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The scope pf this dissertation Is to study the dynamic 
behaviour of a synchronous machine under transient conditions. 

In order to make a detailed study of the transient stability 
equations showing the variation of torque and load angle of a 

synchronous machine connected to •a fixed supply voltage under 
various types of ape1?iodic diaturbancea have been developed 
with the assumption of constant field I lu., lin agas. The 
behaviour of the synchronous machine Is i investigated by the 
step.by..st~p method using the equations developed. The effect 

of damper windings from stability considerations alone is 

analysed ;j detail. t'etaiis of experimental tests conducted 
to verify'. `the theoritical analysis are given at the end. 
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. M. 	iLLLk X1 	 1.. 

A --= Armature decrement factor 
a. b 	Damping coefficients. 

F «. A factor describing the flux linkage decay. 
G t p) = operational function. 

H r Inertia constant, 
= Inatant :neoua onf.rent.. 

idt 	1qt = Components of axis currents 
le'c = Instantaneous D C. component of armature,. 
Ir = ,effective value of rotor current, 
Ir2 .= Negative sequence rotor current,. 
is  ffective value of atator current 

i, 	Negative sequence stator current, 
Relative damping Coefficient. 

L ,OL.f,VLkd:L,kq '= Leakage inductances. 
I;g 	External inductance. 

Lmd*L 	Magnetizing inductanaea. 
Heaviside operates dd 

r Winding aisibante, 
rl = positive sequence resistance 
r2. 	Negative seuence resistance 
rs  tator resistance 

rr 	~otr~r resistance 
. 	Slip 

Tac 	Accelerating torque 
Tb 	.Braking torque, 
TI - Positive sequence damping torque. 
Td = Damping torque coefficient, 

t-- iectrical torque of alternator, 
I! stantaneous torque developed at any arr;l S 
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A eofieienthich when multiplied by acceleration 

gives torque 

TL = Abaft ah6ft torque 
= Input torque from prim noter, 

To = Initial shaft torl,ue 
Unidirectional th?ques. 

Ta = Armature tirw ecnatant. 
Tat 	3hort circuit transient time eon8tant, 

Td '# 	Open circuit transient time constant 
T T 	1311ort circuit 8abtransient tine. conBtant. 

T 	Open circuit sbtranjont time eonstant. 
Tkdx Damper winding. tim constant 
d 	= Inatntanet,ua pee in radi/aecond. 
v 	= In2tantane OUS voltage. 

V, V 	; and Maximula Voltage 	of . fixed supply. 
= Voltage behind kynchrounue reactance 

Vq'= Voltage be hind transient reactance. 
Xd(X)= Operational impedances. 

= Synchronous reactances. 
Transient reactans 

xd ;xt Subtran3ie.ntreactances, 

Xe External reactance 
X2 . 	= Negative sequence reactance 

Zero sequence reactance  
Instantaneous load angle 

91 	Aratur€i flux linkages. 
(A) = Synchronous soeed. 

a t  b, a = Armature phaees.:. 
d 	direct. axis 

3 
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e 	Parameter - of modified alternator 

f = field 4nding 

K= Damper windings on direct & quadrature ayes. 

q 	Qiadruature axt, 
r 	Rotor 

$ = Statcr. 



.. 	T Z. 1 D _u_C_`  

• Stability of a power system Is the ability of a 
system t remain in synchronous equilibrium under steady 
operating conditions find, to regain the state of equilibrium 

after a di.tuxrbanee has taken place. 

The criterion of stability of a power system can be 

studied under two broad headings - steady state stability 

nd transient state staiility. The former deals with the 
stability of the system under steady load conditions and 
with strictly constant armature and field currents in all 

synchronous machines.' The latter criterion investigates 
the stability of the system under transient ar aperiodic 
c istürbanees. 

Under.' transient disturbane©s, the currents and potent.. 
lals of the system do not change abruptly amad, assuw.e new values 
to suit the new operating conditions„  There Is 'a transition 

period during which transient values of these quantities appear, 
each consisting of several components. Usually, the transient 
components diminish more or lass rapidly at different rate& 
and then disappear. However, during this process, the result 
ant current or potential inny reach an abrmnal or even disast» 
rows value,.. It is for this reason that the study of the 
transient, behaviour and ho'w they can be controlled 1s an 
important engineering problem;: 	areovrer, the present trend 
towards larger -individual generating units and towards greater 
interest in their automatic; control increases the need for 
detailed knowledge of this aspect of power-systemm 	or ,nce 

A power_aystem transient stability, study is mainly 



concerned with the determination of the maximum load that the 
system can carry without loss of synchronism, after a sudden 
change in the operating conditions*  The most important quantity 

determining the transient behaviour is the transient torque. In 

the study of the transient behaviour of synchronous machines, it 
isetialto know th torque angle eharacter1st1 of the 
given machine under cô ditions resulting from disturbances of 
various kinds, 

Whether the rnaQhiue will stay in synchronism under the 

dLaturtsdonUttions can be studied by ths swing curves which 

show the variation of rotr, angle with time.. Those indicate 
whether the machine is liable .to 1oe synchronism, under the 
disturbed conditions. 

Transient analsi of system dyna1es by manual methods  
Is imp ctiealG for all but the simplest cases, cause of time 
and labour involved., Some form of model or computer is 'normally 
sentia1 in a serious 8tudy, 

In this field, there is a division of interest between, 
on the one band, studie3 of complete power, systems with many 
generato. operating in parallel and y  on the other hand, detailed 
studies of oily a, single machine or of a few interconnected 
machine. roUps. 

The A.C., network analyar is extensively used in the study 
of various disturbances that arise in power systems. Because 

the analyser is essentially a, steady state ropresentation of 

C 

4 Power aytem, a stepbystep proess nt be used for trsnient 
investigations i,e. the transient period Ja divided, .into a 
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evaluated by double numerical integration of the accelerating 
torque at; each interval to form the swing curves of the system. 

This procedure is, however, tedious and therefore other methods 
have been developed. ,The most significant of these is the use 
of the digital computer to solve,  transient stability problems, 
with the network analyser calculating detailed load flows.. 

Mpaielling of the power system with .specially designed 
micro-machines and micro-networks which simulate, ,larger systems 
is a technique that is attracting attention,_ 1 h#ls it is 

difficult to carry out detailed invastigat.i one on large-scale 

equipment - to obtain a full theorftical explanation of many 
phenomena, these email models can be tested zr re fully and 
their basic parameters can be asured more precisely than Is 
possible with large-scale equipment. Transient studies may be 
ear; ied out directly using this equipment., Without -recourse 
to step-by«.step methods. The model is energized from a 3 phase 

-supply and unbalanced and fault conditions cari . be investigated 

with relative ease. This method is particularly rlly, suitable for 

some Studies like polo slipping, asynchronoua running and 
reaynchronization which_ cannot he 'undertaken by computer 
techniques because of the continuous and protracted. nature of 
the changing conditions. The micro machines lend themselves 
more readily for investigations of this kind as they are 
continuously running. 

In the present disaertaion, a small synchronous macbiw 

of 4 KVA capacity available in the laboratory is chosen to atudy 
its behaviour when connected to a fixed supply voltage under 
transient conditions subsequent to a system disturbance and 
also to study the affect of the damper windings on transient 



Stability!, 

The main types of diàturbanees that have been diacused 

1, cjccurrece of aystem faula. 
2. A sudden change in external reactance due to switching 

In of a reactance. 
S, duen application of shaft loads,, 

and 4 Aynchrpnu8 operation owing to a system Uiturbauce 
such as a severe short eiIleiit. 

Equations for torqtRa.angie aharacteristic of the machine 
and swing curves are formed, t-he latter by duble nu,mrical 
integration of the accelerating torque using the stop-by.tep 

thod. 

In chapter 1, the transient conditions due to system 
fau.ts -have' been studied, Detailed analysi4 is given for the 

oat evere fault i.e.,. a 3phase short-circuit. The effect of 
the damper i4ndinga both during the fault and after the fault 

Is cleared is clearly shown. 

Chapter Ii deals with the transient behaviour due to 
sudden change in reactance and Chapter Ill deals with distur 

banesa arising from sudden application of loads to the shaft 

f a synchronous motor. The effect 'of the damper windings is 

again discussed fully. 

A method of calculating the' currents and torque in a 
synchronous motor runnin.9 at a constant speed away from 
synchro4si is given by Linville? In, chapter 'IV this method 
is extended to study th criteria for reayachronijing in the 



case of an Alternator running. Cflti111OU81 OLZtOf.8tep. now 
the mpsr windings play an liqportant role In resynctu'onization 
without disconnecting the- machine 13 shown by meana of curves., 

detailed atd . thorogb ezp rime nta1 . ,iftcation of the  
theorItia1 results could I qot ,'beundertaken beoawe of lack of  
equipment: and if1l1tie. However vithiz the iimitat1on8 as 
above, a., attempt has been tae to. correlate the test data 
with t1 ;aon 	lo*' arr1vd at from theoritical consideration. 
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o  
Uthough the najority of fault.s occurigin practice on a power 

system are unsyrn etrjca1 between the Abases:, the syr. trica1 fault is 

ipportaft, i)ecause, although tare, it is more severe, It Ja , moreover 

a simples conditiou to analyze and therefore foris a suitable start.. 

ing point fora study of fault conditions. The short circuit test,: 
in whib the tree terminals of an unloaded alternator are all 
ah rt-circuited si ltaneously, is a wei,2-€ atabli ed thud of 
checking its transient characteristics.. The Are nt setin gives 

a full . analysis of. a sudden. symmetrical short circuit of an =loaded 

alternator, and the solution Is then extended In aeetion 1.7 to a 
loaded machine. 

When a generator is suddenly short eirauited, a transient 

Fcleetr ea . torque consisting of zznidirectionai and alternating 

components 13suddenly impressed on t o generator rotor. Each 

commonest of " this torque decays exponentially to a value determined 

by the steady Mate terminal c nditioas of the machine, In the 

case of a salient-pole generator,)  there Is an infinite series of 

alternating components of ha.rnic frequency whereas, for the turbo.. 
alternator'  the only alternating torques of appre ,able M.gnitude 

are those at funda:inta7. and second harmonic frequency The turbo 
generator and the salient-pole machine with connected danpera are 
close approximations curl trap, ie:nt and sub tranaIent periods. 

The aaleint .pole machine with no dampers will have torques contain- 

ing e. 1 odd and even harmonies— 

The calculation of shaft and frame atreases in turbo 

generators during short circuits also is dependent, upon a 



knowledge of the electrical torque deveiop€d at the rotor air 

gap. 	The torque discussed here 13 the electrical- torque 

developed at the air gap of the machine and not the torque at 
the coupling or that transmitted to the founittin. The torque 
In coupiing8., shafts and foundations mat be calculated from 

a consideration of masses and mechanical spring oolastants 

Involsd. 

As stated above., the electrical torque developed at 
the rotor contains unidirectional, fundax-uentai freqwpncy and 

second harmonic compone:nts., all 6., which are, tamped, It is the 

steady components of torque whleh are of 1nteret in the calculate 
ion of sytsm stability., whilla the mechanical. design engineer 
will be mainly Interested 'in the alternating torques. 

In .. the pract.Ii range of machine desn, the fundamental 

frequency component haa the dominant effect on the resulting 
:tz,aflsjent shaft torques, for the. more severe types of disturbances. 

It was found that for ahort circuits at no load, with no 
external resistance, a. 1jrto..ltne fault results in the most 
severe shaft torques., For faults with low external resIstae,, 

a double-lins-.to..ground fault produces the highest shaft 
torques, which, for zchanical systems of low natural frequenc, 

may exceed the torques  produced by a linelm'to.line fault with 
zero resistance' iiowevr, for 	of external resistance as. 
high as machine sub-transient reactance -. the shaft' torques are 
lower. than with zero resistance'.. The st, severe fault torques 
Are produced bylir-toline shortcireuits when delivering 
full load with no external impedance.: 



The electrical . t*rru+ result ng_ from unayrn tr .cal 
faults will. always be, smaller than the 3-phase short, cireult,. 

d b nee .-the latter type of faults are important from 
-stability .point of view;. 

When the ar tune Ia. sio'rt cir+ uited1 a portion of 

• -•nórmàl a mature f l ac l.s trapped in the armature circuit : thia 
portion bi1ng dependent upon the time Of application and the 

= 
 

type of short circuit.  The decay .of- the trapped flux depends 
upon the ti constant of the armature circuit containing: 
the. flux,; Th Is flux 	ite3ta itse ;f..,_as .a C.. component 
in the short circuit eurront;, It the :short circuit is € nbalan- 
cod,: the armature . current. will contain,_ in addition . to the 

,G;,: coaponent, positive and negative sequence , compoflenta of 
fundau nta frequency, These components of current will set 
Up . po$itivv and negative sequence armature 14*'. e . and (neglect.. 
ing Saturation). positively an negatively rotating fielde. 
The sudden appearance of the posit sequence aruature 
• over • the . :reot-axis tit - rotor cauao s motor , currents to rise 
. suddenly,, oounte rbalancing this additional direct-mss 
excitation# This fob .owa .from the fact that the . flux linking  
the . rotor circuits can not change instantly t The additional 
rotor currents, .induced by the sudden appearance of the 
positive sequence field, . are uUe ported by .exciter  voltage 

• and they decay With decre nts which depend upon the short 

circuit rotor tiros constants and the type of fault* The 
• net excitation on the 	 and . as a consequence, 

the air gap flux also decays,_ 

:~:. . Par-k*s:formulae2'3'4 for the armature and field 



flux linkages of an ideal synch?onua machine are used as a 

starting point. The mehine is considered to have two field 

eiecuits In the direet.axis, referred to as the main and 

additional fie] (amrtiS3OU winding). In the quadratuz'e 

th6L 15 nO main field; so only the additional field i 

present. r4ret  current excitation-is-applied only in the  

win field. 

QUADRATURE 

1 AXIS 

k Q.  
LKV 

Ir 

F _Kb  

1+.. 

13 



.941.2 gamic ASS4lmptio28; . 

To simplIfr the mathematical work and to use the operational 

solution,, certain reasonable and pratIcal assumptions have been 

made.. 

i synehronous machine -  idealized to the following oxteth 
will be considered, (In the ideal machine linear relationships 
exi8t between magnetic flux and urrsnts In any part of the 
machine,,-so that the principle of superposItion applies). 

I* The air gap Is uniform. 

2, aturatton and flyatere8is are neglected In calculating 
the alternating coniporienta of torque• 

3 The stator has a sinusaidally distributed 3 phase 
winding. 

4., The air gap flux is siflu8oidally distributed in space. 
5, Armature and field resistances are negligible except in 

determining the decrements. 
6

4P The effect of higher harmonics are neglected. 
7. The abort circuit is assud to, occur at the instant 

of rnaxi!mlm interlinkage, 

8. Synchronous speed Is maintained during,  short circuit, 
9. The short circuit is assumed to occur directly at the 

terminals of the rnaóhlne at a time when it is carrying 
no load. 

Let t = 0 at the instant of short circuit and let. A be 

the angle between the axis of phase A and the direet..axi.s at 

that instant, The angle ?' defines the point in the A.0 cycle 
at which the short circuit occurs Then from assumption B, 



By the principle of superposition' the voltagea and 

current  after the short circuit are eah equal, to the sum 

of the original value and the change resulting i from the 

short circuit. The original values are denoted thus  

the change due to s' ort circuit thus . is'. 

The so .utjof is beat obtained by using the principle 

bf Superpo itiog! The a uations giving the ehange in the 

currents are obtained by Putting v' 0  

the equationa for the iperimposed quantities 

corre pond.ing to bq ationa A.l.. , peed rerins cortant at C. 

