phase has developed a short-circuit 

between one parallel path of phase A and another of phase 

B. As the numbex, of turns between the fault points and 

the neutral of the machine in the faulted phases are not 

equal, the application of symmetrical components for the 

calculation of fault currents would be very cunbersone. 

This type of problem can, however, be solved more elegantly 

by circuit theory method such as the Maxv,(jllst ' loop 

3quations. 

3.2 FAULT CONDITION AND MACHINE DATA: 

The turbogenerator,141 MVL, 13.8 kV, 0.85 pf,  , 50Hz, 

2 poles, 2 parallel paths pox' phase, has developed a short 

circuit between 21.66 percent turns of one parallel path 

of phase A and 72.04 percent turns of another parallel path 

of phase B, as shown in Fig.3.1. The generator is connected 

to an infinite bus through a star-star, grounded neutral 

transformer. The latter has a reactance of 0.15 p.u. and 

negligible resistance. 



C7E NE RA TOR 

TRANSFO,c?M ~ 
n 	~1 
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Transient armature reactance in the D-axis 

Subtransient armature reactance in the D-axis 

Subtro.nsicnt resistance at 20 °C in the D-axis 

Number of Stator slots 

Number of turns per parallel path 

Coil pitch 

Mutual inductance between single phase 
armature winding and rotor winding in the 
D-axis 

Mutual inductance 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 7}- exi s 

leakage reactance 

= 0.265 p.u. 

= 0.206 p.u. 

0.001664 oh. 

=72 

=12 . 

=1 to 31 

1.265 p.u. 

=1.222 p.u. 

= 0.0766 p.u. 

= 1.480 p.u. 

= 0.154 p.u. 

There is no damper winding in the Q-axis, 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 kit') has been taken as one 

p.u. each. In the absence of a damper winding in the Q--

axis , terms containing I and FAQ  in (2.11) and (2.13) 

will become zero. 
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3.3 DiTL~..A7IN11TION OF SEI,F-INDUCTANCES: 

The subtransient inductance per phase is 0.206 p.u. 
hence the subtransient inductanc-e per parallel path is 
0.412 p.u. The inductances of the tf' and r rc windings are 

proportional to the square of Nf and Nr, respectively. 

Considering Pho.se-1i 
21 .,66 N1' 	- 	100 -- x 12 	 - 2.6 turns 

Nr - 	12-2.6 = 	9.4 turns 

Xf - 	( 	2,2 - )2 x 0.412 = 	0.019 p.u.. 

x r - 	( 	g- 	--)2 x 0.412 = 	0.253 P.u. 

Considering Phase--B 

N f _ 

	

72,06 	x 12 100 = 	8.65 turns. 

Nr 12-8.65 = 	3.35 turns 

Xf = 	( 	8-- *65_ )2 x 0.412 = 	0.214 p.u. 

x r = 	( 	35 	)2 x 0.412 = 	0.032 p.u. 

3.4 DET MI NAT I ON OF ROTOR DI SP LI C EMENT ANGLE WHEN DELI V: tI NG 
RL.TED LOAD: 

The per-unit subtransient resistance of the ar- 
S 

mature winding (ra ) is given by r p.u. = b 	x Actual (vb )2 

resistance (3.1) 
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x p.u. = 	x 0.001664 	_ .0012 a (13.8)2 

Hence ra is negligible in comparison to the per unit 

reactance. 
2 

From 	Z 	 (k Vbasc~ 
base 	

_ 
 `bo,se 

. ase 	= 	X48 2 	= 1.351 ohms 

(3.2) 

Actual impedance 	= 1.351 x 1.48 = 2 ohm,- 

From P = V3 IL V1 cos 
	

(3.3) 

Where P = Power, IZ and VZ are line current and Line 

volta..go.,respectively, and is the phase angle. 

	

__ 	120  
1I-Tphase 	'13x13.8x.85 

V 	1—Z-g phase= - 	U-3 

I xd 	= 5.907 sin y x 2 

I9 Xq 	=5.907 cos~x2 

Tan 6 = 10 048 
7.96+68.224 

= 5.907 kL. 

= 7.968 kV 

= 6.224 kV 

=10.048 kV 

= 0.707 

Where, 6 is the rotor displacement angle. 

