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B:EAVIOUR OF LYRCHIORCUS MACHINTS ON
LORG SRABCMICOION LIRES

1NTEODUCTION,

Hydro eleetiie generctors eie usuelly loceted
at ¢ distance from the locd centres and sre frequently
required to exoite H.V. lines on uo loads A long trenge
rission line constitutes virtuelly » pure e¢rpecitive
loed 80 the generator hse to supply o lerge KVAR output
at simost zero P.P. Lerding.

It ie true that hesvy lood due to energlsging
the line is only o matier of few minutes but 1t is rn
unavoidable transition-period end ss such ie extremely
importsnt from operating point of view,

Yhe fundementel drowback is that since on
gero P.P. lezding the arm-ture cmpere turne megnotime
in the snme sense £ the megnet wheel rwpereturns,
tie voltege hes » tendrnoy to rise. ‘'he execitrtion of
the mechine under such & condition is to be reduced to
e very low velue. Neturelly the problem comes ns t0
whot 45 the loweat limit of excitation 8o that the
mechine runs stable,

On commercial power syatems, the Ilerger

mzchines are synchronous type, these include generde



tors nnd condensers und n considerrble vert of motors.
The meintenence of synchronism durlng stesdy stote
conditions rnd regeining of synchroniem uafter n
disturbrnee are of prime importsnee to Ilectricel
Utilitieny electricsl manufucturers ere aleo likewlse
concerned beaeuse these considerations determine meny
special features of epparstua rnd their cost,

By uaeing the well-known 2 axis theory of
Blondel, the sterdy state cherscteristics of symchig-
nous sclient pole machines is developed. From thess
it is shown thet sppreoisble economics cen be realised
by releting the short circuit ratioc end thus the syn-
ohronous resctrrce of sn rlternntor to the stabllity
charcoteristios required by the loesds It is elso
ghown thet in cree of lesding KVAR to be supplied by
the mnghine, further sconomics osn be obteined by
designing the excltntion system to éuyply positive »nd
negrtive fleld currents.

Treneient strbility studics for o power
syatem were corried out with the help of network
tnrlyser snd the results determined. The severe type
of dieturbences on the power systeom like % phase
frults, double-line to ground, eingle-line to ground

.



heve been studied. Vhether the system is etoble during
foults will d-pend not only on the system itself btut
nlso on the type of fault, repidity of closing end the
method of cloeing ( whether or not the line ie reclosed).
Por eny constent set of these condition, the question

of whether the syaten is atzble or not dcpends upon how
much powar it wes carrying before the occursnce of the
fault. FThether the syatem atays in synchronisz is detere
mined from the swing curve, i.e. the curve of mnguler
positions of the vorious machines plotted sgeinst time.
Rrief discussion of the theory end the precticel work
done in this dirantion heve been ineluded together
with the derivetions of the vwverious eguations
involve:d which it ie hoped will aselet 4in the
elerificztion of <he procedure.

8. PRAKACH.
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\ ) FIG-I.
\ ““1q TWO AX1S VOLTAGE VECTOR
o ¥ DIAGRAM FOR SALIENT POLE

Ig &

ALTERNATCR {LAGGING P.F.)

busbers., I in the armature current lagging behind t:ha»
terminel voltsge by ongle #. The ldne AP ip drown at
£ engle to ike oxds YY or perpendiculsy to ’Wm‘t
veotor I ond AF = IX;« Then OF represents the qurdra-
ture axis,

The component of the srmsture current Pro=-
ducing sn mmf soting 4n line with the axis of the
poles 1s called the direct sxis component of <the
erzature current end is designated re Id. The component
of I producing an mmf roting in line with the axie
between <the poles 1is colled the quéamtmve exie
component of the armature current cnd is deeslgnated
as Iq. X3 is the reactence offered to the flow of
direct axis rrmeture current and is celled” the direct
axis eynchronous reactsnces, Likewine xq 16 known es

-
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quedrature cxis synchronous reactenoe. OF represents
the quedrrture nxisj 4t crn be easily shown as followss

Draw A perpendiculsr to OF
Triangle OIR 1la sdoilry t0 triang: AVP -« all
sides being mutuslly perpendiocular,
Hence ' w (Y or 4 - =
S AR S -

‘e Al = 1,“3“

which is necessary requirement for proper lopgrtion
of the quedreture sxis,

Adding reactonce &rops I,X, and quq as
shown, we get the internsl voltege & of the machine,
Developing the di;;grm further: |

Extend HG to B so thet msnqua ,

A8 = IX; ( Pigs 2). From B drew a line psrsllel to
AH end produce Aoto meet 2t C, Draw ¢ semi-circle

on 00,

p
ral
—hl e
’ FiG 2 .
T~ o TWO axis v TAGE VECTOR
A DIAGRAM FOR SALIENT POLE

ALTERNATOR o #35 86 20 )



00 = ¥( X, - X ) ODw X (X, -
| :qx‘l ' qt%e - %)

0C = 0D/ 8in. @
- 0%/ =00/ IXg

BDw OO = E
In ordor to get current vector dlegram, 1t
is merely necescary to divide the four sides of o
polygcn ODBA by xd thus obtaining the current polygen.
OA = _§, = phort eircuit ocurrent of the
4  ermature with no lozd excitotion.
AB = IX, = I, the ermoture ourrent

kY

B = _§_ = i.8,, internrl voltsge/X,

a |
the ehort o,}rcg.it ourrent
with mn;ax?ﬁtamn.

s4nce with the sesumption of no soturstion,
the veotor E also represents the full loed field current I8
E/X; crn also be written ae I/ X, .
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D=, (Xg=X)mwI (LaX )
TR TR

=V (X, wX ) = ¥( 1)
4
kL

By simplifying the vector disgram we get
the following dlagrem ‘( Pigs 3) which gives us relction
between short circuit surrent, loed current, crmeture
current., Ve csn eapily get the relation between P.V.,

Field Current cnd srmoture current.

