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The scope of this dissertation ls te study the dynanie
behaviour of a synchronous machine under transient conditions,
In order to make a detailed study of the transient stabllity,
equations'anawing the varlation of torgus and load angle of a
synchroneous machine connected %o 2 fixed supply voltagé under
varioua types of apsriodic disturbancss have been developed
with the assumption of constant field flux linkages., The
behaviour of the synehronous mgehine 13 investigated by the
' 8tep-by-step wethod uaing the equatlions dgveloped. The seffact
of dampsr windings from stability éonsidaﬁations alone is
analysed=in detall. Detalls of axperimantal ﬁests condueted

to varify the thaoritical analysis are glven at tne end,
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+ Armature dacrament factor

= Damping coefficients,

4 faetor deseriding the flux 11nkage decay,

i

it

fperational function.

- 4

Inertia constant,

= Inatantanesus cucrent,

= Componants of axls currents,
g.Inatantanaous Do component of srmature

= Bifective value of rotor current,

= Nagative segquence rotor currsnt,

= Effective value of stator current
= Negative saquense stator current.

= Relative damping eosfflclent,

Lava9Lkd:qu = Leakage inductances,

I
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= Bxtarnal mdmtancg,

.Q'Magnééizing induetances,
= Heaviside operatir E%'

" Winding resistance,

Positive asquence reslstance

i

= Negative sequence rasistance

= Stator resistanas

. = Hotor resistance

‘= Siip

= Accelerating torque

-=.Braking torque,
= ?bsitive'sequence damping torgue,
= Damping torque coefficient,

= Electrical torque of alternator.

& Instantansous tofgue developed st any angle &
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Stabllity of a power system is the ability of a
system to remain in synchronous eguilibrium under steady
'« pperating conditions and to regaln the state of equilibrium

after a disturbance has taken place,

.The eriterion of stability of a powsr asystem can be
studied under two broad hea@.ixigs - ateaéiir atate stabllity
" and transient state stability, The former deals with the
stablllty of the system under steady load conditlons and
with strietly constant armaturse and field currents in all
synchronoﬁs_ﬁachinss.' The latter criterion investigates
the stabiliéy of thé aystem under itransient or aperiodié

| distirbances,

Und@r?ﬁmgésient disturbanees, the cgrrents and potent-
1als of the syétsm.do not change abruptly and ssgsums ney values
to sult the new operating conditions, There 1s'a transitlon
period during which transient values of thege guantities appear,
* sach emnSisting of saveral components, Usually, the translent
compbnaﬁta‘diminish more or 1ésalrap1§1y at different rates
and then dlsappear., However, durlng this process, the result-
ant current or potentlal may reach an abiprmal or ¢ven disast-
rous value, It is for this reason that the study of the
transiont behaviour and how they can be contrplled is an
Important engineering prohzéé;“ Mg;éaﬁar, the present trend
towards 1érgerA1nd1viﬁual gengéating units and towards greater

interest in their automatie control increases the need for

detailed knowledge of this aspect of powsr-system performanceg

A power-ayatem transient stabilit% study 18 mainiy



concerned with the determination of the magimm load that the
system can earry without losa of synchroniam, =fter a sudden
ehange 1n th& operating conditions, Thé mpst important quantity
| determining the transient bahaviour is the transient torgue. vIn
 the study éf the transient bshaviour of synehronsus machines, it
is ?saantial to know thé‘tergue - nngle charaétsristin of the
givan maebin@ unisr conditions resulﬁing fronm disturbqnces of

varieas kinaS.

Whether the maghine willl stay in syndhrmnism under the
disturbed conditions ean ﬁa studied by the swlng eurves which
show the garlatian of rpt?g:apgle gith time, These 1n§ic&té
whether the machine is liable to lose syaehi"oniszp under the
‘disturbed conditiens, |

Transient anelysis of system dynamles by manual methods
is impractiezble for all but the simplest cases, because of time
and labour involved, Seme form of model or eomputer 1s normally

essential in a ssrious Stndy,

In thié fie;d, there is a division of interest betwesn,
on the one hand, studieg}nf complete powsr systems with mahy
genaraters éperatiﬁg in parsllel and, on the other hand, detailed
- atndles of only a slngle machlne or of a few interconnscted

machine glolps, i

The A0, network analyaér is extenslively used in the study
of various aisturbaneaa that arise in pgwer systems, DBecause
uh@ anslyser is essentially a steady - stat@ rspresentation of
& powel aystem,; a step-by-step process must ba used for transient

: investiwatigne L.e, the transient peried is divided 4into a



evaluated by double numnrical 1ntegrat1an of the accaelerating
torque at. sach interval to form the swing curves of the syatem.
_ Thia procsdure is, howavar, tedious and therefors other mathods
have been éeveloped.,:The most significant of these is the use
o! the digital qomputar to,salve transisnt stability problems,
with tho network analyser céleuiat’:lng detailed load flows,

Mbéelling of the power systam wzth apecially doaigned

o miero»maehines and m&cre-networka which simulate larger aystems

1s a tachniqus that 1s altrdeting attention, While it 18
difficult ta carry out detalled investigations on large-acals
equipment to obtain a full theorftical explanation of many
phenpmena, theose small mpdela ean be teated more fully and
thelr baéic parametera éan he:ﬁsasure& mp'e precisely than 1a
posaibla with large-acale equipment, Transient studies may ba
carried out direotly using this equipment, Without recourse
to step-byestep methods, The model is ensrgiaﬁd from a 3ﬁpha$a
.supply and unbalanced and fault copﬂitiona cag?be inveatigated'
- with relative ease, This msthed is pgétigulg%iy sultable for
‘same_atudieﬁ 1ike pole slipping, as?hchrohohé_running and
resynchroﬁizatian which cannot ba undertaken by computer
‘teehniques because of the continuous and protracted nature of
the changing conditiona. The mlcre machines lend tbemselvea
more reaaily.for investigatlons of this xind as they are

eontinuously running; ~

In the prsesent disaartaion, a small synchroneus machine
of 4 KVA cepacitly available in the 1aboratory 1s chosen to study
its behaviour when connseted to a fixed supply voltage under o
transient-éonditions subsequent tp a system diatur@gnne and

also‘toAstuﬁy the affect of the dampsr wipﬂinga'on transient



atebility,

‘THe main typss of dlsturbaneces that have hoen discussed

Al0e

la aceqrréﬁeé-af ayatem fauls,
2a A s&d&en cﬁange in external reactance due to switehing
_»in of a reactanca. o
3, Sudden application of shaft loads, |
énﬁ bég Asynchloncus operation owing to a system aishurbaﬁca

such as g savere short clireuitb.

Eéuatiops for torque~angle charécfarisﬁic of the machins
and 3wing carves are formad, the latter by dbuble numerieal
intﬂgrmtiﬁﬂ of the accelergtina torgue using the stap-by-aten
‘mathed,

In chapter I, the transient conditions due te system
faulﬁs“havﬁ;aeen.stgdl@a@. Datatled anaiyéiﬁ is given for the
mo St seveiélﬂau;t i,e. a 3-phase shaft—ciréqita&,The affact of
the damper wiﬁdinga both durlng the fault and after the faul@

18 eleared 1s clearly shown,

‘.' Chapter 11 dea;é wlth the transient behaviopur due to
sudden chaﬁge in reactance and ¢hépteb III deals with distur-
bancea arising from sudden appiiéation of loads to ths shaft
of a 3yncnxansus motors The effect of the damper windings is

bagain diacusaed fully.

A mathoa of caleculating tha currents and torque in a
aynchronous motor running at a nonstant apaad away {rom
synehronism is glvan by Linv111e23 In chﬂpter IV this method
. is extended to study: the eritqria for rasynohroniﬁing in the



case of aﬁ¢alternaﬁgr running eontimiously outeof-step, How
the aampar‘winﬂing$ play an impa#tanﬁ role in regynchronization

without disconneeting the machine is shown by means of curves.

Aﬂdsﬁailedlaadéthcr@ggh,expar;mantal varificatimn of the
menritiéa;flf results eould notba undertaken because of lack of
eqnipmanﬁﬂénd=féﬂiliﬁi@a,«‘H@waﬁer'within the -1imltations as
abpve, an éttempt haa been mede tg-épr?slapq the test data

wikh thﬁ;cancluaiensgaxwived_at £ram.ﬁhegritieal conslderations,
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Although the majority of faults gpceuring in practice on a powsr
system are unsymmetrical betwsen the phases, the symmetrical fault is
important, because, although rare, it is mors ssvere, It is, morepver
a Simplar'cnnﬁitiou to analyze and therefore fgrmé a suitable starte
ing‘point for a study of fault ennﬂiﬁians. The short circuit test,
in which the three terminals of an unloaded alternator are all
short-cireulted similtansously, is a well-established method of
chacklitig 1ts8 transient characﬁeristics. The prasent ssetiopn gives

a full analysis of a suddsn symmetriecal short eiresit of an unloaded
alternator, and the solutlon i1s then extsnded 1n\aéatian_l.7 to a

lpaded nechine .

When a generate? 1a.sudéenly short circﬁiéeé, a transisnt
eleetrical torque consisting of unidirectional and alternating
components is suddenly impressed on the generator rotor, Bach
componsnt of "this torque decays_expanﬁntially to & value determined
by the steady state terminal conditions of the machine, In ths
case of a salient-pole generatory there 15 an infinite series of
alternating components of harmonie frequency; whereas, for the turboe
alternator, the only alternating torques of apﬁr&eiable magnitude
are those at fundawental and second harmonie frequency, The turbe
generator and the salientepols machine with connected dampers are
close approximations durlng transient and sub-transient perionda,
The saleintepole wmachine with no dampers will have torgues contalne
ing all odd and aven harmgnics;;

The caleulation of shaft ahﬁ_f:ame streasss in turbp '

genoratora during short eircuits alsp is dependent upon a



 kmovledge of the electrical torFque developed at the rotor alr

| gape Tﬁewﬁorq&e-diséusse@ hare 13 the alaétrical torque -

i developed at the alr gap of the machine and not the torque at

© the eauﬁiiag or that'trgnsmi;téd 5@ the foundations The torque
; "in”couplinga, shafts and fnunﬁatigﬁs-mnst be»ealcﬁlatsd from.
’;»a considsration of masses and mechanical spring constants

i~ 1nv91?$d.

| As” stated abovey -the el@etrieal torquﬁ daveloped at
g‘the rotor éontalns uni&ireetianal, fundasental frequency and
_é'aecond harmonic eampanents, all Gf wbieh,are éaMpe&, It is the
?Ysteady eomponants of torqus whieh are of 1nmeragt 1n the caleulate
ixm of sy&tam st.amlity, while the m@chaﬁieal rlasign angineaer
" uill be mainly interssted in the alternsting torqws.

A in the practieal raﬁge of machine design,‘tha fundamental

g frequancy component has the dominant effect on the resulting
i:transient shaft terques for the more severe types of disturbances,
-\It was found that fgrvshqr;;circgits at no load, with no
external resistance, a.line-yggiine fault results in the most
sovera shaft torques For faults with low egternal resistamce,

a dauble-lins-te-ground fault prpduce s the highsst shaft

torques, whicb for mechanical gystems of low natural frequency,
may axceed the torquas produged by a 1ine-to-line fault with

zero rasiatanea, Howevery for . valuee of external resistance as

high as machins suh-transiant raactance .the shaft torques are

- -Vlmwer than with-zero reaiatance. The mgst severa fault ﬁnrquea

are prnducsd by - 11nﬁ-te-11ne short. circuits when delivering
- full 1sad with ne axternal 1mpadanne.



Tha eleei';rieal torques rasulting from unsynmetrical | \
raulf.s wﬂ.l}. always be smallesr than the 3-phase short circuit
- cend hance the latter type of faults are impartant fron
l:féﬁability .'-‘pbin‘t .-nf visu:,,

. when the armatum is short c:!.rm:ited, & portion of -
normal armatura flux :La trapped in the armature circuit, this
R 'portion being dependent upon t_he tlue of appl&eatien and the

- “type of short civcult, The decay of the trapped flux depends
“apon ;thevﬁ'im -constant of the armature circuit containing

the flux,. ’Th:!;s‘_ £lux manifgeét;& 1%3@11'?.»73-;3 a D,C. component
kammmmMWmm;wmmm&mﬁmmm&

o ced, the amaturs current. will contain, in additien to the

B 'D.c. eonpomnt, positive anﬁ neg&i:ive aequanca cempupenta of
fundamntal fraquency. Thesa campomnhs of enrrent will set
" up posu;:l.ve and negativc sequence armature M vs aad (nagleet- |
f_'ing aaturatian) poaitively and mgatively rotating fielda-
, éi'Tha suddan appearance of the poait.ve sequenca armature m'
over. tha dizeet-axis nt mter candes rotor eurrenta to risa
' 'ﬁaudaenly, counte rbalanemg mua additional direct-axls
excitatinn. This followa i‘rom the fact that the :E‘lux linking
lithe rotor circuita can’ not change Lnstantlyl. The additional

. rotor o urtents, induced by the sudd.n appaarance of the

positive sequoneo f18ld,’ are unaupportsd by exciter voltage

L -and thay daeay with dacran\ants which depend upon the. short

circu:lt rot.or tim constanta and the typa of fault. The
het excitation on the direct-eximdecays and aa a con&eqaenee, |

:the air gap £1nx alsa decays.

R.H, Park' 8. formulaea’a *‘9‘ for the armature anﬁ field



fiﬂx linkages of an ideal synchronous machine are uzed as a

: _s}:fgﬂing pdi‘nt, The machine is ¢onsidersd to have two field -

" elfcults in the direct-axis, referred to as the main and
gﬂ@iﬁi(»mi i‘ﬁ_;q;d ‘ (amgz"ﬁisa@?x:_windlnz),. In the quadrature
 axie, thers 18 no meln field; so only the additlonal field 1s
pma‘ani;.. Dimct 'cﬁrra‘nt exéitétim- 1s applied onlyv in the
main meld‘,:f:: o
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e osda-Basic Assupntionss...

. To simplify the mathematlical work and %o use the gperational

gplutions, certain reasonable anﬁ_praeticél assumptions have been

mede.

A ‘gynehronons machine ldoalized to the followlng extend

wlll be considered, (In the ideal machine, linear relationships

oxlst between megnatie flux and currents in any part of thoe

machine, @o that the prineiple of suparposition applies),

Le

2,

The alr gap is uniform.

Saturation and Hysteresis are neglectod in ealctilaiiin.g

~ %he éltrernating components of torgue,

3

The stator has a sinuseldally distributed 3 phase

~ winding.

e
e
7o

By
9,

The air gap flux is slinusocldally distributed in space,
Armature and field resistances are negligible except in

determining ths decremsnts,

» The effeet of higher harmonics are neglacted.

The short circuit is assumed to occur at the instant
of maximum interlinkage.

oynehronous speed 18 maintained c:urin.,, short cirecuit.
The short circuit 18 assumed to oceur diractly at the
terminals of the machine at a time when it ia carrying
np load.,

Let t =0 at ths instent of shc;rt eircuis and 1et A be

the angle

between tha axis of phase A and the direet-ax.is at

that Instants The angle A defines the point in the A.cj_.; eyele

at which the short clreult pecurs; Then £rom assumption B,



B =whk ¥ A
By the principle of supsrposition, the voltages and
currents after the short circult are eadh agqual to the sam
of the original value and the change resulting fron the
short eireuit, The original valuss are denoted thus - ia, and‘
the change due to short elreuit thus - 1&“'

The solution is best obtained by using the prinelple
of duperpesition, The aqﬁatiams giving the changes in the
Vvéurfeﬁts ars obbtained by-puhting vet = 0 Vy*=0and
v&n g_;?ﬁslm in the equsbions for the superimpossd quantities
corraspending to oquations 4.1, Spsed rewalns constant at .
Vo0 pyi - Wyl - Ty ig % -
—lmd Wy o+ Pyg = T, 1, 4 A
i & i hava the same values as 1@ amd iq' because iﬁo-iqe-ﬁo
The valuwa of yYa' and ?q are given by equaticns ké%)with

Vg = O.- Honee, egquations 1,1 bacoms;

YQ = i:l‘a —L..Xd(r)] i3 --x'(.‘f») iy %
v.1 = Xﬁ(P) id & [I' + -—t.— R (P)]i -:.1.2

g

Nrrany ;‘

Eliminating 1, from eguations 1.2:

= b2 wipur 'l'l - 4 - } wgr . "d""E) 153"
[" +wSrpLiTy { xa (p) * Xgqip) ¥ xd(]’)xq(l’) ppe ‘e

The expression in ﬁh@:Squér& brackets can be dimplified

'by using the asaumptlbn's;: The terﬁ in rag can be neglected
entirely and, in the teram in ra, xd(p ) and x (p) ean bs simplified
by neglecting tha rssiatances Tpy rkﬂ! rkq. This 13 equivalent

to replacing in this term all the factors of the form (1+ Tp)-
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by Th. With tb.is approximation EE_dC p ) and Xq( b ) reduce to tﬁha

sub transient reactances X," and X "'.