'0 	p ` a 	'J 94 	ra id 
+ CL) 	+ p'-A ` ra 

id & i have the same values as id' ax i 1 because  

The value. of Y ,'. and Yq are given by equations 	with 

v~ = 0. Hence,, equation8 1.1 bseo g 

0 	ra + 	'a ( ) 	id  
se~le~+ Vql = xd ( p) i 	["a+ 	p )] tq 

fitreult 

Eliminating iq from equations 1.21 

0 1 	2 w2+per ra.+ 	~ ~  
I Nd"OP q 	ad 	XC ) ~dp~ q p 

The expression in the , square brackets can be Amplified 

by using the assumpti,n 5. = The term in ra can be neglected 

entirely and, its the term in ra g xa(p) and zq () can be simplified 

by a e lecti g the sit cea ~~ rte! '~ 	This is equivalent 

to replacing in this term all the factors of the form (1+ T) 



by T. Jith this approiniation ( j) and Xq( ) reduce to the  
ub trBn8i?t reactancea 	and 

Thenlid 	 Td 	- 	 (appro 
+2 +) d 

where c( 	 + 	
S.. 	 •..• 1.4 -Re

The operational expression can be evaluated by the partial 
fractjon.jt0, if (22 

? 	isfactoriaod as (+c.)( +&2) 

— m 	" 	Pf) 
(3 

'd' 
- - 
	( i- _) 	4ç) 	

.tfld'1 e 
d 	- -"-- S ninrtn.j-----Wr PS.,]ft W. 

_.) 

+ (1. 
 

(,T') (l d1Tan) 	
6 

S 

(14o ) (1. oC2 	 ,2 	oczt 1 T d 
- 	 - 	

) 	
flit'tttaitqrarr rr 	• 6 

SAO 105 
NOW Td!', Tdo" are 	compared with Td, !kdo 	In addition 

', 	Tot, T are all 1rg compared with 	a Cc Ia- 
Sll compared with , 

Rene  
o 	o(+ jC) (approx. 
O( 	a( 	(approx.) - 
- 2 	 s-O(jt  and 	- 	- 	-•)=e Cos &A 

(i c') 	 1 2 	 (approx) 
Hence. approxiutely, putting ®C 

I' 



. 	TdrTjL .fid.' + i.' 	oTd11uIt/rn Xd  4  

0ó8(L) t. 

VM, 1- ( Vrn:.. Vm ) 	vv3 ____ 

.'fla

d!I  
Xd 	 XT 

• tC"5L)t - 	 . 	 •4 	•• 
• Ad 

The queidrat4re 	 may be found in a sj] way, 

Vn • '•T flh•.X  

(1+T't J? 	 + ;)- 

+ 	 wt (approx.) 	1.7 
q 

2ub3titution of tha Values of 1d  and iq  in the transformation 
equations A.17 iith e (sit +A) gives the expre3sions for 1ai 

	

Ia 	 • !L 	
t/Jä' 	. _  

Lxd •d 	 ts y. 
 

V cos(ct+A) jt/aCos. A Jit/ia A  

wheA3  

• Xd" + Xç1  

• 2 X" X 
x 1i. I_-  

The values of 	arc obtained by replacing A 
( A 	L) and 	( A 	respectively in the expression 
for iaa 	. 	 •. 

.. .L& The 	 ircuIt tnruQ.,. 	 0 



to deter-mine the quantitie3 'j', and 	. Before the- short circuit, - 

the valuoe are, f rori equations A. 

V-11  
• '1' = +• 

do 

= 0. 

After. the short ci;cuit, the Valuea aNi- 

Wei 	9a 4i are the superimposed. quantitiea. Using 

equations A 5 

d' 	141= 	
Cj 

 

=liLcI.. "/ e-t) 

sinCjt 

__  
ienee 	'd 	

+ __ 	a 
.CO8C)t 

8iilaD].Y.tg 	Ji.e tfla ain wt 
 Cj 

The two flux waves represented by Ydand  IF combine to 

form a .f.wari rotating flux wave, Which rotate3 at spend (A.) and 

Is there stationary relative to the armature*  Ita mgnttude 

dies away with the armature time constant T, which. depends on 

the ariature resistance. Thual  the effect of the ahort circuit 

can be explained by imagining that the fiux,, which rotates 

relatively to-the; "armature during normal operation, is frozen in 

position relative to the armature at the instant of short circuit 



and thend1e away with tirna constant T. 

The torque is obta14 by substituting the expression 

1°r TO Yqll lds 	 1.A4. 

SinCJt 
	

+ 	-t/Td
Xdt 

(4) 
 t  i 

=-V2 	 I -- 
	)et Ad, +__ - 	x 

 Xd 
.t/T1 v2  2tflasin.  

VM  where . 'V RM voltage tonal to 

The double-froquency torqac.repreaente.d by th8 sacond term 

of Eqn, 10 Is r1t1vG1y s1i This térn depáds upon the 

differeto' In the subtraw.ient reactances of the direct and 

quadrature axe s and may be ëonsicicrad as a rinctane torque" 

due to the variation in the permance which the zotor Offers to 

the trapped armature flux, This may be practically eliinated 

by the presence of a good amDrtisaeur winding, Renee the 

principal component of torque oa4illate3 at normal frequency and 

has an initial amplitude 	. 

Tho effect of a s1id rotor in a turbo alternator is -to, sake 
the Bubtranslent reactance in the quadrature axis re nearly 

equal to the correaponcling reactance in the direct axis thq 

would be the case for a perfectly laminated rtor, This Will im 



of course reduce considerably the second harxtnie torque 
component. The turbo generator and salient pole machine with 

connected dampers are c108e approximations during transient and 

sub—transient periods. The salient pole machine with no 
dampers is furti ii removed in its character from the ideal 

machine and will have torques containing all odd and even 

haronie components. 

From en, 1.10,. it is evident that the peak value of 

electrical torque is limited chiefly by the 3ubtrau8ient 

reactance Xt1,  although for machineo 4thout damper 4ndinga, 
the difference bet,een the direct and cluadrature axis reaetances  

increases the peak torques, 

qn,. 1.10 can also be 'written as 

T 	FA :3jn3t •.. 	., 	I. 
K.." d 

,be re F = 	
+. 

 
+ 	e -fld: $1

dr

Rotor flux linkage as a fraction of its Initial 

value. 

211fra 
A =e' 

.01 

a Armature decrement factor, 

,,.Thef1ei&.cunt. aZ3 part 

The field current 'before short circuit is given by substitut-. 
v 

Ing id 1q 0 in the XpaEiOE5.A I and A 2 

The field current after the short circuit is obtained by 



the equations already used to calculate the armature eurreflta 
A relation between I f  I and I can be obtained by eliminatingd  
iM  from the second and third ectn. of A2 with VE--0  

rf + CL + Lj) 
{ 

rka+ 	+I&p 	
2] i 

Lr1 	 Lkd  

Hence substituting the value of id  from Eqn1  1.4, 

r + Lmd 	ti 	Id 
r1 (1+TP , )(]4Td0" 

___ i___ 
(i+Tdt)(l4Tdflp) (?2+2d2)d 

1 • 	... 1.12 

The following operational solution is obtained by using 
the partial fraction method and making the same appoxit1ona 
as in the solution of the short circuit current: 

i ' + 	 [e -t/Td 	___ ) kd 	tfiaoosct1 
(A) TdXci 	

Td
" ri 

P• -* 	1.13 
Now, jz 	= J:2'. 	= 	 I c TA' rX 	Td' (.3Xd 	 r 

Hence the total field current after the short circuit is 
given by: 

d .  



Each armature current given by eqn. 1.8 consists of a 

symmetrical or alternating component and an a8ymiiotrica1 or 
direct etinonent. The L.C. eomponent consists of stained 
comone.ut; a transient component which decays with a long 
time constant Tdi  and a 8,lbtransient component whieh decays 
with a very short time con8taat Td". 

The U.C. componnta of the three aratu.re 6u:rent3 all 

decrease to zero exponentially with the zams time constant 
Ta t 

The field current, given by eqn. 144, like the armature 

current, conststz of d.c. & a. copofleflt. The d-.c., component 
CORSit8 of -äU3taied transient a 5htrafl5Lflt OOneflt.8. 

The tran3iert and subtransient d.c. components of field 
current decreasis with the same time conatánts'Tdi & T? 
rspeetively as th corresponding a.äo, bpoient, of arture 

The .a.c, coonent of field current decays with 
the tirre. conatant 'Ta:, as do the d.c. components of armature 
currents. The initial ct value of the a.c. component. is 
equal to: the iit1a1 value of the transient d.c. compoient. 
Jfenee the LrO, conpOxrt6 of armature current correspond to 
A .C. 'coouerit of ariatuz'e. current and vice versa. 

,• ,17 

Jixigle phase short :circuits My be either line to line 
or line to utral.. The only essentiai difference between 
the bo types La that the lix1etodIneutral short circuit involves 
also the zeropbase wquewe Impedances of the machine and of ,an 



1ipedae connected between. neutz'al and ground if the fault is 

line 'to ground. As in the previous cass. constant rotor speed 

Is asmed In the analysis, 

•, 1 .2thQ1in e1 

The analysis. of a single phase short circuit on a aynebronous 
generator was first given by Doherty and. Nickle5  'hø derived 
ezpre 331o113 for the transient current, 5 in the ariature and 
field circtzite and verified them exper1isntally, A very full 
theoretjoal treatnnt of the three  alternative types  of  short 
circuit of- a 3 phase generator çltnen.to1ine, linetcneutral 

6. and double" line toneutr1) is given 'by ftneordia 	For each 
case ezpLes3tona are given for the transient torque a8,aU 

as for the currGnta. The method used, by thee authors 13 to 

de rive - the initia]. ?aluea of the ccnnponent8 of the etirrenta 

and to etimato a tine constant apropriate to each component. 

For a LtoL short tirouit on,  phsesBC, the, expressions 
for. and . ¼ sill be  

,i&_Jsth! 
+ Xq" 

1.15 

there F A factor describing the f1ux-.lthkae 

Xt 0dIItjdfl 	 _t"d 
X +X2 / 	d'+ 2 	Xd 

and A. e4/.La 

Armature decrernt 	. 



The electrical torque is .gin by 

T 2Y2F Sin—A) Co 
Xd" 	(Xd")1q")C0L 2 e 

2(Xq' X) [vF Sin '4 Sin  Sjn.2Ø 	1 16 + _$-.__1_ - 	 -I---- 	 - 	 # 410 	a Le + X' (Xe" - 	COS 2 

To compute the resulting shaft. torquo, equation 1.16 has 
to be expressed in terms of its harmonic conponenta, -This can 
be done by resolving equation 1.16 into e. Fourier Serje . Hence, 
we obtains  

-I±. [n Sin  A(C 	+3b Cos 3 $,b2  cos 5& ) 
Ile +112 

	

+ 	 •  sin,A1 (Sin 2 —Win 4) 

...i.17 
ie  

	

re 	)i = 
xexe 

Neglecting trs_ of .  higher hod. 

2V2  T 	 [_11A  SthXCo 8 +O? 	
,2 X81n:2+X2 	

• 	- 	 - 	 ) X 2 
Sin- 2 	•,.. 1.18 

For turbine generators and formaehthea with damper windi-ng, 

	

7 
XqU •  Rene* 	 = 

	

T 	2V2[FA Sin X0 	+F2. 	Sin 2 
X2+Xd L +12 

V2  F - 2A inXCo3 8 + p2 Gi,n 2 	... 
X2+Xd0 L  

If A = Angle between the quadrature axis of rotor and phase A, 
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T = 	 +2FA C.- >s Sin(ct + \ )..F  . sin 2 (cat + A )1 
X 0 

... 

For the particular case of maxtnurn Initial armature flux 

linkages, A 

T = .._LL._ I2FA. 3th4t+A)..F2 Sin 2(ct +))1 
Xd"+X2 L

1.21 

Thus,) the air-um fundamentalwfrOVency torque, 

tmndiutly following -a short circuit with rnaxiizim armature 

2 iu linkages is 

• ______ _____________________________________ 

. The Lin-to-.noutral case can easily be obtained d1retIy ? 
from the LinetoLine Cate t)y 1np1y re:pia(ifl Xd by 

	

2 	q 	2 
-2 

+A) F2 in 2 Wt +x 
• 1~1* 
 .,, 1.22 

who re F 	d8+X 	+ 	 I 
Xd, +x2+; 	(X '+X2+X0) (X+X2+X0) 

  1 
T0i 	 :d0 0 	

+XO_m 

3a - 	TI 	---- 

A 0 

Where .A = angle between tho d..aci3 of rotor and phase A. 

In the case of double tground wort circuits, tio 
armature time constants have to be considered because there my 

be aiw times as •muh resitaiv,e in the gxo and 0 0 .ectiofl as in 
the armature iriding Hone.., there can not be single character.' 



The 8ynvBetrical component- method is iMiapensable a)  

attainment of a clear picture of the d0bleUnetogrou1 

particularly in relation to rotor decrement factors. 

Aga1n eqns. can be developed for ldstq and the elec 

tor4ue, 

The short circuit torques for different types of faL 

shown in Table 1.1. 

it can be aeon that fox' the 3 phase fault, the etirze 

id and ¼ are functions of time t (measured from the mat 

of short circuit) directly rather than of the rotor angle 

and thus do not depend on the initial rotor angle X (the 

of the direct axis ahead of the axis of phas9 a' at the in 

of short circuit).. This is due to the complete 3ymtry 

the stator winding. The initial rotor angle determines o: 

the location and not the magnitude of the flux trapped in 

stator.. For all the unbalanced faults, the currsns and 

quently the torques depend on the initial rotor angle -and 

therefore been. expressed as functions of s.., vhore e = c)t 

.. .1 ttc-cit 
It is more probable for a short circuit to occur t'ro 

than from no load. When the short circuit Is 3-Phase,)  thi 

entire external load is dropped and the only torque will. 

the unidirectional torques (explained in sec. 140) given. 

equations in Table. 1.1 This is also true in the case of 

double. line. to..ground fault on a machine with low zero se 

reactance . 

The short circuit occuring. on a loaded alto rnatór i 
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similar to a no load short circuit, the only difference being 
in the initial conditions. In deriving the expressions for 
short circuit under load, it is only necessary to satbatitute 

the new value of the entrapped flux to make the expressions hold 

for a short circuit under load. 

The n ja expreeatn for id and iq w all be 

1(---) t/J 	 l)tfld .L1 v 1coaS 
 Xd 

. 	— 	p 	.e»t. 	

Co s -(. ct +U ) 	v a a 	~..a...._ 

q 	

68 

- 	+ 	VMS X3.0 + ~e....~ 

This is the current for art circuit from any load condition$ 
tut with snall armature resistance. if the short c .rcuit occurs 
at no load, S 0 and the a juationz reduce to those given by 
eqns. 1.6 ad I,?. 

The transient rotor .air •gap torques for short circuits under 
full load are of the saw farm as those from 	load with the 
addition of a transient term to represent the rapid dropping of 
part of the lead. With the assumption that for a 3 phase abort-
circuit,. the total load is dropped, thetrtost severe shaft torques 
are produced by line to-line faults from fall load with no 
external resistance, 

The prescnee cf external-aysteia reactance decreases the 

magnitude of the fault currents and thetef ore, the, rotor air-gap 



torque, 1over, additional external resistance vithout increas-

ing the reactance can increase sow components of ,  the air gap 

torque. 1± in reaaes the treat magnitude of the D..(, component, 

iucras• rapidly the damping of the fundanntal frecjioricy 
component and increases re slowly the damping of the d.c. 
compoueflt. 

since the addition of external rusi3tance increases the 
nitude of the d.c. contponnt of electrical torque,. such a 

condition will Produce more severe aha1t torqu at- the loge 
zyatam fquency,- where. the d.c. coinponnt has its.  greatest 

effect Thia is true for low values or external rcsistance. 

Farther increase or d.e, conent vit.h greeter amount of 

external reststánee Is more than offot by Incesed damping, 

Th.ts the effect of an zteriai resistance during a fault 

is two fold; the unidirectional torque i.e increased and the 

decreient of the funidairintal I requency torque 13 also Increased. 

This may or may not result in increased shaft atress, depending 

upon the mssss and spring constants of the generator. 

U 



During some types - of' short circ' it e, the machine seems 
to  "load up" during the first 	° 	e-yel+ s - rather than dump load 
as might -be expected, 	The tendency cif a mashie to "load up" 

during s ar rt circuit 1 due to loss torques, wt ich have been 
neglected in the 'are sent analy is. These loss toques have 

been investigated by Kilgore 8 and later by Whitney and. Criner9  

and 	hbaU.rt7. The unidireeti.onl torques are important for  
the calculation of stability. 

It Is possible to determine the unidirectional torques 

from the general relation applied-to the atIeL1age power?. 