{ . . .
NV T ) e oA e
b4 N )

FI1G.3. TWO AXIS CURRENT VECTOR DIAGRAM FOR

SALIENT POLE ALTERNATOR (LAGGING p ¢}
if xd = xq the semi-circle is reduced to zero and

we get o simple diggrsm of 2 round rotor mrchine.
Since P.P. engles ore meacured from the
ordinate OY as zero, the projections of the current
vectora on the vorticsl axis represent uactive power
end similar projections on the horigontel am
recctive power, The resson for thie rotetion of
the veotor diegrsm through 90°* is that .tha *
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originnl vector diesgrsm wns divided by recotence Xy
Counter olock-wise direction of rotation
hes been sssumed in cll d&lsagrems to be positive,
Negetive values of B correspond to legging P.P. end
positive velues for leading power foctor.
1.2

The veector diegrem crn be further extended
to include the srmeture current locil at verlous fraw
ctions of full loed field current, It will give the
performrnce of the synchronous mechine es generctor
operating from gero legging t0 zZero leading p.f. tnd
£8 e synchronous motor opercting from gero les@ing to

gexro lageing pefe This has besen shown in Pig: 4.°
GENERATOR

THEORETICAL | ; ke~ X W OUT PUT
STABILITY LIMIT 4- = —_177 |

KVA LEADING i‘ ! KVA oAGGING

X - - - X

K /A LAGSING KVA LEADING

. AN \\L”
THEORETICAL '~ pe
STABILITY LIMIT < _ *
: [ KW INPUT
MOTOR
Fi5 4 ARMATURE CURRENT LOCI FOR FIXED FIELD CURRENTS
(SALIENT POLE MACHINE Xd:= 0 PU , X3I=0C7F )
HATED P F = C 9 ( LAGGING) e

* W,H.Walker, Operating characteristics of salient
pole machines. Proc.IEE 100(11)1953 page 13. .

noaaldirers L T A T INIY Yey ppe, TS @
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Perpandiceular through O at ; represents the
| a

stability limit of round roter maghine., The stebility
limit of salient pole machine dccreases asymptotieslly

towards the psrpendicular at }z The perpenidicular at

Y is the moroﬁaal stadility limit of the eylinderi-
kl roter uanhinc/uiﬂ.ah the locus of the srmature current
is eircles with eentre 0.

1.3 |

- ]

It con be sesn that whea a sslient pole
machine is operating st about rated ocutput mnd P.F.
ths uazim output given by a salient pole mocohine
is slightly greatsr then the round rotor machine.
- However, if the machine is operating et 2 low lesding
Po¥. 1,8,y charging s long tranguiuiqu line during
iight loads, then the machine haz & much higher msximum
sutput than is given by oylindericsl rotor mschine,
This ineressed cutput asn be ebtained only by operat-
ing the mschine with reversed field surrent im reter
winding, the maximus volue being obtuined in the
atable region corresponiing %o !l' at zero lesding P.P,

| | T
The armaturs current is end maximua negative

exsitation is Yy (1 =-2),



L

Ve can aled interpret the shepe of these

curves methemztically, = % + V¢ % - 1 ) Cos. ® el

where r is the length of rey from c {mgﬁ). It
is interesting to0 note the shope of the loci of armzture
current obteined from various volues of exeitation,
i.0. ‘/xd" {Pigs 4)
”é—iam&aﬁerthm?( %) then

the ,mth outer owrve is omaxmﬂ.
if = { %_ "y  then umtmn(l)
becomes, |

r o= (% )(14-005.&} which ig

- euantion af e aardiod. |
ﬂ% wlasﬁthm'ﬂ’(h ) t}nmum

1loed 1is & loop.
ir _% = 0 i.¢. pere fisld excitetion
then equstion (1) is
r= ¥ _h)ﬂaad which is tke
squation ox e eircle.
1.3%.1

Ye ¢on aleo ﬁnﬁ out m power anmt
from the dlsgram (Pig: 5} o
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Power = V.r Sin§ =

- v.—t- sins  + VE( ﬁ- - }% YCoss Sing

'%ﬂiﬂ& +._}2_(¢-%;) 540,28 ...(2

The power output for a round rotor mechine is % ring

The additioncl power developed by & sslient pole michine
18 f"i;’%) Sin. 25 which is duc to the diffe-
rence in the mognetic reluctance of the direot sxis
rnd the quadrature rxie,

“hen X, = xq the reluctance powsr is zZero.
It is interecting to note that agslient pole muchine
will devlop power even if no excitotion is gpplied(F=o).
1.4

lternctor Tower Cinrt.

The power ddsgrem in Pig.4 does rnot indic.te
ooy limdite for ermrture snd field currents by permie
ssible tempersture rise of windings. Conbining Figs:

3 & 4 and introducing limiictions on turbine input,
strtor current, field current snd etebility, the opere-
ting chert shown in Fig.5 can be conetructed.

Y exie represen's FW snd X exis reprecents
MVAR output. 211 veluez on the power chart are én per
unit beels. The p.u. eocle is the ccme for qntive rnd

reactive power ss well ss for ststor current.

08 = Y 0C = ;-
gd ; qQ
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08 elso represents the no losd excitation
of the machine which fixes the exvitetion sozle.

SV represents the full losd excitation of
the round rotor machine, Cireular src qv drawn with
cantre & fixes the fleld current limitg,

The smooth curve R fixes the fleld ocurrent
1imit for the ealisnt pole meochine end is determined hy
drawing ec number of reye through ¢ and then marking off
elong ench rey from the periphery of the semi-circle
e length representing :t .

Ly

| Verticsl line 5T representc the theoriticsl
etebility limit for round rotor machine.

| Aeymptote ue represente the theoriticsl
stability limit for salient pole machine.

The difference in the charts of the two

types of mechinesars in the rxregion of low MW loede
st low lecding Pf. The stability limit of oylindricel
rotor mschine on lesding p.f. sadg ie considerrdly leas
es compored with selient pole nachiun, It would not be
edvisadle to operate en slternstor close to the theori-
ticel stablility limit¢ as mlight change in loed is
likely to pull out the machine from synchroniem, The
latter is repiaead here in the chart by the ;rentiaal

* W.H.Walker, Operating characteristics of salient pole
machines. Proc. IEE 100 (II) 1953. pase’ 13.
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stability limit whioh is arbitrarily reduced by 10%
rating of the mechine. Fig. 5(a) shows e graphicel
method of dctermining the prsotical etodility limis
for s round rotor machine snd it is self explenntory.
The sssumed constant active power increment n eX-
pressed £8 & percentege of the machine KVA rating
represents the sefety faotor of the preaectiosl etebi-
1ity limit cndit ls token ns 10%.

«THEORETICAL STABILITY LIMIT
N Ny n n N n n

T y

o

FIG-50. METHOD OF DETERMINING THE
“PRACTICAL STABILITY LIMIT"

Theoriticol etability limit for selient pole
maching petuelly rume in the region of negative flield
current. Large nlternators have generally no provision
for negative excitetion. HKnin exciter is algo not
fitted with biss field to overcome the residusl effect.
Undcr these conditione, the excltation syetem is not
czpeble of reducing the siternator field voltsge to sero.

¥ Zwander. Pundementel electiric charactgristic of synch:
turbo~-generator, Vol.91,Part II IEE 1944 pege 185..