Then, & 'z-' - Qenloil , ' ;’2 vql {approx)d
'hen, i3 = - .. - ~ {apnrox
' (1+ Td‘}:} (l + Tg" p } ( '5-0-2 +Z) “XE
y W 1 1. ,
where d = g Xg" * X" ): soo eve 1ed

The operationsl expressién 'czzn be evaluated by the partial

- fraction. mt!aad if Cp 242 o«p 4 W ) is factorised as (p+ o )( paot 2)

v, [, (e Ho!) - Joo") -t/14"
lg = wBn) 1o Tar Tat ¢ O
X3 L Tq" " 2 o 1 )
(1= o) C ol gt "ETTE ar:z
. Td ! , T&"
_ ( RER an ) (l-- . T(}Q“ ) | e’tﬂé"
T ' ) B " P
1- 1e oA, L)
( Tq" ( W Tq WL
(1= &Tgo')( 1o T4 Wi b
(1= A Tg%) ii-d.‘i'd"-) e dy)
| (=%T0") (1= %, T40) w2 -t
" Q- grgt) (e 2 w) Rl de oy )
- . . .,., l.5
Ho’w:‘fd“, Tqo" are small compared with Tg*, Tge's In addition

Td‘a"’ Tdo’?i Ta's T4 ave all large compared with -é— and o is

Small comparsd with W,

Hencs : 4
oz K+ jw (opprox.)
dg.-. d - j W (lappz‘gx.) .
) ot -y oAb oo
and L (- s ) =e e G
- - = e s ot
{4y =95) 1 Lo (approx)

Henee, approximately, putting d= /1,

- L ]




1= —B ) & _@aorBan) b/rar 4 Tag!  (Pao' Ta") -8/24"
] . ‘ Td' . ‘ de T&“

Tao. Tdo’ _ ¢ -%/Ta c'oew-t]

. Ta' T |
Vm | o VUm o ¥ —tﬂﬂ" L,V -t/l'
= = il A ( » ® X ) e + T < )
" : v -t/l'

The qna‘ﬁratare' eyrrent 1q' Ay be found in a similar vay,

o 4 L+ T MPE . pw Vgl

i | .
: o (l-i-'_[‘ " tpy ('Pa-;-aac}m, way g

VE l -'h ’
2 b e ﬂﬂ 8in Wt (appl’ﬁX.) senes Le7

X #
q

substifution of tha values of 1y and 1 :I.n the transformation

q.
eqaations A,l? with @ = (wt +A) gives the saxpressians for ig,

i, = [V + (.....m..... Vm ' ) '3 t/rd'-x- { Y.E.... zﬂ.)e'tﬂdj X

&3 Xq' xdn Xﬁl
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tp= 25 Ta
quréx ¥

The values of 1, and i ars obtained by replacing A by
T
( A 2 ) and { A=

3 ) respsctively in the axpression

cop X oL _ollcy I .



to determine the quantities ¥q and y . Befove the short eireuit,
the values are, frou equations A.5

. '-_;".;:1 Vm
Yﬁg = --(3--—

\an = Qe

after the short eireult,; the values aréie
\yq =Y 4 Y

-----

equations 4 B

N 1 N ‘
‘F@“ W ig = Pﬁﬁ""dl’*wz Jv*?.l

= --E—( l-r tﬂaew wt).

Y. ' e i sinwt
a co o ‘

O Yy -t/T .

ganeg’ \P{,i - + . g 8 ‘ a 603&)'{‘,
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|
b
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S‘:imilarly, ¥ 'q = e "7 sin Wt

The two flux waves represenited by Ya and \P £l - combing to
form a Towal rd rctming flm: wave, which ra‘cates at Spead W and
is the refors stationary relative to the sruatures Its magnitude
diass away Wi’th the armature time constant T, which depends on
the armaturc resistance, Thua‘s; the offect of the short clreult
_ean ba explained by 1mc.gining that the flu:x, whieh rotates
relativaly to ‘the armature during normal operation, is frozen in

position relai_sive to the armature at the instant of short eircult



and then dlee away with time constant T,.

The tnrque is obtalnsd by substituting the expreasion

£0T Y qy qu,, a9 1 ;nE-;n,A4.
- ~ v <t/ 1 =tk ]
,‘_.L Ig = -n-gﬁ—- [e ‘#ﬂa cod Wi {'ﬁ"ﬂ' e a sin t}

o~5Ta gine L (e - )
+ 0 8inwi { T i X3

- 12 o aginon {-«-—- o -..%..,)e~’*=ﬂd'+c Lo
X ' iy ' |

— ot it ye L ‘- | 1

Vi

wheTe ¥ = RMS voltage eaual %o
Tha ﬁg'u;nla;fmqusncy torque "_repmsanted by the sacond tarm
-~ of Fqn.’ ?.'.15 is relatively small. This term Jepands upon the
di‘r’feram.@ in the subtfanaient rgactances gf the aiwet and
Q“adfﬂtﬁr@ gxes anﬁ may be considersd as a “I’uluc tanee tLorgue®
due to‘“ the varlatien in merparmsance -;;hi::h ‘the Botor offers to
the trapped armature flux. This may be practically eliﬁnaﬁed
| by- f;he p;?esenpé c;i' :ézw.~ good amprtissenr winding. Heneev the
princip'&l'eampanent of torque opacillates at" normal frequency and
has on inltial amplitude .'e o |

The affact of a solld rotor in a turbo altermator is $o make
the subtransient resctonce in the quadrature axls more nearly
equal to the correspondlng reactsnce in the direct axis than

would be the cass for a peirfegtly' laminated rotori. This will &=



of course reducs considerably the second harmpuic torque
'czomponeﬂ%q, The turbp gonorator and salient pole machine with
connected dampers are clpse approxlmations durlng transient and
sub'«transiéﬂt pe:éiods. The salient = puisa pachine with no
dampers is furthéfst’l rempvad in its character from the ideal
mechine end will have torgues eontaining all odd and even

harmonle componenta,

From egn, 1,10, it 1s evident that the peak value of
electrical tsre;us is limited chiefly by the sub-transient
feactance Xd“; although for 'maehims wlthout damper windings,
the difference hetw@en the direct and quadrature axis resctaences

.gan - ga'} incraasaa the peak torquea.

mqn;,: 1410 can also be written as

: 2 o B -
T = FA Blawt .40 TP P 5
X,,ﬂ .
d
_ /T
WheTE F = | meee 4 . 4 - - ) do ?"‘
44 . %3 xd' |
,4gfﬁluu2&i. a ‘t/ng?V .ﬁéh :[
%3t | d

= Hotor flux linkage as a fraction of its initlal

valus,

DT ~ra
A =@ _2 £ Xéﬁ" t .

= Armature decrement factor,

¢ 0 oka

The field cﬁrrem before short clreuit is given by substitute-
Vg Vg & Vo
1ng ig =iy = 9 in the ﬂxprasﬂioﬂsa 1 ani k2 erAifQ—#-Q-%:-bi-m—
L md

The field currant sfter the short cireult is obtained by

C omnde o A

= . R - - w & - 2 0 .- 5 o -



the equations already used to calemlate the armature current,

A relation between 1! and i can be obtained by eliminating

d
Ly from the second and third eqns, of AZ with V;‘:" = 0

[{rx + (Ipy + J-f’]"} {fka*"(ﬁmd*'lka)l’} -1na PQ_] 1
: = T p(Tha + Iyg plig = O

Hance, substitm::lng the value of i3 from Eqgn, : .4,

P L L F’ Q.;-%- T]@QP)' ' , 14
re (L4Tg4'p M (1dTgo" Pl
- (L +Trdb) ’ wp - Ko .
3 APt SN -ﬁl‘ 2, X,
N (34T a'p }{1+1g ]:) (P +2dp + wT) d
v - .
Tl ees e a8

~The folloving opsratlonal solution is obtained by using
the partlal fraction method and making the same appRoximations
as in the splutlon of the short eircult currents

- Y, 3L |
i = + M [a /Za -p'i(‘l- kg e kai 'tﬂaeosut]

' Sl _
W Taa¥ekg Td Td"

| qoq_'ﬁq 1013
Now,
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| wT& Iy Ty Orghy 1O ':c"p"‘“"d "1’0“"""3“‘3; =

Henee the totazl fleld ecurrent after the short cireuit is
given bys "
ip '*"*,11'9 * 1pf

) ' -t ' e :“‘t>“d?
= ii‘o"‘ifo( xﬂd,d )[e & -.~€1-_”:3”d.) o~/

R Ty, S
w =20 T poswt | 4., a4
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V-Eéeh armature current gliven by eqn., 1.8 conslsts of a
symmatrical or alternating cou@mnsnpAané an asymmetrical or
‘direc"t éampoizevﬁt-. The A.(’ . »eompgneaxiat cbnai.sts of 4 snstained
components a transient componeut uhich deecays with a long
timz constant T4t and a subtransient eemponent whieh docays

-

with a vary shoTt time constant T

The B.C. componants of the three armétuwe currents all
dscrease to zarp exponsntially with the sams time constant

Tge

Tha field eurrent, glven by egn. 1.14; like the armabuls -
currens, consists of de.c. & a.u; cnm“bnantd. Ihs 4. Co componant
consist s'of a&stained transient and aubtranslent eampanants.
The tranaiant and subtransisnt d.c. companents af field .
current iacmaa@ vith the same time constants Td & Tg"
rGSpec?lvely as the earrnspcnainc o c. csmporentﬁ of armature
eurrant, The a.c. component of field cuxrent ‘decays with
the t1ﬂ9~§9natantfra, as do the deCe camngnents gr ‘armature
currants. The initial crsst value of the a.c. compansnt is
agual ta the 1,1t€a1 valua of the tranai@nt d.c. csmpaﬁant.:
Hence tha d.c. eompunﬁnﬁa of armature current cerrespond to

4.0, componsnts of armature current and vice versa.

o004

angle>phase éﬁmrtﬁciréﬁitS'may'be elther line to line
ot line to neutrsl, The only essentialféifférence'betwsen
 the two types ks that the line<tp-nsutrali short circuit involves

alap the zerg.phasa sequance ilmpedances of the maehin@ and of.an;



impedance connscted betwssn neutral and ground 1f ths fault is

line to ground. 4&s in the previous case, constant rotor spsed

is assuwed in the amalysis,

ove _— XA , G5 e
| Tha‘ analysis of a ainglé phasé- short eireuit on a synehronnus

generator was firsh glven 'By Doheﬂ;y a’n{l Nickle® who derived

expra ssions for the transient cnrrents in the armature and

field cimuita and varifiad them experimmtally. A vary full
‘theoretiesl traatment. of the tnree altarnativss types of ahort

" eireult af a3 phasa ganerator (11219«-1:9-115@, lina-tc-neutral

| and doublenlma-tg-neutml} 15 glven by Gomardia . Eu;‘ aaz;.h
case, expressions are gliven fg?:the transient torque as well

a8 for the currents, The method used by these authors is %o
darive tha initial valuss of the eéx{pon@nta of the currents

and to estimate a time constant appropriat‘e’ ‘to each component,

For a. Loto-L ahort eireuit o phaaras Bmc, the ezpresaiana
for 15 and . 1q will be .
' 2 VEF Sine - A Sin)\s} Bin @
g + X" -(Xd“-xq Jeoa 2&

1 w-2YCF Sin@ <A sinA)egs ©
A | Kdu‘}an ‘(Xd“"anjcﬂﬂ %

.'i_é -

ewe ess L .15

whare P = A factor deseribing the flux-llinkage decay.

(’ Xg'e X" );Vfd (Xa“-!-xg R WAL

Xd’ +X2 - X’d'-&» 2 xd +X2 X
%"+ Xp
+f
( Xa-ng)

and & = e~tTa

= Armeture decrement factor.:
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The elsctrical torque is given by

7 o _2V3F (F 8in @ ~A SinA) Cos 6
gt Xy "o (ka”-*i "yCos 2 @

v = 205" - - 23") [v(7 sine - stn X))’ SMnze | 16
- [_xd" Fe x L . (xﬂ” - X tt) GD3 3 g]

.To compute ths res*ulting shaft torgques, equat—ign 1,16 has
to be expressad in terms of its harmonic components, This ean

ba dong by reéoiving squation 1,16 into a Fourler Series, Henca,

wae pbtaln,
2 2 2
p - S A [FA Sin A («Cos & +3b cms 3 8-5b2cos 58 )
l+12
iFg N . %z, A (51n 26 ~2bSin 48)
kg e |
: " uepl;]-?
5 .
whore b= LogThd
e
Negleetlng terms of higher harmonles..
T = 2 V? =Fh Slll)\ Coz & +(F2 Xg AE X u_X ' 9
xtt+§§3 - "u*_,,-',' -»-——-—-’ﬁ’?‘BInX)X
Q"+ vxdxg 5

8in 2 © j eve 1,18
For turbine generators and for machines with damper windings,

. V2 s1n )\ 2 g ‘
. e T o "F‘& abin ﬁos 6 +F X‘?{i 31!1 b e
., - Kp+Ey” ' Ed'*% ‘_

L 2FA Sakos & + F2 Stn o ﬂ cee AolD

- “

XO'!‘X&

If A\ = Angle betwsen the quadrature axis of rotor and phase A,
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P o2 e +2FA Cos MSin(wt + A)~F2,8in 2 (wt +/\)J
an+x ’ h ’

2 B I T ’ L A 1020

For the particular cass of maximum initial armature flux

linbage Sy >\ =0

Ty = xﬁ"lz [am biﬁ(wt-r)\ )=F° &in 2(wt +>\)J
4 , ees LoZ1
| Thus, the maximm fundapsntal-freguency torque,
*mmediaﬁely following ‘a short circult with maximum armaturs
£lux linkages is 2 V2

X eky

o e taxn g

The Lins-to-noutral eass ean easily be obtainsd directlﬁ 2
. (

from tha Lina-to-Lina case by-simply %eplaeing Xg¥ by ( {1b;
g ;‘nrl-.w
3" + Eﬂ. and Aq“ by Xq“ + “g and replaclng @ by (2 + QQQ)M
. ?2 g
Toon ® e [zm.oin(wt +X )- 2 sin 20t +A
X XX o
a et ees 1a22
oW +X '-[-x y & - '
wheve P g[--—-—-——”‘d o .y - i PR K‘i x
Xg + Rotky CZ X O)CX&+X2+KQ)

e Tayt '_Aﬁ'+X2+k° Aﬁ’ +hg+Ky de '+ %o+,

b A +%p Ry Kgrogst empe e 1

A = @ Xy #o K,

" Where ukpé.anglﬁ between the d-axls of Totor and phase A.

» s oo ladl ’;‘.."

In the case of double~I-to~ground short cireuits, two

arpature. timg constants have to be considered because there may
'be many times as much resistance in the ground conbnection as in

the arpature winding, Henca, there can not be single characters’

B ot d o e Vrewen B 3ntEer ded poow mmtn adsonds B amh deled w A ereean  wnd? E? ey



The symmitrieal componsnt method is indidpensable ol
attainment of a clear pleture of the dgubl@-lins-tg—grcunz

particularly in relatlon te rotor decremsni factors,

Agaln, egns. can be dewveloped for idﬁiq and the elec

Lorque,

The short circult torgques for different typea of fau

shown: in Table l.1l.

It can he eeen that for the 3 phase fault, thg curre
ig and ;q.ara funetions of tiam t (measured from the lnst
_of short eigguit)_directly rather than of the rotor angle
and thus do not ﬁqgand-en the initial robtor angle A (the .
of the direct axis ahead of the axis of phass’ a'at the in
of short c¢ircult), This is due to the complete symmatry -
the stator winding, The initial roter angls determines o
the location and not the magnitude of the flux trapped in
stater. For all the unbalancadAfaults, tﬁe-curranﬁs and
quently the torques depend on the initlal Totor angle and

therefére been expressed as functions of & . where @ =Wt

It'is moTe prabablé fgf-a short cirecult to ceceur fro
thqn.from'na load. when the short ciTcuit is 3-phasa, th
entire external load i1s dropped and the only torgue will '
‘the unidirsectional torgques (explainad in seé. 1J0) given '
“‘equations in Table. 1.1 This is also true in.the casa of
doubla-line~to=-ground fault on a machine with low zeérop se:

reactaﬁce.A

The short elrcult oecuring on a loaded alternator is
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simlar to a no load short cireuit, the only difference being
in the initial conditions, In deriving the expresslons for
short cireuit under load, it 1s only nscessary to substitute

the now velue of the entrapped flux to make the ezpresslons hold

for a short circuitvunﬁer loud,
The new expreaainna.for 15 and iq will be

ig =A [(..&...‘...-_) e“tﬂﬁ Y '};)e'tﬂd', : ] v eoBS

Xgn  Xge X' Xy R
. Ry, ) .
- _.E..'r @ /Ta tos (ot +8) sas  waasd
Xa“ " R

B Y R ‘ .

1 e |ty e Yy, 7 | UpSin + Ya_ ot agingits,

e g %q *q £y

. . .23
This is ths purfent far ghort circuit from any load candition,

hut with small armature resietancs. If the abcrt eireult opecurs

at no loud, § =0 and the aquations reduce to those¢ given by

eqns, 1.6 and 1,7,

The transient ruﬁar.airjgap torgues for short clreuits under
: fuil load are of the same form as those from tp lead with the
“addition of a transient ternm to rapresentvthﬁ rapid droppling of
paft of the load, With the assumption thaf for a 3 phase short-
éircuit, the total lead ié dropped, the most severe shaft ferques

are produced by line-to-line faults from full lead with no

external resistance,

' The presencs of external-systein reactance decreases the

magnitude of the fault currents and thefefore, the rotor alregap



/ -
j torque, However, additional external reaslstance without inecrease

ing the reactancé can increasge Some componénts of the air gap

torgue, It inersases the erest magnliude of the D .. coumponent,
1 inareaaeﬁ.rapidly the dagging'ef the fundamental frequency
8 component and iﬁeraas@a mpre slowly the damping of the d.c.

cempoéenﬁz

Sinee the addition ef external resistance inereases the
/ magnitﬁde'gf the d.ec, component of @lectrlical torgue, such a

condition will produce more ssvere shaft torques at the lower

system fraguency, where the d.c. cam@aﬁant has 1ts greatest

. affecty This is true for low values of ezteorasl resistance,

Farther incrsase of d.ec, componsnt with grezter ampunt of

external resistanece ls moTe than offest by lncTensed damplng.

Thus the effsct of an &xternal resistance aafiﬂg a faull
is two feld; the unidirecticnal torgue is inereased aﬁd the
decrement of thﬁ'fundamagtal fraquency tergue 13 also inereasad.
This may o may not result in inereased shaft stress, depending

upont the masses and spring constants of the generatoer,



During sonme types of short circuits, the machine seems

to "lpad up" during the mmt foy cyeles rathar than dump load
a8 might be axpected, The tenﬁénay of a machine to "leoad up"
during short elrcuit is due to loss teorques, which have heen
neglacted in the present analysls, These less torguss have
been investigated by Kilgare? and lster by Whitney and crinee?
and Kirsehbaun’. The un:.c‘iiraetignal torgues are important for

the calculation of stability.

$:3Q.1  Batermipatlon of unidirecti

it is possible to detevmine the unidirectional torgues

from the general rslation applied to the averags pmqei”?.

Pover output is equal to power input to shaft plus

rgte of decrease of K.’EZ. in the machine plus rate of decregse of
storsd magnetic enersy 15 the machine minus total ohmie loa3ses
in the machine, The sum of the first two terms on the R,H, side
of the equation are proportional to the unldirectional torque
acting on the roter. During a short cii'c'-:lit, powar gutput ia
aqual to zero, Unidireetional torque is equal to sum of '
average -ohmlec losses minua ?até of decreass of average stored
magmetic enorgy in the machine, In other words, some of the
ohmie losses are sgpplie& by decaying- magrietic i‘s.eldsg 0f the
losses in the machine, two components are to be suppliedz the
los8 caussd by ths flow of D.C o in the shert circuited armature
and tha loss caused by the fiow of the additional D.C. in ehé'”'
rotor cireuits, The remainder of the DGy ohmic loss in the
rotor fisld is supplied by the exclter, ’E_he, only machine lpssas
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which appear as unidirectional torques are those whiech are
caused by tha flow of alternating eurrent in the various machine

sireuits.