?o er output 3.s equal to power input to shaft plus 
rate of decrease of L in the machine plus .rate of decrease of 

Stored magnetic ex rgy in the machine minus total ohmic losses  loaes 
in the machine, The sum of the first two terms on the R.H, side 
of the equation are proportional to the unidirectional torque 
'acting on the rotor. During a short eircuit, power output is 

equal to zero. Unidirectional torque is equal to sum of 
average ohmic losses minus rate of decrease of average stored 
magnetic energy in the machine. In other words, sow of the 
ohmic losses are stipplied by decaying-. magnetic fields. of the 

losses in the aehirie, two components are to be supplied: the 
loss caused by the flow of D.C. in the short circuited armature 
and the loss caused by the.-flow of the additional D.C. in the 
rotor circuits. The remainder of the D.C. ohmic 1038 in the 
rotor field is supplied by the exciter., The, only machine losses 
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which appear as unidirectional torques are those which are 
caused b.y the flow of a].ternatin; current in the various ma thine 

• Lfd : 	 •. 
T h . prtnci .pal effects of damper windi a upon power 

stem stability may be listed as foilowa:k► 
1, pooit-ive isequence damping 
2. Negative - eeq% co braking during an un yrxnatricai fau.it 

,. Effect, of Negativ Negative- sequence impedance upon positive sequence 
electric power .output of the machine during an unsym~ etrical 

f aul.t.. 
4.. D.C.  Braking  

This -results from the torque -caused by Interaction 	the 
damper . arrent8 with the positive - sequence (forward - rotating) 

magnetic field In the air gap. Except during starting or pulling 
out of ate p  the slip of the rot-or with respect to the positive 
-sequence field is low and oscillatory. Positive.. soquence damping 
causes the osc llations ' of _ the machine rotors, after an ape riodie 
shock that does not cause toast ' synchronism, to .decrease In 
amplitude and ultimately to the out entire]:j. Tow-  resistance 
anortisseurs greatly increase the amount of positive-sequence 
damping. Positive - sequence damping is present both during and 
after a fault. However, it is much more effective after clearing 
of a fault than during the fault because the po itivo sequence 
voltage and flux are greater after clearing.==-  

By absorbing energy from the oscillation, positives- sequence 
damping may prevent a machine which has survived the 'fir at swing 
from going- out of atop on the second or subsequent swings- becaus 
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great enough to 3.ncrease significantly the power that can be 

carried through the first swing. it effect is abet always. 

neglected in calcu:iating power Units. 

This results from the torque caused by interaction of the 

damper ca. rents with the ne ative seueee (backyard-rotating) 
magnetic 'f .e.ld in the air gap, Batch a field is preaent In a 

polyphase machine only when an u balance ,. usually an unsyniuetrieal 

short circuit .. is present on the p ly-phaae circuit to which the 

armature wir4ing is -connected.. The sup of the rotor with respect 
to the negative 	gquence field ls.. lr5, where 3 -. po8itivosequeneE 
slip. Since 8 is small (except dot 	starting and out-of4atep 

operation., the Negative sequence slip is very nearly equal to 2. 

It never reverses, nor does the resulting torque reverse. The 

torque always, retards the rotor and hence called a "braking" 

torque. Its effect is therefore equivalent to a reduction of 

chanical input torque. In a generator, which tends to speed _up 

c .urib -a fautt, the Negative _sequence torque decreases the 

accelerating torque. The braking effect is present only as long 
as an un5y etrical fault Is ©n the,  system. The greatest braking 
torque is afforded by high-  resistance dampers and very .little by 
low-resistance dampers. This method of improving transient 

stability is less: important where high-speed fault clearing is 
generally used. The _ higher the speed of clearing '  the less 

Important is the shock caused by the fault Itself In comparison 

with the shock of opening the faulted line to clear the fault. 
This is true even If high-speed reclosing is employed'. 
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A damper winding decre•aaes the negative sequence reactance 

of the machine on which it is installed and may either increase 
. or decrease the negative se.q ,ence resistance. In genvrai* the 
negate. ve»sequ nce impedance is lowered by a damper r riding: 
especially by a lower - rd iatane~e damper. Lowering the negative 
sequence impedance of any jiachine on a network lowers the negative 
sequence impedance of the network vie-wed from the point of fault 
and thus alto lowers theimpedance of the fault shunt representing 
any type of short circuit except a 3-phase _ hort circuit. The 
effect is greater for a line4to-1 .ne short circuit than for any 
other type and is greatest for. a fault located near -tie machine 
equipped with the dampers. Usually a fault location near the 
principal equivalent generators is taken as the most severe one 
and the one used as. a criterion of system stability. 

Thus, while an unsyt metricai fault is on. the syrstem, the 
damper winding' on a enerator gives rise to two opposing effbets. 
(1) braking, torque, which Is beneficial to stability' and (2)decrease 
of zgatjve seqence impedance, which is detri e.ntal to stability. 
Which of these tub effects, predominates depends largely on the 
resistance of the damper winding. With a low-resistance dampers  
the decrease of r g'at . ve..sequence impedance usually predomintes, 
while with a highreaitancb damper' the 'braking torque usuill~ 
predominates. This is true because increasing the resistance of 
the damper both increases the negative.sequence impedance and 
Increase's the braking torque. 

The more rapidly faults are cleared'_ the less important 
are both of these effects. The use of high-resi.stanee dampers to. 



increase the atab lity liait3 of genera tor's is tharef ore less 

Important  row than it was when slo +eI- el wring speeds were in 

general Liao. 

In as neh as a damper wir4ing is si .li.r to the squirrel 
cage rotor winding of an induction rZtor, sand the armature 

winding of a synchronous machine is like the stator winding of 
an induction rotor, the various effect.a of the (tamper windings 

on stability (dIacussed above) can be analysed (approxi? t ly) 
by induction motor theory. 

Y 	x 	 X r 	 Yr 	Y, L 3 

V 	 s ~5  
E  

_ L1 

If a synchronous nachine- with dampers hiints er swings, 
the slip is alto rnately positive and negative • The torque is 
likewise alternately -positive and negative and always tends to 
bring- the speed back to synchronous speed, 

Negative-3eq2nee applied voltage causes a wave of air-gap 
flux to rotate backward at synchronous speed. If the slip of 
the rotor with respect to the positive-sequence field is •S, the 

slip with respect to the negative..sequenc,e field is 2-S and • 



the torque i6 po3itivO though the speed is negative. In other
wor s the torque  Opposes the rotation;. it is .a braking torque. 
or ' 2 the ° m 3arY_ 3 1 	output 2Y1. 2 _ 1 i rrwatta/ 2 
phase.... .1.24. This is negative (.e, it is aotaally input) 
and is equai to half the. r otor copper loss I, t%,. The other half 
of the rotor co e! lose s auvpited electrically via the stator 

teririthals. Thugs  there is at the saw time both e]e tric and 
n ohanicai power i put,, all of which goes Into losses,,. 
principally Popper losses, 

The :negative«aequsneo rttor currents have a treque,pey 

(- )f or very nearly 2f, where I 13 the stator frequency. In 
a synchronous mahins., such currents flow both in the field 
winding and in the damper windings. if darn per winding s are 
provided l  otherwise, in the field winding and In the field 
pale faces. 

In order to give 'nigh damping, torque at €nal1 values of 
clip the dampers should have as low a resistance as possible. 
In order to give high negative-8equene braking torque, the 
dampers should have a much higher resistance,: such that axtmum 
torque occurs at or near 3=2. 	damper which is designed for 
one of these Purposes is ply suited for the other purposes. 

Negative..3aquenoe impedance of a ,a.ch .rye nary be found 
by putting S2 in the eq lvalent circuit. Fig. 1.Z. Then 
negativ. sequence resistance r2 = ra + r y s . a ... 	. aJ 

where r3  = stator resistance 

rr  : Rotor resistance 

34 
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• ____________________________ 
In1uetion...rnotor theory asaus constant slip and a 

symmetrical rotor with only one set of windings. A synchronous 

machine even though e tpped with damper wtndingf3, has an 

• unsymmetrical rotor )  with a field winding on only one axis and 

the slip of the machine varies during the disturbances considered 

in stability studies. Nevertheless, induction for theory Is 

considered applicable-  to the caleu1tin of aegatvo3eqaence 

braking.. For the calculation of 	itivesquence damping, 

however, synchronous riachthe theory is trivoyed. 

.. 	 cult 	dretnal 

çjçieflce 

The slip' of the rotor with respect to negative sequence 
field is very nearly 2. Its value may be - takeri as 2 with little 

error, even though the ih me is actually swing or starting 

to pull out of step, beôause the torque is,  Warly independent 

of slip in this vicrity. 

If the rotor circuits in the two axes are unlI1 (i.e. 

if x' 	or if Td0"  pf T"), then the negative-sequence 

torque pulsates at twice the rated frequency. This fluctuation 

Is so rapid compared with the frequency of eleetro itehanical 

swings that the average torque, as .ealeletd by induction 

motor theory, can be used 'with eglIIble error in stability 

calculations, The gPeha.nieal power cOrrsponding to this 

torque Is 

Tb 	___ 	r 	• ,,.•• 	... 	1.28 



where Iro = Negat1 - sequence rotor current. 
rr =rotor resistance. 

As the. negative sequence rotor current is directly proportional 
to  the negative sequence stator (ar 	,ture) current 
Tb - 	.I 	where Kg 	 '• a constants. 	Also, '2 	, 
rr =* 2 (app *,.. r) where r = Positive _sequence resistance 
equal to r8„ Then, T b T2 (r2 ,. r) «,.. 	.. 1, 7, 
T5 f 	_..s onnient for asnuting the nogative-sequence 
braking -power of synehronou maeh.ins because the positive 
an1 negative Sequence resistances of the ractines are usually 
given- rather- than the rotor re-sistance, T'hh negative.~sequence 
ar .t re currnt. Is present only during uns ru triea1. faults. 

T ~ ? negative 

 

sequen.. a braking torque =1., . `2 . r~) for 
a 1--phase ;tort circuit because for a l_phse short 
circuit all the lose aposars as torque because of 
transformer action between the segi.v:rtes. 
r 	 or 

2 (r. - rj,) fay' 1 phase short c .rouit4L-to-L 
3L FX,g~ short Circuit. 

2(r .r~) fair Ito- fault 

0 	 for 3 phase .,short. circuit. 

The negative..sca uenco torque is always a retarding or 
braking torque, it a therefore the sa effect on the angular 
motfaf of the rotor as a decrease of z chanica1 input torque. 
In the calculation of swing curves, nega ive—sequence damping 
may be band ed as a reduction of the Input.. 

J6 

Whan da arer action was reelected the 	gtsj- * nmunr 



(or torque) (In P.U., system of representation, torque and power 

\?IU be saw-9  Ka p.11. system of representation J3 adopted in this 

dissertation, torque and power will be same and heno they are 
not distirtoguished seperately from each other) is taken a's the 
difference between the chaflical power input and the electric 
power output (both internal values) 

=TM  T8,*  

when egatjvi. sequence braking is taken into account, another 
term is included. 

= T m  • Tb ... 	1.28 
where Tb 	braking powor'..rho term T, represents only the 
positivai.sequence power .  Utpt, 

Negative. sequence braking can be neglected except in mach. 
ins having a highi.re3istance dater winding. Even in such mach. 
the a it exists onl-y-  daring the existence of an unbalanced 'fault. 

• *Ll2fi2 fl 	. brafl g_Tpq, 

For 3 phase faults at or very near the armature terminals 
of a machine,, the d.c. componnta. of short circuit arnture 
current persist long enough to have an appreciable effect. The 
d.c. components of armature áurrent Induce In the rotor circuits 

curr.nts of fundamental frequency, which give rise to a braking 
torque similar to that caused by negattv sec uence armature curren-
ts. The DC. braking torque (or power), like the negative sequence 
braking torque, decreases the accelerating torque aid ma y be 
considered as all or part of Tb 	28 In eqn. 1, 

Althougki' the rt0r currents.jnduesd by direct ar.ture 
ew.rents are of fundamental frequency, wheroas those Induced by 
negative. sequence armature currents are of twice fundantai 



frequency* nevertheless for a given magnitude. of .r ;tore current, 

the magnitudes of the various rotor currents are substantially 

the saw in the t ao• cases being determined, mainly by the 

reactances. There is: however, this important difference: -that 

whereas in the reg tive.. quence case, half the rotor copper 

loss was supplied €9chanically and therefore produced bra.ng  
torques in the d.o, case ,, all the rotor copper loss is supplied 

cban : fly' This less is 	rr or twies the value given by 
_ e qn. ~.,:iZ 6 , Using the saw value of x' s before, 14e got for 

the d.c. braking `b.ower -twice the '-vv.1ue given by en, 1.. 
n ely Tb 2I 	(ro • r •..... l.2 '.. Here I ` effective 
value of aratur.s curr ntas whteh can be in.gined to be polyphase 

currents of very low fregaueney, whose instantaneous, values a ua1 

the de r eat - armature currents, The crest value of these polyphase 

. current$' eor xesponas to the total direct cw rent, that is, to 

the value of c c. component - that would exist in one phase of 

the armature if the switching angle were such as to .give this 

componentits mt:lmum value. For an unloaded machine the total 

direct current is initially equal to the initial crest value of 
• the a...e. component of armature sh.orb cireui - ccuifent and decays 

o one-ntially with time constant T . It the total--- instanta ous 
d.c. component of armature 	is denoted by ide,, the r, prn.. or 
d.c braking power become-s 	Tb.^'.,. 	 „ 	~' .Y ~*► r 	•a f -0330• 

Aa ido decreases exponentI-ally' Tb also. .decreases. 

For types of fault other than 3 phase and for faults 
not very near the armature terminals, 1dø decays so rapidly-
that its braking effect is neglig.Ie. 

Also, assuming a sciid rotor., 'structure, the rotor 
resistance reactance- vary very -closely as the square root 
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of f ra quefcy of rotor current. if r2 = -Negative- -sequence resistance 

of the machine (as measured. with double frequency rotor currents 

flutrl .ng)f rotor resista e = '2(rra.rr1) at double frequsncy and 

p r2-Ttj) at fundamental frequency. in turbine generators$ the 

rotor losses vary as 1.8 power of rotor current.., For salient-polo 
machines, this will be 2. .. he d.c. braking torque due to funda-t 
mental frequency rotor currents induced by .c` armature currents 

is given by 

Tb )1.8 	 3 (r2-rl) for a 3 phase short-circuit. 

8 gar ~~,.,..,..,.r.~ 	for a L-to-Ts st3oYt*.c3.reuit. 

va 1.8or2 
a :L-to• 'W short-circuit. 

Xd"+x2+ o 

Thdae terms correspond to d,c, componente of 	current 

urtd . 'lux linIcages or to fundamental frequency components of r 

currents and fluxes, in effect, it is just as though the armature 
were Supplied with d.c. excitation, so that the resulting rotor 

losses mast be supplied by mechanical torque, while the stator 

i2r losses are supplied by the decay of the energy of the stator 

magnetic field. 

The 3rd component of unidirectional torque is due to the . 

flow of the additions l d.c, in the rotor circuit. This is now 

the stator (armature)  i re $ whore t- is now the •A.C'. component 
V2M B'2r of armature current. This- is equal' to 	 a - ►.~-i "".` 

2 

)2 rl for a 3 phase short circuit and ( ---) 2rl 
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fora Lto-Line short circuit and 3( 	-i-)2r1 for a L-to-4 

short ( edit. 

1.. 	 g esnbrtalincy.. 
Theree may be an additional 10 ;s torque in the armature 

circuit due to subtransient saliency., (where XdE: 	X 11) e 

Gonerall ,,.thia can. be neglected._ 

In: tables ,I ° fi u ttc s aT0 	ven i'tir the rundairinta1 
and double frequency component® of Electrical. for ue developed 
-at the retor and also the uniclirectonai eemmonsnta of tore e 
for var bU.3 tyaa of faults. 