Therefo: e, the nlternctor field voltege is fixed st
5¢ of the normal field voltoge. The limit is shown
as segment on the left hend side of the diagrem,

Te working point placed within this aren
at onace defines the NMVA, MW, MVAR, Qurrsnt, P.f. end
excitetion. The lond angle cen be found by measurement.
l.4.1 The rbove chart can de of considersdle
essietance for determining the cepebilities of mrchines
under verious conditions of lord. The readily inter-
pretsble form has been shown in Pig.6 which con be used
ca p 3ial of ¢ combined wrtt and VAr meter. As clrecdy
stateﬁ,tha m=ohine is resumed to be connected t0 e large
eaprcity esyatem end ite output is reletively a small

fraction of the system cspreity.

FIELD CURRENT AMPS. P U
‘.Or,_v P T T | I
, ad 07 ba 09! g0

| et + ' * N

O.8p~~...—-a. .«9,5 - . . h . . - . y

: p- . oY - . . . “ ¢ - . . 4

06— - . . . . . R
.. 03
O-4! 0-2( -

. o- .

. - ‘ . - +

?—- . ¥ ) ' . . . t

0l a i i i [

0.6

’ 1 v

POWER KW P-U

(o)
N
A

TR VUL B |

-0 08 04 02 O 02 04 06

LEAD ~4—ee KVAR. e LLAG

FIG.6- SIMPLIFIED POWER CHART
{SALIENT POLE ALTERNATOR)
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Say during night the machine is operesting
8% 0.1 kw and 0.6 XVAR lesding with field current of
0,2 rmps. In the morning there may be a request to
inerences the setive power quickly to 0.8 kw. If the
turbine governor is set for 0.8 kw without edjusting
the field then the epperent power will increcee slong
the curve for 0.2 smps. 0f field current end the
nechine may fg2ll out of step. However, if the opers-
tor hsae veator meter snd ch-rt in front of him, he
aan a}énct ses &t a glence thet bYefore such en potive
power increase tekes plece, how much field current
pust be incressed. |
1.5

FProm £ll this discussion, we hove seen that
the behrviour of & partioculer synchronous mechine undey
various opersting conditions end ite meximm power
output und:r steble region can be dutermined, IXf we
know the opernting condition of e mechine end the exciter
syntem svelirble, suitedble wmelection of the direct
exis eynchronous reactence of g mechine cen be medr,

If scturetion is neglected, the short eirocudt retio

of the machine is equivslent to ii’- » Higher short

oircuit ratio mechines mesn more cost om the dimensions



w 14 -

of the mochine increases. The curve in Fig.7 gives us
the incressed generator cost for the increase in the
short circuit rstio.

g

< "
g 8 8¢3 238

e = - o o —-—

INCREASED GENERATOR COST %%
N
o

)

o

| 12 14 |6 18 20 22 24 26 28
TIMES NORMAL SHORT CIRCUIT RATIU

FiG-7

fhort c¢ircult ratio i=s d-fined o=

S.C.R. = Excitation for normal voltage on open circuit
Ixclitation for rated stctor current on s.c.

The fundzmentrl equation for induced etetor
uf. E = KfFT ff shows thot ssme voltoge crm be obteined
with verious combinztions of working flux end ststor
turne T. A large flux demends lerger dimensions in the
megnetic circuit to cerry it ot rn economic flux dene
sity: thus the core length of the machine must be
greater ( the dismeter being limited by speed ) tut
with fewer stator turns the stator coprer cree is
d-orensed. On the other hand, the number o¥f stator
turns 48 greater, e emaller flux is me&e‘ﬁ and core
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length can St shorter hutthn’ stator eoprer ssction
is inereased. | “
I One aompenent, say F, 18 used to msgnetise
the machine, the remcinder opposes the armeture
‘rOﬁotion L The net exoitetion then produces the
working fiux, which in turn generstes the internal
enf. |

If to inoresse the 5.C.R. fewer stator turns
sre used the ermsture resstion WF P ( proportionsl %o
!2) will be decressed leaving more of the avelladbls
rotor NNF P, for magnetising: the sir gasp must cone
sequently be langthened. Thus with a longer gap and
fewsr stator turns the nunerats& of the (,C.H. will VYe
ineresaed and ite denominptor doaraasid;

An incremss in the short circuit ratio
incresses the cost of the machine butthe charglng |
capacity is also directly prbparwaanﬁl %0 the shors
eircuit retio, as the line charging oapscity with pesi-
tive exeitstion 1s squal 1o -{; . |

Iong high icnsian lines Ccan represent consi-
dersble cepacitive loed., A 220 kv overhesd line 100 ig’

long taskes about 13500 XVAR oapscitive wattless load.
Charging XVA. for 100 miles long of s line is about 20.%%
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of the surge impedsnce loading.

If the excitation systam is capadle of supply-
ing the positive exeitation only, reactance Xy must
net be greater than the reactanes t‘ ol the cepacitive
lesd. 7This often providsa a limit for the synchre-
nous n-m of a machine.

Mt 1L the exoitetion system is capable of
supplying poaitive or negeiive excitation, the safe
operating limit a2t zero p.f. leeding is determined by
XQ, the line eharging capecity being -;-; at a negative
excitation of ¥ ( 3~ 2-), 1In this cese X

ol g 1®

less then X, which 1s less than X3~

Por mechines of atsndard conatruction howsver,
the ubmtiu xq less than X, rspresents in ell utﬁ
s przetiesl l1limit which wmust not be pazsed.

If X, = 1 per unit, then X, = 1.6 per unit,
with low 3.C. ratio, the slternstor cen be provided st
2 lower cost even after sccounting for the incrense in
cost of the excitation system capable of providing nege-
tive exeitation ( by sbout 12%). |

But in actuel practice, the value of X, for
slternstors on long transsission lines is not taken mors
them 1, as 47 the atesdy state limit is P'mex = 51,,

a
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and the meximum chearging current 1a~5§~ at goro p.f,
leading.
The following table gives the velue of diresot
axis synchronous reactence generally sdopted for turboe

rlternators and water wheel alternctore.

Turbo , 0rs,.
Alternators. ’ 0§ 2505
g L ] gm
ﬁt 2*‘ bt 2&0 105 had 30 1#3"’0.95 1.1-009
Xé 0+18=0,28 0425 «0,35  0.25=0,% 0.25=0.4

——— ¥ -

Cuadrature pxis synchronoug reactance
. N % - 0.5 to 9-7 xﬂ

¥e find that velue of X, for weoter wheel
elternatore 1o 0.9 t0 1.5 peu. end tha voelue of tromsient
reagtence i.e. i; = (.25 to 0.4 pwue for sslient pole
machinee.

In turbo sclternators, due to their high speed,
the short circult retio hos to be kept low due to mechce
nicsl reasons a8 high b.0. ratlo recns larger eige.
F£ficienoy ie slso high for low C.¢. ratio alternators'
ae: lesp enpre tuns for the field sre required.