6 = 35.27° 

Determination of rotor displacement angle (of ) when the 'f' 

winding is considered as a polyphase ons . 
Consider Ph^,J L 

Terminal voltage = 21.66 x 7.968 = 1,726 kV 



Phase current 21,66, x 5.907 
190 1.279 kL 
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Phase impedance 	= 2 x (  2.6)2 	0.094 ohm, 

Power factor 	 = 0.85 

'q Xg  I cos $ Zph = 1.279 x 0.85 x 0,094 = 0.102 kV 

I d  xd  " Iph  sin pS 2ph 	1.279 x 0.521 x 0.094 ft 0.063 kV 

of 	tan-1 	0 102 	 = 3.30 
f 	0.0 3 

Determination of rotor displacement angle (or ) when the 'rf 

Wien, is considered as a polyphase ono:. 

Terminal voltage 	-. 78-- 	- x 7.968 	= 6.242 kV 

Phase current 	7 	x 5.907 	Y 4.628 kA 

Phase impedance 	( 9 	)2x 2 	= 1..227 ohms 

Iq  Xq 	4.628 x 0.85 x 1.227 	 = 4.827 kV 

Id  Xd 	pe 4.628 x0.527 x 1.227 	 = 2.993 kV 

6 	tan71 	4.82' 	 = 27.6°  r 	6,242 + 2.993 

Consider Phase-B: 

The rotor displacement angle when the 'f' and 'r" 

windings were considered as forming the polyphase machines, rosp-

ootivcly, Wc:i . determined in a similar method and were 

found to be 



$f _ 	25° 

6r = 	5.3° 

3.5 DDT 	 INl.TION OF MUTUI.L-INDUCTj-JTCES: 

Substituting the values of the constants of the 
machine in (2.11) and (2.13) we have 

a~ Mst. + kt kr 	(-.1 .171 ) 

B im'' kt kr 	(-1.171) 

Ca►' = 	kt kr 	(0.060) 

D 	1t a k t k 	(0.060) r 

_ -kt (-1.249) 

Bb'' _ 	k (-1.171) 

kt (0,030) 

Db'' = k (-0.060) 

Consider Phase-. 
Determination of mutual inductance between ' f and 

'p1 windings (M f ) 

Main inductance per parallel path 	= (1.48 - 0.154)2 

= 2.652 p.u. 

Zmf = ( 12
.6)2 x 2.652 	= 0.124 p.u. 

From (2.25) 

Mt - -2 6 x 0.124 	0.572 p.u. 

35 
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k 	= 2.6  - 0.108 t 	24 

k  	 " 
_12 

	= 0.5 

ha" = 0.509, Bat t - -0.063, Cat ' = 0.003, Da" = 0.003 

0.135, Bb'' _ -0.126, Cb '' = 0.003, D,'' _ -0.006 

From (2.14) Mpf  = 0.025 + j 0.012 p.u. 

Determination of Mutual-inductance between the 'r' and 'p' 
windings (Mpr). 

L = ( 91  42  2.652 rnr 

M s 124  x 1.627 

k 	= 2- 	= 0.392, kr  

= 1.627 p.u. 

= 2.076 p.u. 

12 =0.5 

Aar t S 1.847, Ba''  - - 0.230,Ca' ' = 0.012, Da'' =0.012 
1% ' r 	0.490, BID'' 	...0.460,C b '' = 0.012, Db'' =-0.024 

Substituting in (2.14) we have 

M 	= 0.207 + j.538 p.u. 

Determination of mutual inductance between the 'r' and 'f' 
windings (Mfr). 

M 	= 92'--- x0.124 	0.448 p.u. 

1st 	_ 2.6 =0.108, kr  = 9 	=_0.392, '( fr=300 
 24 24 
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AaI f 	= 0.399 , Ba''  = -0.099, Cat r = 0.003, Da' ' = 0.003. 

Substituting in (2.20) we have 

Mfr 	0.181 -» j 0.003 p.u. 

Consider Phase-B: 

Determination of mutual inductance between the 'f' 
and 'p windings. 

L 	= ( 

 

8.65   --° ) 2 ~ 	2.652 	= 1.378 p.u. 