During a 34-.short circuit,, the electrical t'orcue 'o tP'ut 
is zero 1,,P, T = . 0., and the only unidirectional torques 4.11 
be those given by equations in Table 1.1 

After a fault occurs on a' s teni, the asyrriimtrica1 and 
subtransient compon~4nt3 of the current die aav7a in a small 
fTaatiof t of a second, but the transient effc_et of the distur.. 
bance e.cntihue ' for several seconds.. If the s-yaten is stable 
under this transient, condition, the generators. ultimately 
settle down to a 'new cendit'tsen of steady operatin at synchronous 
speed. Qua the other band,) a severe disturbance may lead to  
i stabili ty, eo that the generators pull out of step and have 
to be disconnected. The phenomenon depends greatly on the 
mechanical characteristics of the gyre x ator; , since the rotors 
accelerate and decelerate, causing' the Instantaneous load angles 
to esej. ;let&&, Stability is usually determined by the 1st swing 
of the .. :h me and It is assumed that if the ger. rat ►r does not . 



down to a steady condition.: 

The transient power angle characteristic la usually ca1-
culated by one of the following assumptions, depending upon the 
accuracy & :3implicity of calculation ncededl. 

1. The vc,ltage behind the d. axis transient reactance may 
be assumed consi. t (constant Vl') Gr, 

2. The, flax linkage., of the field winding may be assur d 
-constant -(constant vq'! ) • i.e. the voltage behind the transient 
reactance may be assumed constant,,, 

With the~,two di: fe{ent assumptions* the power,,angle 
carves Bari be plotted by the respective . equations .. 

or To_t-L._. sins 	 1.32 
Xd' 

The transient stability limit in a single machine 
problem can be estimated by the .maximum angle of fault clearing  

by simply balancing positive & negative areaa on the power_ 
angle diagram. This is possible because the move nt of only 
one machine rotor is to - be followed. In the case of two or more 
machines, the equal area method can not be applied; stability 
or instability is detertl cd by the relative angular position 
of two machines,  

Transient stability studies are also made for dete•rmin. - 
ing the ability of a system to maintain synchroni5m following 
a disturbance such as short circuit. 'Whether the system stays 

4,3 



in synchronism or not is determined from the &.A ng ourte, The 
.swing curve 1.5 drawn fray the following eqn, by a atep-by-step 
method using .a small interval of tiz 

r T _ 	 ... .. 1.3 

where. TM =. chaniea1 torque input of Prirx Mover and 
is assumed -constant. 

Ta = Poit1ve ;quenee synchronous torque -output. 

Ta1Ung torque glue to unidirectional torques, 

F 1'on the swing curves, the time t corresponding to the 
ins l=m angle of fault clearing can be obtained,. 

If the actual time Of clearing e fault is l . a than  
t~ h system  i :1 be et i .e; If it L greater, he system 
will bei utable • The tin that it takes the i otor to wring 

t c~ i s Or1t .P i. a uxl: v diap1aoennt is the m irawi tine 
that the' _cult can - be left -on is .th stability 

. 	Lei1i fOZ  

S. 

he coustanta of tae chine nasurcd oy standard teat 
methods•aTe ( &i L. j4J. t r ° 

0.766 	 == .381 sec, 

0.035 
«: 	e 	0. a2 

rl =:.0195 



~dofi = 1.3 

.0235 

Td-t = 0.49 
Td" Tq ' 	.: ,0  
Tgotr .0367 

X Jft Xq are unsaturated values.. 

BeforE the sh t.t circuit, the alternator is driven by 
the mime mover and auppiie8 power to the faxed supply. Under 

this steady conditions, the P.U.. aloes of the quantities axes.. 

V= 1.00; 1 = 1.00; P.F.  = unity 

250 	~' e = 1. 02 

From equation 1,31, the power output i3 given by 

To =3,93'SinS .817 in 26 ... 	..6 1.34 

The torque angle diagram is calculated from the calculations. 
tabulated In Table 1.2 

The torque angle diagram is shown plotted in Fig.1.3 
In the figure,  'the constant kxime Ms ver input, which is taken 

equal. tai 1 P.U. f is also thawn. When the short circuit is 
anp11e4 "at the stator terminals, the power output is zero i.e. 

the torque angle diagram now reduces to the z-axis._ The 

critle l angle of fault clearing can be found by the equal-area 

method. In this case, the critical angle has been found to 
be U90. 

Y- 
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The braking torques. are calculated as shown be1ow. 

Tb 	 L U1 .1 T2 

ereT.1  r[cidO  + 

An (Pf  

.9O5 

1qtdo 	
+ 

Xq 	• 	X.  
cjq 

x Sin25 	+ .42_ Ntt.02 
L 	,452x.245 

(.93 + 979 let" 

dt 
Xd 
x Co a 26  
 LO

32 +.622e2*27t+,QSflet1 
.245 	

• 

= (1.18- + 0  3i.2,27t 214 0'45t 

Pu1 . .i+.1030'44t+.000895 0-90t+,148 '02,27t 
+ .0192 gi4?•2?t0134 4St+1eI00t 
+ .0865e 5Ot 

= Torque due to armature copper 1080. 

x • T 	 ------ (.076 - .0195) 2 x .245 	J 
= 066 e150t 

= Torque due to rotor 1OSSQS. 

• Tb =T *Tfl2 



(.115+ .1o3e" 54t+  .14Be 2 h1 27t+.0192e-47,27t  + 0012 0 
-loot 

r,,e + •(J.J 8
.50t ) 	,.• 1.35 

The variation of tuddireetional torque after ahort oircuitig 

a loaded a1ter*tor calculated from uttn 1.35 is plotted 

In fig. 1.4. 

0 during 3 phase short eireuit. 

From equation 1.33, 
+ 

.Ol92' + .l17+.Ol2l&' 

+716 

,1t t 0 _.L 0 and 8= 250  
dt. 

-4.54t 	'247t + 182t24-39 .2.05 	11.866 
63.175 6.50t) 	 .. 1636 

The swing curve Is caloalated as shown in table 1.3 

The swing Curve is plotted. in fig 1,5 From the curve,. 

it is seen that the 	qtr for which the fault can be 

allowed to persist to Q.S 	The dip in the carve 

during the first few cycles can be explained as follows, kiter 
the short circuit, the sudden transient torque produced by the 

alternator temporarily oxceds the torque of the-  prim: movert  
resulting in a drop in speed. Subsequently, vhon the alternator 

torque decays, the ,- mehim accelerates because of the Pr1rn 

mover torque. 



much e t r than the ositive quence resistance and its value 

depends largely on the value of the resistance of the damper 

r3ndings.. 

With this. s. assumpt on,,. Tb = T aFF - ~ = 4 = 

Now td = .422 

I 	.,905 

cqt 
Tat  (1.18 + 2.3 e -2.04t) 

= .0195 
1
(1160+ 2. a-2. t)2 (1.83)2]  

= (.1 + .1035 a `.O t} .l43 a-2.04t) ... 137 

The variation of unidirectional torque calculated from equatioi 

1.37 IA plotted in fig. I... 

= 412 ric.iis +.ioa5 3
-4+0 r-4'. .4`

21 r r ..~• 

dt2 	L  
= (364 A 42.6 e'4 '08 

 ti - 59.1 a.'2.04t) 

Att=0, 	~. 0 any. 	=25 
-2. t 

(182 t - 39.4t + 41.75 - 2.55e ..48 -14.2e 
.... ...1.38 

The swing curve is calculated in table 1.,4 as hown. 

The awing curve is plotted in Fig. 1.5. 

it is seen that the damper windings provide an additional 

braking torque on a generator and thus reduce the accelerating  

torque 	Ing the fault. 

The modern trend is to clear the faults as rapidly as possible 

clearing tins greater than 0.2 sec. are seldom used bn important 

circuits where systeu stability is a consideration. Moreover, thee 



MLI 
uiaiiuuauuai 

.uii••iimmu..uuiiuiiuiuuiuiauuiuuiuiuu•siuim •uiuuivauuauauiaa•iu•iiaiaiuuuiuiuiuuiuuiiuuuii flUUII•UURUU•UIUUUU.iIU.IUUU.U*UUIUURUUUUIRU.•UUUSIUU UUUUIRIUU.UUUU.U.UU.IIIIUUIUUIIIUUIUIIIUIU$IUIU.I1III iuuinuiuuuiuiu•uiuiuuuuu•uuuauauuuuuuuuuuuuu.ma.0 
siuuuuumai•miuu•muiiu•iiiiiaiuiuiuiiiiiuuiiiii• UU.IIIIY1IUUUIIIIRIUIUUIUUISIIIUSUU.IU.IIUUIU.IUUIRI wIuIuU.uulUuU.RIuuMuuIuIUIU.uIU.IU.UU.U.U.ua1auIum 
iuiiiaiiuuiiiiiuwiaiiiuii•uusaiuiiiiuiwuiiiii 
IUUlUUUiUIIlRIIRIIUUIUiIIIIUIUU.IUIUU.UUiIUU IIU.RUUUIUUU.IUUIUUIU.UUUUIU.U.UIU.U.0 
IIUIUUUIUUIU.ISRiflUUURUUIIU.iRUUUU.UIUII 
UUU.•UUIUU.UUURIRUU.UUIUU.I•U.UIU.•U.UI 
UUNfflIflIIiL'IIIHIIIIIIflIIftIII" 

11U1l111 
mill UU•UUUUIUU.UUUU$URIU.%UUIUU•UUUUIUIUU.UUIUU.U.UIUUIU UIIIUIUUUIIIUIUUUIIUU.U1%IIU.IU.IU.IUIIU.IU.UUUIlUIlU 

Bra m IUUIUUUUU.I•UIUUUUUURURUUUUIUUUIRlUUURUUIIUUU.UU UuulUlU.uIaIIIURIr*IIU.ulIuu•IUIUluuIlIII 
UU.IUUUUU.UUUURUUIUUUUIUU.••IIUUUUU.IUIUUUIUU IU.IU.IUU.IU.RUUUUIUUI1U.IIIUUIIUIIU.IUIUUIIIIW 
U.UI•U.UUUUUIU.UUIUUUIUIUUUU.IIIUIU.UUIIUIUUIUUU. mm UIIUURUflU•UUUUIIU.U.UUU•U.IU.IIURUIUUUIIUUIURUIU •msiuiiiaiiiuuuu•iaiuui•miuuiu•iuuuuuuiuuuiui 1IUUUIIIUIIIIIIIIUUIIUIIUIU•UUIUUIUII  
UUUIUIflUIU•UU.IIUII1IlU.l•UUIUIUIUIIUU.IUIIUUUUUUUU son IIIIU.UIIU.URIU 
UU.UIU.IIUUIIIIIIIUIIIU.IIIUU.IIIIUIIIUIIUIIUIU.UIIIURU. 
11MU.U.IUUUUUUURIIUIUIRIUUUIIU.UIU.IUIIIU.I•IUIU. U UU.UIUUUUUURUUUUUIUIUIUUUU.IUUUIIUIIUUIUUUUUUIIU.UUUUIU 
IUU.•IIIU.UUUIUUUU.•UIIUU.UI•U.IUU.IIU.UUU.UUUUUUIIUU BUIURIIU.UUUUURUURURRIUUUUUU.UUUUU.U.UUUIIUU.UIUU.IflU 
IflRUflIU.IIIIUIU.IUIUIIIIUUIU.IUU.UIUUURUU.IUUUIUUIIUU 

IUUIUUUIU.UUUUIIIU.UIU.lIU.IIUIUUUUUIU.UUUUUIUIUUIIUUIU UUUUUUIUUU.UIUUU.UIUURUIUUIUUUUUIUUUU•UIIUUUIUUUUURUIU UUUIU.U.IU.IUUIIIIIUU.UIU.UUIU.IU.UIUBUUIUIU.UUIUUIIU.0 IUU.UUUU$UUUIU.UIUUUURUUUUMIIU.UIIIUUIUIU.UUUUUUUI 
:u:ulmilaaurnhiiillilhigllilLm..Li... 

Illilillill In IIInIInIIIU!N 

S..... U.S..... urniuusuumsa IRUI.S.IU..IUUaIIS.IUUUUr?UU?1U.SUU.IHIIUIUIIRIU 

Ism 
IUhIIS.S.U.1UU.flhIIU. 



4216t 12 	t' 1i5 'iJ75 

C) 0 0 1i7& 	25 

84 ,072 249 
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.20 .E432 ?28 75 2956 

30 12C4 164 -0 24  

40 .1685 292 34 4622 

50 2L03 45,,5 213 5943 

6O -252 615 72 1 4 

•7O 295 BP 10 09 96J) 

RO 11.6 % 5 05'3 2,O2 1197 

90 379 147O 154 146,56 



-4 .  . 2 . CS"4 t FJ 
t 	' 182 t '255e 	' a.i4. 2e 	B (th g) 

0 0 0 .2,55 l42 25 

O ci 1.82 -3.94 ®i .,7 —11.6 26,33 

0.2 7.28 -71 88 —1.l? -9 45 3O57 

O3 164 1.192 —0.75 —'7 70 37.78 

,4 29.1 1536  

},5 

 

455 —19..70 .e5.11 62J1 

4.6 65,5 23,6O —0.22 —4.17 7926 

G.,,? 89, 0 —27x60 —^$.I4 =3.51 00,50 

0.6 116,J -''>1.5O —0.03 =2,7B  

G.") 147,0 25.4O =r;.D7 -2.27 161.02 





majority of faults occuring in practice are unsynintricai between 
phases.* which are less severe than the 3 phase short-circuit , A 
less severe type of fault wou .d permit either slower -clearing or. 

tranantiasion of more power without loss of sync :ronis 

...  
The aitarnatoi is unloaded before short circuit and is run 

as a synchronous motor. Under this cos ition, the speed falls 
continuously after the short 'circuit. 

Under these conditional T and T are given by the express.. 
bus in Table 1,1. 	 . 

=90195.324.622 	+.O577e45t ;. »_  

•245 

2 it..245 

-soy 	•4, 541 	
=: 

(,66e_.  

	

+.o33 +~ .12 	. 7 e 0t 129 '2.27t  

.011 a -45t *. .02% 9"97,27t), ... 1.39 

The variation of wddirectional torque after short circuiting 

on unleaded alternator calculated from a jn. 1.39 is plotted in 

fig. 1.6 	
V - 

d--- 5-- 	i2 (f66$ °t+.032+x.1 	
• -454t . 

dt2 
+e1190+2.271 Q1195 t .46t 4 1 4® 7.27t 

•501 .5 	-45.4t 	Jot 
t. 	`d 	+1.5 . a 	+. 4 2 0 

-•2 27t 	5t- 	M4? 271 

	

+8,3.1 ® ' 	- M --e 	. +9.6 
whey. t -E7, 	=0 and S 

dt 	 ` 
with- these conditions 

Mrli 



s (.6.8t.4o.46t +ia - ioRe 50t 2s&1454t 1o3e _227t) 

•. 	.. 1.40 
The suing carve is calculated as .shown in Table 1.5 

The awing cirve is plotted in Fig. 1.7, 

Wii.±1 the aanv. assumptions as 	 a loaded alternator without 
damper viinthga, 

Zd 

Ad 	Xd 
4 +.66a' 	2 

b 	 x .0195 
'26 

(.0316 + .126 e'0 +.i3 e 2  . 	) 	..1.41 

The variation of unidirectional torque calculated from a n • 1.41 
ip1ottc6 in fig. 1.6. 

u42 (.0316 +.125 q-4 *08t+  

At t-  Of --- 	•o, S =o 

Under. these conditions,. 
2 	 -410Bt. -2.04t 

S 	(-6.5 t 	.9t+15.92a3.12e 	-12.8e 

s... 	1.42 
The swing curve 13 calculated as shown in table 1.6. The swing 
carve is plotted in Fig, 1.7. 

It cart be seen that in the caee of an unloaded alternator 
with damper windings, when 'tho 3 phase short, ciredt is applied, 
the rotor falls more quickly than in the case of an unloaded 
alternator without daner windings. 
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majority of faults occuring in practice are unaymntPica1 between 
phases, which are 1C38 severe than the 3 phase short- circuit, A 
leas severe type of fault would permit either slower clearing or 
tra3lni3sion of more power without loss of synthroniin. 

,i1'411 an  a 	 tax& 

The alternator Is unloaded before short circuit and is run 

as a synchronous motor. Under this coxition, the speed falls 
continuously after the short ciX'cuit, 

Under these conditi0hat  T and Tare given by the ezpresa al 	u2 
ions in Table 1,1k  

TbTul+Tu2 

r .32 +.622 
I-- 	-',,-------- I- ------'-. 

 

.245 
.25t . 