1.6 FPower Taotor & System Voltege.
Hydro electiric generators supplying long

trenemiscion lines operrte st approximntelyoﬂnity PP
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end in general the generntor T.F. should be melected
to correspond es nearly es possible to the sytem require-
ment. A generator with g low power fector rating used
et higher power factor is more unstable then a genercter
of the sume sige end cost reted more neerly to the
sctusl P.P. This is evident since opersting ot power
factor higher than rated requires field current less
then the rated.( If generator is to be operated at high
power fsotor then the roted one, shunt resctors ozn be
ubed ot the generator terminels t0 incresse the field
londing. This is only a mekeshift srrangement.)

On the other hand & generstor opercted rt e
lower power factor than the rsted oneis more eteble
but the tpouble here iz that this mey osuse heating of
the field. 70 achieve this, the fleld winding should
be of liberal dusign. Aleo there is margin in the field
heating, volirge crn be inereared 0 incrensing the
staebllity limit. |

In the operction of long high voltage tronge
mission lines, it hee been found dusirrble to se the
voliage &t the receiving end lower than the gener~tor
voltage to vermit the‘generator to operate at unity
power factor or elightly lrgging even on light londs,
This means that lesding KVAR for light lood ' conditions



ghould be furnished from the receiver end. ¢his cen be
done by connecting 5 synchronous condenser at the receiver
end which cen opsrate to supply thie charging current.
then the power system is fully louded, the cystem volte
ege e likely to go down due to some lounds being of
inductive nsture like induotion motor locrds ete. CEyne
chronous cond:nser nlaso provides the legging REVAR in
such eraes. GSynchronous condensers improve the voltage
condition of the system thereby inorecee the atablility
of the power system. The sige of the synchronous cone
denser used et intermefiste strtion for impx?uv:lng the
gtobility may be quite large ne zompered to the eipe
required for improving the p.f. |
1.7 iyneh g Confenger

synchronous condenser is an 4dle mmning syns
motor aoross the line st the receiving end with cuto
motic excitation control. fThe maln purpose of the
gynchronous ocondenser on leyrge power systeme ie o
maintein constent voitege by surrlying veriousa rmounts
of legeing or lesding power gs required by the eyetem.
The only notive power loading on the machine is repre-
gented by its losses which pre supplied from the line.
losses are about 2 - 3¢ which ere precoticelly constont,
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The power chort shown in Pigi4 {(bvelow the
horisontal line) will be of interest to investigete the
performence of the synchronous condenser. then the syne
ghronous condenser operctes at gero p.f. leading, the
internal woltage snd thus the field ocurrent is given by
ths srithmetic sum of the short cirocuit current gE-' Pells

a

end the armsture current p.u. The importent cheracteristi
4s when the synchronous ¢ondenser opsrates at gero logge
ing p.£. gp this relates to the under exmeited reglon.

It wey be seen that in order to operscte with small
positive field current, it is necessary to restrict the
legeing powor to shout 504 of the rating at gero lecding
pef+ However, if the excitation eystem ie decasigned to
reduce tho excitetion to zero end then incressge in
nerastive direotion, it mey be possible for the machine
to supply 90% of the output at cero legeing p.f. without
eny change in the eize of the machine,

The ueucl value of xﬂ for eynohronous condcnser =
= 1.7 peus onéd
xﬂ = 1.0 p.u.

It mcy be better to lenve the cholce of xa
to the zechine dceigneend to specify the transient
recotance of the synchronous condenser (em obtained
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. from network cmolysis from stcbility point of view)
end the ratio of the legeging power to thet of the
reting et zero leading P.f. to get the most eponomiorl
srrengenent,

It pway elso be possible to Operste some of
the 1d4le generators at the genersting station to
operate pe gsynchronous condeneers. Some errangerents
sre essentipl so thrt the prime mover could be run
1dle as load.

1.8 Excitation system.

The inherent regulation of long tronsmission
lines con be sccomplished bent by eutomntic excitstion
system. Tejeotion of lornd and overspeed due to reloe
tive glow sction of the governor on the wicket getes
of ﬁhe watsr wheel csuses rise in genmerctor voltsge.
£Aleo there 18 rise in generctor voltageé due to ine
ductive losd being thrown off. The cutomatic exoitew
tion syatem should be of quick response. The repre-
sentetive values for exolter response sre 1.5 to 2.0 p.ue.
for high speed of response 1.0 10 1.5 p.u. for em
avernge speed of response. It is in .ggneral‘uaelean
to go to higher velues ap the rangas»ihdianteﬁ confer
the esrential benefite of high epeed excitntion.
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Figs 8 shows & * recently duvloped excitstion.
systex for hydro electric generntors suprlying long
trosnamiscion lines which eppesre to have deslrable
cheracteristics. It consists 0f ® self exoited moin
exciter and e atatlie voltage regulstor with ¢ roteting
replifier®.

Fig:9 shows 8 separstely exclted mnin exciterQ

| s '
- Foo-
(:Lch’ ( Anm GENERATOR
XCITER (EXCITER FIEL D
\._],/ c: "T_/

[voiraes Krvvaaba

e

-

FIG. 9. SEPARATELY EXGITED MAIN  EXCGCITER

If there is great rise in the seniing end
voliege duc to rejection of lowd etc., in order to
prevent the gencretor becoming self exeited, it is
common prectice to provide en over voltzge relsy which

* C.L. Kihlgore, Excitation probleme in Iydro Flectriec
Generators supplying long transmiscsion 1inna, AIEER
Transaction Vol.66, 1947.

?igxﬁ&Q. F.F Kimhark, Power Myatam ﬁtahility val.xxx
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cuts off the line if there is rn exceasive rise in
sending end voltege.

Tzeitation system effects gtability undor
voth transient and steady condition ge the power tronge
ferred in two mochine system is propriional to the
product of the internal voltagee of the two mechines
divided by the resctance, The seme ie true for the
mlti nmechine systems Thie statement holds regerdw
ing the power et aﬁy particular volue of angulsr
separstion snd hence nleo for maximum power,
Therefore, it 4s epparent that ralsing the intemmel
voltages inorense the stability limit.

Summing up & system 18 sald to be in stesdy
stete stability limit if en incoresse of the angle
between the sending end receiving end voltogee
results in inecreased power treonsfer towarde receiving
ends In rn i1desl syster with no résietanne. the power
transferred Yetween two gencretors will very sinusol-
delly from zero to meximum cs the engle between the
volteges st the sending snd recelving ends ia incréased
from '0O' to Y90 degrees, A8 the engle is further
inecreened from 90° to 180*, the power will decrecse
sinusoclidally until st 180® it is egein gero. There-
fore, the maximum theoritical stebility linit ic 90°.
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This limit cannot be gpproached in prectice becrnuse
if & system were opersted upon at, or very nesasr to,
the steady state stability limit, the smallest power
surge euch as might be csuped by éﬁaden switching on
8 msmell load,would csuee the system to lose stability.
The system must be opernted a€ considerchbly leas then
the sisndy state stabllity limit, Thare is ¢ ®ingle
eteady state stability 1imid for specified ociroult
impedence z2nd internel voliage conditions. It
followr of course thet 1f the excitetion of eny
maechine ie chrnged oo as not to correspond to
internel voltages ascumed, the gtability limit will
be correspondingly changed.