M  = 1.378 8264 	= 1.912 p.u. 

kt 	s 8.6  
= 0.360v kr = 2~  =0.5 

Asa' r 	1.701, Ba'' = --0.211, C a'' - 0.011 , Da" = 0.011 

t t c 	0.450, Bb'' = -0.1-22, Cb i s = 0.011, Dib r e 	0.022 

Substituting in (2.14) we have 

1pf = 0.172 + j-457 p.u. 

Determination of mutual inductance between the ' r' 
and 'p' windings (M 

r). 

Lr , - { 	.35 )2 x 2.652 	= 0.207 p.u. 

Mst 	~- 0.207 x J2 	0.742  0.742 p. u. 3.35 



kt = 32 -5- = 0: 1401, kx = 22  

= 0,660, Ba'' = -- 0.082, C t? . - .0.004, D.'' = 0.00 a 	 a 	 a 	 ~. 

	

0.475: Bb'' = -.0.16.,    Cb t t 	= .0.004 , Db' ' —0.008 

Substituting in (2.14) we have. 

Mpr 	0.032 + j 0.033 p.u. 

Determination of i'lutual inductance between the 'f' and 'r' 

windings. 

kt = 82 	= 0.3 60, kr 	! 	= 0.140 

Mst = 1.378 x----- 	= 0..535 p.u. 

1a''^ 0,475, Ba" = -0.059, Car' = 0.003, Da'' = 0,003 

Substituting in (2.20) we have 

Mfr = 0.215 - j 0.003 p.u. 

Consider phase - C 

Determination of mutual inductance between the two parallel 

paths. 

kt = _2Q. -i' 0.5, kx,±i0,5; Mst 2.652 X T2 = 2.652 p.u. 

.La t 	_ 2.359, Bay _ -0.293, Cat t = 0.015, Ija" 	0.015 

1 ' = 0.624, Bb" _ -0.586, C e = 0.015, Db -- a _ -0.030 

Substituting in (2.14) we have 

Mutual inductance between 2 parallel paths = 0.367 + j 0.797. 
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3.6 DETERMINATION  OF SUBTIU.NSIENT GENER .TED VOLTAGE: 

The subtransient generated voltage (E'') is given 

by E'' =Vt  + j I Xdt'. 	
(3.4) 

Where Vt  is the terminal voltage and II  is the current 

flowing before occurrence of fault. 

D' t _ 	(Vt  + Id  x'') +(IgXq'' )2 

0.707 p.u. 

Hence voltage generated in 'ft winding of Phase A 

21.66  x 0.707  = 0.153. 0 = 100__   p.u. 

Voltage generated. j n' f' winding of phase B 

_72.04 x 0.707 L 126 - 0.509 L120°  = -0.255-j0.441 p.u. 

3.7  DFTMMIN.ATION OF FAULT CUP,TENTS 

The equivalent circuit of the faulted machine and 

the system is as shown in Fig. 3.2 where, 

FA= 0.019-0.181+j.003-0.025-jO.012 

RA= 0.253--0.207-j0.538--0.181+j0.003 

PEL= 0.412--0.207-jO.538-0.025--jO.012 

FB= 0.214-0.172-j0.457-0.215+j0.003 

1B= 0.032--0.032-jO.o33-0.215+jO.003 

PB  = 0.412-0.032-30.033-0.172-30.457 

= -0.187-j0.009 

= -0.135-j0.535 

= 0.180-j0.550 

= -0.173-j0.454 

= -0.215--j0.030 

= 0.208-30.490 



0 
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Applying Maxwells' Loop uations 

0 	= I1(-0.142-j1.o94)+ 12(0.187-jO.009)+I4  (0.180-j0.550) 

+ I5(0.180-jO.550)+I6(0.180-jO.550) 

408+j0.441)- 11(0.187+j0.009)+12(0.233)+13(0.173+jo.454) 

+I (0.197+j0.469)+15(0.025+j0.012) + 
r 

16(0.025+j0.012). 