ﬂhﬂ:principal effects of damper windlngs upon power
system stability may be listed as followssw
, 1. Pesitiveesequencs dampiﬁg
2 Hegatlve - seguance braking during an un&ymm&trieal fault.
3, Bffect of Negative - ssguence ilmpedance upon positive sequence
o »Vé].actxres.e pouwer putput of the machine during an unsymmefricé,l

fault.'

evedallsl Positive - sequencs damplng...
This results from the torque csused by interaction of the

. damper currents with the pesltive - sequence (forward’- robating)
magnotie field in the alr gap. Except during atarting'ar-pailihg
out of step, the slip of the rotor with respact to the positive-
sequence‘fieid is low and oacillatary. Posifiva- a5guance &améing
causes the oscillatiana‘gfjthe machine rotors, after an apericdic
shock that does not cause iosscf synchronism, to decroase iﬁ
amplitude and ultimately té die out entiréiﬁ; Low-rasi stance
ampTtisseurs gréatly 1ncﬁeéée the ampunt of paaitive-saquenée
damping. Positive - sequencp damping is present hoth during and
after a fault. However, it is much nore effective after elearing
of a fault than during the fault because the po:itive-sequence

voltage and flux are greater after clearing.

By absorbing energy from the osciiiétion, positivessequence
damplng may_prevent a machine which has survived the firat swing

from going out of step on the second or subsadﬁeht'sw;ngs‘becausq

n ow T @ e - = = n = - 5 = B P - - -
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great engugh to inerease significantly the power that can be
ecarried through ths first swing, Its effeet 18 almpst always
noglzcted in ecaleculating pewer limits,

Thia resulta from the torque causzed by interaction of the
aamper curranta with the negvtiva - gsequence (backwsrderotating)
magnetic fie;d in the alr gaps duch a field 1s present In &
’ﬁaljphase maéhine only when an unbalance - usually sa unsymmetrical
Shgrt‘cireuit'; 1s preczont on the p@iyyphaee clrcult to whieh the
armature winding is-connseted, ¥The alip of the rotor with respact
to the negative - soguence field is 275, whers S = positlive«sequence
slip. Since S 13 small (excopt daiting starting and oub-of+step

~operatlon), the Negatlive sequence alip is very nearly equal to 2,
It never reversss, noe?r does the resulting torgue reverse, The
torque always retards the rotor and henee ealled a #braking®
torque. 1Its effect is therefore equivalent to a reduction of
mechanical input torque, 1In a ganaratﬂr,-which tends to speed mp
during?a fault, the Négative - seguence torgue decreasss the
accelerating torque., The braking effect 1s present only as long
a3 an unsymmetrical fault is on the system., The greatest braking

, térqug.ig‘affordeg by highQresistance dampers and very. little by
1ow-réaisténce dampers, This mathod of improving transisnt
atabllity is less imporéént.wheré hilgh-speed fault elearinz is
genorally used, The higher the speed of clééring, the less
important is the shock caused by the fault itself 4n compal'lison
with the sheck‘of~gpen1ng-the faulted linsiéﬁiéieér the fauif;.
This 1s true even if highespeed reclosing is employed. ?



A dampér winding decreases the negative sequence reactance
of the machine on which it is installed amd may either increase
-or decressg the negatlve - se,quegge realstance. In genéral, the
»n;egativa-éequanee“ impedance i3 lowsred by a damper winding,
agpeclally by a lower - reslstance dampsr, Lowerling the negative~
sequence lmpedance of any maching on a network lowers the negative
- ssquenes lmpedance of the network viewed from the point of fanlt
and thus alse lowers theimpedance of the fault shunt repressnting

 any typs of short circuit except a 3-phase short cireuit., The
sffect 1s greater for a 1in73-_-t0-11un§ short elreult than for any
gthar type and is greateat i‘ar, a f_i:mit located near,the machine
eq_uipped wlth the dampars. Usually a fault location mear tha
principal equivalent genm?atora ls taken as the most severe ons

and the one used as a erlteriob of aystem stabllity,

Thus, while an unsymmetrical fault 18 on the system, the
damper winding on a gensrtator glves rise to two opposing affécts.
(1) ovaking torque, which ia banaficiél to stabllity and (2)decreass
of megative sequence impedanece, which is detrimental to stability,
Which of thesetwb effects predominates depends largely on the
resistance of the demper winding., with a low-resisiance damperT,
the decrease of negative.ssquance impedance usually predomintes,
while with a higheresistance damper the braking torque ususily
predominates. This is true because increasing the resistance of
the damper both inereases the negative-sequence lmpedance and

inereases the braking téfﬁué’,‘

Ths mpra rapmly faults are c}.eared, the less impartant

are both of these effocts, The use of higheresistanee dampers to.



evelalled.  Damner ac

“ihereass the stability limits of genersztors ls therefore less

" important now thsn it was when slower clzaring speeds weie in

gem?ﬂl Usd,

in as much as a &amper wiﬁéing is si@iiar to the équirrel
cagé Trotor winﬁing of sn Induetlon woter, and the srwature
winding of a synehrenous machine 13 llke the stator winding of
an inductlion motor, the varlous effeeté of the damper windings
on stabllity (discussad abgve) can be analysad (approximeisly)
by imnduction mobor thsory.
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If a synchrenous machine with dampers hunts er swings,

tha slip 1s alternately positlve and negative, The torgue is

likeulse alternately nositive and negative and always tends to

bring the speed back to synchronous speed,

Negatlve-sequonce applled vpltage causes a wave of air-gap

flux to rotate backward at synchronous speed, If the slip of

the Totor with respect to the positive-sequence field is S, the

8lip with respect to the negatlvemsequence fleld is 2-3 and
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the‘torqua 15 positive though the speed is negative, In oihsT
uarﬂs; the teorque opposes ihe rotation; it is a braking torque,
Far 3=2, the ‘mechinical fioweT gutpult = Ir*;x 1;2 %. I?;yatta/
phaue vee Lo24, Thils is n&gativa (i.», it 18 asectually input)
’and i.a eqﬁaz to half the rotor capp@r loﬂs I?' Vp» The other half
of the rofor coppeT loss 1ls supplied aleetrically via the stater
terminals, Thus, hhe:e le =t the sams time both eleetric and
mgehanical pswaPAinpat, 81l uf which goss into lasaeé,

prineipally coppel lossea,

Ths negative-sequsnce Totor currents have a frequency
(2-3)f or very neariy 2f, where [ 1z the stator frequency. In
a synchronousS machine, such gurr@nt3 flow both in the fisld
winding and in the damper windlinge if damper windiogs are
provided, qtherwise,'in the field wﬁnﬁing and in the fleld

pole faces,

In grder to give high damping torque at small values of
8lip, the Jdampere should ha§8 &3 low a resistance as possible.
In order to:glve high negative-sequence braking torque, the
dampsrs should have a much higher resistance, sueh that maximun
torque occurs ab of neasr 5=2, A damper which is designed for

ong of these purposes is poorly suited for the pther purnose &,

Negstive~saquence impedance of a machine may be found
by putting 8=2 in the eguivalent eireuit. ¥Fig. 1,2. Then
negative sequence resiaténce Pg = Py # 5= Ty eee ...A1f55
vhera ry = atator resistance

rp = Rotor resistance, '



a i_i;daction-nmt;ar theory assumes cpnstant slip and a
sfhmgtrical rotor w;th only one set of windinga._ A synchrencus
" machine even 'thbug-hy equipped with damper wiﬁﬁings, has an
unsymmstrical réter, with a field winding on only one axis and
the slip of the machine varies during the disturbamces considered
in stability étudieq. Nevertheless, inductio{fi-»moﬁer theory 1s
conslderaed applicable to the ealeulatlicn of negative-seguence

_braking, For the caleulstion of poslilve-sequence damping,

however, synchronnus machine theory is invelved,

The slip of the x‘otar ?:éith reapect to negativa ssquence
field 1s very neariy 2, Ita valua may be taken ag 2 wlth 1ittle
errsr, aven thnugh the moch ine 1s actually swin,(mg o starting
to pull out of atep, heeausg» the forque is mearly independent
of slip in this vicinity. -

If the rotor cirecuits in the two axes ara unlike (i.e,
1 x5t ;6 x " oor if Tdo" #qu”),

torque pulsates st twleo tn&siv rated freaquency, This fluctuation

then the negative-seguencs .

1s 80 rapld eompared with the fraquenc’g} of eiectro mechanical
swings that the average torqa@', a-s.na.lwlqté@' by 'i,qﬁuctian-
moto® theory, can s used mith mgligi’sla arrolr in stability
'calculat;iens. The mchanieal nomr CORres ponding to this
torgque is

1 o 2

Tb &= __2__. 11‘2 71”.':;,' i c__c‘o_:- ' sew 1.26



J6

where 132 = Negative- aequencs rotor current,

r. = Qotor rasistanca.

r ,

As the. negstive sequence rotor current is diractly proportional
to the negative seguence stator {arﬁatar@) curréht,rag,

T, = gb.Iz@, wheve K, = a constant, Also, Ip,= Ig, and

r, = 2 (ry o rl) where ry

= Positive - sequence resistance

- This forw. is egnﬁaniéht for computing thefnsgafivs-sequanea
braking power of syachroncus mechines bescause ths pﬁéitive
and negétive ssquenes resistances of the niachms_;s_ ars usua}_‘ly
given-raﬁh@rrthan'the rotor resistance, Tha'nagﬁti?eqssqaence

. armatare current is present only during unsymmetrical faults,

Thus, ﬁs‘ga*ﬁive saguence bmking torgus =I§af2( Ty =« rl) for
& l-phase short cireult bhecauss for = i_phase short
cireult all the loss appears as torgue bhecause of

transformer action betysen the ssguences.

- or
= (i (ry -~ ;) forl phase short eireuit Leto-L
Fg Xy short cireculit,
= L }2 2(r2- l) for Leto-G fault
- xd"+1§2+3{°
= O for 3 phase .short eircuit.

" The m;atixm..sagwnca torqus is always a retarding or
lhraking torgue, It has thersfors the sams effect on the aﬁgular
motion of the fntor as & decrease of mechanical input torque,
In the caleulation of swing eurvaa, negatlive~saquence damping

may be handled as a reduction of the input.

Whan danmper gelion wvas merlected. the sccaleroting nauad



{or torque) {In P.U, system of representation, torque and power
will be same, As P,U, system of ropresentatlon is adopted in this
dissertation, torgue and power will b8 same and hence they are
not &i.stingaished sepéramly from each other) is taken as the
difference between the mechanical powerl input and the eleetric
powaer output (both internal values)

Tae =Ty = Tge.
when mgatiw-sésqu@nce braking is taken ;nm acepunt, anpther
tarm is ineluded, | o

) . Tac sz:é TG} - Th wew . vee 1,28
where T, = braking pouer-,xthﬂ term T,, represents only the

- positlveesaquence powsr outpub,

Negativa=sequence draking can bs neglected except in mache
ines having a higherssistance dawper winding. Zven in such mache

ines, it exists only during the exlstence of an unbalanced fault,

LYY
Fof'é phasé faulf:s’ at oF very near the ai‘mature ?;e-rminals
.. of a machine, the d.c, components of short circuit armatuzre
current pfar‘si'st long snough to have an appreelable e'i‘fect.r The
- dee. components of armature eurrent induee in the rotor cireults
currznts of fundamental fregue.ncy,”jehich' glve ﬁi‘se ‘Eo a braking
torque simllar fco that caussd by negative-seguénce armature eurren=-
ts.  The .IZ),C + braking torque (or power )y like the nsgative sequence
. braking torque, decreases the accelerating torgue a;nﬁ may he. :

considerad as all or part of Tb‘ in eqn. 1.28,

Although the Potor currents induced by direct armature
currents are of fundamenbal frequency, whersas those :lnﬁticéd by

negative=-sequence armature currents are of twlee fundamsntal



_ frequenc§, nevertheless for a glven magnitude of anﬁéture“eurrent,
the magnitudes of the various rotor currents are sﬁbatantially
the same in the two cases, bsing aaterminsa_mainly by the

reactaness. There ia, howavar, this important difference: that

i; whereas in the negativa-saquenee case, half the roter copper

_ 1033 was Supplied mechanically and therefore produced braking

. .-;torques,in the d.c, case, all the rotor copper loss is supplied

'~5mﬂchan$célly, This loss ia Ig‘rr~nr‘twiee the»value given by
‘eqn, 1,267, Usifng-‘the 3ame ‘valule:av of r;r_ 83 beforey we gét;' for
fhe deCs braking’pawer=twicéﬁh9 ﬁglue“givea by egn, 1.§§ﬁug
-¥n§mely: Tbhﬁgzs? {ré - T1) ese 1429, Here Is =‘effective |
value of g?mgﬁarﬁ eurrsnts, whieh.ean‘be 1magiﬁéd to be polyphass
Tignrreatsléf ver} low frequency, whose lnstantaneous valuesegual

:_ﬁhﬁ dtre&ﬁ-arm&tﬂra curraﬁts; The crest'valu@ of these polyphase

»}:_currents eafrespnnﬁs to the total direct currant, that i3, to

 the value of d.e. cnmponant that wauld axist in one phase of
: ”tpa armature if the 3w1ta§;ng angle we;e_sgeh as to give this
ecmpanenﬁ its maximnm'value. Faf an uﬁloaééd machine the“tétal
direact current is initially equal to the initial crest value of
the a.c. compo&ant af armatura sharh eireuit cunrent and decays
expopantially with tima constafx P : If tha total instantanenua
Curren i f RN

dece component of armatura is denotsd by idc’ the exnrn. for

dec. braklng power becomes T, = :i.ﬁc (Pg.r T1) ees 1430

- As 1dc decreases exponanﬁially, Ty also decreases,

For typas of fault other than 3 phaae and for famlts
ngt vary near the armature terminals, L4e decays 30 rapidly.

that ifs braking effect is negligikle,

Alsp, assuming a 8olid rPotor, structure, the Totor

~ reslstance & reactance vary very colosely as the gyuare root
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of fragquency of roter curremkt, If Tg = Negative=-sequence resistance
éf the machine (as measured with double fregusney rotor currents
flaﬁin@, rotor resistancs ='2(rg-ri) at double freguency and
=ﬁﬂr2-rl ) at fundamental i’mq-ueney. In turbine generators, the
rotn? losses vary 38_1.8 pover of rotor current: For sallent=pols
machines, this wiil be 2, S The d.c. braking torque due to funda=
‘mental fraquency rotor currents induced by d.c. armature currents

is given by

/2y (1.8 or 2

Ty = ) /2 {ro=ry) for a 3 phase short-circult.
. 2 Ig* .
o 1.8 0f 2 ., . |
. (L2 T8 )8 O S m=(r ory) for a Ieto-L shortecliroult,
2
;'(:/2“ A ) /2 (ro-ri)for a LetoeH shortcireult,

Thesa terms correspond to d.c. components of armafure enrrent
and_flu; 1linkages or top fundameutal fregusncy ceigponents of égﬁgg_
eurrents and fluxes, In effect, it is just as though the armature
were supplied with d.c, excitation, so that the resulbting rotor
losses must be suppliéd by mechanical torgue, while the stator
i%r 1gsseé'are supplied by the deecay of the energy of the atator
magnetic field. | |

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

flow of the additicnal d.e, In the roter circult., This 18 now

the stator (armature) 13ra, where 1 is now the 4.C. componsnt

: 2
of armature curvent, This is sgual Vo ;’-— V2 ¥ Ya
- > Xgt
= (- )2 ry for a 3 phase short cireult and ( ?F ) 2n
X_dn . xd“d‘Xg
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for a Leto-Line sh6r£ clreult and a{ | ‘)zrl for a Ie=to=N
_ _ , o Xgn KXy

short elreuit,

There may be an additional loss torgue in the armature
~ circuit due to subtransient saliemcy. (uhere Xgh £ X"

' Gensrally, this can be nagiaeﬁad,

In table 1,10 gquablions are glven for the fundawental
and double frequency components of Tlectrical torgue developed
-at the Teter and also the unidirectional components of torqus

for various types of faults,

During a534ifsbort circuit, the electrical torque output
is zero igﬁg_Te =0y and the cnly-unidiregtianal_tarqusﬁ wlll |
be those given by equations in Table 1.1

ven. - : o Re s

Aftar a:fault oceurs on a system, the asymmatrical and
subtraasieht componsnts of the eurrent die away in a small
fractlion of a second, bul the transisnt effect of the distur
banca.csntihuas‘far asvaral speonds. If the system is stable
under this transient condition, tgé generators ultimately
settle down to a hew condition of steady operatiosn at synchronous
speed, On the other han&, & gevere disturbance may lead to
1n§tébility, gy that the generators pull out of step and have
to be disconnacted, The phenomenon depends greatly on the
mechanleal eharscteristics of the generators, sinee the rotoia
accélarate and decelerate, ecauslng the instantaneous lpad angles
to osclllate, Stability 13 usually deteruined by the lst‘swing

of the mezch Iins and it is assumed that if the generater does net .

w111 T At Y mdeone Do mA ames drlem Tl ol v o A - S I S-S S S e T Y SN
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down to a steady condition,

The transient powelr angle characteristic iz usually cal-
culatedvbyﬂﬁﬁeiaf the following aasumptiané; depending upon the

aceuracy & aimplicity of caleculation noededse

1, The voltaze behind the d- axis transient feactance may
be sssumed cons.ant (constant V') Gp,

‘e Thﬁ flux 1linkags.of the fi@l&_winding may be assumed
constant {(constant vé".)- 1.¢, the voltage behind the transient

reactancs may be assumsd constant,

dith theywtwo different assumptions, the power-angle

curves can be plotted by the réapaétivé'aquatiuns .