Usually the impeortant practicel 1imit is
the trensient etabllity limit dJ4iscussed in the
next chopter, Fteedy satote limiﬁ) of course  pro=
vides & quick estimate of the tronsient 1limit,
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CHAPTER IX,
PERFORMANCGR OF SYNOHRONOUS
MACHINRS UNDER TRANSIENT _CONDITIONS.

S0 fsxr ss we have considered the maximum power
that can be transmitied in a stesdy state without loss
of aynchronism.

If wome sudden losd comes on the gensrater
or there ia short eircuit, the sbility of a generestor
40 remein in aynchroniam is known as trana;cnt stability.
2.1  Dynsmic Stebility Limit.

Yhen sudden disturbances aoauf'thn flux 4in
the field cirocuit is maintasined by s current induced
in the field winding (const. flux linkages theorm):
therefore the induced ENF E rexeins constant.

P Pullout = Z,.V,.
. ) 4

where X, ies the  -transient synchronous resctance
cf the machine, rcéetanea of the trensformer and the
1line. Here the last portion is unﬁally greater than
in‘ihe case of stotie stablliity because the disturbance
may be due to short circuiting or ssrtihing of a line.
It is desirable 40 keep XJ smsll,

If the machine does not heve o voltage
regulator, the :101& current ultimately decays bac?
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to 1te original velue and ss it decsys the flux
linkages £lso decay. The time conetant of the decey
iz of the order of 2«5 geconds. During the firoct
swing the flux linkeges do not decrease much in s
wachine, s0 1t mey not fall out of etep on firet
swing. If the fault is sustakned for s long time,
the flux linksges mey be 80 much reduced, that the
syster will ultimately become unstable.

If the machine have volteoge regulstors,
the regulatore will tend t0 maintein constent termie
nal voltrge wh;eh would mesn increase in field flux
linkages. Regulztors are generclly not so quick to
act in the firet swing so the mdohino nust be oble
to stend firet swing.

the tropsient etability limit in o single
machine problem can be estimcted by he mexicnm
engle of frulg clearing)uy simply belencing positive
end negative arcas on the power engle dicgrem, This
is prossidble beocuse the movement of only one machine
rotor ic to be followed. In the cuse of two or more
machines the equal arca method cennot be epplieds
atability or instabllity is determined by the releotive
angular position of two machines. The maximum rotor
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displacement sagle defors fault 1;01&1:1011 is 2ot deter-
mined from the powser angle disgrams but will be found
»y the angle-time or wwing curves whieh are most
eon#nﬁicntly determined »y the octep by step mtegra-
tiom method.

2.2

mrivutien of the equations involvad in the
step-by-step swing eurve caloul:tions will asseiet in
the clsrifieation of the proosdure.

In mechanical units,

2 & wire 2 |
B ae? « 2

whers,

Te = accslerating torque in 1lb.-ft.

v = moment of inertis in 1b-ft?

€ = eeclerstion of gravity in ft. per ssc. per sec.
¢ = angle in mechanioal radians,

@' = angle in mechanicel radiens with respect %o
a synchronously roteting reference,

+ = time in seconds.

5= (360)(60) £ & — o (2)
2 (rpm)

where,

S m angle in electrical degreas with reapesoct to
s synehronously rotating reference

¥AC Network snalyser manual(indian Inst. of Science)Pub:
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7.Ad8 6 to 2, obtaining velocity at ts /2

B8.Asgune velocity at t, /2 is aversge for full

9.

10,

11.

12,

13,

14.

15,

intervel %, - and enlculete

£6yp ™ (k Ta, A% + k Ta; O%) A%
Determine 52 - 51 + 064 o end plot on swing curve.

Dstarmine raa at tz snd 52 from analyzer
resdings. )

Caleoculate k‘l ’i‘na L% w yvelocity change in
Add (11) to (7) obtaining velocity at ts /2
Assume velogity =t ts /2 is average of full
intervel tQ—B snd celouleate

L2=3 = { k Ta, 5t + kTay by » K,Tey O%) Ot
Determine Oy = 5, + A0, 4 end plot on the
swing curve.

% -("1‘!‘\,.2%_2 ) *(klha_f-\_gz + kyTay N

’
-3

o

+ (kqTa, Ag" + k,Te, At%s k,Te, sz’

2 2 e
+ (kP _Ot° 4 kT8, bt + k Te, M 4

ky Tal me1) o2 )
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Since the machine speed does not very cprres
olsbly from eynchronous speed during the awing curve,
per-unit torque cnd per unit power are assumed to be
equel end are used 1nfarahmngeably.

The -ewingsecurve is calculated os outlined
in the follovmig' atepes

‘6n » ingle in eleotrical degrees at time t,
!t’f;a,n m TPer-unit asccelevrrting torque et time tn

4A8a. (n+1) = Chenge in en~le between time; t,

end time 4 .
n+l

Ey = 280 L

£
l. Determine Te, st t, end ° from enalyzer
rerdings. | | |
2. Orleulate Ky Te, At/2 = Velocity ohenge {(elects
de-greas per At ) in intervel to_E velocity c$ t%

3« Assume velocity et tﬁ. ie avercge for full

intervel ta-l end calculate

| rGowy ™ (K TB, _%g ) A%,
4. Determine 61 P Aaa«l snd plot on
BwWing curve,
5. Determine Te; et %; end 6 1 from enalygzer
readings. |
6, Coleulate klmallkt = velecity chenge in

intervzl *
1/243/2
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16. In order to simplify the erleunlations required
theredy scving time end reducing chances of meking eri-
thmetionl errors, the epccelerction constent X on the
step-by~step swing-curve calomlation sheet ( se shown

further) is equal to Ky Atz. That is,

Kwkiat? = 380 £ a8?
H

7. Sne ¢ +XT8, + (KT, +K?Te)

"'(x'f;gq-xfal‘pxraz)-t

+(X Ta, + K Tay + K Ta, +K Te(n=1)
z |

The operation indicated sbove ﬁas been

cdopted for actuel erlcoulestions.