0 	- I2(0.173+jO.454) -- 13(0.180+jO.974) + 

14(0.208-j0.490). 

o 	- 11(o.180-jo.550) + 12(0.197+jO.469)+13(0.208-jo.490) 

+ 14(1.124)415(0.562)  + I6(0.562) 

0  I1(o.180--jo.550)+ 12(0.025+jO.012) + 14(0.562) 

+ 15(1.124) + .16(0.562) 

0  ma I1(o.180-jO.550)+ 12(0.025+jO.012)+ 14(0.562) 

+ 15(0.562) + 16(0.562) 

Solving (3.4) simultaneously we have 

I1  = 0.83 	-96.10 	L 	 , 12  = 3.93 173.9, 13  = 3.45 	22.3
0  

14  = -3.66 L14.4
0 
 , 15  = 0 , 16 = 4.31 L 13

0 
 

(3.4) 

3.8 	CJJJCU JLTDD VI LU S OF DLULT CURRENTS 

Considering phase-L. 

Fault current in t f twincling=I2--I 1  = 4.19 L17.4°P.u. 
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0 
Fault current in 'P' winding = I 	= 0.83 Z-96.1 p.u. 

0 
Fault current in 'p' winding =I1+I4+I5+I6  = 0.95 L -53.9 

Considering phase-B 
O 

Fault current in ' f' winding = 12_13 	= 1.14 Z51 p. u. 

Fault current in 'r' winding= 13 	= 3.45 L22.3
0 
 p.u. 

Fault current in 'p' winding=I3+I Cr 	= 0.54 L -48°p.u. 

The fault current calculations have, also, been 

Performed for a line-to-line-to-earth fault. The fault 

condition is the same as for the line-to-line case and no 

earth impedance have been considered. Maxwells' Loop Equations 

have been applied and the following results have been obtained. 

Considering Phase -A: 

Fault current in the 'f' winding 

Fault current in the 'r' winding 

Fault current in the 'p' winding 

Considering Phar  .B: 
Fault current in the 'f' winding 

Fault current in the 'r' winding 

Fault current in the 'p' winding 

Fault current to earth 

4.11 L64.6°  p.u. 
= 0.88 L-49.9°   p.u. 
= 1.15 L14°  p.u. 

= 0.74 L27°  p.u. 
= 0.20 L5.7°  p.u. 
-. 0.07 L74.1°  p.u. 

= 3.3 L55.5°  p.u. 

0 



C HIPT LR-I V 

SUI``MMY LAND CONCLUSIONS 

¢.1 DISCUSSION: 

It has been shown that a synchronous machine with 

an internal fault can be represented by its sequence 

networks. The sequence networks should be connected 

according to the type of fault and the fault currents ea.1-

culated in accordance with the method of symmetrical 

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 components becomes 

more ctit lU rsomc than that of circuit theory methods. 

The calculated values of fault currents in the 

various parts of the armature windings should be compared 

to 0.5 p. a•as this is the normal ,rated current per 

parallel path. The values of fault currents calculated 

seem to be reasonable. As expected the heaviest fault 

currents' have been shown to flow in the 'f' winding of 

phase A and 'r' winding of phase B, which are eight and 

seven times the normal currents, respedtively. There is 

also a net flow of current and hence power into the 

faulted generator from the system. 
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4.2 LIMITATIONS: 

Errors in the calculated values of fault currents 

arc duo to the use 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 considered, all calculated values 

of mutual inductances, which have been done by conventional 

methods, are 	r than 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 [i that for a line-to-ground fault,all calculated 

values of fault curt encs are less than the measured ones, 

when the mutual inductances are calculated using (2.10). 

However, it is felt that the obtained accuracy is suff i-

cient for the correct choice of the machine protection 

against internal fault. 

4.3 SCOPE PORP 	WORK: 

The method of fault currents calculations is all 

right but calculated values of fault currents are less 

than the actual ones due to the use of simplified equations 

for the calculation of mutual inductances. Hence better 

methods should be devised for more accurate calculations 

of their values. 

44 
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When magnetic non-linearity of the stator and rotor 

materials are considered the machine reactances become 

dependent on the saturation conditions in the machine, 

which are a function of the operating conditions. Hence, 

the values of reactances used in the fault current cal-

culations should have been those obtained under operating 

conditions. 

It has been shown recently [51 that the reactances 

and the load ogle under saturated conditions are actually 

less than those obtained from their classical unsaturated 

values. Hence in future work the values of reactances and 

load angle under saturated conditions should be used. This 

would most probably reduce the margin of difference between 

the calculated and measured values of fault currents. 
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