#

o o VY @ %o = Za'
fo = g stnb. ¥ 5%71?;' Mn 25 .., .. 1,51

of Tq a_%_'_‘f._ 3in §, - vee ees 1432
a _

The transient atability limit in a single machine
problem can be estimated by the maximum angle of fau;lt elearing
by simply balancing positive & negatlive areas on the power
angle dlagram, This is possible bseanse ﬁhe mgva—_nént of only
~ one machime rotor is to be followed. In the case of two or more
machinea, the eq{ual area method can not be applied; stability
or instabllity is determined by the relative angular position

of two machines,

Transient stability studies ars also made for deturmine
lng the abil:lty of a aystén to maini;aﬁ_,n synchronism following

a disturbance such as short eircuit. whether the system stays .



4

in synchronisn or not 1s determ mined from the suing curde, The
swing eurve i1s drawn fTom the foll@aing eqn¢ by & step-by-step
mathod using a small interval of time, . ‘

428 e .o " _
- ﬂ'f -(i‘i'..g = quTe - Tb se'e ¢ne. . . 1033

_whé?s‘ﬂ Mbehanical terque input of Prime Mbvar and

is assumad constant

Ty = pgéitiva sequ&nce aynehrgnaua.torqus»sutput.

2b=q:Séaking'tarque due to unidirectivual torques,
Fram the swing eurves, ‘the time tc coerSponﬁing to the

[

. ”maximum angle of £anlt clearing can be @btainsd,

: 3.f tha actual tima of clearmv the fault is less than

f.f t o? tﬂw aystem will be stable; 1f it iﬁ;grﬂaﬁer, the system

will be unstable. The time That it takes the Fotor to swing
';téﬁta Ghis critisal. angular diaplacanﬁnt is the maximam time

7 that the fault can be left on witn stabilitys

o 32*}:’2“ o - e \&\/\ ."i»'f"ﬁ:;\*.“'\.‘f{\';ﬂ: f '_ CD ’\L
’l’he co*mtan’cs of thé[ waching masumd by standard bast

‘;_methgda,are (in PeyUs)i=

j‘“06765‘ | Lo ‘}Eﬂiﬁ;.381 s8C.
f‘o.és» | o
R =X, = 0208

0,035 -

Héﬁi;ff
: i

\y
iH

24
ll

it

9 e BB



Td * = 1.3
Td-" =2 (.49
T4t =T = .02

_Tqbﬂ 2= ,0367

X\ & X, are unsaturated values.
Y

veelaldd.l 3 phase short eircult on a Leaded alternstor...
Before the short clreult, the alternator is driven by
the prime mpver and éupp}ias power to the fixed supply. Under.

this steady conditions, the P,U, values of the quantities arese
V= 1,003 I = 1,005 P.F, = unity

So=25° V! = 1,02

From equatlon 1,31, the power output is given by-
Te = 8,83 8inS« 817 8in 26 ., ces  1o34

The torgue angle dlagram is caleulated from the caleulations,
tabulated in Tabls 1,2

The torque angle diagram ls shown plotted in Fig.1.8
In the figure, 't.he constant Frime Mover Input, vhich is taken
equal to 1 P.U., is alep drawn, When the short cireuit is
applied-at the stator términals., the powar output is zero i.e.

the torgue angle dlagram now redupes to the x-axis, The

eritieal angle of fault cleating can be found by the equal-arsa

mthod, In this case, the critical angle has been found o
be 119% |
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The braking torgues are caleulated as shown below-

Ty =Ty1 + Ty
whera Ty, = 2, | (Igo + Igt) +(Iq0.+'I-qt)
Igo = I 5in (ff 46 ) = 482

I, =Icos(f+85) = .905

q0
. L“ X =5 " -r’b/f
Tot=Vao ¢ ot ~§z'§§;'*9 )

=1 x 8in 95 I:E-g--ng_ v/.OEJ
' '*4 .X.

= (493 + ,79 ¢-50%)
. Vo
X" - -
- | o -2 45t
= 1% Cos 25 [:33 +.622 @ 2'27{-'4-.-{)5{??9- J

o245

2.,287%

= (1,18 + 2,346 +e214 3“45t)

Tyy = #115+,108e"%+54Y o00me5 =90, 148072+27C
+ 20192 a™47+ 37t+ .0134 a-&bt+ 0121071008
+ .0B650~50%

= Torque dus o armature eapper loss,
=25%
/“"“'x lzxe ’
'1’&2 = /2 J(-076 - o0195)

__2{:.245
=50t ‘

= 0,66 ¢
= Torque due to retor losses,

Tb‘ = Tlll Y Tng



-47 276 =100t

=2,27% 4012 €

..,c 11&.1039"’“54"' 1480 +.01928
+ 716 e~20%) oo 1,35

‘The Jariatian gf unidiractlnnal torqua after ahort elrculting

a loaded alterndtar calealated fiom equanian 1.85 1a plotted

in fig. 1.4,

anz 1 - jl.' ’ !
ﬁ_ = 0 dgring 3 phase shoert eircuit.

Fram equation 1, 33,

..%ﬁ%l. gts = 1w {,118 +.103sa-4 54t + 148@'2'27"
' 101926475276 |, _11750~50%, 01210-1008
4,716 0~50%)
At =0, ﬁ;‘f;mo;m § = 25° o
AR =(~42.16t + 18267439 +2,06 o~2r34%.11,950"2¢E 7S
~ms eSOty L, L 138

The swing curve is caleulated as shown in table 1,3

The swing curve 13 plofted. 1n fig. 1.5 Frem the curvey
it is ssen that the‘maaimnm time fgr which the faultucanvba
allowed %o perslstlgs 0.8 .geconds, The dip in‘tha eurve
during the firat feﬁ.cyclaa can be sxplained as follows, After
the short cireuit, the sudden transient torque producsad by the
altarnator temporarily 9306963 thﬁ torque af the prlma movar,
resulting in a drop in =zpeed, Suhsequently, when the alternator

torgue decays, the- machins aceolerates because of the Prime:

mover torlgue,




maeh greater than the positive sequence resistance and 1ts value
dapends largely on the valus of the reslstance of the damper

windings.,

it ‘ . 3 - ¥ 4§ . i

With this assumptiony Ty =T, and xq =Xt o= Xy
Now Tgg = ..422
Iqq = ,908

Iat = (1.18 + 2.3 e ~2°04%

'. ' . wdiie A | | '.2 '
T » Tb = 90195 [(1069 + 203 8 2 04t)2* (1'83) }

e (115 4 1036 o~ o086 1405 o=2404%) 4 a7

The varlation of unidirectional torgue calculated from eguatiol

1,37 ia plotted in flg, 1.4.

| Z ‘ i ‘2.@4t'
.-..é.g...... - 412 [1.(.11.5 +.1035 a~2+08%, 14356 ):l
dat .
= (364 o 42,6 964.08 t - 59,1 9-2'.04t)

At % = 0, é‘f—-::-ﬁand o = 2s°

‘2’04t
~4.08% 1, 29"

ene ovolp38
The awing curve 1s ecaleulated in table 1,4 as shown,

o 5= (182 £2 - 30,48 4 41,75 - 2.55¢

The swing curve ia plotted in ¥ig. 1,5,

It is seen that the damper windings provide an additional
‘braking torque on a genarator and thus reduce the accelerating

torque during the fault,

The wmodern trend is to clear the faults as rapidly as possible,
cloaring timss greater than 0s2 88c, are seldem ussd dn lmportant

eireuits where sysﬁgg stabllity is a consideration. Moreover, thes
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AB1B 1,2 3

D

Computation of swipg curve durdne 3 6 37¢ of 2 loaded

Lon.
airternetor (with damper windines).

. ' ‘ o L -a 54t 2. 2L =50t
'L42,100 ' 182 b7 a2 00e 'ell.250 'w,11756?
(J'@Q) ¥ ? Y 1 y "'iﬂu‘;p‘j
D O Q "2~95 “1}<?E ”al}?ﬁ ?5
) -84 LG72 =127 =11,3 =, 11 24 ,8%
e 100 -4 ,215 1.R2 e, 0 =G4 = 25,91

"?O "12‘\6)4- lbi4 “5\528 ﬁan() = 36.3@
40 218,85 29.2 374 -4 .8 - 46,22

.70 =28.,5 38,0 -,09 =Z0%2 - 96.0

B0 307 116,58 ' = 033 2,02

119.7
.30 -27.2  147.0 -,0%2 -1,54 . 146,55

k) e s s S



TABIS 1.4
Computablon of swing_curve during three-phase short cireuit
of a_ losded slbernator {without damper windines)

j S v ~4.08t" -2, 04t 3
t ' 182 t° 'a3%.4t '-2,55e ‘w14, 20 ' {deg)

(sec) ! ' N ; :
o 0 0 -2 .55 «14,2 25
0.1 1.82 -3.94 ~1.7 -11,6 26,33
C.2 7.28 «7.88 «1,17 -9.45 30,57
0.3 16,4 ~11,9% -0.75 ~7.70 37.78
0,4 20,1 -15,76 -0.49 -6,26 43,734
0.5 45.5 «19,70 =0.3% «5.11 62,11
0.6 65.5 -23,60  -0.22 ~4,17 79.26
0.7 89,0 -27.60 -C,14 =3.51 99,50
0.8 116.0 =21,50  «0,09 =2,78 123,78
C.9 147.0 -25,40 «0.07 «2,27 151,02
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majority of faults oceuring in practice are unsymmetrical between
_phasas,'which are 10ss sevele than the 3 phase shorb-cireuit, A ‘

less severe type of fault wounld permit either slower clearing or

tranamiasion of Mo Pa powe’r withoﬁt loss of synchronism,

The alternatol is unloaded before short circult and is ran
as a synehronous motor, Gnﬁér this somdition, the spezd falls

conbinuously afterAthé short"circuit.

" Under thess conditions, T . and T, ate givén by the exprosse
ions in Table 1,1,

S et oL
-.0195 [ 32 +.622 6~287h, o57pe=45F

245 J e
+/2 2 xlxe ~25b 42 : -
2 ¥ ,245 (-076 -.0195)

N B 54t - "
= (660 59%,.;333.,,. 1250, 0010756 9"? +.1290

.01195 o 45t 3234 9*97-37“)

«2,27%
LA B 2 1 [ ] 39

The variatian of uniﬁirectianal torque after shart'gi?eug;gng"
on unloaded alternater caleulated from eqn, 1,392 is plofted in
fiz. 1.8, - -

T = 7
T dzs - | . -
T e T Cooe %t“‘m%l%ﬂ'& 54, 001075620
f»-.lzge":ge?'?“t,.011959-%5%'023%-47 27,
=~(13.6 +. 272e‘5°t+51.5 673544, 440 o790
80,1 6742780 05 67458 5 g5 ~47+27F,)
when t =0, ;ﬁs =0 and 8 =@ '

withfthﬁse conditimmas



V6

| o “2,27%
§ = (=6.8t240,46t +13 - ,1080"%.2,60~4*%4% 10,36 )

LA X J LA 1.40 .
The swing curve is calculated as shown in Table 1.5

~ The swin’g cu{rve is plotted in Flg, 1.7,

LEB L

Gampar windings)ees

Wit# the samp assumptions as for a loaded slternator without

. damper windings,

] wXat RATL Y
Fo|dal, Rkl ]
R X4 .
‘e ’i’b = (a3 $,66072:088 2o 0p
26

= (0316 + ,126 o~4+08%, 13 “3"’4"’) on weledl

Thﬁ variatign of anidirectisonal torqud ealaulat@é frem.aqn.1.41
:‘.3 plutf:ed in f£ig, 1.6,

425
at2

= =412 {.9316 +.126 a-4-08*3+ 1592 04Y)

Snder th@ﬁ& canﬁitiansl,.
§ = («6.5 t° = 58.9‘8"-}15.9_3;‘3.12--e-é'ost-ié.SG-E.%f)
“ sees sos 1a42
The swing curve is ealeulatad as shown in %able 1.6. The swing
curve 13 plotted in Fig, 1.7, | o A

It can be scen that in the case of an unloaded alternator
| with damper windings, when-the 3 phasa short. eireuit is applled,
the rotor falls more quick}:i é’han in the case of an unloaded
“alternster without damper windings, | | - e
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majority of faulte occuring in praetics are unsymmetrical between
‘phasss, which are less severe than the 3 phase short-eircult, &

leas sovere typa of fault would permit elther slower clearing or

trancmlssion of mo?e povef without loss of synchronism,

oo R R ; . ;
The alternato? is unlpaded before short eircuit and is ran
as a synehronous motor, Under this condition, the spesd falls

. continuously after thé short"circuii.

" Under these conditiofis, T . and T., até givén by the exprasse
o ' *ul ug P

iﬁnﬂ 1n Table lo lo

018 - w%St
=,0195 [ .32 £,622 g™4° 27t. 05776 .‘

245

=25t .

| ‘ St . |
= (.663 -0t +.033 + «1250 -2 54 +.0010756 90? +.1290

.01195 e =458 0234 3’97'27t) ces 1,39

2,274

The variazion of unidirectignal torque after Shgrtkgi?cuiﬁing:”
ot unleaded alternater caleulated f¥em egn. 1,39 is plotted in
£1g, 1,6, | N

Tm = Q
g oLZS - »
Ve g =412 (660 0%, oaae. 12804, .0010750" =80t
441290 8°87t+.611953'45t+.02348'47 278
*.-(13 6+ 2729‘.._5“'-,»51 5. a‘45'4t a4a2 =20
-2,27¢ ,-45¢ -47.27t

+53 1e 7 +&,92 8 | 9.659

#:hent =0y . ;’: -0 and 8 ze

with the se canditiuns



7o

| -y e . -2 027t
§ = (=64Bt5=20.46t +13 - ,1088" 0% p, 5e=%e04Y 14 5o7¢ 51",

. LI R L A J 1.4@ o
The swing curve is calculated as shown in Table 1.5

 The swing curve is plotted in Flg. 1.7,

With the same assumptlons as for a loaded alternator without
- damper winﬁ_ing;s,- “
i 3 . . ' 3 W 2 o
T =Ty = = 1

a -
Fo e FTaXa! J'."'*/fﬁ]

= | e
X3 Xq
. » o S '. R
-o' ‘. Tb = (*4—32~+'66;62 %t }2. X oﬁlgs

= { 06316 L [ ] 126 8 mﬁ.ggt‘l" 013 e..g .Mt )r’ e ‘w9 1041

The varlation of unidirectisnal torque ealeulated ifrem'éqn.l?.&l

© 4s.plotted in fig, 1.6,

48 . 412 (0916 +.126 a=4.08t, 15¢72+04%)
a2 C o

Cn a A5

At t'zVG,'*-éE**——mO, S._:O

Under these eonditions,
§ = (6.5 t2 - éa.at_q-:‘_ts.sz—3.w'e'%'08t-i_2.sa'3‘%t)
“ | | vee eev 142
The swing curve is caloulated as shown in table 1.6. The swing
carve is plotted in Flg, 1.7, | - |

It cen be sseen that in the cass of an unleaded alternator
with damper windings, when the 3 phase short. elreuit is applied,
| tm rotor falls more quickly ﬁhan in the case of an unloaded

alternate? without damer windings, .-
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Copputation. of oswine curye cufipe 29 short circult of ap

uploaded alisrnator (uiih dapper. wipndines).

M TS 151 A AR =¥ € % et 2 L A
t aB,8t°  '=40.45t 's 100 'e2,50 1210, e )
{z80) ! ! ' ' ' ' _{deg)
O O O - nlog ‘“’2 55 "‘10»3 O
O,p}- “'p.OGS ‘4-04 “wOOl’? ""l-,ngg '893 "C&gg
0.2 . 272 =8 ,009 - 00004 «1,0L «&,55 2,92
0;3 "‘h61 -1201 - “'64 '2‘5‘16 -5551.
O»”‘AI "‘1709 "‘1648 - -44’04 “4«16 “‘8-&95

TABLE 1,8
Counstation of suing curye durine 3 _phaze short_circuit_of
ap.unloaded alterpator (witbout damper windipgs).

! K ! <4, 08L° «2.04%" '
t 1-6.5 t2 ' .38,9t '.3,12e ta12,80 i (deg)
(3ec) ! ! ! ' ]
0 0 0 -3,12 =12,8 0
Otl ”»065 '3589 ‘!250? ‘710,4 "05
0.2 a926 "7-?8 "‘1138 “8.5 “2\'0
0,3 =588 «11,87 =,016 -£,52 " =4.09

004 -1004 “lqu -nsll -5»55 OS@?S
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majority of faults occuring 1n nraetica are unsymmtrical betwesn
_phases, vhich are 1¢ss severe than the 3 phase short-cireuit. A
leas savere typas of fault would permit elther aslower clearing or

tranamission of more power witheut loss of synchronism,

The alternator is unloaded before short circulit and is run
a8 s synchrozimzs mpﬁor. Undér this mﬁ:’iition, the speed falls

econtinuously after the short "cirguiﬁ.

 Under thess conditions, T, 20d Typ ave given by the expresea
ions in Table 1,1,

S - %
=.0105 | _s32 £.622 e=2+27¢ .05776“45 ‘d$ 3
.245 _} |

~25¢ :
o /2 xlxe "
/ 2 % .45 (.@76 -.9195)

= (666" 50t +.033 + .1250 4'54t .3019759‘90? +.12p0 2278
.01195 e =450 0034 9’97 27t) ces 1.39

3

The variation of unidireet;ional torque after shorg circuiting
on unleaded alternator calculated frPom eqn, 1,39 is plotted in
fig. 1.8, | | |

| Tg=0
CLES e 66@"5’0'5 o 454t -emz
e T . +e033+,1289 ++0010758 |
| +.1200-20276, G1105,745E, .62349-47 27t
=-(13.6 +. 2729'§°t+51 5 9740448, 449 -0t
+63.1 @"2%7%, op &%, +0,650 472278

vhen t =0, ;.S Hai) and _8_;@,

wi‘th-' thase canditiena



In the above analysis, positive sequencs damping torque,

which results from the torque caused by interaetion of the Jamper
currents with the posltive sequence (forward rotating) magnetie
field in the air gap, has been neglected, When damping occurs,
the positlve-sequence powsr subput of the machine 1s the algebrale
. sﬁm of the damping powsr and the synchronous power (as though
the machine had no damper windings), If the former is mch
smaller then the latter, it may be sufficlently accurate to solve
the positive sequence network as though only the synchronous
components of power existed., Thsn cognizance of the damping
poweT would bs taken only in the calculation of accelerating

. torgue from the eqn, Ty, =T = Ty =Ty = Tp eee 1,43,

where T Hﬁchanical_térque input,
"_34; = Positive saquence synchronous povel output.
Th a“braking torgues due to unidirectional torgues.