3.1 Petting up e problem on the snslyser.
Yor traasient stability solutions on A.C.

network anmelyser the studies of the Andhrs Pradcsh
power sys¥: . were carried out. The A.C. network

anslyser is essentially e means Of representing sn
eieetric power network te scele. 7The power syste te
be analynd is met up on the snalyser in minlature and
to scale by interconnecting various e¢alibrated adjuste-
ble eircuit elements to form s network representing the
retusl syufw network,

in solving problems with the network analyser,
the same approach is ordinarily followed as in solving
them by long hznd cslculations in which per unit |
system is employed. Problems involving balanced
threse phase currents and voltiages ar.e s0lved a8
single phess problems on a line to neutral baasis.
Proviems invelving unhalmecd' conditions are solved
in = m.tlar maonner using the method of symmetricsl
components with the verious ssguennce networks.

fhe network enalyser operates at a frequency



of 480 c¢cycles per second end has ¢ nominal or brse
voltage of 50 ¥V snd » nominel or bsse current of 50 ¥.A.
consequently, the base power is 2.5 watts end base
impedsnoce is. 1,000 ohms. All edjusting dicls end
instrument scoles are marked in per unit of the bese
qusntities. The 480 cycle power for the enalyser is
obtained 'fmn g sepirate motor-generstor set.

Fach generater unit coneists of two machines —
a phese shifter rnd n wwage regulator. The phase
shifter hes = three-phsase stetor and a single phase
rotor for phase mngle control. fThe voltsge regule-
tor hes & two-phase stator end a single phase rotor
for wvoltere control. The three phase stator of the
phace shifter normelly receives 220 V., 480 ¢ps power
from the ¥-( set through sn cuto-treansformer. The
rotor output voliege is appiied t0 one gu rter-phese
stotor winding of the voltage regulntor. By turning
the single phese rotor of this mechine the voltnge mey
be veried smoothly from zero t0 ¢ maximum of 2.5 per
unit wvolts (125 V) at epmentirlly constent phase zngle.
The phame angle sdjustment provides stepless control
over & totel renge of 360 electricsl degrees. In
studicas of normal ;immr gystem operstion ,ﬂm volinge
megnitude adjustment simuletes adjustiment df the
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excltation of the represen-ed machine snd th: phese
gd);.siment corresponds to the edjustment of the
governor of the prime mover.

Table Ro.l gives dvtails of the nunber snd
remre of circuit unite avelleble et the '.C. network
snelyser installed st the Indlan Institute of Selence,
Bengelore.

Trensient stability studiee are medc for the
purpose of determining the sbility of & system to meine
tein synchroniam following o disturbence such as short
eircuit. The probiana are solved on the rnalyser by
the step by step method involving representetion of
successive conditions. Tor esch generator the nngular
chenges from the normasl synchronousg positions are
celeulated by using the generstor szccelerstion cone
stant snd the enslyser resdings giving <‘he power
before and efter the disturbence. “hether the gystem

stays in synchronism ie dotermined from the ewing
.ourve .., the curve of &ngul&r_positian of the
verious mechines plotted angelnst tine,

In ueing the snslyser for swing curve cal~
culations the scme genersl principles ere follwed aa
in meking them with entirely by long hmnd methods.

To eimplify the work without much sscrificing the
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accuraoy, - the following sasumptions are mades

(1)

(2)

(3)

(3)
(5)

(6)

(7

Synchronous-mochine trensient reactsnce
in the direct end quedrature exis sre
assumed to be nlike.

Voltoges behind transient resctcnce of
the synchronous mechines cre assumed
to remnin constant during the first eving.

Demping torques sre neglected.
Influence of seturation ie neglected.

Constont sheft torques cre ssmumed for
gll of the mzchine groups, the governore
potion end load-speed charecteristics
gre neglected.

Resulte ore bosed on the first swing
of the mochine with the longest period.

The changet » machine speeds are cssumed
to be negligible to the extent that per
unit power =nd per unit torque nre used
interchangenbly.

Felel The grid mep of ke ipdbrs Predesh power
system on which trensient etadility studies were crrried
out is given here. The detgiled data slso for the

Andhra Pradesh Power system regarding transformers,
vest network of trensmission lines with Positive ond

Zero sequence impedences ip given in the Appendix.

The line conestants hcve been caleoulated from the data
eveiladble in the‘@eatinghousa Flectrical Tranamission
end Distribution reference book. The direct and quee
dretive sxie remctance heve been assumed equal for
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these studies cn the enslyser.

2. There are thrcé mejor Hydro-electric generoe
ting stations snd three thermel power stetions inclu-
ded in the trensient stability etudies, The detoils
of the mechine constente end the total installed capaw
city ut ench power atsotion for 1964 load conditions

is given herewith., %remsient reactonces end inertia
conatants have been aalqn}atad atvﬁa EVA bgse, the
figure sdopted throughout these studies. The eguiva
lent cirouit for each sequence ore set Up os viewsd
from the fault by imegining currents of ﬁhuiparti»
culer sequence to be oirdulated through the network
from the taul‘t. |

Bels2 Unbalanugdf&nlta.

Ry using symmetriccl component methods to
determine the proper faoult impedmnce, &.ing curves
ney be odteined for unbolenced es well ae for balenced
fault ponditions. The procedurs is the same ne in
both cesee, except that for unbalenced feults, instead
of grounding the point of foult directly as for 3
three phase short circuit, a line unit representing
the required feult impedance is connected hetween
the point of fault end ground. The proper setting
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for feult impedence usuelly oen be dotermined by
messursment. Since positive and negoative impedances
are nesrly the ssme, it ie sufficiently eocurcte to
pesume thet they sre identicel, in which case negetive
sequence impedence orn be determined by the equivelent
positive sequence impedence of the network viewed from
the point of fault.

Type of fault. Shunt impedonce

| o of fault.
1. Single line to ground. EXE
2, Iine to line 29
3. Two line to ground. Zoe B
4. 3 Ph. foult o

I£ the network in queetion ia n positive
sequence network, rll mechine reactances cre tempOe
repdly grounded by connecting them to the ground
terminele of their respective generator. Uith ony
‘convenient generetor unit uped ps g ﬁowér BOuroe,

p voltege 1s epplied at the point of féult. Yor
safety of the instrument it is edviscdle to start
with o low voltege which may be intcrecsed until su=
fficient deflections are obtsined on both the
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voltmeter end the ammeter to give accurate results,
The vector component of this voltage and of the result-
ing ourrent sre recorded from which the equivelent
impedance of the network viewed from the fault can be
deternined by sinmple veotor division, |

~ The equivalent 5, of the network cen be
vigwed from the point of fault in s similer wenner
by setting ths mero sequence network on the amolyser.
The zero sequence network diagrsm for power system is
attoched herewith, OCclculatione hove been made on
50 MVA bese,