+1'r 	
2z245 	(,Q76 ..,Q195) 

5fl 	 .1114 54t 	9t 	2 27t (,66e 	+.033 +. .125e • +.0O10?5e " 4 +9e 
+ .oug 0 	+ .0234 !lS97.27t) 

The variation of unidirectional torque after short circuiting 
on unloaded alternator calculated from eqn. 1.39 Ii4 plotted in 
fin. 1,6k  

TS  0 

• ' vr-  =412 
dt2  +,129E+ 0flg5Iu45t.02348N47.27t) 

+.2720 5+5l,5 .ew4S 4t+,i2 m90t 

+53 :i. 611112.27t4 92 eSt+9.68e.127t) 

when t, dt 
with these conditions'-- 



S S' (-6.8 ' ..40•46t +13 — •1088-504
-2•5e •aT.Ctip .10.3e .2r7t. ) 

••o to 1.40 

The swing curve is ealccalatad as shown in Table l..5 

The swing curve is plotted in Fig. 1.7. 

.o! d!r it o ruunia .&a1t&rntor  

W;'f h the 	s ss tions as for a loaded alternator 4thout 

• camper wind iU :s,-  
Tb ^Tai - (._ )r1 

.. t dw 
Xd 	Xd 

• Tb 	-- . 	- ----~ x .015 
w26 

(.0316 + .126 a 	x.13 a 	)if ..,w ..~,.:.4~. 

The variation of unidirectional. torque calculated from egn.i.,41 

1 ,.plotted in fig. 1.6. 

----- - ----" .412 -,O316 +.12e e.4 8t 13 	) 
42 

At  t 0, 	 ' , a =0 

• 

dt 

Under these conditions, 
-4e08t ••2.0 

	

S 	(..5w.5 t2 - a$s 	+15,92 ,. • 	Q 	- .Be 	) 

swf.. w.w 1.42 

The awing curve is calculated as shown in table 1.6. The swing 

C11E V'$ is plotted in Fig'. .14 . 

it can be seen that in the case of an .loaded alternator 
with damper windings' when ''the 3 phase short, circuit is applied, 

the rotor falls more quickly than in the vase of an unloaded 

alternator without Japer windings. 





arse®a d ~ 
.a~1' 

m~ a,17•Q:. .. R..I. 2 

t '-c-.St. ° 4O 43t. ° A.i0 °42 !SO. 'a10 j,-ib 

V 0 0 ..109 -2 5 '°'10.3 0 

0.1 -.,.068 -4.04 ,0O17 -159  

0.2 ®,272 -I.09 -.00004 -1,:.Qi -655 292 

C.3 .61 ®12.1 - -.64 ®5.16 -5.51 

0.4 -1.09 16 - -,404 .4,16 d895 

TAB.  16 

t ' -645 t2 	1 .,3B,9t 	1 -3 1.2® r.12,Se (deg) 

0 0 - 0 -3.12 -12.8 0 

0. -.065 -3 -2.07 -10,4 ®.5 

0.2 .26 -7.76 -1,38 -9.5 -2.0 

0.3 - 11585 11t/ -.916 -6.92 -4.09 

C.4 _I.C4 .1515 -1.611 6.7'3 

if 





majority of faults ocauring in practice are unsymmetrical between 

phases-, which are less severe than the 3 phase short-circuit. A 

less s.4 ve re type of fault would permit either slower clearing or 

transmission of more power without loss of synchronism. 

The •alternator" 18 unloaded before short circuit and is run 

as a synchronous motor. Under this condition, the speed falls 

continuously after the short 'circuit. 

Under these conditions., T, and T are given by the a rpress.. 

ions in Table 1,1.; 

1 	 2.27t-~ 	Z .t91~5 	.32 +.622 e 	.t~577 	,..-_ w . 	s.. 
.245 

2t 25t +2 	(.t " 0 -,Ql95) [ 2.245 

( 616e-501, . ?33 + .125-4.541+. -O?5e*90t $.1290.2.27t 
+,.,01196o "45t + .0234 e197.2?t)   	1.39 

The variation of unidirectional torque after short circuiting 
on unloaded alternator calculated from eqn. 1.39 is plotted in 
tic. 1.6. 

de s 
-- =-412  

• 

1 	+ . 272® 050t+51.5 e"45.4t+. 	 got 

+53.1 0"2.,2?1.4.92 0451+9.6 	?.271) 

when t O, 	and 	. = cat 
with these r! Gtiridit.i nn!q 

W 



off+ 

16 0 ai~.iSca 

 

pnsjt ive .~.., ne f s $ 	~NOe.N • 

In the above analysis, positi sequence damping torque s 
which results from the torque caused by interaction of the damper 
currents with the positive sequence (forward rotating) igz tie 
fieid in the air gaps has been neglected. When damping occurs, 
the positive-sequence power output of the machine is the algebraic 
sum of the damping, power and the synohronoua power (as though 
the machine had no damper  windings). If the former is much 
smaller than the latter, it may be .sufficiently accurate to solve 
the pflsittVe sequence network as though only the synchronous 
components of power existed. Then cognizance of the damping 
power would be taken only in the ealciulat ion of accelerating 
torque from the eqn. Tao *r M . Te Tb 'm D '••  

where T. Mechanical torque input. 
Te = Positive squenee synchronous power output. 
'fi b w braking torques due to unidirectional. torques. 

TD = Positive sequence damping torquer. 

If however, the dn.mping power should be as great as 5 to l 
of synchronous power,, it might. affect conditions in the rye twork 
sufficiently to warrant taking it into account in the network 
solution3E 

There Is no damping effect during the period the fault is 
on as already explained.. 

Then a qn. 1 	bec o 	Tao = T m - s TD ... 1.44 
The damping torque is given by 

TD V23~ 	TdQ" 3.n2 & + 	~~pCas b 

the proof of which is given in Chapter II. 



are mach F' 

No resistance in, armature circuit. 

2. No rei$taflce In field circuit, 
3. 3ma1l 311p. 
4. Dapthg action Caused by only one set of rotor windings 

(damper windings),. 

V28L.) [. 	d.TdO 	a2a' Tq  C08 261 

1 z 	 x .0235 £1nS+L.4=x.036CoS] 

in2  + .0372 Coa 

AL  1,02121 + .01599 Cos 2 & 

m(G,2121 + 0,1599 Cos 25 ) for a tim, interval of O.laee. 

is taken as the average value for the ti intervals.  
iediate1y preceding and following tho instant for W ChTD, and 
T. are to be computed. 

After the fault is cleared at Q.8tea. after occurance of 
the fault, the swing curve Is calculated using eqn. 1.44 

Tae 	 mTuui TD 

have T = 1 

Te a 3.13 Sing- 0.l7 Sin2g 

TD L\9 (0.2321 +0.1599 005 2 

' 0.:2121 AS  

'I 



b 

Eenc w  the eqn. of motion igiveu by 

(602 
 = i •ca, 	Sio,817 th 2S.) ,Q.2121 LS 

The wging.cz.re .a ter the fault, is e1eared in 0,8 see, Is  

calculated as 3hown in Table 

The swing curve is plotted in Fig, 1,98 

The ealeulaticn3 are repeated neglecting damping. The 
Uf  of motion 411 now b. 

t)2 
	3:,3 sin.S 	817 4in 2 

The swing ,cuzve is 1cu1atd as shown in table. 1i8& 

The qjOing  curve 4os plottod: in Fig. 1.8,. 

It is seen iroi the £iure that positive z6quenae damping 
causes the oscillations of the nathine rotors to decrease in.  
ap1itude. It the fault had been cleared sooner, damping would 

have been mbro. effective in redithiigtbe amplitude of swing. 
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••• f • NI 134Q  -OF AN LLAO±L1MZ O SWTCI& 

. 	 _repntan 
tifinitibu8... 

IN F 
U5 

A phase alternator is supplying power to an infinite 
bus as shown in iig. 2.1. A reactance Xe  is stiddenly inserted 
in each phase by opening the swttchea S. After a ti, the 



p jft 	r 

machine may either settle.  down to a new condition of synchronous 
operation or it way lose synchronism and. operate .asynchronously 

above synchronous speed*  

I ne rt in 	e 

tatJ3 (before rert- 
ptr) 

p 	p 

1I 	bOiF, Tm 

To 	 I Nr; 	.;.. 

Fig. 2.2 ahow the tranint and .3tedy stato torque-angle 
characteristic-s-  before and- -after therting the reaetame Flg.2.3 



La an expanded plot of a portIon of ig .2.2 to ,illustrate 
the reatlting torque-angu1ar oacL1latin when the .reactance• 

tnserted. 

• When: the. reactance Ia ineated, the electrtorqm 
drops from the initial value at point 0 to a value approaching 
that given by the transient carve after in&orting reactance, 
Rove rebaise of aubtran8ient or additional rotor circuital  

T . riie1t 

01 

•LjC) a & 	rg j 	C ci 

L 	 Tr 	r pr.. 	 c 

the torque drops to point' a' only part of the way. As the. 
angular diaplacent 1nereea, becae: of the accelerating 
torque presentd by the ordinAe eal, currents are induced 

• in the additional rotor circuits so as to produce a component 
of e]-'e.tfleal torque which. adds to the '1 synchronous compont. 

At point b, the rotor velocity Ia a maIi. The rotor swings 
to point .  C. so, that the area bee' equals oah according to equal 
area criterion. As the rotor then decelerates, the rotor 
velocity relative to the infinite bus oltago Is negative so 
that thealeetrical torque due to rotor moUon changes sign 
and the. electrical torque follows the curve as indicated by 



the arrow*  Beeaue• of tbi8 component of toi 	developed as 

a re.uItof the tin- of the rotor,. called damping torque t. 

-the area e'd is.' less than becv' so that the riagnitude of the 

rotor oscillation decreas. in this way, 'the .ociilation is 

damped out and th? path of motion is along a spiral until it r. 
finally cams  to rest at 0', corresponding to the steady state 

torque, 

.e  . 2__n -time 	 337qp... 

SeA,,eral'mathoda of ea:Lulating the swthg curves are given 

by Cray?ranging from the simple method b1ia on cOnstant 

f lux linkage and no damping'.,  to an accurate but labbi'iits iu3thod 

dsr1bd In a pacer by Cra,ry and aring12  Making cez'tain simr,lj- 
fying 	iipt1na., simplified method has been presented 

by Uhich a clear picture C5fl be obtained of the part , played by 
damper windings, 

.Ixder to .atudy the conditions fully., it is necessary to 
calculate the electrical torque and the load angle of the machine 
after the disturbance.  

For slow transients, the-  approiztc ena. given by eqns. 

A 12 can be used. If S is own as a frnti0nott  time :; the currents 
and flux linkages--and hnce the torque can be calculated; 
1owever, as S 18 not a knownQflCt1of timi it:is..neceasay to 
formulate a general expression for the electrical torque TO  as a. 

lun4Ionof and uth the e*presion to solve the' dynamical equations 
of motion of the machine rotor by atep, )y 8tep flthOC1,: By 

this nzaw, 'bothjand S .an .....deterrned a3iunetionsDf 
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equations A 2, 

60 ooS = Lad i 	 + La) 1,dD  

= [rt +(i 	+Tr) 	i 0  +L:IkdD f 'do 

0 LPiro + [rid +(L +L&1j -Lmd I-do 

2.1 

Kee iand i are t•on8taflt and Ikdo  0. After 
the, switch is opened, the inthctance in.preases by an amount 

Z. The combination of alternator and inductance can be 
treated as a modified alto rnator haing  a leakage reactance 

Xa + XG= C' ) (La + I). The field voltaga isunchanged, he 
equations of the modified alternator aret 

+ !.. coBS =Lmd if.+Lmd kd (Lad 1a 1e)1d 

= [ri, "('DId + L) 	i + 	pi'X'fl}i4 

o = L if 	+( +L&j 1kd4xP1d 

The first of equations 2.1 can be rearrangect as: 

+ 	 T oaS0 . Le 1do 1na if+L  ikdo 

+ La + 	 •2.3 

In equation3 2,2 and 2.3, the term on the L.H.S. can 
be regarded as an 1mpr6.sed voltage which changes suddenly-  



at. t = 0g  Hence the superimpowd changes of current 

denoted by symbols with dashes,are determined by the 

equations obtaiid by subtracting sqaationa2.1 and 203 
from 2,2, 

(COGS 	0oeS0 ) + Le ±d o] 1= Lmd if'+Lika' 

0 	+(L 	1r' +L  J' 	- LJ4d' 

0 Ltd V i.''+ [rkd + 	+ 	 ••,2.4 

The currents 	and i 	are now eliminated from 
equations 24 by the method used for obtaining the 1t 
line of equations A.S. Here the field voltage- is zero. 

w.
(cosS co4) + x i 	i 	_________ 

.,.. ... 205 

whe Xde ( ) =operational mpcdare of modified 
alternator. 

The total current Id 13 obtained by adding 1d  to.  
id' given by , equation 2.5. 

•" 

'I 

id 	o 	 [Vin  (eoa 	0030+Zt4ão] I 



Similarly 
=iqo + 	

t 	
(sinssin S,) II; iqo] 3. 

.... 2.6 
1qna.2..6 are ased to calculate - the electrical torque developed. 
For the modified alternator, 

(X + Xe); Täe' = T0' 	eta; 	24 7 

• For the rnodifid aiternai:or, the flux linkages are given 
by equations, A 12 and the anent by equations 2.6. The 
electrical. torque 1s obtained by aubatituting these values In 
equation A (4). 

	

e + .!. Ud sins 	 .., .... 2.8 

By using the partia1fraction forms of equations A(9) 
and B), the currents given by equation 2,6L can each be split 
up into three parts as follows: 

i 	i . --L....[v  (Cos 	Coss. )+ XeidOl 
Xde 

iql qo * 	(sinS. 3inSQ) 
. 

1d2 	. 	

_3• i+T 
	[Vrn(cos& 	)~;ido] 

LIZ 	
1 	

...2.lO 
T 

ida 40 — •;_-) i;4 	 1(coss eosS0 )+xei] I 

i 	 fv (SinS4. sinS0 ).X i ii q 	
q 

	

Y 	l+T *1I  cle
erL 

Corresponding  to each pair of cur-rents (iaiiqi) (td2$ 1q2, 
and (i,. 1) torque components Tel 	Te2 can be calculated. 



-'3 

• • 
In equation 2.9, symbol 1 can be o*ttted because the 

operator does not appear in these equations, By using the 

relations of equations A(13) 	A(16), 

i. I 

• i.• 	= ____ v sin S 
U•.
0 

6 	... 2012 

qe 

- 	 vv• V = + 	pins el 1 ifl 	2£'  
• de qe 

- .•• 	.•s 2.13 
is the torque produced if the field flux-  linkages are Ol 

constant.. 

...2a2 eond Tue onmrin,. 

After the awith is c1o8cd, the fie1d. flux linkages change 

and V (tlie voltage behthd..• transient .X'eaetance) varies with , 
the relatioD. being given by eqxattonk(16) without the suff ix o: 

V CO   •+ 1'  'd 	•,, 	 2.14 

Lei 11q' change from the original value 	q2 

	

Vq'= 1qo' + Vq2' 	•. 	2.15 

The torque aiso1ated with the change of V is 

T V V ,  
' + 	 C 

i  e2 	'r -i—flo •,. 	,,. 
de 

0002434230- Thlad tarnue. -'cQn1=ae.0  
This is due to the pre-sence of damper winding. The current 

components are calculated from equation .2.11 by using the  
approximate standard integral form of Daha1.'s Theorem 
(equation A21) 
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1 	1 	1 uIt/TdeU  
td3 	 Zi 	[Tie 0 	 de" 8ifl rF 

(1_e_tfldeul)] 

"q3, [ax8  

a 0,2017 
V 	

V 	(1e 	) 

Substituting equation 2,1? in equation 2. LB and w4ng the 

	

equation(13V) indA(14) 	V 	

V 

. 	 V T03 V +.(a 31nS 2. + b coo )S, v sinSc.11 .-. V 	
Ms 

(ZeI+Q 3  Tde v sinS )t/de v eoS(- 

(XeI 	 IT 0S 	
V 

V 	

••see 2.18 

where a =()V2 Tde' 
	

) 

1 b = 	V 
 q 	

V.; Xqt 	
V Xcte 

dE 
dt 

" V 	

V V 	

V 	

V 

... 2.19 

Thp 2nd and 3rd,_-.termj le. jy. L'apjdjy and if these are 

neglected, the damping tor.q_ue ., :js  

V 	 2 
T3 	(a $in2  +bea  

If a and b are nearly equal, 
Iy 

. + -.--- ., S 	 . S.. 2921 2 
The danming Vtorquo Coc3fiLàient Td 	Tesa 81n28 

= see 2.22. 



following the disturbance Is given by 

T e  T o, + T og  + 

+ 

	

dO 	 do qe 

+LL alnE +(a 31n +bO326 ) 5 ..2. 
Xde 

The 1t torue comnozkt is obtained on the assumption of 

COflSflt flux Iiiikagc. For netwokk analyzer studies, a further 

	

atton is made that Xd! 	This nthod gives a penst. q. 
inistie result, but is adequate for determining whether the 
machine is likely to go out of zynchronism on the lot swing. 
This iuthod is inaccurate for determining the behaviour after 
the first swing. 