‘Pp = Positive sequence damping torguec.

- If however, the damping power should be as great as 5 teo 10%
of synchronous power, it might affect conditions in the network
sufficiently to warrant taking it into account ih the natuork

'Eélutionl? | '
There is no damping effect during the peried the fault is
on as already QXplainsd.
Then sqn, 143 bocomss Tgq =T, =T, = Ty “f?al‘éé
The damping terque is given b-y |
X

Xq

thﬁ,praaf of which is given in Chapter II,

T Coa 8]
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are madese
1, No resistance in arfmatare clreult,
2, No resistance in field eireuit,
3. Small slip, |
4 . Damping action c-ama by only one sat of rotor windings
(dampar win&iﬁg e |

" o ikl

it - 34 n2 29 Caad
- A8 L.zeossa 81028 + ,0372 Cos 8_]

=08(0,2121 + 0,1699 Cos 25 ) for a time interval of O.lsec.

| A6 is taken as the average value for the tims inmtervals
immediately pr-ep,_eding and followlng tho i’;zstant for which-ﬂTD and

T, are to be computed,

After the fault is elearsd szt 0.8 sec. after geourance of

the fault, the swing eurve is caleulated using eqn. l.dd

whete T, = 1
T, =3.93 5in8« 0.817 Sin 256
Tp =Ab (6.2121 +:0._1599 ens 295 )
o 0.2121 as



bL

Hén,c{a y the eqn, of motlon is givan by

2 . ) . -
88 . 1. (3,93 Sin6 £0.817 Sin 25) ~0.2121 AS
(At)2 | s

The swing curve after the fault is clearsd in D.B see, is

czleulated as shown 1n Table 147
The swing curve is plotted in Fig, 1,8

The caleulations are repeated neglecting damping. The

eqn, of motion will now bes.

n AAtS) 5 al-(3373 sin § =:4817 Sin 26 )

‘The swing cirve is celoulatsd as shown in table, 1,8.
The swing cufve s plotted in Fig. 1.8,

It 1s seen from the figure that positive ssquence dsmping
causes the oscillations of the machine rotors to decrease in )
amplitude, "’,Ifb the f“aqlt. had been ecleared sooner, damg)ing wéuld
have been mere sffactiw in reducing the amplitude of swing.
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Czlculaling of swilg. .cull

ia.cle:;

",wrie AN

assumped

vh.‘:

LAl

>0
- —i

~Sorsiant « ((Dawpling. inoc

Y
(deg)

A b

G5
3ins

x*3in2st -

0
| Bt
T
(¥,
=4
[T
<
=
[
[
iR

29,

v b
<

8
<§
o

»

[ s

t.1.8

2

5 .

'TLRE

=t
e
Q
H
)
b4
(A
™
]
0
)
[0
it
]
(o
<!
.
¥
0
B
P
[RY;
$

_ ¢

3:78'-.53

H

.26°

‘#s432

¢

- o 1%

«84

£

=14 2

5

it
®
Ha)
o~
w& m
As »
[EATIN V5
=4 i
0 ]
- - - > -
(e
i
(]

?
73]
O

*

]
8}
=

®
.

]
0
i

]

- P - -
&
‘q‘ -

~82.8...

Pr P

63



ﬁ.ﬂe?i..!n"kfyka.a.r.r!ﬁ!-r%ra:n.!un.ﬂs.m.ﬁfaee\-i\x?l..uzvfh,...ylvslrl!kv..vifagﬂixo.ia,-.su..n..ll:x,. I
i A Pl i ¥ H ] 3 i
L7 e | Y
& ; 3 y g 3 4 ) ) ) ST
Y L
8 PSR S i i ¥ 4 ¢ 5 ;
P Y e [T N L I e s ol R S FL I m = - : - - R
0T s ‘ ¥ IS NGE R PR IS G S i Yo PO+ S L ¢ FS 0 ; =0T
& ﬁ- 4‘u“
y Fa R 5§ y ] . 1 H 3 N
e R S A~ ¥ ey PR 3 . P gl A
& i i [ P S Lt L s LT e, e A PR P . ; HON
v NCL
! LY i ; J 1 3 i t
S PR g LT . A e Valad : ;e - e . — & -
L PR Y 1 . LT0T =y L8 FEE TS S A =1 . BEGEre o B 50T
LI
) P B 3 ; i " : 3 ;
LI - T T & Pl ’ y 3 ‘\; - [ ] - PR =~ & T
QLT 1 i DG L= S RPN« T I S il s ST A ; LR
i [P P S ‘ 3 i j ; 3 .

o
o8
f'ﬁ
Lae)
-
!
AN
'S, ]
.
[§) ]
1
<t
o
2
33
-
uy
[ag
<«
B
4
o
av
=
£
e of
(o
34
»
-
-~
[N }
»
-
\_l

Ca

> . b o s L #
1T ; i B 0 SO QT e i i " sy AEY
PO T - L S - s e —~ 5 —
3 g . iocnl L Thnk LTl Lo ! RS R vE oW Sl v B

s - ok

: N i 1 s Moo 0 i i v Su”

=
-

L [} d i ]

- T L v £ {1 T
or . e

Q{l .
- o ¢ QUL i 1 w

-

! i ' ~
Q : ' AV 3 3NV L ' 1 X ATE =y 8 Uiy X 6 e, QI8 3
‘ 3 3 b i . ) ) !

S - AT G Aan B~ EATD 1 GPTET rerar s A o N—— T A o .- - - T o p e T G, i T e W G W e - A

(O S Gl vy A i S G s G S S S e
SR iR -1h Sl v S (PoF @ RO £ LA 1ok Sl Sl 64 AT WA AT WA RTID 71 U= e 1 (3 D oo -0

TYTHIEYD



'
1

.
'

i
—lp

I | - - -
T e §h e R

=

U T - I‘T._IJ(.FIT e B I.ﬂ 1T T R e TR ez

po

|
Fa

1]
WAL
L
U
ool
‘»{, L
|
t
i
T
]
!
a
w
i
,]'7
—s
w
4
-

-

3
>
i
!

i

|
1
I

!

\
L
i

t

]l
HE
—
|

]
.s

—

|

7

i

|

i

!
4

‘_

!

i

| e i T

ke br S

R B s
T

Ul i
CL N
AR P

»

|
!
i
(

"
i
1

-

i

J_

|
4

:

S U S
by

-+

“t

T o
T
-

=
-
par
{
1
V]
T A

e
T E

SN S

v
!
-+

¢

‘_3.__

W . i.i.llyf.!(). ——+ -+t -
= oL

g

A

i
2

T

]

}

f

|

I

|
—+-

L
+
|
|

bttt 4

2
<

,,l.Tl.lI . \ .I.T;fﬁl | Jlif.? e

ot

Uik N

- L

T
i
3

}

4
{
{ v
i
Dl
1.
l
i
P
|
\\
N
__<_
1
.—-j.-.-
I
—
{
S S

]
f
t
[
|
;

:

{

|

{

!
27
\

T

f.« = e e

}

A_Q.-
|

i
)

-t

Rt S I

]
1
i
il
L
&
YR
BE
1
!
1
5
BN
f
|
4
1
1
|
|
]
il
N
T
}
e
!

N

—

B!

f
\
l\ -
\
H

DAL I s
VIN[L AT

A

x

i

i

!

!

A\

= T S R R . , o

l

C

|
MR

|
]
|
\
i
.
i
]
i
17"‘!~1*“
|
]
'
:
r
|
' i
Py
[
U
u
[
i
N
I
HE)
vt
i
|
'
'
T
|
Y

-
!




‘infinite bus...

INF.
BUS

) !_w/j J

ALTERNATOR

e, l_/—l | 4
—io f—s/—l

LG TL A AETNANATA SURFLYING pOums Yo LN TIW, 504

MV B ST SR ¥ EONE S A LSS F N P

A 3 phasa alternator is supplying pover %o an 1nf1nite
bus a8 shown in fig. 2. «lo A reactancs & is suddenly inserted

in =ach phase by opening the swithhes Se érter_a time, the



machine may either settle down to a new condition of synchPonous
operatlon or it may lose synchranism and operate asynchronously

above ayncnronsus spaed,

i
1
I . & oA e 4 3 - Py ]
! Pran jent Loaftern insertine r
n N - b v

B N ot .!t.\ ! (‘ (!

S iaseriioy

; .

¢ Rr—_— ,,.r.v"‘ g e L, § P . .
arthare T . Stendy |ostate (nefore insert.

{4,
N LT iny reactaneca),
. :
-7 \\\
o —— -
. ,444—‘ =~ - ~
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p 4 - e
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st et e
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Figs 242 ahows the transient and steady state torqueeangle
characteristics before and after inserting the Toactancs. Fig.2.3



18 an expanded plot of a portion of Fig.2.2 to 11lustrate
the resulting tozqne-angular osclllation when the reactance.

':113 1naarted. |

‘ when the reactance is 1naartaa, the electrical torqun
Z:drOps from the initial vaiue at puint 0 to a value approaching
“that gigan_by the tranaient-eu??a after inserting reactance,

'Hawevs?;?béeause:of_subp§§p§§§g;Agx_adaiﬁional'rutur elreuits,

Load angis (dec)
PiG.2,.2

& st

POATI0N Q¥ RI0,0 % GG JING NTULL OF O wrgﬁhxigg :

1 ' QM T AN N 7o E»s. TR f’“. {/’uu T, {T ml"’ 3

s -—-4

the torque drops to point a’ only part of the way. A8 the

angular displacement increases, because of the acecelerating

torque rapresented by the ordinste oa, currants are induced

o in the additional rotor cireuits so as to Qroduce a component

of eleetrical torque which adds to the synebranoua component,

At ppint b,.the rotprzvelocity 13 a maximum, The rotor swings

%o pgintpa-sq.that the area bee' eguals oéb\aacaraing to equél

area eriterion, As the rptor ‘then decelerates, the rotor
velocity relstive to the infinite bus woltage 1s negative so
that the electrieal torque due to rotor matien changes sign

and the electrical torque follows the curve as’ in&ieateﬁ by



the arrow, Becausze of this component of torgque developed as
*a"rasu1ﬁ50§ the mbbtion. of the rotor, ealled'damping torgue,
: ﬁbe-ar@é'ée‘d is lass than bec? sp that the magnitude of the
rotor escilllation decreasss, In Uhis way, the osecillation is
égm;ed_out agd the péth of motion is along a spiral until it

finaily'comas to rest at 0!, corresponding to the steady atate

torqué.

Several‘mathédé of calculating the swing curves are glven
by Crau§1 y Panging from the simple method hased on ¢onstant
Tlux 11nk:9@ “nd no damging, to an acenrate but lanariuus msthed
dqsuribed ln a panar by Srary and ﬁarlng.? ¥aking cartaln simpli~
fyin assamntigns, a simplifiad method has8 haan nTESEHt&dla

‘j by which a clcar aictura ean be pbtained of the part nlayed by
damper windinvs. - "

In order to study the ‘eonditions fully, it 1s necessary to

caleulate the eleetrlcal tprque and the luad angle of the maching

aftar the distu*banca.

For é;e& traﬁsientS; tﬁa‘appféﬁimate eqns. given by eqns;
A 12 can be ﬁsed.i It § 13 known as a fdorof time ., the currents
énd flux linkages.and hence the torque ;an be ealeulatedy
Howaver, as 5 18 not a knowtfucoof tlmay 1t",1;§jﬂ,necasaaxy to
: formulate a general expression for the ai@ctrical torque Ty asa
£mwmmﬁf § and use the éipra£§idn tglsogﬁe the dynamieal equations
‘of motion of the machine rotor by éﬁéﬁepébyéstep msthodgi‘By

this m&ans,'bmfh‘@é5aﬁ&g5-ican,bé”determinad aSfunctinol time .

MY omde d dernde B o L AR . w e T T
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equatmns A 2,

Vi

.‘Jf = [1‘2 +(Lmd +Lf)ﬂ if@ +Lmd P ikﬁo -me’ 1d0

o ve 2.1

- Here 14 end lg, are constant and 1,@9:: 0 . After
the switeh is opered, the induatancaj;ngreasas by an ampunt
L. The combination of alternator and inductance ean bo
treated as a modified altcarnatgr having a 1sakags reactance
g + X = (5, + Ly Tha :f.‘ifﬁld voltaga is unchanged, ine

equations of the modified alternator ares
v . o 1)
¥ mg- cosd = Lgg 1p +Lpg 13 - (Bgy +lg *lelig
Ve = [rr '+_('I’,_m + Lf”_;] 11. + I’ﬁf’imfl'nﬂf’id
Lg b 1e [" ka +(Epa "':‘Iid.)_l’] 11@"1'.@; Pla

QO. ¢e 2.2

The first of equatimm 2.1 ~¢an be rearranged aa-»' E

Y_m_ €038« Lg 1gg = I‘m‘l 11' I’mﬁ 1kde

~(hgg + Iy + Leﬁda e e 23

In equ&tiona 24 2 and 2,3, the term on, the L.H.b. ean

be regamaa a3 an impressad voltage whic:h ehanges suddenly .



at t = 0, Hence the superimposed changes of ecurrsnt,
denoted by symbols with dashes, are determined by the
equations pbtaired by subtracting aqua‘tims'é.i and 8,3

from 2,.2,.;

Vi
+[ 3 (cos8 « g08S,) + Lg ido] 1= Ly 1pt+Lpglyg’

~ (DB B dig!

0 {j—*r e +rafﬂif' vigap ba' = Lyghla'
0- z'mF’-f.'f"‘ ,[‘fm + (Lpg + I‘kﬁ’ﬂim' Lpapia’ eeo 244

The currents i,' and 135' are noy eliminated from
equaﬁ.enﬁ 2.4 by the method used for gpbtaining the 1ist
lins of aquatiansf A0, Hore the fisld voltage is zerp.

-

W ig

L Eee. o8 e 2.5

where g9 € p } = operational :meedame of modified

alternat ar »

Ths total current 1gq is obtained by adding 13, to

ig given by eezgua’cinn 2.5.

Vo tg = 1gg [vm (cos$ = egss.,)-»xggd?] 1

Xde(]’ )
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Similariy

1 A |
1 =41 4 V., (Sind - 8in6 ) X 1 } 1
A I R

e e 2.6
Bqns2,6 are used to caleulate the elesetrical torgue daveloped.
For the mpdified alternator,

Lge = Xg + Xgd5 Taa' = Tao' %ﬁ&iew o 27
de
For the modified alternator, the flux linkages are given
by eq'uations, A 12 and the curz‘aﬂts by equations 2,6, The
electr;éal f:orqlu.a is obtained by substitubing thése valuea in
sgquation 4 (4),

Tg =+ v

; - (13 810§ - 1, 0085)  cee ees 2.8

* By using the partial-fraction forms of equations A{Q) |
and A(8), the currents given by squat:!.an 246 can sach bca split

up into three parts as fgllcws:

j‘dl = 1gg = z [Vm (coss - 0038, )+ Xaidg] 1
da’

eveied
Ly = Lgg # - [Vm {ainls - 3ind,) - Xeiq;Jl
1 1 1 P |
1ge = € — T ) mds’}’ [Vm(eosﬁ -cpab, )*Xeidg] 1l
- da de :
l‘lZ = o T “P ‘.:.2.19
. 1 kS de T e » :
1. = . (oot @ ) |V _(cosb ecosb, }+X,1 1
a3 Lae"  Xge'!  LeTge"b L'm e do
1 1. T
o= , y —98F [y (sin§ e sin, )X ‘]1
3 ~ - Van
4 qu" X0 149 qe“"r i @ qo

...8 11

cgrreaponding to each palr of currents (1471 l) ("dg' iqa)
and (1(13, i 3) torqué components Tel' Te2 o3 can be caleulatad!



13

4In.eqﬁation 2.9, symbol 1 can be omltted becauss the
opsrator does not appear in fhes;a equations, By using the

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

145 = XE.'... (v ' = V cos§) g
T de” _

/"— ‘ G ess ot0e 2.3.2
iql = __,_g_m v aind 0
) xqe g

RS c_ VR o
de’ X3¢' “qe
. -~ . . ‘ Tse oo 2 13
T el 1s the torque produced if ths flsld flux linkages are

constant, .

LA B J

After the suiteh is clas >3, the field flux 1inkepes change
and V! (the voltage behind transient reactance) vartes with§ ,
the relation being glven by aguation A(16) without the suffix o:

vq"-\'.‘t Vcoﬂgq- Xd' Id a e o . 7-‘-"'- o' 2014 B
Let T ¢ ¢ ".' ' . « 51 7 ! i
et Vé ehangevfrom the a?i&inal value qut vhaa
'Vq! = Vg_e' .?, yqu " eew 2415

- The, torqus assoclated with the change of Vy' is

vy
Tog = + %2’

aln s v see 2016

Xaa'

'éhis'is dus to the presence of damper winding., The current
compansnts are caleulated from equation ‘o841l by using the
approximate standard integral form of Duhamel's Theorem

(equation AZ1l)



: | Ry
= l‘*ﬁ' 23 ) ‘[fxéido ae" +Vlaa" ainf gé;

(1 e't/r de" )]

1 K

lig = (G = 22y [ax, 2 o0y aTge" ©
' q ‘qu" xqe.

938 dS
at

(1-a't/zQ“";],..z.17

Subst:ltuting aquation 2,17 in aquation 2, .8 and using the

equatians é.{la) andA(lé)

1

Tegz-ﬂa sinS -s-bcgsS)a-VsinS( x
| Tae" " Xg!
A Yy R T
(Xgls 48 T4V Sind )a /36" ¥ eos( ,l - )X
o : 3 6
( qa ‘+08 qétz v Boss)ﬁ-tﬂqe i [ XN 2 . .." 2.18 .
where o y )
L30" %30’ % | _
;V ‘ ¢ E [ X} -.l.Q 2.19
A !3-::»60’92.‘1‘ n (1 - 71 y &
' ¥ Tx vy §
o S g
§
. WS = —-§~§- , ]
, T i

?he 2nd snd arg. te”ma die away rar;idly and if these are

nsglectﬁ'd, the ﬁamping torque . is
Tyg = + (2 $1n%8 + b eos 5 JS ves

If 5 and b are nsarly egqual,

T = 5 M S sen ®ss

ds

a4+ b
2‘?“-...