In coee where pingle pole breskers nre

ueed only the faulty phaser ere ¢lesred ond reclosed.
The sffect of unsymmetricel open circuit (in single
'phaao to line fzult only feulty phese ia isolated and
the other {two heolthy pheses supply power cnd in
doudble line to ground feult one heslthy phser supplies
power to the cyatem) in such coses ocn be represented
by & series impedence zfg where ﬁf ig etual tOtw |

(1) % 2y
éz-z- in ocass of one conduotor open

(11) 8, + %, 4n cese of two conductors open

(114) 6 In cose of three conductors open,
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In tha cages studied, for doudle line
%o ground feult
(l)(ﬁ‘an ¥o.l) shunt iupedence
5.2,
B, <2 P
where &, = (001 + J0.029
By = 0,008 + J.056
Series inpsdence after foult 1s cleored i
%o ¢ 2, +,5% line = ,06 + J.0.392
where Z, = 0,021 + J.147
Z, ™ 0087 + J.062
3 ling = 01 « JO,06]
(b) for eingle line to ground feult {Case No.2)
shunt impedancs 2, + 2, = .009 + jo.085
where 2, = 001 + JO. 029
8l =3, = .008« jO, 036

amd serien impesdance after fLeult u
cleasred = 01 + ] 0.138

TR i met i cAXRRARX AMOSKHITH
P29 4 DRLDDS 1025 )]

N Acc. 62504
AIRAL LISRARY UNVERSITY 01 2oopes
ROORKEE,



Z line = 0.61 + 3.061
£2 = 31' 0.021 + } 0.147

% 4+ 008 + J0.0623

324- £ IAne = 031 + J.208
zo + 7 line = 018 + J0o.123

Fe2 lott of Swing Curves
Felel Feult one

vith the volteges behind trensient reactance
- held constent, the fault is epplied to the system
cnd nements of power behind treneient recctances
for ell the machine group ore mcdes In per unit,
thege velues represent the loed torque on the machine,
rotors. ¥ith the torgue input Ii, snd the load
torque To known, the zmcclerating torque on each
rotoyr Tn = T1 - To, can be determined. The eccele.
reting torque will esuse a change in the rotor posi-
tion engle S which ic measured with respect to exie
thet rotste et constomt epeed in synchronism with
the frequency of the gystem before foult.

 /fter the change in position asngle as
ceused by the reclerating torque Ta "has beem orl-
culated, the new value 0f S 45 determined for each
mrchine g,ronﬁ. The phase rngle sdjusting dinls of
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the snerlyser generator units cre then changed to the
new velues of rotor position angles juet dutermineds
velues of torgue nut§u$ 20 , are agein measured, wnd
the process dcsoridbed sbove ie repeated untilva
complete swingecurve hes deen ahtain?d.

At each otep of the ewing-curve, the
quentity, 2i-To 48 recorded in the column of the
ealoulation sheet headcd Ta. The product XTg 4a
recorded in the next colupn to the right, dut one
space lowgf on the cheet. The one exception to this
is in the calemletion of the first etep et vhich time
en additional multiplier of + 1s used and the produot
¢ K?a is recorded. During eny intervel, the change
in sngle, AS is found by cdding the new velue of Kfa
to the laet proceding valuwe of AS 3 end eacch new velue
of 41e found by edding the new value of AS to the
last preceding velue of-§ « In the caloulation for
the firot interval, AS end 4 KTa are equsl becouse
there is no initial veloocity,

3.2.2  After Poult ie clecred,

When the fault is ¢leared completely by

opening £ll oircuit dreckers feeding in foult, the

procedure ie the ssme 25 followed above except at the
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time intervel immediately following the change in
eireuit cenditions. The power outputs of all the
machines are read bdefore m&ﬁ after tripping. The
output torque is oslculated for both conditions énd
then averaged, the averege value being used in doter-
mining the anohunng torque. fThe caloulation are
continued in the normal menner until anoﬁhr chahsc
occurs such as reelosing or/ unt:}ung curve has bsen
. garried fer enough to determine whether the group of
machines will remsin in synchroniem or go out of step.
Yhe ehape of the curve for the fastest
moving machine ean ususlly be determined with suffi-
clent acauricy by ueing time interval of 0.05 seq,
Thie time intervsl has besn followed in 'tha geleule
tions all through. . |
The firet cese studied is doudle line to
ground feult on 220 KV Sileru-Xothsgundam line et
Sileru end. (cslculations for fault impedance have
slresdy deen shown). The fault is . cleared after the
0.1 seaonds, oiearing only the faulty lines, and the
bresker reclesed 0.4 seconds after the ocourances of
>age . the fault, It would be seen from the swing cMot (*)
54) plo'tt’od that Upper Bileru is affected the maxivum,
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The machine at U.B31leru is acoslersting sven after
the fault is clesred. The other mechimes are affeeted
the lesat. No readings ware iaken sfter 0.20 seconds
of the frult, as ihe resding t;ian upto 0.2 seconds

.were suffieient t0 show that ths systen ie unstabdle,
The power angls botwesen wpper 8ileoru snd Thungabsdhre
being 9%3* at thad insgtant.

- Cane Xo.Z.

Yext case studiod is the single line to
grnuﬁd foult on 220 XV Uileru~Kotnoguden 2ine at
sileru'end.'iﬂalculatian ef feult 4mpedsnce iz sown
on poge 40}, The fuuid Aw olesred afier (.10 oceecrds
end the line reclogal after (.4 seconds. The eysion

*Eg%:ii) is stable se shown, from the gurvess The maxizum
powar sngle between the leading sachine et U, Slleru
snd the lagging machine at Tungabhudrs is asbout 78°*,
Cane s

Studies were made for the most severe fauls
on the power aysten i.e. 3 phase fault with fault uli
one 152 XV line between 7.B.Vars and Machikund. { In
case 02 three phess fzult, the shunt impedsnce of
feult 1is sero. Impedsnce of other psrellel oircuit
is changed from 0,019 4+ J.0. 056 to 0,078 + § 0.112)
Pault clearing ¥ime im 0.1 sea, with no reclosing.
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*fg%gv) It con be seen from the ewing curves for aifferent
mechines that ell the mnchines sre effected eppre-
cicbly end the system tries to t:ke up the feult as
e whole. However, mechine No.4 (i.e. Machkund) the
neerest to the famlt stsrte leeding, The esystenm is
gstable a8 shown by the curves.
Crse Noods
A very interesting case with the seme 3 phase
( fzult on one 132 K¥ line between T.B.Vare end Kochkund
wes studied but with the feult clearsnce time of 0.2

geconds ingtexd of 0.1 seconds ge in case Ko.%., 1t

(®) swing
curves

2§($§ ¢ kund starts -sccelercting repidly. The other
mechines do not see to the fzult much. The saguler

will be seen that mechine EO-4(?26. nechine at Meche

difference between the machines at 0.35 scoonds ofter
the feult is rbout 113°. The mechine is 8till swing-
ing out of step further., 7The aystem is unstable.
“his emphasises the importance of putting very feaet
¢circuit breskers.