The 2nd torque component allowsallows .fo.r variation of field 

flux linkaie but ignores the effect of damper winding. This 
beams zero with the 'usual assumption of constant flux UnItage  
in stability studio 

The-  3rd torque component Is. a damping torqu which Is 
proportional to the iip. and is produced by the action of the 
damper winding.  The value of the damping torque coefficient 
depends on the instantaneous load angle but if a & b in 
equation 223 are equals  the damping coefficient is approximately 
constant as in equation 2.22 

. . .2,&Lc3lPUI4,ia11.. 	- 
Under the initial steady conditions (before the reactance 

is inserted): 

V = 1 P.U.. 

73- 
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Cos . = 0.8 (lag) 

Vqo 	Voltage behind the transient reactance 

= 1.16 

SO  =16,5 

power 	0,8 P.11. 

The value of reactance inserted is Xe = 0.924 PU, At ti 
the reactance is inserted, the constants of the modified 

alternator as per equation. 2.7 are: 

Xde 	=1.69 

Xde 1.184 

xas  1,.169 

Le= 1,376 

Tae = 0.9]. 

Tde" = .0232 
.0313 

Fromequation 2.1:3, T 	V. !°_ sin . 	( f 	-')Stn 2G Xie 	 deqe 

(0.9t sing .585 sin 2 ) 

Te2  =,O with the assumption of constant 

flax linkages, 

1 
From equation 2.19, aTd" C 	 •000255) 

- 	b cV2  Tq 'i 	 400398 
je 

From equation 2.20, ¶ 	= (a sin2  S + b cos2  ) 5 

000255 aln2& + .00398 coSOS 

.000255 ain2S + *00398 eosU 



• f  . T e  = (.984 in S - .585 -in 2 S )+( .0211Th S) 

The equation of motion is given by 

T a °e  of 
412. (T M  TO ) 

The swing curve is calculated by the step.by»step method 

as shown in table 2.1 

From table 2.1, the following curves are plotted . 

	

swing carve 	:.. 	... Fig. 2.4 

Variation of transient* torque 	0. Fig. 2.5 
Torque-angle c haracte ri s- 

	

s 	t .c..Fig. 2:6 

The swing curve calculations are repeated in table 2.2, when 

the damping effect due to damper windings Is absent. From table 

2.2, the swing curve, the transient torque and torque-angle 

charactct.tistIc are rain Diotted in Figs. 2.4, 2.5 & 2.6 
respectively... 

Fig. 2.4, 2.5 and 2.6 correspond to the oscillation of the 

rotor during the first awing,, 

The following points can be obaeried from the grapha.j 

Figs. 2.4 and 2.5; when damping is included, the load angle 
and transient torque reach uia1miim values of 121.5 and 1.44(P.U. ) 
respectively during the first swing and then oscillate with 

decreasing magnitude in each subsequent swing about the final 

values. Thus the system finally settles down to new values of 

load angle and torque and hence stable. When damping is absent, 

77 
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decreases: coot Iuuba3:y after the maximum value is reached. The 
aystem does not 'ahoi, any tendency to oscillate about a final 
value and settle down to a steady operating eonditit n, and 
hence falls out of step,  

When - damping, is included $ the torque angle 
characteristic -S oWa that 'during the first awing, the operating 
point moves along BC, re b, e s a maximum value at, point I3 such 
that area , 	area CD $ then moves along 'F and - rackea a 
minimum .value: at G sue i that area D F -- area FG ...The operating 
point then moves along GI during the °, second owing, ' aeh successive 
oscIllatIon .11 beàmu1.er and the curve converges on the point 
of equilibrium (about 850), which_ is the intersection of the 
ho `izonta1. line Tm and . the for xán1Q" eharaoterist1c.,, The 
oporratir n is thus stable. When damping Is absent, the torque,. 
angle characteristic does net, Show any tendency to converge to a 
point of equilibrium and hence the eyaten its not atable 

• When the Value of external raactazzee ' :i aette8 la reduced 
the 

to p.25 P ' 4 , constants are t.. 

C4 r 0.05 IP.TJ.. 
d: 1001 

dØ' 0.51 

• e14= 0,49 

• "ey 	
= 0.494. 	

y 	 } 

TdleP, 0.524  

Tde" 00283 	. 

~,~.= (2..28 stn 	-*267 sin 2S) 

sy 



ps 

Te (2.28 sin s - .267 sin 2&+ .085l$ ) 

The equation of m ition is given by 

dt 
	412 ( 	T.e ) 

The awing carves g:re calculated by' the - step-by-step method 
in tables 2.3 and 2.4 .~e~spect ~vely7 When damping Is included 
and when O 

. ,mping is absent. - : From table. 2.3' and 2.4 , the swing 

carves transient torque curve , and the t;rquo-'angle characteristic 

are plotted , as shown, in F1g 8. 2.71. 2.8 aMid 29. As - in the 
previous ease Figs 2.7, 2,8 and 2.9 correspond to the os billat. 

ion of the rotor daring the 1st swing. - 'rom these figures, 

it is observed that the system will be stable In both cases i«e, 
when damping -ia included and also when damping is absent. 
However$ when the damping is ineluded~ it can be seen, that the 
maximum load angle and torque during the f rLit swing are very . 

much lead than when the damping ia, neglected. 

From, the above, it can be concluded that an alternator, 
running. on an infinite bus is likely to fall out of step when 

a sufficiently large value of reactance is duddenly inserted 
in the, line; ,but if the alternator 1e pr ovided with damper 
windings# stability may be restored, When the suddenly 
inserted reactance Is smalls the system will ' be stable - though 

the alternator is not provided with anortisseur windings; 
but if the amortisaaur windings are provided, they will hetp to 

damp oscillations ittnd hence to reduce the , maximum angle of 
swing, 
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Sudden load increases can result in transient disturbances 
that are Important from stability stand point if (1) the total 

load exceeds the steady-state stability limit for spe~►ific 

voltages and circuit reactaree..; conditions, or (2) if the load 

increase sets up an oscillation that causes the system to awing 

beyond the critical point from which recovery would be impossible. 

The problem of sudden application of an additional shaft 
load on asalientpole alternator running as synchronous motor 

and the determination of the stability limit leads to a nos. 

linear differential equation. This problem was first formulated 
by u J4on and Edgerton14 and a solution obtained for the non-
salient pole machine by means, of the lntegraph .developed at the 

)a.asachusatts Institute of Technology. The problem of Lyon and 
Edgerton was later ` attacked by Ne].achlan15 utilising the method 
of isoclines,, Stokerl6 by the method of finite differences and by 
ku17 by a new graphical method devised by him involving velocity. 
acceleration plot. Later, the problem has also been solved by, 

	

Ganapathy 	applying . Aunga-kutta method, Though tedi tis, the 
problem will be solved here by' the step-by-step method and certain 
cofcln81ons are drawn based on eoriiical resuZt3 obta .nod. 

Due to the sudden application of a , load torque T, the machire 
momentarily slows down and the eharaeteristic equation which 

determines the performance of a syachron~us machine Is 

1E 
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d 	-- 	'' 	+ 	 •. 	3. . 

(assuming that the motor is operating in a steady-state 

conditionn at the time when the abrupt load i,a applied 
i.e,;., sit t . O S So 	and 	-a). 

wh!xe T j -- AA c ffic*ient ' hich ,when multiplied by accelerat-
'iQn give3 torque,, 

ITf 

T i zc Instsntaue ou:s torque developed at any value 

of S« 

Ti Consists of synchronous motor torque as 
wall a. induction :riotor torque, since the 
speed is no longer synchronous. 

To Thiel shaft torque., 

TL ~: Abrupt shaft taque. 

1 = iea .side' a. unit function. which Indicates, that 
the quantity to which it is applied is zero 
Wore time equals zero and i nultilied by. 
one thereafter? 

The initial shaft torque 

	

To s T. sin S. 'T sin 2ge 	 . 3.2  
where T m 	

Xd 

r 2  Xq 

= Initial load angle 

The synchronous rotor torque T,, sin, + T, sin 
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Induction mi tor torque = TD 
2 	T ks ,x  

L 2 	do 	X
t~ 
'3 qo 

d  

dt 

aS 
dt 

Hence equation 3,1 becomes 
,.  

# T S .Y! S -F '1 am 2 9 + `gip! ;.' '  

	

dt2 	t 	dt 

Squat an 3.3 can bE writ ten as 

T d3S TT9 d9 	T 	T T ... 	+ . .. 	. Sint s + ,a sin 2 S = .. L +" 

Introducing a flew va 7iabls for time 

t '~""° 
T
om

.._ 
equation 3,4 can be written as — 	- 

3 

	

.. .~ +.. 	_ ... .+ sin + 	sin 2S=.° + 	1 
d'1" 	T M 	T 	T 

...3.5 

is called the relative damping coefficient and is 

denoted by . 

• s' p 
. . 

	

	 .... 	... 	... 	3.6 

is called the initial load ratio. 
x 

T 	is calledthe abrupt load ratio 
a 

BgQatiof 3r5 cab, be written as 



as 	SinS + 	r in28=.+l •••• 
 

T 	 To 	TL 

This equation characterises the angalax transients that 
follow a suddenly applied shaft load. It is non-linear and a 

sø1tIøfl can not be obtained dirctiy. The equation is discussed 

below in detail. 

From equation 3.7, it can be seen that the peiforisnce of 

a ynchonous motor when a audd?fl load is applied to the shaft 
depends uofl four fSctot3 

1. KV  the relative damping coeffiei9 nt. 

TO  the initial load attG 
T m  

	

3- 	the abrupt load rato, 
T M  

	

and 4. 	 = 
T M  

If XO, than the equation 3.7 repesents undamped motion 

and the angular vxiation is an oscillation between the Initial 
value and srne maximum value. This equation is c1vab1O for,  the 
critical lad and the maximum angle of swing. for any load can 

be deternzlned by equal-area nethod, as indicated bolo,. 

Considr a systeri operating under the condit,16nS shown 
1h figure 24 with the shaft load T1  at the angle S1  and the 
shaft load abruptly Inrease4:to T: Because of the luertia 
of the rotating achin, the internal voltage of the motor 
does not imdiate1y swing to 8 which mould perit transfer 
of power T2. Instead, the initial difference of power input 
and shaft 6utput are used in decelerating the motor rotating 
elements. This causes the rotor to depart from ncronoua 



WA 

,,speed and to. Lnereaae the angular dii:n.. Thus, when the 

Syate* reaches 9 2* the LOtO2 is tIVe1Ung below synchronous, ape ad. 

)ç 	7   I 	 . LI 

rTrl 	: IT  

s- difference in the stored energy,  cannot instantly be •abaorbsd, 
and as a result1  the system OVOtShoot3 8 2 and, reaches saw larger 
M 10 such as 3 ueh that.- the ahaded" area ede Is equal to the 

area abc 	egietjn 	 tió. 	.are equaL The 
O]1Ofl win not exceed the 	Ia S  and-  "becau of losses 
in an. actAaL 	eq41iibrtu -will A1titeiy be . reached, at 2. 
For the ease i1luatrate in Fig.341, the-  system oscillates to -- ---- 
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S 3 

 

is less than 	the critical angle for the lead T2. With a 

greater incrernb of load, the maximum point reached In the 03e11-
lation vould be greater than S3, shown In the figure. With increas. 
ingly severe conditions, a point is reached wre the critical 
angle is equalled and this represents the critical load i.e. the 
rnai!m1m load that can be: abruptly applied to the •sht. If ,  the' 
-maximum angle of 'swing exceeds the angle corresponding to this 

critical load in the unstable part of the torqaeangle character-'
i8tie, stability 'ili be lost because the synchronizing torque 
is less than the load torque...  The amount of load increase that 
a .syatóm can withstaad depond3, upon the steady, state limit of 
the syateü and the initial loaL 

wail not b3 zero if da'mpar wind-ings are present.. The 
relative danoing coefficient K bee o' larger, a. the induction 

motor effect becna greater, It will be sesh that the motion 
represented by equation 3 ,.7 is beneficially ixfluencad by inereas 
leg the value of K, as the damping term reduces the maximam angle 

of swing. In other words', as the value of K hernia larger, the 

amount of sudden load -ratio that may be applied bacotms greater 

with a constant initial: load ratio, However, a limit will be 
reached when K. has such a value that the sudden load ratio plus 
the- initial load ratio equaie.or. Further increase of the 
relative- damping coefficient K cannot allow the motor to stand more 

sadden load because the final eteadystate conditions are 
Impossible., The value of K that just allows the sudden load 
ratioplü'the initial lead ratio to equal one is called the 
'critieal dartiping coefficient",--.','.-    This coefficient has different 
nwxriea1 values for different initial load ratjs, Relative  
damping factora larger than those for critical darning .roduee 



no beneficial effects but only slow Up. the rate of swinging. 
They do not allow greater loads to be applied without loss of 
synehroni sm. 

Curves of angular position against ti can be plotted 
by the step. by-step ,ethod, 

small sudden load ratios cause the sting (angle-tiro ) 
-curves to resemble daiped sinusoids, all having approximately the 
8am 	equency. For larger sudden load ratios, the frequency of 
oscillation i-s considerably reduced and the time required for one 
oscillation is increased. 

. From the swing curves a particular load ratio can be found 
for which there will be no oscillation. For this condition, the 
rotor angle continues to Increase and the motor falls out of 

step. For a slightly, lesser value of the sudden load ratio, the 
angular deviation reaches a maxi it value and than oscillates 
with decreasing aapittude about the final value. Between these 
two values of sadden load ratio,, there is one value for which the 

angular deviation would neither continue to increase nor 
decrease*, This value gives the "unstable equilibrium condition' 
for this particular equation,. Physically, such a solution mans 
that the slip and acceleration for the rotor of a synchronous_ 
machine both become zero when the rotor reaches the angle giving 

an unstable ateady,state solution. This angle _ will be on the 
unstable portion of the torque-angle curve, thus beinng greater 
than 90. 

WE 

For the machine under investigation, the initial load on the 
machine is found to be 0.,19 P.U.,, this being the core loss of the 
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the two machines (the other machine being mechanically coupled to 

the first) 
Hence T 	0.19 P.U. 

S = Initial Load angle 
0 

337! 
V0  = voltage behind the synchronous reactance 

TS 2H 
C) 

= .00242 PU. 
TM  !_!_o 	1.45 P.U. 

Xd 
_ 	XdXq 

•rt 0.452 P.U. 

synchronous motor torque = (1,45 sing .452 sin 28 )....3.8 

Induction motor torque = .0212 dE 
dt 

Relative damping coefficient 	 0.057 
/.0O2421.45 

;W4  WA  

= 0 tr the undamped case. 
The torque • angle characteristic Is given by equation 3.8 

Tine = (1.45 sin S + .452 Sin 2S ) and is plotted 
in Fig ,3.2 	For a suddenly applied shaft load of (0.8049)0.6lP.TJ,, 
the rna4mtziii angle of swing is found by equal-area-  thad. The 
maxim-am angle of swing for the case considered is 42 

The torque angle characteristic given by equatIon 3.8 is 
4-4l 4 T4r 	 4. 
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area m&thod. The maximum load that can be abruptly applied to 
shaft 111.26 l.9 1.07?. 