The éamning torqua confeicient ld =2 Tyg=a sin 28 +beo

32,21

222,

8

74



- following the disturbance is given by

Tg =Tq1 + Tez M Tea
Ve
,.,-;-——-v-gﬁ-ﬂins- -—-—(_a}__-m):binzs
xd@ ' % K5 an
Lt . :
de
'The 1t torque componemt is obteined on the assumption of

constant ¢lux 1inkage, For nstwelk analyzer stddies, a {urther
. assumpblon is made that Xd!~mﬁxq,
- mistic Pesult, but is adaquéts for determining whether the

This-methp& gives a peBsie

maéhiné is iikﬁlyvtﬁ go out of synchronism Qh the 18t swing.
This method 18 inaccurate for determining the bohaviour after
the first swing,

The 2nd torgnoe component allou3 for variation of fleld
flux linkage but iznores the effect of damper winding, This
hseomes zarp with tha usual as%nmptien of conatant flux 11nkaga

in stablllty stuiles,

The 3rd torque cgmgonanﬁ is a damping torque which 1s
proportional to the slip and is produced by the éction of the
damper winding, The value of the damping boPque coefficlent
depends on the instentansous load angle but if a & b in

75

aquation 2,23 are equal, the damping coefficient is approximtely

ébﬁataﬂt as in equé-tign goaé.

...M_ﬂalﬁﬂlmu .
Unﬂar the initial ateady conditions (bafara the reactance
1s inserted)s

= 1 P o_Uvo‘.
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Vqo! = Voltage behind the transient reactance
= 1, 156
4, = 16.5°

Poud? = 0.8 P.Ua

The value of resctance inserted is X, = 0.924 P.U, After
the. reae'tance is inserted,’ the constants of the medified

alternator as par equation 2,7 are:

Xdﬁ x 1.653
Xﬂe ' = 1,184
Kga" 3 1,169

Xge = 1,376
fqe" = 1.169

Tge' = 0.91
Tge" = 0232
Tqe" = #0813 |
_Fr . "’ . . v.val_ 5
om oquation 2,13, Ty = 49 ginfe . (o = )8ln 28
S Xgn' 2 L3a'  Z4e

= (0.984 3inb « ,585 sin 28 )

Tgs = 0 with the assumption of constant
flux linkages,

| ‘ - .
From equation 2,19, a=f® T4 ( 7 = g=p)=(,000255w)
-d?e e’
b0V, - 23=(,003980)
qu ) xf{'

From eqzi:z;tign 2,20, ‘1‘83 = (a s‘.‘.,n §+ b cos 8 }$S
-m§(,m255 51n%8 + 00398 00828 )
zA's «0002586 sin€§ + 00398 cps2é
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v o T, = (.984 sinf- .56 stn 25 )+(.0211748)
The equatlon of meotlon is'given by

Cm © Te

&%
o)
]
3

-
nt

i

The swing curve 1si¢alcplatad by the stepfbyqstep method

aa shown in table 2.1
From tabls 2,1, the followlng curves afe plotted =

SWi,ng Cﬂl’Vﬂ 0".0,‘ so Fig. 2.4

Variation of transient]
o . ‘torqu@ : Q Figo 2.5

Torque-angle characteris-
tie, Fig,

The swing éurvé'ealculaﬁiona are repeated in table 2,2, when
the dampling effect dus to dampér windings 1s absent, ¥From table
2.2, the swing curve, the transient terque and torque=-angle
rcharacterist;c are agaln plgéted in.Figa.'E.ég 2.5 & 2.6

respectively,.

Flg, ! .4, 2,5 and 2,6 eorreanqnd to the pscillatlon of the
rotor during the first swing, ‘

The following peints can be obserfed from the grapha;

Figs., 2.4 and 245: when demplng is‘lncluéed, the load angle
and transient torgque resch maximam valuee of 121.5 and 1.44(P.U.)
'respactivgly during the firsﬁ swing énd then esclllate with
decreasing magnitude in each subsequent awing about the final
valuas, Thus the system fihally settlés down to new values of.

load angle and torgue and hence stable. When damping is absgent,



TA3IE_2..]

Computation of swing curve after lnsertine_rasclance

(Demning included) Xg = J3.924 p.U.
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TABIE 2.2

Computatlon of swing curve afler ipsertipg. the reactapce

( Damping absent) ¥a = 0,924 P.U,
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' deeraanscs continuously after thd maximm value 1s reached. The
syaﬁam does not show ahy tendancy to eselllate about a final
| valus and settla douwn to a ateady aparating condition, and

" hence falls out of sstap. :

m.,,a‘ﬁ.:‘, When- damping'is ineluded, tne torque angle

' characterﬁ.atie -shows ‘chat during the i‘lrat swi.ng, the operacing

'point moves alang BC, reach ¢8 a maximum value at point D such

" that area fsBﬂ = ama GDE uhsn 'uavas aleng Dr and eachgs a
mim.m.\m valus at G aueh that area DEF = araa.FGa.x The ’operaiing ‘
point then ‘moves along 6l during the' aa'cénd awing.' Tach su‘éceasive
‘oscnlation will be - smal:).er and the eurve converges ori the point
of @qailibrium (about. 35"), which 1s the intersection of the
horizontal :u.ne Ty and. the torqus-engle’ »haractariatic, The
| ,"’gpemticn :13 thus stahle. When damping. is abaent the torqne.-.
angle eharaetariatie doea ngt show shy tendeney ta eonverge to a
point; ui‘ equilibrium and hence the systam 18 ngt atabla.

Whan the value af extornal rsactame maarted 18 reduced

the
to 0425 PoUay constants are -

2

X = 0.25 rp.u.
gg = 1,00
Kgq'= 0.51 "
Xge™= 0449

K m 0.70_”

Qe
: an"n 0@9».&.
| Tgg"= 0,628
Ta,'-g‘ :eesa‘
q_a W . .0259 |
T = (2,28 5105 - .267 sin 25 )



5

T, = (2,28 ain§ - ,267 sin 25 + ,085148)
' The equation of motion 1s glven by

| g{z-g_-f =412 (Ty - Te)
) ?hg‘awingAeurvég are calculatsd by the stepeby-stap method

. in tables 2,3 and 2.4 respectively, When damping ls included
‘and_wheh demping 1s gbsent.-:From tables 2,3 and 244, the swing
curve, transient térque curve , and‘thg torque~angle characteristie
are plotted as shown. in Figs, 2.7, 2,8 and 2,9, As in the |

0 pre'vinus.case,,Figs‘ 2,7y 2,8 and 2,9 curi*e‘smnd to the oskillate
lon of the rotor during the lst swing, ¥rom these figures,

it 1s observed that the system vill be stable in both cases i.e.,
when damping 1s included and also when damping is absent,
‘Howaver, when the‘dagping 1s included, it can be asen, that the
maximum load angleghd torque durihg the fir&t swing are vary

mich 1less than when the damplng is neglected,

From the above, 1t eean be coneluded thﬁt an alternator
ranning onh an infinlte bus is likely to fall out of step when
a sufficiently large value of rTeactance is duddenly inserted
in the line; but if the alternator is p;ovidad with damper
windlngs, stability may ba restored When the suddenly
.1naerted reactanee is amall, the system will be stablafﬁﬂwagh
the alternator is not provided with amortisseur windings;
but if ths amortisseur windinga are provided, théy will help to
damp oscillations fnd hénce tb faduee the .maximum angle of

SWinge
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Suddeh.load increases can result in transient disturbances
that are important from etability stand point 1f (1) the total
load ;xceedg the steady-state stabllity limit for specifie
voltages and elrcult reactanee. conditions, or (2) if the load
1néreaaa‘sats up an oscillatiun that causes the gyatem to Bﬁiné

beyond the oritical point from which recovery would be impossible,

Thﬂ problem of sudden application of an additional shaft
load on a - aalient-pole alternetor running as aynchronous mptolr
and the determination‘ot the stability 1lmlt leads to & Noliw:
linaar differential equation; This prdblem'was firsp formulated
by <¢iua Lyon and Edgerton M4 ond a solution obtained for the none
sallent pole machine by means of the Intég?app,¢avelcpe¢ a2t the
Massachusetts Institute of Technology, The problem of Lyon and
Bdgerton was later attacked by Mclachlan'® utilising the method
of isoclines, $toker® by the method of finite differencas and by

ut? by a new graphlcal mothod devised by him involving velaeity.
accelerstion plot, Later, the problem has also been splved by
Ganapathy 99 agplying'ﬁungéqkutta mothod., Though tedims, the
problem will be solved here by~the step=by=step methed and certain
conclasions are drawn based ghﬁ@ﬁ??iiﬁiggi)results'obtained.

Due to @ha sudden application of a.load torque mL, the machine
mpmentarily slows down and the characteristic equation which

determines the performance of a synchronpus machign is
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a2s

Ts-———rﬂ}-‘l‘i “-'lTn‘l-.l.Ll ves o0 3.1

(aasumlng that the mohor is owerating in a staady-atata
eendiuien at thﬂ timo vwhen the abrupt load 1s applled
as “0)

.e;, 4t b = 0, $=5 and

whare Tj = A epefficlent which when muitiplied by accelerate
lon gives torgus,
.8
e
.Ti = Instantanesus torgué devaloped at any value
of 8,
' Ti consists of sya&hronéus moter ﬁorque as
well as Loductlon molor torque, since the

apeed 1s nop longer synchfenous,
Ty = Initial shaft torqus,
Ty = Abrupt shaft tofque,

1 = FHeavislide's unit function which indicates that
the quantity to vhieh it ls applied is zerp
bafore time equala gerp and ls muzltiplied by

one thersafter,

. The initial shaft torque

‘l’o = Tm 31!1'8, *‘Tr ain 2 So T sue 3;2

.WES?e. Ty = ~E§K.‘
b 4
a
0, .2 Xk
T2 Xdg

§, = Initial load angle

The synchronous motor torque =T aind + T, oin 8§



7

Induction mbtor forque = ’PD

Uwsvz[-zdﬁ Tao 0 S*xg"'q?q "00528]
%

% a8
w dt
.88
at

_ Henee equation 3,1 becomes

42 o
a8 +71, 3in§ + Ty sin 28+ Tp dS‘ dPo-t»TLl vse3e3

Ty , Ty
ar2 “at

Bquation 3,3 can be written as

T: a8 T, 4§ T,
@ Te wm &‘?“S*f;;“‘”s“"’-“r’l'

. 0_303.4
Intrpducing a new ls;ai’:_gg;blé for time,

T = t/m 9

e

equation 3,4 can ba writien as -

2&‘ Tp das

T T
+ Sin +T sin 2 T 5

Tave” oty &7 n m tm
- V ...3.5
T
—r 1s eslled the relative damping cnaffieient and 1s
oAy
denpted by K, -
| » ‘ T‘p 6
* K=z wmoe ,, see sae 3
T AT -
Tp  1s called the initlal load ratio.
m ' - e

Ty~ is calied the abrupt load ratio
-Th_ru o

- Bquation 5,5 catr bo writton aa%
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T _ T Tr

' ﬂs _B.é‘_ Siné mg-- &in 28 Z el + L ceede?

d—r.*‘ﬁ' -+ Sin 8 + T T T 1 |

This equation characterises the angular transients that

" follow a suddenly applied shaft load, It is non-linear end a

" solution éan not be obtained dirgetly. The eguation is discussaed
“below in detail,

. From equation 3.7, it can be seen that the parformance of
a aynchronous wpter when a audden load is applied ta the shaft

deponds upon four factofs «

le ﬁ, the relative dampin;g cgeffieﬂ nt._-,' ,

+ I9__ the initial lo=d ratio
Tm

:f'f‘ s the abrupt 1oad ratio,
T |

and 49‘-?;?;

0
“‘m

It K:O, then the equation 3.7 mpresants undamped motioa
‘and the angular variation is an osclllation botween the initial
value and soms maximum value. This eguation 18 solvable for the
eritical 1cad and the maximim angle of swing for aﬁj lpad can
be determined by equal-area fethod, as sindfeated below.

Consider a systen operating under the condii;i;ézis s;ﬁpwn
in figate 3.1 with the shaft lead T, at the angle 5, and the
' ahaf’“b load abruphly increased to Tg. Because o:f the inertia
’of the rotating machinz, the internal veltage of the motor
does not lmmediately swing to §,, which would permit transfer
of power Tg, Instead, the initial differance of pow&l’ input
" and shaft cutput are used in dec@mrating the motor rotating

elements, This causes the Totor to depart from synchriolous
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,spasﬁ ang. t.n mcreaaa uha angular diff@reneé.. Thua, when the
'“'\N‘h\r‘

systel raachsa P oy the motor is travelling telow synchronous apeed.

- = - ——

&
b
| —a _— ——
'l',_ e
] |
] [ -
|
l I
n ! ,
! [
1 l !
T | ]
! a l l (.
> I l ' | :
o | | l | .
L { | | , '
- |
| | \ .
i | [ ll i
| l |
K | | ! I
! ! ! !
| | | l
i [ | '
[ | ] !
i | ]
i ] B |
5, 5, 8, b4
T IR 14 3
La ’ F e @
~ P
2:,;‘_3‘. &1. ‘3
DO n HOLR T TIO AT 0 IGS OF A SVNGIRONOUS Moo A
TOAMERT HART 1003 TR LORinG SERT

= - s = em = s e

‘The differeace in the stored energ,v eannot lnstantly be absorbed,
snd as a reanlt the system overshoots 33 and reaches some larger
zmgle such asd 3 such that the shaded’ area ede 13 equal to the
'area abe, Negleﬁting]nséaa, theze tuwo areas are equal. . The
,oscnlation will not exceed the angle S ) and” because of losses
in en actusl system, equilibrium will ultimately be reached ot 8o,

vFor the crse illuatratad in Fig.f:‘.l, the sy&. emoseil;!.at;e«s to

> w - .. C' S Eem " a - .- " PO .AAﬂ_
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83'15 1ess than § 4 the critical angla for thﬂ lodd,Tg. With a
greater lneroment of lcad, the maximan point reachad in the oseil-
lation would be greater than b3, shown in the flgure. with inereas~
ingly severa conditions, a polnt is reached whare the eritical
angle is egualled and this represents the czitieal load 1.0, Ghe
ﬁaximnm load that can ha'abruptly ayﬁlied to ﬁhe shafit, If the
maximum angle of swing exeead@ tha angle corresponding to this
_eritiesl load in the unstahle part of the forque-angle eharacter~
istie, stability will be lost becausa,tha:synehrnnizing tgrqus

1s less than the load torgue.. Ths amount of lcad increasa that

a systém can withstand dapands upen the aéeadvn state limit of
~'tha-systempanﬁ»%§3 _nitim1 load,

vK-willrnut b3 z6r0 if damper windings ave present, The
'relgtivg-daﬁping coafficisnt K becomes larger, as the indﬁcticn
motor effect bﬁcamﬁé greater, It wlll be seen that the motien
rsprasantad by equation 3.7 ia banefieihlly influenced by ineressw
“ing the valaﬁ of K, as the deamplng term reduces the maximum angle
of SWing,' Zn:ather'wards,’as the value of X becomps larger, the
‘ampunt of sudden 1aad.§ﬁtio that may be applied becomws greater
with a constant 1nitia1-loadvratia, Howevary a limit will be
roached vhen K has sueh a'value-that the sudd&n 1oad ratie plus
the initlal load ratio equals ome, Further inereass of the

| relative'&amping cosffizsient K cannot diow the.motof to stand mpre

. sudden load because ths final steady-state conddtions are

‘impossible, The value of K that just allpws the sudden load
rétio;piué'thg initial load ratia to equal ome is called the
 fgritieal danping “oéfficient“ 3 This epefficient has different
| numarical Values for different initlal load ratioS. Relative
damping chturs larger than those. for critieal damping prcduea\
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1

|

np beneficial effects but only slow up-thelrate of swlnging.

They do not allow greater loads to be applied without loss of

synchroni sm,

Curvas of angular position against tims cen be ploited
by the stepeby-step method,

3mall sudden load ratios cause the swing (angle-time)
'_ﬁgurves to reseﬁble_&amped slnuamiﬁé, all having approximately the
‘aame frequsncy._ For larger sudden load ratios, the frequency of
oselllation 1s conslderably reduced and the time required for one

oseillation 1a incrsusged,

From the swing curves a particular load ratio can be found
for which there will be no oscillation, For this eonditien, the
rotor angle contimes to inerease and the motor fzlls out of
step, For a slightly lesser value af the sudden load ratio, tha
angular deviation reaches a maximam value and then oacillates
with deeraasin& amplitude abput the figal value, Between these
two values of asudden lpad ratloy theré‘isvone value for which the
angular deviation would neither econtinue to incresse nor
decraasa, This value gives the "unastable sgquilibrium condition®
for this particular equation. Physically, such a solution means
that the slip and aécaleratibh for the rotor of a synchronous
‘machine both bacoms zero when the rotor reaches the angle gi@iqg
an unstable steady-state solution, This aﬁgié‘Will ba onlthé
unstable portion of the torgue-angle eurve, thus being greater
than 90° .

weedaZe.. Calonlations,.. |
For the mchine under investigation, the initial loed on the
machine 1s found to bs 0,19 P.U,iJ this being the gore loss of the



the two machines (the other machine belng mechanically coupled to
the ;?irat;)
Hence I, = Q.19 P.U.
§ = Initial Load angle

4]
|= 3037

Vo = voltage behind the synchronpus reactance

= lolll Poﬂq
Ty = 28
J 7 o
Tp=l Y0 = 1,45 P.U,
X3
2 g = X
Pr = V! a0
2 et
= 0.‘3:52 POU.

*

+ » Synchfonous motolr torque = (1,45 sinS + .452 SiD 238 )eee3.8

Induction motor tergue = ,0212 %é..

Relative damping coefficiont = —e—tooes.

/«00242x1.45

= 0085?

X = 0 far the undamped cass,

' Thc; toZque = angle characterlstic is given by equation 3.8
Torque = (1,45 5108 + 452 sin 28 ) amd 1e plotied
inri*’ig 3.2 For a suddenly applied shaft lead of (0.8-0.:3.9}'&0,61?.1}“._ '
the ma;c-imtim angle nf swing is"lfnun& by equalearsa method. The | |

maximum engle of swlng for the case considered is 423

The torque angle characteristic given by equstion 3.8 i1s

o . L ]
mcorndr wladtdtnad dJwvw oo . O Thee mpmdddacTT Tacay 2o Oasnrrerd MMiw Mmicaven T
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area method, The maximam load that can be abruptly applied to
shaft_» 13/«;-:25 "91.9 - 100@0

To show the effect of relative damping coefficient, thEee

values of K are chosen « K = 0y K = ,0357 and K = ,357, €orrespond.
ing to thess three values of K, the induction moter torgue will

be~ zeTo; 00212 98  anma ,0m12 _gf.

Ths corresponding equations of motion will‘ba -

«o0z42 858 4 1,45 stnS 4 452 510 28 < 10 4 Ty 1.

i
t3 b
428 as g
.00%2 el .mzm-a-«- + 1445 5iné 4 .452 8in 285.19421,13
a2s as . i
ooz 8 L omp 88, 1.46 sinf + 452 sin 28 =, 1947310
dt2 at k [

ocoagg

With the constant initial load ratie =g . 019 =,13%,

Ty 15
two values of suddenly applied loads ave epnsidered -

TL = 0,61 and Ty = 1,11
T = 0,61 Equations 3,9 become .

00242 %‘_ + 1id6 sin§ + 452 Sin 25 = 0.8

at? T

as a8

i

..00342 428 +,00212 et 4 1,45 bing +.452 Sin 29 =0.8 g

%

40212 ]
dg

00242 Sz

ot + 1.45 8ind +.452 sin 28 .~.~g.g§

Equations 3410 are solved in Tables 341, 3.2 & 343 by tho
atep-by-step method and plotted 1n “iga. 3.4 and 3.5.' ”ig.s.é
shows the variation af load angle with time and “igga.s shaws
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that the ayat@m is stable when X = 0 as (T + Tyl < 1.26 the

| eritical 1oad fer the unclazﬁpad case, Incroasing the value of &
.to 0357 reduces the maximum angle of swing. Further inersass
in the value of K to .357 reduces the maximum angle of swing
fur‘therv; 's‘fgawa up the rate of minging and at the sam® tiwe the

. motor will not étand greator loads and syachronism will be lost.

T =1.11 : :

- Equations 3,9 bacomw «

o o5 |
Jonz42 & 1445 SInS 4+ 452 3in & = §
S e T _ g
CTEeoozas 88, ooz 45 4 1,45 31:18 #4452 Sin 28 51,3
L dte. | 3t g

o 428 a8 _ ; Csin 08 212

. g &5 212 1 mS L4528 Sin 28 81.3
| 9024 W | dt " +145 ‘3"." 2 \ g

| voedell
_ Mﬁqjﬁat-imaf&.‘iil are splved in tables ’ .4, 3+5 and 3.6 by the
step-by=step mothod and plotted in Figs, 3.6 and 3.7 Fig.3.6
shows the variation of load angle with ¥ime and *F%Lg:.i‘:i.?* Shows
the tgrquefangle cmraetaristiea. It is asen f-i:oxa the ﬁg"ures'
that the system is unstable when K = 0, as (T, + Tg)>1.26
ii,ha eritieal load for the undempsd case.Increasing ths valus of
K %o 035? makas the. systen stable, Further inersase in the
value of K %o 0.357,:reduces the maximum angle of swingj slows
up the rate of swi‘néihg and at the same time, tﬁe motor will -

not stand greater loads and synchronlsm will be last.*‘

It can also be seen from i‘igs, 3 5 & 3.7 that the tram.aiant
terque - ancrla curve for the \ugstable condition is always zbove
the correspondi qu-aady atate cufveg Qha’m;@a ;fc.r ’chg gtable
cnnditién, the éurva will be abn{re“the stqady.staﬁa curye »dgxring

the outward swing and falls below it on the return swing.
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Fgr a relative damping coefflcient of .0357, the variation
of Angular displacanwnm with tims for varlious suddenly applisd
shaft loada can be atuﬁied from the following equations;-

2s . ., ., - . dg — ' S
».00242 d ©0832-4_ _ Loo212 95 41,45 Sin§ +.452 Sin 2
a2 T R 3t

=0.8 for e suddenly applied load of 0.61 P.U.

2
00202 828 4 oomo 35 4 145 S1nS +.452 Sin 25 1.3
ax2 at -

for a auddsn.ly appliad la,ad of 1,11 P.U;_

2¢
00242 -‘3-_-§.2- +,00212 §§ +1.45 54nS 4,452 Sin 28 = 1.4
' dt

for a saﬂu@ﬁly‘applisd lead of 1,21 2,0,

.00242 éf_zi.ﬂ.. +,00212 iﬁ. +1.45 51n§ +.452 Sin 25 . . 1.8

for a suddenly applisd load of 1,41 P.U.

LA K J anas 3.12

‘Bquatiods 3.12 are solved in Tables 3.2, 3.5, 3.7 & 3.8 by the
ste;;-by-smp method an;i plotted in fig.3.8, Frox the figure

it can be seen thit the sudden load which can be. applied without
the machine falling out of step i3 about 1.45 - v19 = 1,26 P.U.

When K = 0, the maximum sudden load which could be applied
to tho shaft was 1.26 =.19 = 1.07 P.U, |

Hence it can be concluded that reasonable ‘amounts of damping
torque._increasa the amount of load that can be suddenly applied

to the shaft without loss of synchronism,
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Por large values of sudden lpad ratlp, the time reguired

for ths sngle to change to 1ts maxlmum valus Increases for a
glven value of Kj but this time 1s reduced for larger values of
K, This is shown in fig. 3,9 which shows a plot of the time
regquirsd for the gngle to reach its maximum value agalnst sudden
load ratio, Curves are plo'tt-aa for two different valuss of Ke
K=0and X = ,0357. 1t 1s seen that for a given valus &f K, the
tlme requirsd for th@‘ang_lé to reach its maximm wvalue inereases
- with the sudden locad ratio but is reduced for larger velues of

K, For very larges values of sudden load ratip, the time inecreases

very sharply,

anele of swing...

: Filg. 3.10 shows a plot of the maximum angle of swing agalnst
sudden load ratio for three diffsrent values of K &K = Oa

K= ,0857 and K = ,357, . It 1@ scen that the maximum angle of
swing :1.;:1::1'@‘9,-5&3 vith sudden lead ratin but is reduced with .

larger values of K,
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o o oCHAPTER IV,

Foilowing a ayatem disturbanee, such-as»a sovere short
 eirenit whieh is finally elaared, a aynchrnnnus nachine may

find itself operating out of step, An altﬁrnator which losss
synchronisy but remains conngcted to the supply system may settle
down after a time to a steaay canditien of operation as an
rasynchzonoua genarutogQ For a given powsr output, the currants
are incréased compared with the values ﬂuriﬁg nprmal synchTonous
nperatian‘and'ths currents in the supply leadd pulsate, Tha

speéd alag‘pulsatas.abaut & man value,

In the past it was conaldered that an alternator vhieh
195@5 synehronlen must be dlsconnepted forthw1ﬁh Howaver,
recent exparlence has indicated.-that under qertain conditions
and fgrxa,limited peried 1t 18 parmissiblé,tp leave the machins
ebnneetéd, until sde‘aetiﬁn cahwbé_takﬁn to cause it to resyneh-
ronize, ‘Hhat happens when an.altergatgr runs asénmh:ongualy,
waatb are’the'ériteria Tor rosynchronization and how thé‘dax@er

windings assist in resynchrgnization are dealt in this echapter,

When the maehin@ losaa aynchrgnisg! 1f'ths fiaiéJéxcitation
is rempvad, the current and torgue ﬁulsatinns are muehvless
savére, The alternator 1s then aﬁ.ih&uctian.genaratar with
unsymeetrigcal secondary eirenit, Tﬁé~£hﬁory in the following
chapter'stérts.by ahalysing this condition during whiech the
f1leld eireuit may be closed or op@n or closed through a
resistance, 1In the next step, the affact of £ield voltags is

shudied, Then the conditons for rasyrchronization are studied,

121
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The analysis given below is an approximate one, During
asynehronous operatipn, ths spsed of the machine pulsates and
an exact analysls would require the solution of non-linear
dii’ferentiai equations, Ths lot part ci‘ the analysis is
therefore based on the assumpilon that tho speed 1s conatant,
Br which conditlion the equations are linsar, In the 2nd part of
the analysis the torgue pulsatlons, caleulated from foi‘mulae

derived in the lat part, aré ngad to determine the pulsatlons

of spead,

~ With a constant slip 8, the load angle incresses imiforuly
with time i,e. § = =« Bwt, Bguations A 11 then becoms

~ (neglecting r,) _
=Ty Sla 5@t = Prae (18 @¢g g

i '.-’4.1 .
i

Yquations4,l are used in conjunction with equaticnsib,

Vmeos S0t =+ (leBloyg + P¥q

As the aquations are linear, the solution mey bs pbtained by
sur-perim;msing‘ tvo sépara?ﬁe' parts for which sdditioml suffizes
are ussds Sufflx 1, solution with applied fierminal voltage

but no field voltage; suffix '2, aplubion withy applied fisld

voltage but no terminel voltage.

The field resistance Ty must include any external resistance
in the circult,

During steady operation with Ve = 0, the axis curreants and
the flux linkages obtalned by the splution of equations 4.1 and

A5 are sinuspldal qualbivies st slip freguency, The eguatlons
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cén ba convarted into vector equaticns by substituting
b=jSWand replacing~€hﬁ variables by ths eorresponding
vectors, indicated by symbols in bpld typa,

4 IV = J80Yy  ~(2-8) © 9y

§

§

Q LR XS 4.8
V= *(173)“%, +38 qul % :

w\rdl”xa ()53 Tay % 4.3
‘ _ g mee So
B G e T |
W = &Y § '
a1 =+ i ... vee 444
© Yq1 = +JV §
I v VY, + %) |
T xgas0) at Ty
%.. 4,5
-3V
I = " = V (Y - Y )
¥oagee) a3

Tha.lnstantanaaus values of the flux linkages and c&rrents
ars therefors given by '
WYyay v+ Vpcos S0t g

\ vae 4-6

(SN

B.. ﬁ?
1ql ”‘*‘vm(Yd cpd S Wt +¥ bin gwg) ¢
Sabstitubing equations 4.6 and 4,7 in aguation A4,

The corrasponding torque component iss

Tal 3% q2_u—. [( Yb -!-Yd)'l-(yc =Ya? Jin 2 Sw‘t

¥ w V) Cos 2 S we| ' . ae
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The mean torque is

Tg (m0an) = + —— (Y + Ya) we v 449
| 2 0

The torque componant Tegp dua to the application of a fisld
voltage is caleulated by putting lee 6 In aguation 4,1 1,0, 8
short cireuitedarmature, running at censtant spoed, The axis
cﬁffenta and flu; linkages“afa constant gquantities and the

splution is obtained by putting $ = 0.

Yag = © § S
dg - ﬁ LX) ' L TN ¥ ¥ 4.10
lgg =4 Eo vl . s e 4,11
¥q . 0
¢
. '

-The components of squatlons 4,10 and 4,11 by themselves
produée no torque but there la a torgue due to ths interactien

Qf ida end YQI'

. The total tgrqua of é‘maehine ranning asynchronously with

supply vol@age V and field voltage Ve 18 Tewmg§*{33b¢26)+(chxa)

8in 2 SWtH(Yg - Yp)eos 2 Swt} » 20 Sin Swt,,4,12

%4
whers VO ® .].:....... f&. tey oc'i.t 00del3
/2 ¢

Opén\circuit veltage indueed by the execitation

#

at synchronous spesd,

Equatien_4,8 glvea the torgue éevelnped by a synchlonnus

machine when opsTating at econstant, asynchronous speed, with
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This tdrque'islthe élip torqus or inductlon~ motor torque and is

seqn"to have an average and a twice - slip-frequency componsnt.

From equation 4,12 1% ié;saén that the rotor exeitation
dosa not affect the torjus component of twiea'slip frequency.
The torque componsnt due to rotor excltation is the braking
. torque tending to slow down the machine, Thus it eopposes the

induction motor torgue which is tending to aceelerate the

.. -machine,

In equation 4,12, thﬂ coefficients Ya9¥ys¥e and ¥y are
, functiana of 3, They cany howsver, be svaluated approximately
by puitting p = jSW in ths partial fractions of, equations (A.7)

" and (A,.8) and ratibnalizing'the separate terms,

| 1 11l g, W22
Y . kI y * 3 = ---3 d > d.
atd¥ = Xdﬁ"“’)u Xg et el l+$§w3Td’2

i N 82 BT“E
R

1 4 CALT 111

, | ) .
¥ +i¥y = ...1'... +'(_]-(-}-'? - Xl ) _Juw‘fi.' w. +82 QBT
ST K T 9 Le 2. w2 e

Ft:u the range of s.li.ps under consideration 2 waﬁd'z
1s much larger then unity and £ .2 Tdna and 8% w Tq”z are
mich less than unity. Hence, approximately,

k]

Y, © e

& Xaf
1 1

Yo = b = x5, 30"
i

Y(’: E em—

Yd = (--—-- --»---) SCJT "

an Xq q .
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a2

‘-'pa SV el VP (.,.... _ .......) sip 25 o Latb (a;b)g
(&;b) 3 ens 28 sus  see 4,14

Whara a & b are the damping constants. Bguations of

‘bhia type have baen studied by the mtkmds of hohelinear
13
_mehanieg,

The Ab@hgviﬂcu'{ _gf;: vth,e maching when running asynchrpnously
pnder p:";ﬁé‘ki@ﬁl operatlng conditions differs from that considersd
ahevé, baeause} the torgue. pulsations cause the slip to escillate
sbout a wsan value, The methed givzm. below for calculating the
alip variai:iena is based on the assummtions that the @rime-
noveT tarque has the constant value given by Tpeap=+ ..... (Zyﬁd)
_a_z;d that the slectrleal tergue is still glven by aq_urtian
4,12 with 30t replaced by &, | |

Ths;n,_ the squation of mg’tian iz
S2E 838 L L Wy san - __ {5: - Ya). ain 25 12
w . étg i ¥ : 5

C‘gd - Yb) Cos 2 *'g Qon‘ eas 4015

Multiplying by dd and integrating, using Sw= iﬁ
dt

wag® 4 Do, W‘?‘ €03 0 “'—-m(Ye = ¥a) cos 26
- X3 4
-;. Zz;gwﬁ = 3p) Sin,zgam,.. 4,16
X i3 a constant of integrit;*‘ion-which is equal to the mean
value, tzken w.r.t. 5 s of ths funcman on the R,H, side and
13 given by L =01 % Henes,

& a %2 * ""H' Lﬂ'—- ens 5+ T (Yo=¥,)cos 25

V8 e v n cam 28] ke
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The severity of conditions whon oparating out of step
dapends anvwhetherrer‘nmt the sllp is such that pperation is
beyond the peak of the dsynczrenﬂus puwar/slip curve. Beyond

:!this peak rasyne%ronization is difficult and ia pcsaible nnxy

1f the pover putput ls reduced..

To atuﬁyiths esnéitiens ﬁﬁﬁer-yhich the synehroneus machine
' rgéyﬁcﬁrsnizés;“it ia assuped that no suddea ehangs in the
ennditibns;tﬁkﬁa nlace i;@, %ﬁg{ the load torqusy the fisld |
voltage §n6 t§e extarasl eircuit rerain fized or change slowly.
Fox example, a sudden inerease of field voltégei at eertain
inatahts,iggulé wake the machine meve 1iksly to synchronize,
Tha gritafiﬁﬁ‘saggaata& above covera the worsl conditlon, To
apﬁly the critarign,‘tha mgn 3llp for any s@acified load 18.-
first caleulated from equation 4.9 and the minimum alip is
caleulabsd from equation 4,17, If the minimm value of £ 1s

28T0 . oF ‘negative, the machina w:lll aynehronize,

AD @Trol oceurs beyause S,y which should strictly be the
meen value with re¢§gctita § 4 13 not necesserily the same as
the value calculated, The methed is tharefors empiricalisinee

the fheuritieal hasis 1s not iiﬂaroua.

..o : . ' t347 t 'S}

For the machine uhder investigation,
1

Ty & e = 3.84
a xd

i |

Ty = (o ~ ok ) ST = 1.50 S
X" Kd‘

Yy == = 2416

&y |

Vo afetoi e 1) S0T M =117 s
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For the rated F.L. torque 5, = ,151 from equation 4.9
Frnnzequatian 4,17, ths sguatieon for slip pulaations ls glven
by &% = ,0220 + .0133 cos§ ~ ,0085 cos 25-,0032 ein 25 ..4,18

This ls plotﬁgd‘éS'éurvﬁ (1) in fig.4.l, The values of
- man 81ip eprresponding te 10%, 20% and 30% increase in damping
torque cosfiiclent will be 0,137, 041255 and 0,116 respectively,

The correaéonﬂing'eqaations for éiip'@aléétiona will bege

5% .93.88 +.0.133 cosg - .0035 203 28 =,0032 #in 28
2
5 = (0158 + 40193 cosf . +0025 cos 28 ~,0032 8in 2§

32 & '.DL% + 03133 msg.. ,0935 cg&, 28 =40032 Sin 2 §

These are plotted s curves (2.3 . (3) and (4) ‘Xéépsetivaly in
fig. 4.1,

It can be sesn from the figure, that with normal damping
torque coafiiciont, ths machine will mpt resynchrenige when
operating out of step, But with 207 increass in damping
torque egafficiant, the maching will ju%t rasynchronize after *
slipping through nearly half a slip eyele, whieh giv&s a
eritical value, ‘ |
g

, . b
From this it is seen that provlsion gf “uitable damper

(RSP

windings help to pull the gererator back into step after

synchTonism has been lost because of a fault,
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This chaptsr daais with ﬁhe experimental verification of

spme of %hs_tnsoriﬁiéallresults disnussed sop fari

The transient electrical torque and the load angle are
thé,two.mast important quan@iﬁias that have to be determinzd
for tréﬁaient stability studies; The transient éleé{:rica:;
1}»torque could not be measured in the laboratory as a toPque meter
was not avallable, Fabrication of a torgue meter would have
taken c§h3iderablé time and henes was not attempted, Hence
‘the axperimantallva#ificatiap of the theoritical results 1s

confined to measuremnt of load angle only.