 Mot trc4 MI,  
To sho'i the effect of relative damping coefficient, the 

values of K are cho3en K = 0, K = 0357 and K = .357, Correspond-
ing to these three values of K, the induction motor torque All 

	

be zero; .00212 	and .0232 ,. 
dt 	 dt o  

craponUng equations of motion will be 

400242 	+ 1,45 sinS .452. Sin 2S .19 + TL .1, 

	

dt2 	 0 
0 #00242 

	

	. .O0212-— +1..45 Sin & *. .452 Sin 2S=.19+TL1* 

d S .00242 

	

	+ *0212 _. + 1.45 SLn' + .452 Sin 2 .19+TL1O 
dt dt 

. . 
With tho constant Initial load ratio TO. 0119s131, 

TM  1.45 

two ua1tea of suddenly applied loads are considered 

TL=Ol and TL :1,.11 
61 'Equations 3.9 become  

,QQ2424 	+ 1.45 sing +' .452 Sin 25 = 0.8 	4 

.00242 	+000212 _L1.45 Sin +.452 Sin 2 0.8 I dt2 	dt 
.340 

.00242j- + .0212 	+ 1.45 SinS +.452 Sin 25 =Ov8Q  dt dt 

Equations 8-- 	are solved in Tables 3.1, 302 & 3#3 by the 
step-by,atep nethod and plotted in Figs.. 3.4 and  
shows the variation of load angle with time and 	shows 

/DZ 
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that the system is stable, when X = 0 as (T0  + TO < 1.28, the 

• critical load far the undamped ea5e. increasing the value of 

to .0357 reduces. the maximum angle of swing. Further increase: 
in the va1ue. of .K to 357 reduce the maximum angle of swing 
farther 'lows up the rate- of 4,.Anging and at the same time the 

• motor will not stand greater loads and synchronism will be lost. 
T1.11 

Equations 3.9 becom  

00242 d2 	+ 1.45 an 	+ .452 Sins' 	1.3 

+ .00212 	+ 1,45 Sin +.452 sin 2S 	1.2* d=t dt  

.002 +.212. -4L +1.45 	ins +.452 61a 2 	•1.3 

.....3.i1 
utiofla: 341 are solved In tables 3.41, 3.5 and 3.6 by the 

otep.by..step rtbod and plotted In Figs. 3.6 and 3.7 Fig.3,6 

Shows the varIation 01 load angle with time and i4.3.7 shows 
the torqueangle characteriatiea•  It is seen from the figures 
that the aystem* is u.natabi ber K 01  as- (T0 + 
the critical ,  load for the undamped ca.Inereas1ng the value of 
K to .0357 makes the system stable, Further increase in the 

value Of i to 0.357,rduees the mnax1mu angle of swrig; alowa 
up the rate of swinging and at the same ti.,. the motor will 
not, stand greater loads and synchronism mill be iost" 

It can. also 'be aeon fran figs, 3,5 & 2..7 that the traatent 
orqu 	angle curve for the ,unstable condition is always,  above 

the corraspondthg stady state curve- whereas for the stable 
condition, the curve will be above the steady.-state curve during 
the outward swing and falls below it on the return awing 
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_y 
lied haft adsior 	initial 10aio 

1d aluLi 	aye 	fl2 

For a relative danping coefficient of .035?1 the variation 
of kngular displacement with tim for various suddenly applied 
shaft load$ can be studied from the tollowing equrtion8;- 

.00242 	 -1,00212 dL 
dt 

+1.45 Sing +.452 Sin 2S 
dtg 

o.a for, a suddenly applied load of 0,61 P.U. 

,00242
- 

~.00212  +,145  +.452 Sin 28 =1.3 
dt2 	dt 

for a suddenly applied load of 1.11 P.U. 

,0022 	+,00212 	+1.45 Sins +.452 Sin 28 1.4 
dt 

for a suddenly applied lead of 1.21 P.U. 

.00242 	+.00212 M8. +1.45 Sing +.452 Sin 28 1.6 at 	at 
for a suddenly applied load of 1,41 P 

... •.. 8,12 

quatiorAa 322 are solved in Tables 3.2,. 35, 3.7 & 3.8 by the 
stepby-step method and plotted in fig.348, From the figure 
it can be seen that the sudden load which can be. applied without 
the nachine falling out of step is about 1,45 .19 = 1.26 P.U. 

When K 01 the maximum sadden load which eonld be applied 
to the shaft was 1.26 -.19 = 1.07 P.U. 

Hence it can be concluded that reasonable"amounts of damping 
torque. increase the amount of load that can be suddenly applied 
to the shaft without loss of synchronjm, 
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For large values of sudden load ratio,. the time required 

for the angle to change to its maximum value increases for a 

given value of K; but this time is reduced for larger values of 
K. 	This is shown in fig. 3.9 	which shows a plot of the time 
required for the angle to reach its maximum value against sudden 
load ratio, Curves are plotted for two different values of K.. 
K a 0 and K .0357. It is seen that for a given value tf K, the 
time reg44red for the angle to reach its maxi um value it reases 
with the sudden load ratio . but is reduced for larger valuea of 
K. For very large values of sudden load ratio'  the time increases 
very sharply. 

Fig. 3,14 aho v. a plot of the maxinum angle of swing against 
sudden load ratio for three different values of K -T - 0 
K .0357 and K = ..357R  _ It is seen that the .tam angle of 
swims Increases with sudden load ratio but is reduced with 
larger values of K. 
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__)erat1, 

Following a •ysteni disturbance, such as a severe short 
eireuit which' is finally c eared a aynchronous machine may 

find iteff .ôpea'tng out of atepo. An alternator which loses 
synchron~U but remains connected to the supply syaten may settle 
down after a tm& to a steady eondtion of operation as an 
asynconotw generatorb For a given power .output, the currents 
are Increased compared with, the values duthg noxl aynchronous 
operation and the currrnta in the supply leads pulsate. The 
speed also puLsat9 a about a mean valU. 

In the past it was ionaidered that an alternator vhich 
losO.s synehrcniar must be disconnected forthwith. However, 
recent eprienee has Indicated -that under certain conditions 
and for ' a .lIited period It is ermIs8Ibie to leave the machine 
conneetd, until a 	action can be taken to cause it to resyneh 
rónize. What happens when an alternator runs asynchronously, 
what are the oriterla for resynchronization and how the'' damper 
windings assist in resynchronization are dealt In this ehapte'. 

When the machine loses synchronism, If the field excitation 
is removed, the current and torque pulsations are much less 

rot The alternator Is then an induction generator with 
sendry circuit. The theory in the following 

chapter starts by ari61ysjng this Condition during which the 
field circuit may be closed or open or closed through a 
resjstance In the next step the effect of field voltage is 
studied. Then the concitorts for re4ynehronization are studied. 

12! 



The analys .s given below is an approximate one. During 
asynchronous operation, the speed of the machine pulsates and 
an exact. analysis would require the solution of non-linear 
differential equations. The 1st part of the analysis is 
therefore based on the assumption that the speed is constant! 
J5r which; condition the equations are linear. In the 2nd part of 
the analysis the torque pulsations, calculated from formulae 
derived in the 1st part, are used to 4ete,r,.t . the pulsations 
of apesd4 

With a constant slip. 5*..t the load angle increases #iiformly 
with time i.e. S - 80 t. E uations A 11 then become 
(neglecting ra) 

Sin 	w t 	► (1» 3) W 4 

esw~w~ 

VMP Os Swt = + (l. 5)w Yd + I' 9' 

Squations4,l are used In conjunction with equationsA6, 
As the equations are linear, the solution may be obtained by 
superimposing two separate parts for which additional suffixes 
are us di $ affix 19, solution with applied germinal voltage 
but no field voltage; suffix 2, solution with applied field 
voltage but no termin .1 voltage. 

The field resistance r iist Include any external resistanee 
In the c .rcult. 

. 	(1iatii 	tt hnoc1a 

Daring steady operation with V f := 0, the. a i a currents and 
the flux linkages obtained by the solution of equations 4.'1 and 
£5 are sinusoidal quahtit. e s at slip f reque nc 	The equations 

J.2 ~ 



can be converted into vector euatii3 by substituting 

p.JGWand replacing ,  the variables by the corresponding 
voctorav  indicated by symbols in bold type.. 

+ 3V 	i5''9'd 	-(l3) ' 'qi 
444 4.2 

Vj 	r41 

q 0') 7.11 

TdI +V 
.. 4.4 

rql iV 
____ 

-' 	-- V(Ya+b) 
-I-
dl  

= 	
.. 4. 

Xq(33) 	
3 Y0 ). 

T he Instantaneous values of the flux linkages and currents 
are therefor given by 

w dl + VM 003  3  6jt . . 4.6 
(A) 	=VM  ain S () t 

idl 	V(Y C0f3 $'tYb 8th S w  t) 

+cos St +Y0  •tu WO 

Substituting  juatoru3 4.6 and 4,? in equation A..4,, 
the coereapwiing torque component is 

V2
T=H+ 	Yb 	 a) Sin 2 

	

YO Cos 2 3 wt] 	4_.9 

123 



•, 4.010 sa ss 
11d2 =0 

Tq2 0 

The an torque is 
To (mean) = + - (Yh + ' 'd) 00 ':. 4S9 

The torque co tponent Tel du to the application of a field 
voltage is calculated by putting V~ 0 In equation 4.1 1.e . a 
short ctreuitdarmatuxre 4 running at constant speed. The axis 
currents and flux linkages are constant quantities and the 
aolutioz Is obtained by putting 	0. 	. 

1 Z I 

+ 

iq2 =0 
	

A 
9 

.. 	. • 	.. 4.11 

,.Tionponenta of equations 4.10 and 4,11 by the elves 
produce no torque but there is a torque due to the interaction 
Qf 1d2 and 

The total torque of a machine running aoynchronou4ly with 
supply voltage V and field voltage Vf 18 e 

Sin 2 SWt+(Yd - Yb Cos 2 3wt1 + 	Sin $6jt,,4,12 
~d 

1 whore V0 	+ 	____ Vf •• •, 	. • 1. 	•04 w3.3 
A, 	if 

open circuit voltage induced by the ezeitation 

at aylohIofou3 speed, 

quation 4,8 gives the torque developed by a synchronous 
machine when operating at -constant * ..aaynehronoua speed, with 



This torque-  is the Slip torque or induction.: motor torque  and is 

seen to have an average and a twice - slip-frequency component.  

From equation 412 it is seen that the rotor excitation 

does not affect the torque component' of twice slip frequency. 
The torque component due to rotor excitation is the bralcing 
torque tending to alow down the machine. Thus it opposes the 
Induction motor torque which is tending to accelerate the 
:nacbine. 

In equation 4012, the coefficients !a,Yb,Yc and Yd.are 
functions of S. They cant  however, be va1uted approxirnately 
by putting 	j8W in the partial fractions of, equation (A.7) 
and (A,8) and rationalizing the separate terms, 

1 	1 	1 	1 jSCJTd$ S'd'2  

jc 	S c? Tc 2  

	

d" 	 1 + 	Itu 

Y id 	+çr 	 i3cT!J? 
Xq • q 	q 	1+ 82 cy- n2  

•o the rae of slips under cornideration 2  

	

is muehlarger than unity and S2 w2 Tdt2  and 82 	are 
much less than unity. Hence,  approximately, 

Ya  
Xdf 
zr -Xdf 	d%1 

Ye  

<_L. 	SW ' 
XqU. x• 

I 24 



J2 

16 + 	sins __( J11) sin 2S + i._$ 
Xd 	 2d' Xq 

h)8 	 ...4.14 

Where a & b are the damping oonstants. Equations of 

this type have been studied by the uthoda ofnon-linear  
13 

iebantes. 

The behaviour of the iiahIni :whfl runntig asynchronously 

under pratieai operating cond.-Ltiopa difLes from that considered 
above, because the torque pulsatibns cause the slip to oscillate 

• about a .-wan a.-wan 	 valu?. The mthod glvan below for calculating the 
slip variations is based on the assumptions that the pr1i 

72  mover torqLkg has the constant value givGn by Tan+ 

and that the electrical torque is still given by equation 
4.12 with Cot replaced by S' 

Then, the equ4tIon of motion i 

• sin S 	 Ya) Sin2 

(Yd Yb) Cos 	... 4.15 
Multiplying by 	and Integrating, üing $c 

at 	 at 
Y!:_ coaS +f 	.Y-4 cog 2 
Id 

• (y. 	) Sin 2gl. ,( .,. 4,16 
4 

.X is .a constant of integration which is equal to the man 
value taken'wr.t. , of the function on the R.R. side and 
is given by X 	H S9. Henee, 

+ 	 - (Ye a)C0 25 

tv___,v I .; 



The aeyerity of eanditions when oierating out of stop 

deenda an whether ox,  not the sltp is aueh that tperation is 

beyond the peak. of the asynehronous porn/ziip curve. Beyond 

this peak rosynehonization is difl'ioult and is poeible only 

if the osier output 

To study the eondit ions under which the synchronous 	hiis 

re es It is aued that no sudden ehage in the 
oiditioiistnkers plaee 	the load torque. the . field 

voltage and the exbernal .ciruit i'or1n fixed or che slowly, 

FO eza!ip1., a sudd?ri Lneae of field voltage at eetDtain 

iflataflt s ou1 raiO the machine more  11101y' to synthronize, 
The oitirin' suggested above covers the worst cod1tin. To 
app.ly the CrItexions, the iman slip for any ipeeffiod load is 
firzt calcalatecalculated from e juation 4,9 and the niniz slip is 
calculated.'-fro  equation 	If the minlmum'value of UQ2  is 
zero 	negatIve, the maehiW will synchronize. 

An error occurs beau,3e S0, iibich should 3tict1 be the 
wan value with reapect-. to 	13 not necessarily the saw. a3  
the vlua ealculate 	The thud is thsreforo mpirtca1 •s1noo 

the tbeoi'itial b&sisls not '4igroua. 

For the a±ine tinder investigations  
- 4 1 

= 	3,84 

1 
• Yb 	 4cjT d!4  =1.693 di 

-Xd 	4d 

YC 

	

Nq
• 	.• 

	

Zi 	- 	= 
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For the rated F.L. torjue SO  = .151 from equation 4.9 
roni equation 4.17, the equation slip pulsations is given 

byS2  = .0229 + .0133 coos 1W 00085 coa 2S..0032 sin 29 ..4.18 

This is plotted . 	cue (1) in fig.4..1,. The value of 
an. slip 6oxreponding. to iø(, 209 nd 30inerea5e in damning 

torque aoeffleient will be 0.1371  0.1255 and,  0.116 respectiv1y-, 

The eorresoi1ing equations for slip p118atIofla 4t1 bet. 

• S2  .0188 +.0133. oo: .0035 cos 	8in 2 
c0158 + ,013 cs.- .0035 oa 29 0032 in 2 S 
.0134 + .0133 cos 	,0035 cos 2 S ooag Sin 2 

Those are plotted Ls crves (2),. (3) nd (4) respectively in 
fig.. 4.1. 

It can he seen frem thO figure, that with normal damping 
torque eoefieient, the machine will not r ynhrcnie when 

operating oat of step.. But with. 20f increase in damping 
torque coefficient, the machine will JuA rvnenjzo after 
alipping throigb nearly half a slip cyc1e..1  which gives a 
critical value,. 

From this, it Is seen that proqLaon of suitable a.aiiper 
windings help to pull the generator back into step after 

syn&1ronin1 tiaa been lost because of a fault,. 
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This chapter deals with the experimental verification of 

some of tte theoriticai resu1t djsaused so far 

The transient electrical torque and the load angle are 

the tio moat important quantities that have to be determined 

for transient stability studies. The tran3lent electitoal 

torque could not 'be meaánred in the laboratory as a torque motor, 
was not avaiiab]. Fabrication of a torque  torque.itatek woad have 
taken considerable time and hence was not attempted '1ence 

the experimental verification of to theoritical results is 
confined to measurement of .lod angle only, 

Another factor which influenced the test results is 
the ncna.vai].abi1jty f equini•nt for recording purpose c. The 
cathodrayosci1loscope (C.it.O..) used was 'not equipped with 
a recording camera and hence considerable- difficulty was 
experienced in recording. Photographs taken, with a high- precis- 

ion e•amez'a also were not very suceeGeful. once the exoerinntai 

work has been limited to visual c,bsezvatioa only. 

Tho third' limitation Imposed Is the nonavailabiUty 
of two similar aalientle macnes ota, with damper windin 
and the other without damper windings. 

all 

 

the theoritical results, such a set of two irni1ar machines 
is essential, In the absence of a machine wIthout damper 
windings,, the exper1menta1 investigation:ia limited to tests 
on a machine with damper windings.. 

To obtain, the load angle of an alternator, an electrical 

/30 



position of the rotor and has to be compared in phase with the 

generator terminal voltage,  There are .a variety of ways of 

otaining the electrical signal Such as using - 

a) an A,C, generator fixed to the end of the generator 

rotor shaft. 

b) a brush and an auxiliary comtator system mixnted 

somewhere on the rotor 3haft. 

• •) photo electric syate'ma employing alternate light and 

dark bands on the rotor 0  
d) electromagnetic systems employing a pick up head 

placed close to the rotor to which Is attached a 
permanent magnet 3  

and a) a stroboscope32  and a  cifl 1  camera for recording 
pu.rposas, 

For method (a) extra mounting framework is 

Fr method (b) the rate of wear will be very high. Wthod (. 

is not satiafaetory fo' lengterm use and 	iod Ce) stiffera 
from the diaadvantae that Awing of results 18 delayed until 

thefilni Is devalopedi Henee these methods are unattraetjve, 

method that has been adopte.dtor experimental 
intigat•ion is the one suggested in method (d). This wthod 
is described in detail be1. 

• I 	
.t€.. 

chernatictiiagram is shown in Fig. 5.1., A  pulse is 
obtained frm a magnetic pick-tip N vhtch , ,consiat3 of a permanent 
magnet wih a email air gap and mound with about 4000 turns 

of 29 WG.. The pickup is mounted near to a rotating disc D 
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has 6 poles) such that .these steel . projections pass. through the 

air gap of ,the ,.permanent magnet.. The output from the pickvup 

is applied to an amplifier A(the connections of which are shown 

In Fig.5,2) in order to obtain a _large pulse voltage for applying  

to the terminal Z of the C 4.O. By employing the amplifier, the 
pulse voltage has bean amplified about 16 tin 

The terminal voltage of the machine i which provides the 
reference signal, is applied to the Y plate of the C.11.O. through 
a phase shifter P. If the oscillograph beam..ia continuously 
energized, a sine wave ciould appear on the screen. a .h  - 

p: 	But as a result of the ' modula tion of t e. beam 
0.5 infisS3" 

intensity by the pulses obtained from the pick-upA only the spots 
appear at the instantswhen the steel pro' jectiona pass' through 
the air gap of the permanent magnet. This is shorn in Fig .5.4. 

Thus, the d1aplacem nt of the spot is a aa4ure of the 
load angle.- or a given location of the pio ip`' in relation 
to' the machine windings and the steel projections, the:ee is one 
setting of the phase shifter (the, l neutral position) for which 
zero displacement corresponds to zero load angle. The displace-
ment is then proportional to sirs S 

If . the phase sbiftar is moved through an angle S0  from the 

neutral position, the displaeewnt of the oscillograph beam is 
proportional to sin (S  5  a ) • For the measurement of small 
oscillations relative tci. a steady operating condition of the 
synchronous machine, the phase shifter i Set so that the oscillo. 
graph deflection is zero for the angle S o  corresponding to the 
steady .load. During a small. o scillatfon, the oseillograph 
deflection is very closely Dronortionai to a E 	- 
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The testa were carried out on-a 3 phase 4 KVA 110/220V, 

21/19.5 Amps 1000 RPM salient pole synchronous generator 
equipped with. damper windings. A similar machine coupled to 

this machine mechanically acted as the prim mover for the 

generator. 

The experiment consiatu of two parts • 

±) deteradnation of the constants of the machine and 

il) verification o the theoritital results using the 

constants determined in part 1* 

.... ~ . Oe 	ct at x f to  
The constants of the machine in P.U.,, determined by 

standard -test methode (and -not described here in detail) are 

as followea 

"a 0.766 

1 i 11q' = 0.452 	0 

0.26 
Xd" Xq" r 0.245. 1 
Td!. 049 

Tgrt z, 0,02 

= 

determined f d 1 slip test, 

determined ,ned from 3 phase short 

circuit to st:~ 

/35 

0.245 	1 
r2 = 0,.076 	t 

rl = 0.0195 	... I 

determined by applying the negative 

sequence voltage and uasurtng the 

Voltage, current and power. 

determined by applying a small d.o. 

voltage and measuring the voltage 
and current,' 0 

B . - 0.381 sec. 	determined from retardation teat.. 



Td,o' - d...« 

xl = 	.--.T d,O 'r-'00, 0235 

Calculated from the above 

constants uaix g the f ormuale 

as shown.. 

The general arrangement for all the teats conducted is 

shown in .i g 5.5. 	 j 

en 	 ter t r r 	a e 	s.. 
This test is conducted mainly to verify the preserve of 

unidirectional torques during a 3 phase short circuit, 

For this 'test the generator waa ran as a synchronous motor 
on no load and the prime mover waa disconnected from the supply. 
The schematic diagram of connections is sho4n in Fige5.6. Z is 
a 3 phase protective impedance. 3 is a switch which is normally 
open. The 3 phase short circuit was applied at the terminals of 
the machine by closing the switch 5 by means of a relay by ever. 
gizing the relay coil, Under this condition, the speed fall 

continuously after the hort-circuit, The pulses recorded during 
fixed specifiedd intervals of time from the instant of applying 
the short circuit is shown_ in''ig.5.$. 

Next $, a deceleration teat was performed, on the machine 
underr this condition., the set slowed down dwing to friction only,. 
The guises recorded' during the lam t tervai,s of time as before 
4 G9 OCIAT.i1'1 4 *% 	4 M. Y. 
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It can be seen from Figs. 5.7 and 5.8 that when the 

machine is short circuited,. the rotor angle falls more quickly. 

Thia is because the machine CO3 to rest more quickly when the 
3 phase short circuit is applied than when it, slows down due to 
frictional resistance only. The greater fall in rotor angle Is 
glue to unidirectional components of torque. This confirms the 
results plotted In F3g.1.i. 

Tests on a loaded alternator could not be conducted o ing a 
to lack of suitable protective devices. 

	

re 	•.ara 

The schematic diagram of connections is shown in Fig.5.9 
8 is a 3 phase switch, normally closed but is opened 

by means of a relay when the relay coil is energized. Zj, Z2 
and 	are three single phase reactances each having a reactance 
of 0.824 P. T. 

The alternator was excited to generate balanced 3 phase 
voltages Of 220V am then parallelled with the infinite bus 
with the help of t . synohrbacope. The phase shifter was set 
so that the oscillo aph deflection is zero for the angle 
corresponding to the steady load, Under these, conditions, the 
.original steady condition P.11.- values were .. 

v '= 1 p,U. 
I 	 IalP.u., 	 V 

Co'a 06 0.8 (lag). • 
S  1J 16.E  • 
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line by energizing the relay coil and thus opening the 3 phase,  

switch O. Under these eonditjön8 the -rotor angle varied and 

settled down to a now value. The Oitem was stable, which 

donfirms the results plotted in Fig,2.4, 

ddeii. aD 	atifl,g 

The machine under tnvatigitiofl is now the syfl&rofloua 
toriLeh run as'theprt 	verso tar. 'The alternator is 

now used as a load to the machine under test, The con ections 
are as hown in Fig s  5.10. 

"The mac h1rz under itivst1gatton was started asa 

induction mbtor and pulled Into synchroni8a when its i3pe$d was  
nearly isyndhronoua, The machiM 1Jen ran as a synchronous motor, 
The field winding of the alternator, eoupled to this machine s  
was excited and the armature connected to three vajable 
rbootata which were connected in star to-  ñ  -a'  balanced load 
on this alternator, The load on the alternator was steadily,  
increased upto a certain value TL.  The load was then fain oft 
by opening the switch 3 keeping the poaitivn of the rheostats.' 

When steady conditions were obtained the phase shIfter 

was set so that the oci11agraph deflection Is zero for the 
angle S cbrrsspnding to no loads Under these conditions,. the 
steady condition P.1J. values were - V 1 PL; S0  = °3V 
(which is due to windage and fri& Ion 1osea of the two machines 
açi the core loss of one maehi) v aO Maaured and found to be 

S 	
S 	 5 

about 0.19 P,.U. - 

IV ,  



El 

I1 

p.1. 

z 
Cd 

çz -4 

4I 

ffm 0 
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The switch can be suddenly cøaed so that the load TL  

can be suddenly applied to the shaft.. This method of loading 

is justified as 'long as the time constants due to the tuductanee 
of the machine are very small, compared to the mechanical do 
constant of the rotating systel. When a load of TL a 1.11F.U. 
(about 9.6 amps) was suddenly applied to the shaft$  the machine 
pulled out of atep confirming the roauit$ plotted in Pigs. 

3.8 (for g 0.357) and 3.7;x., 

Sty toots were conducted In the laboratory to verify the 

theoritleal results, 



I 

., . £., The prl-neipal effects of damper windings upon systom 
stability under transient condLBDns due to system faults are~- 

ThIS- is more effectivee after a fault ie ciloared than during 

the. fault; positive sequence damping causes the oscillations of 

the machine rotor to decrease. In ampliti de after an aperiodie 

ek (such as 3 phase short suit) that does not cause loss -

of sync o aii. This is -shown in fig,: - 1.8 

The currents induced in the rotor circuits due to D.0 . 

components of armature current during a retem faults produce a 
braking k i que, which. decreases the accelerating torque and thud 
slows dote a generator which tends to Speed Lip during a fault, 

The D.0-, braking torque is less important for faults other than 

3 phase short " eircuit e, 	 - 

This is due to interaction of the damper currents with 

the negative aequenee nagnetie field In the air gap and is 

present only when an unsymmetrical short circuit occurs: This 

torque also retards the rotor and decreases the accelerating 
torque during the fault. 

The magnitudes of D.C, braking torque and negative sequence 
I . 

	

	tng 'torque for various types of faults are given in Table 1.1 
d their effect in providing the additional braking torque i% . 

shown in Figs. 1.49 1..5 t 1..6 and 1.7„. 



However, both of these means of improving' transient 
stability are less important where high-speed fault clearing 

''are used. 

Damper winlinga damp out vacillations caused by aperiodic 

shocks such-as switching as-shown 1nigs,, •  2,7, 208 and 2.9. 
They also restore stability when the systei loses synchronism 

due to switching operations as shown. in Fig. 2941,2.5 and 2.6. 

When sudden loads are applied to synchronous motor shafts 
the damper windings restore stability when the system is likely 

to fall out of step; increase the maximum load that can be 
abruptly applied to the shaft and reduce the maximum angle of 
swing as well as the time required to reach the maximum angle. 

However much advantage can not be taken of this fact, because 
va]1es of relative .dariping coefficient greater than the critical 

damping cef.fieent produce no beneficial, effects but only slow 

up 'the rae' of swinging. These conclusions are arrived at from 

Figs, 3.4 to 3.7, Figs., 3.9 and 3.10. ,. 

Follo4ng a systm .diturbance (such as a severe short 
circuit) which is finally* cleared, a synchronous machine may be 

operating out of 3top, Suitably des 	damper winding., help to 
pull the generator back Into - stop as shown in Fig,4.i 

f full-scale experimental investigation of the conclusions 
reached above could not be under taken because of lack of facilit-
ies and equipment. 

However, from 'the theoritical analysis:  and from the test$ 

Nmtemere ôonducted, It can be onclued, in general ,'that th 

damper 'windinga have a beneficial effect on the tansient' stability 



The fundamental di to ential equat1on 	relating the instan.. 
taneous value& of the voltage 	cur eatat flax iinkage, torque 
and speed of a syiehronous niaeine are as fo.ilowa; 

I 
Al 

Vq; 	+U 	d+qriq 	0 

V [r 	+c+L) 	If 	pIkdhh1 d e 	d 

0 	' pi 	+ Ica +:( 	, . + 	)p . 	.-°L 	IA c 

s 	L 	+ La) 1q 

M L 	)p~ 	14 _ -Z 	piq 

O 	 (11d 1 ,, _ 	I r! 	id.) 	... 	 s, • .i 	w 

By elinjnatjng if 'and i 	.f ca.. e.ivatiolma A.s2 an 	i 
from. a jtaation A 3 

q C p )Iq 

e e 	p 	and 	q { p > are operational 	.jnps 	n 
is the transfer £unc+ion. 

(j+ Td'p )(+ Tg" p . J) . 
+ do.lip ) 

Y 	i r 	. 	of 	by 	a.ti6na1 ifnped&nees IaY 
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5mn'cll,ei than 	and T a t ; the approximate expression are: 

3 ) T t- p 	1° 	1  
rtrrr+~or S'=:_ rwiw~ 	 _er_ 

	+wrrr rrrrr 	- 	~wwr. 	wwrrr waurrr rrrr, t • 

Wit. p. 	.. XdR 	1+Td'p 	" 	xe+ 	p. 

q" p 

Alternative -form of Xd( p) is: 

 	
.
. 	 t . 

  	'A' : 	~,. wr 	 r~ 	 w •r 	a.* 

Xã (p) 	' 	l+Tdr 	t 	'  
 ,1+Td"p 

tiatt. fq 	hnç c9fix .,a 

For a machine connected to a fixed supply, of which the 
voltage of phase is e~ = V tnt, equation A.1 may be 
rearranged so as to incla'de the load angle S as a .variable 
instead of the speed ii, 1nce a= - --

-  
E 	 +8)= ci + 	,►:.A P10 

dt 

The rearranged equ .tioxns are,: 
+v, Sins =P 	'ata . ,, f q ps 

. 	it +d+?  

For, the slow transient -changes, the ter which depend on 
the rate of change of 	 , f'q or can be neglected., as well as 
the, reii.s art drops. 

Equations A 1l simplify to: 

q 	 . . 
+Vm 03S 	wy~ 

• 

. 	,12 

The two Nraitagea in e: tint on 4.12 correspond to the components 

of the for al voltage Iu the steady state vector diagram shown 
S 

'belpw:  



X4 2:4 vo  I 

V14 	 'd 

V S S 

—' V  

f•L 	•;.. 	-, 

Thu3 a vector diagram can be a3ed to rereent the Conditlow 
at any instant during a glow transiorit, but the diagram changes 
from one Instant to another. 

• .chpnpiia 

During steady opeatioi, the axis voltages and currents 
are const, ant quantitlea and are related to the comonent3 of 

the vectors in the above vector diagram.Symbol 0 Js used 'to  
represent the original -steady value,- ex13t1rg bifore the di3tur 

S 

ban 	R8s1tance 2a  Is neglected*  . 
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current vector 1 as follows:0  
pr 1d0 	+ 	 ... A.13q*  

:The R43. value of the terminal voltae is 

V / ir 	 .... I14 

in the vector diagram 

V eas s0 	V0  Xd 140 	••fre 
V sin 	+Xqicto 	I 

Vo-= voltage' behind the synchronous reactance,, The 

dlagraz also shows Vq * = Ve oVe 03 S0  + 	 i 	 ... 

where Vt = Vltago behind the transient reactance. 

OM 	 1U1)1 

COS & "An 0 + io  

Lb 0  Id. eos (S -1200 ) 	iq An (S e 1200)+i0  

= Id CO  (5 +2.20) JLq  am (S + 120°)+ to  

3irnilarly, 
COS 0 Vq  sin  0 + V0  

Vb  Vd eos (5 120)'Vq  Sin Co  "'120)+V0 

d 	+ 120) - 	ain (5+120) + V0  

The following equatin9, in htàh t(t) As any function 

of tie are based on Duhail's theoz'am 

t 

+z 	t(tit).f[ (l)t]et) 

In equation A.19, t is a small internal of time and n Is the 

,efint•rva1s. f (n At) is the aloof the f anetion at ter 
1nterva1s - 	 - 	• 	- 

I18 

0 
1 

I 
0 

0 



The integral form of equation A19 is  

p 	 e 	I (o)+ f I 

e 	 f 

r=O 
i... A.20 

Now, if 14 is a short time constant, and f (t) is a 
slo1y..chnIng: function, the integral in equation A.20 may 
be evalaated approximately by giving f'('i-') its value att 
and bringing it outside the integral. 

1(t)). 	.  e 
•UI%tf( ) 

+ 	
(1 	fbt, M.  

..A.21 
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