Anpther factor which influenced the test results is
the nanhaﬁdilability.af sguipment for ree@rd;ng purpogses, The
. cathodegraﬁao&eillcacopa»(Q_R,Q.)'used waé‘ﬁat.eqﬁipped with
_agreéurding cauﬁrg~and hsnga gensiﬁerablé.éisr;eglty was
 experisnced in reeaﬁding. Photographs takan with a highfp?acis-
ion camera also Qara not_vgry aueée@afulf'_ﬂanse the éxpsrimantal

work has been limiied to visual sbservation enly,

The third limitation imposed 1s the noneavailability
of two Sim;iar saliént-pal@ machines eho ui?h.dgmge? windings
end the ptﬁar without aampeé'winﬂingé., To §§m§are‘and verify
a1l the theoritlcal resulta, such a set of twe simllar mschines
is essential, In the absence of a machine wiﬁh&ub»ﬁamper
windings,'the*experimantal inveatigaﬁienﬁia‘lihitéd tp tests
on a maching with damper vindings,

To obtain, the load anzle of an alt@rﬁétbr,.an electrical
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position of the rotor and has to be ecompared in phass with the
generagor terminal véitége;" Thore are a variety of ways of

ohtaining the electriecal sighal such as using =

a) an 4.C. genﬁratarvfixed tolthaaanﬂ*af the genarator
rotor shuft, H

'b) a brush and an auxiliary!cammﬂtatér system mpunted

| -somevhers on the votor shaft.

e) photo electric oy stens empldying altsrnate light and

dark bands on the Dotor-l

d) eleetrn-magnetic systens employing a niek up'hea&
placed elose bo tha rotor to which 13 attacaed a
peimnent mgnet'?"l _ |

and @) a‘straho$cgpa32-and‘a.ciné' eamera for recording

pufpos3as,

For mathad (a) extra mounting framswark is rﬁquirad
For msthad (b) the rate of wear will bs vefy highy Method (¢)
is not aatisfactory for ldﬁg‘%erm use end mﬁ%ho&”(ej»éﬁffers
‘from the diaadvanta 19 thﬂt viewing of results is delayed until

“the film is devaloped, 'Hence these m@thgda are unattractiva,

| | Th@mtmd that has been adopted fol experimental
investigation is ths one Sugzested in methoed (d}., Thiz mathed
1s -deacribed in detall below, |

Lhﬁ schamatic ‘dilagram 1s shown in.Fig. 541s A pulse ia
gbtained from a magnstic plekeup M which consists of a permanent
magnet w1£h a small air gap and wound with about 4000 turns

of 29 SéG, The pickeup 18 mounted mesr to a rptabing dise D
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has 6 poles) such that these ateel projections pass through the
alr gap of the ‘_permaxiant magnet, The aubtput from the plckeup
Jﬁis.applied to an amplifier A(the connzetiona of which are shouwn
in Fig.5.2) in order to obtaln a larges pulse voltage for applying
to the terminal Z of the C.R.0. By employing the amplifier, the
pulse voltage has bean ampllfied‘about 16 tiﬁes.

‘The terminal voltage of the machine, which provides the
refarance 81gﬁal,'is applied to the ¥ plat-é of the C,1.,0, through
a phase shifter P, 1If the oscillograph beam is eontinnoualy
energized, a sine wave weuld appear on the screen.as-—showg—in
Bigr678, But as a result of the modulation of the beam

' as in .'Elg $.3,
intensity by the nulses obtained from ths pi”k-upx only the spota
appear at the instants when the steol prejsetions pass through

the air gap of the pérmanent magnet, This is shown in.?ig;s.é.

Thug; the displacemant of the sﬁot 18 a measure of the
load angla.“- For a glven locatlon of the niék&ﬁiﬁi} in raiatlon
to the machine windings and the stael prfojections, there i3 one
saetting of the phase shifter (‘r:hﬂ neutaal position) for which
zero displacement corresponds to zero load angle, The displace-

ment 18 then proportional to sin & |

If the phass shiftsr is moved threugh an éngle % from the
neutral posltion, the dieplacement of the oscillograph beam is
proportioﬁél to sin (6 '\‘803' For the measurement of small
osclllations relative to a steady operating condition of the
gynchronous machine, the phase shifter iz set so that the oscillo-
graph daflet:tion is zerp for ths angle‘ gg corresponding to the
steady 1lpad, During a small o»eillation, the oscillngraph
deflection is wry elosely pPoportienal to AS = S 5 ©
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Tha téata weré‘carried out on-a é éﬁasd 4 KVA ild/zéov,
21/10.5 Amps 1000 RPM.saliant pole aynchronous generator
equippad with damper wzndinga. A similar machine couplea to’
this machins mﬁchanically actad as the prims mover fol the

genarator,

The experiment consisis of two parts -
i) determination of the const.anps of the machine and

i1) verlficatlon of the theoritifal reaultsfuﬁing the

| conatants determined in part 1;

The constants of the machine in P.U, determined by
standard test methods (and not deseribed hsre in detall) are

a8 followse

Xa ﬁ“0Q766 i R

! : § determined from alip test,
X = xq' = 0.452 Q y

q
Tg" = X" = 0,245 §

§ determined from 3 phass short

R 4§ cireult test,
Td" = :rq" = 0.02 ﬁ ‘
Ry = 0.245 { determined by applying the negative
o = Q.o?ﬁ § ssguence voltage and measuring the

- voltage, vﬁrrent and powey,
ry o= 0.0}95 cee } determined by applying a small d.c.
Voltage and measuring ths voltage

..anﬁ current,

8 - = 04381 see, § determined from retardation test, .



X

T = ,Euan" - 0.0367 g Caleulated from the above
x" -
Ig g constants uaing the formiale
Tgo! = 24 Tat= 1.3 |
% X! ’ % as shown,
' Kd §
qu o Ta" ='040235 §

detezpmingd in sec. Baees
The general arrangement for all the tests conducted is

shown in 712,545, - ‘

This teat is conducted mainly to verify the preSence éf

uaidirectional torques during a 8 phase short cireumit,

For thls test the~gan§rgtor'waa run gs a synchronous motoXr
on no lpad and the prime mover was disconneeted from the supply.
The scbematic diagram of connectlons is shown in ?ig,5.6. Z is
a 3 phase pretéetiva impedance. 3 is a2 switeh which 13 normally
open, The 3 phase short elreult was applied at ths terminals of
the machine by closing the switeh 3 by medns of a relay by cnere
gizing the relay coil. Undsr this condition, the spesd foll
continuously sfter the short-cireuls, The pulses raeoréedvduring
fixed spocified intervals of time from the instant of applying
the short elrecult is shown in Fig.5.8.

Next, a dedaleration test was performed on the machine
under this oonﬂition, the set slowed aown dwing to friction only

The nulses recorded during the same intarvals of time as before

'!ﬂl Al mrim T 32 ﬂ. -y
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_ It can‘be ssen from Figs., 5,7 and 5,8 that when the
machine is short cireuitesd, the rptor angle falls more quickly.
This 1s because the machine comes to rest mere quickly when the
3 phase short circuit is aﬁplisd than when 1t slows down due to
frictiahai resistance only. The greater fall in roter angle ;a
dus tp unidirectional'compoﬁsnts of torque. This confirms the
resulte flotted in Fig.l.7, -

* 0 aidand,
v o 3

Tests on a lpaded altarnatar'eould not be conducted owlng

to lack of sultable protective devices,

The schematic diagram of_eonneefiona 1s shown in Fig.5.9
S 13 a 3 phase switch normally elosed but is opened
by means of a relay when tharrelay coil is energlzed, 23, Zg
and §3 aré_three single phass reactznces esach having a reactance
of 0,924 P.U. |

fhﬁ al%éfnataf was exeited 1o generate balanced 3 phaae
voltages of 220V and then parallelled with the infinite bus
with the help of tthe synchrpscope. The phase shifter was sat
ap that the osclllograph deflection 1s zero for the angle |
corresponding to the steady load, Under these condltions, the
original steady condition P.U. values were =

| v=1Pp.0,
'  1=1pP0, v
| ‘Cos @= 0.8 (lag). |
8 o 16.,5o B .

[51 3 7y 4-15&.:.::; Py ot i w9 oAt TR mimrl il av T ew T v mesridrmid S 3l
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line by energizing the rslay coll ahd thua E;ﬁanj.x_zg the 3 phase |
sylteh 8, Under theas éanditiéas, the rotor angle varied and

settled down to a new value, The systom waa'atabla y which

¢onfirme the vesults plotted in Fig.2.4,

".J.‘hs ﬁaehine undsr lnvestigation 18 now the synchPonous
 mptor whlch run as the. prime HOVer So £ar. Th@ alternator is
npow usad as a lead %o the machine under 't‘-ess't;. ‘Eh@ c@nnﬁstianﬁ

are as shown in I 151 5.1@.

The ‘machine under lnvestigsetion was started as asn

induetien motor and pullsd inte ayn&hﬁgnism wheg’ita'gpegé waB

nearly synchronous, The machime then Fah 2s a aynchronous motoT.

The fleld winding of the alternator, agupmé to thia maf-mna,

was execited and the armature cannrewd to threes vamabla

rheostats, which were eonnected im star to form'a balaneed lead

on thls alternator, The losd on the alternator was steadily
inereaged upio a certain valus TL. The load wasz then takén off
by opening the switeh S keaping the poeitian of the rheest&ta
unchangsod, '

uhen steady conditions were obtained, the phass shiffer
vas set go-'that the oseillograph deflsetion 1s zere for the ,'

angle 6, cerresponding to no lodd, Under these canaitiona’ the

j Steady condition P.U. valuss were = . V= 1PJb.g & m3°38’~T

{which 1s due to windaga and frietion lpzsss of the twe machines

eyd the core 10ss of one machine) ved masured and found to be -
about 0,19 PG, ] ‘

Iy-
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The awiteh can be suddenlyclosed so that the lead Ty
can be suddenly appiiad to the shaft, This method of loading
is juatified aa long as the time éanatanta due to the inductance
of the machine are very amall compared to the mehan;iéé.l time

constant of the rotating system, When a load of Ty, = 1,11P.U,
(about 9,5 amps) vas suddenly applied to the shaft, the machine
pulled out of atep, confirming the results jlotted in Figs.
3.6 (foF K » 0,367) and 3,7,

No testa were conducted in the laboratoly to verify the
theoritical results, | .\



< n&ﬂ&ﬂ?’a&iwu
‘.gcn‘ﬁ,o{ NG LU.31x Mo'qevi '

“.i. The prineipal effects of damper windings upon system

atabilitY'under‘transient conditions due to aystem faults aro-

» Thla is more affective after a fault 13 eleared than during

' *i the.fault, Positive sequence damping cause s the oscillationa of .

: " the machiﬁs rotor to docrease in amplitide after an aperiedic
,,sﬁock (such as 8 pﬁasa short eireuit) that does not cause 1oss.

of ayﬁqﬁfﬁg@sm. This is shown in Figs 1.8

'...31.2‘54_§xa313g... |
Tﬁa curronts induced in the rotor cireuits due te D.C, -
 components nf_armature gurrent-during sfatgm faults prudqag'a
”‘hraking.ﬁérque, which decreases the aecelerating torque and thus
slowa doﬁﬂ a génarator whileh tends to sgpeed up during a fault,

The D.c. braking tarqme 1a lesa 1mportant for faults othar than

3 phaae short eircuits,

This 12 due to interaction of the dampar currents with
" the negative sequence magnetic field in the air gap and 18
pregent only when an ﬁnsymmatrical short cirenit occurs, This
torque alsp retards the rbtox' and decreasss the accelerating
torque during the fault.

The magnitudes of D.C, braking torque and negative sequence
_ - : “
braking torque for varlous typss of faults are given in Table 1.l
a\nd their effect in providing the additional braking torque is, .

3h0ﬂn in Figs. .Q’ 105, lo &nﬁ 1070,,.
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‘However, both of thasé‘hééns,of improving transient
stabllity are lesa importanﬁfwhére high-spaéd fault clsaring

are usad,

."+%, Damper windings démp out pscillations cansed by sperilsdie

shoeks such-as switehing as .shown in Figs, 247, 2.8 and 2,9,

They alao'réstcre stability when the aysten loses synehronism

" due to awitahingleperations'as shown in Figs. 2.4y 2.5 and 2.6,

When sudden loads are applied'to synchrnnaus.mgtar shafts,
the daﬁpa? windings restore atability whan'the sjsté@ 1s-iikaiy
to fall out of steps increase the maxlmum losd that can be
abruptly applied to the shaft and reduce the maximum angle of

swing as well as the time raquired to reach the maximm angle.

'Howaver‘much advantage cen not be taken of this facet, becaﬁse

values of relatlve damping eaaffiéient grastar than the eritical

. damping caefficient produce ne boneflielal effeets but snly Blow

up the rate of awinging. These concluaiona are arrived at fron

Figs, 304 tﬁ 30?, Figﬁ- 3,9 and 3.10,

.".". Following a systém_diaturhanee (such as a ssvere short

eircuit) which is fimally cleared, a synchronous machine may be
pperating aut of step, Sults bly designed dampsr windings help to
pull the generator back inta ‘step as shown in‘Fig.é l, L

A full-scale exp@rimental invaaﬁigution of the eoncluaiona
reached abova could not be under taken bacause of lack of facilit—

i6s and agquipment,
“»
Bowever from the thepritical analysia and from the tests

‘hat.ware conductad, 1t can be aoncluded in general, that the
damger windings Phave a baneficial effeet on the transient stability
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The fundamsntal diffemntial aqn&tinn&a relating the instane
taneuus valuss: gf the vol‘eagaa, eurrenus, fiux linkages, torgue

and spawd of a asynehronous machine are as followss

Lo, ‘irz-w.—u_-r i i -
/“ , d 4 i ¢ d § wee  sew Aol
VQ L ‘f’d +F‘~rq¢2‘ 1- ] ,
Td = Ipg dg + Ty d4q = (Em + Ig)ige .ee g
]
”il_f;: [rf +(=Lm+1;g} P} 1p +Lipg b 11{@51331& Pilg g fz
§ »
Lmdl’ i + [fkd +{Lyg, + Lkd)ﬂ izcd‘z’mdf’idg
Yq z’ﬁh’.}_““i - (Lm@ + La) i g
Fiog + (g + gl Lpge Ty p A gf.a,a
?ﬁ = ""é"" (‘i’d 1q = ‘fq id) .',,. i.o. ..’ﬁ.‘&

By elimiuating 1y and iy from equations A2 end iy

from squation 4,3

COYg==Xglplig + GLp)E

: ) - ) se e .o.Aog
L g = et (P

R o

where Xs(p) and X q P am csperatianal impedances and GLp)

"ia the transfer :Eumc‘hon

Zlr) = (l+Tap)(l+T P X3

i
(34T 4,0 )(1 Tao"p) ¢
do'p )L + do i R
L+ T wpy '
athy U- Aoy ki

® . ' i » 7 T . ) )
The reeiprocals of the operational lipedances may be
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sid ffer than Id' -and Td , the appmximate axpressions areg

- 1 ks )—-—QE LA AR SO .l eehe?
Xd(P) Xd' BRI T U ' X' g
1 31"1 11 Ty L -

= 4 (o = =) ove e
| Xglp ) X4 X" Eg 1+T P :

Alternative form of Xg(p ) fos

.Xaﬂ’) TRTRT R T xd' m " |
_,ggggé £ a fi. "

For a mach:l.x:e conneeted ‘to a fixad supply, of whieh th@

voltage of phase A is €5 Vm :ainwt, equatinn A,l may be
raarrangad s0 as to inclade the lead emgle S as a variable

:mstead of the aspesd u, Bmce = Wt +8 )= ©4+pB..04,10

| s.he marranged equations am: |

| -WmSinS 'P“”d"'“"t’q-‘raid“ ‘T’q ]:8% B

L § . ..l

a cost ¢ *o7a +pta “Talqt¥a FE
For. the slow transient ehanges, th.a tarma whivh ﬁepend on

 the rate of cb.anga ef vd, Yqe OF § ean be mglected, a8 well as

the resistance dmps.

Bquations A,11 simplify tos
~ Tp sinf = 2 g

ves  eeshll2
nﬂl easS wya ¥

J The two voltages in equaﬁion .51,12 ﬂerm‘sﬁdnd to _the. componenta
| of the terminal valtage :!.n the steady state véctor dlagram shown

\balpw_g{. o - ‘ ; 3 k .-.
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Thuz a vector diagram can be used to reprasent the conditions

at any instant during a slow translent, but ths dlsgram changes
from one instant to anbther.

oomm‘ Synehror 048 _ong 8ration...

During steady operation, the axis voltases and currents
are constant quantlties and are related to the components of
the vectors in the zbove pector

diagram, Symbol O s used to

represent the sriginal steady velues exlsting before the disture
\ ) :

bante, hHeslstanes r, is neglactead, . . =

o

147



current: vector I, as followss

1ﬁo = / 2 xdg 3 Iqa + /2_ Iqo Weses eee HNel3
' The BMS valus of the terminal voltaga is
V = Vm / /§- LR X ) . s-o-; cay A.lé

In the veetor diagran
? QOS Sn = Vu Lo Xd Iao % _.vc'uo' l‘l. kols
Veln & =+ X, Iy §

oq |
Vo = voltage behind the synchronmous reactanse, Ths

. ﬂiag?am 3130 shouws "qu' = VYeos Sn + K.d' Iéo = L ame lﬁole

where qui = iraltaga behind the transiént reactance,

iy =13c088 =~ 1,308 + 5

i
iy = 14 cos (9 -1200) - iq S3in (6 - 1200)%-1@ § eohal?
| 3.(’, = 1§ cus\,(‘e +?.29) - qu sin (6 + 1209+ 1, g
' Similarly, '
vggvdcoseavqsinﬁnc-vu g
v, = Vg co3 (@ = 120)-v, sin (¢ =120)+vy g «oho1B
Vo = Vg cos (@ + 120) - Vg sin (8+120) + v,

The follewing equatlons, in which £{t) -is any function

of time are based on Duhamal's theorems

P et e et 200

P o

v sranee] (aepagfeltret?

L eeedl10
In eguation 4.18, ¢ is a small internal of time and n 13 the
\ o | .
ne.bf intervals. £ (nat) 1s Lhe value of the functien after R

intarvalay ¢ - . -

4y8



The integral form of 9quat10n4A19} is
: » T=t -
o Bt =TY 4o
A 157 F NPl AP IE f-ma. pPLE =T @ )ar
P> , B o
T=0

ges £.20
Now, if 14@ is a short tlme conatant, and £(t) 1s a
slowly=-changing function, the integral in equation A.20 may
be evaluated approximately by giving £'(7) ~ its value at7 =t
and bringiﬁg it outside the integral,
bt oy 4 L ae™hye' (0)

A g
seelsZl
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