Tronesient atebility limit of e eystem con be
greatly incressed by decreasing the {irme of feult
cleering cs hes been shown in coses3 & 4 above. The
time of fault cleoring is the sum of the time that
the protective reley tekes 40 c¢lose the circuit bresker

-
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mslmtoﬁmma forlt on 220 XV Sileru-
punden Line at Sileru end (Fault clenred
Idne reclosed in 0.40 mees)

E

WESULTS ON THE STER-BY=-STEP
SWING OURVE CALCULATIONS.

seoonis. B

o 82.3 02,7 126.2 103.3 78.) 108.%
0.05 82,2 102.8 129.6 103.5 78.3 108.9
0.10 B2.1  103.,5 13%9.9 104.2 78.8 110.2
0.15 1. 1041 15%5.1 105.0 78.8 11
0.20 &aﬁ 104.4 1723  105.8 79,1 111.2

atsnsas Dnetable sseva

PSSR

t = 0.05 seoondin. EVA Bams 50,000

::;:am .1} m“‘"}_""’“"

IROMET. o Ou5T  Ou76 2.4 2,28 1.60  1.26
Hotoxr , ,

Inertia , | -
constant 1 3.00 2,97 8400 9.96 4.88 655

Acoclns B ‘ |
con=tant k 7.5 7.58 2.82 2.26 4.60 .44

Ini.tial

1e &n .
(bofore |
feult)
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KVA Boae. 50,000

Location. jDeaired XWae JEVA P.F -Seriaa {betting Re )l
in 2.0, or pé=- in P,%.

rallel

Sirpur 10 ¢+ ) 6.25 0.85 7 5.0 + § 8,00
Bellempalll 4.0 + 3 2,50 0.85 9.05+ J 5.65
Kancherirl 6.0 + § 3.72 0,85 573 43 13.40
Remegundem 10,0 + § 6.25  0.8% 5.0 + J 8,00
Hyﬂ'baﬁﬁéxﬁgﬁ;o + 3§ 5.2 0.85 0.79 +J 1.27
¥achkund 12,0 + k) 0 1.00 4.17 +] 0
TeBVarse 40.0 ¢ 3 19.4 0.90 1.25 + J 2.52
bimhe'lm. 16,0 + J 10,0 0.8% 313 4 3 5.0

Bomeur 30.0 + a 3407
Tungebhedre ¥ .0 + 3+10.5 0.80
Bellory 5¢5 + 42443 0.85

1.67 + 5 1%.4
357 + 1.4.77
0¢10 3 14.6

fdonl 4.0 + ] 2.5 0,05 .05 + ﬂ 5e7
Xurnool 3.0 + J 1.87  0.85 12,10+ 3 7.55
Dhone 5.554 § 3.43 0.85 10,10 + ] 14.6
Anantapur 2,5 + § 1.56 0.85 14.5 + § 9.10

Dherme'yvrm 5.5 + 3§ 3.43 0.85
Cooty 4.0 + § 2,5 0.85
Cunadala 45 + J 13.0

Rellore 14 + ] 8.75 0.85
Renigﬁnta 5.0 + h J3.12 0.85
Peknla 6.0 % J %.72 0.85
Chittor 7.5+ 30 1,00
Cud@apreh 6.0 + J 3.72 0.85
Eelikird 7.5 + 3 4.70 0.89

9,10 + ] 14.6
8.05 4 ! 5465
1.11 + § 3.85
3.57 ¢ J 5.72
725 + 3 4,53
B33+ § 13,4
6,69+ JO
8433 0313-4
6.7 + j 11.0
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“a3vy

3 Phese fonlt on one 132 XV ¥oohkunf«T.B.Vara
Line at Machlound ma Panld olearsd 4n 0.2 son)

b

RESULTS OF ms' M!?“?“uﬂfmﬂ%‘&? SWING CURVE

scamds, | Gen.2 } o,z lﬂm.s T am.ct xm.&

0 824 163@1 12’? 5  202,0 kuﬂf 1BB¢9
0.05 82,0 103.5 128,0 10486 0.2  109.2
030 82,2 105.0 1295 112.3 .2 110.3
0.1% 8246 107.5 131.9 125  60.4 112,
0.20 8344 11240 135.2 3430 8.8 114.9
.25 85,5 115.0 13%.2 162.9 81.6 118,8
0.3 88.3 120,00 1437 185 B3.4 124.0
0.3% 93.5 126.0 145,13 198.7 8642  130.7

awmimsr THELODLG sennmmnsn

Taput
+0 Rotor 0.56 0.76 2,48 2,08 1AT5  1.26

Inertin | |
conetant H 3,0 297 a0 9496 4,58 655

Accelerge
tion conw | |

initdnl |
degreom,. : .
belore
ault.)




s ™o

3= Phane fsult on ame 132 XV HoohkundeD.3.Vare

1ine at ¥aohkund end (mm-a cleared in 0.1 see,)

RESULTS OR % ammusm? BWIRG CURVE
DALCULATIONS, ¥¥A Base se,om

C w» L2 tj* Blaghic 3125., sl vam T3

Gen ‘ MQG

0 821 1031 1275 12020 0.2 12089
0,05 62,0 2035 1260 104.6 80.2 109.2
0.10 82,3 105,0 129.5 212.3 00.4 130.4
0«15 83,0 107.2 1316 122,66 60,8 1124
0,20 84,8  109.7 1340 1328 61,6 114.2
0,25  87.9  112,7 136.7 34235 £2,9 116.9
0.30 92.4 116.2 139.8 151.3 €4.9 204
0.35 98,2  120.3 143.4 1591 ©67.5 124.8
0.40 105.0 1253 47,8 165.8 921 1304
0.45 112.5 130.8 153.2 1734 $7.7 136.2
0450 120.4  137.3 1596 175.9 104.8 143.0
0,55 128.4 44,7 1671 17%3 1135 150.4
0,60 136.4  152,9 175.6 1B1.B 123.7 156.3
0.65 144.,3 1617 1849 1836 1351 166.7

rower '

t@”ﬁ@t@r 056  0.76 Eﬁéa 2»‘25 1.175 1.26
: 3.0 2,97 800 5.9 4.8  6.55
k- TeB  Te58 2,85 2,26 4.60  3.44
Initial 82,1  203.1 127,85 102.0 80.2 108,
ﬁ%ﬁ“t . *
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trip circuit cnd the time required by in circuit
brecker to interrupt the fault current. The syetem
which ie unetzble for a partiomnlar type of fault onn
be med. gteble by cltering; the existing relay ng
syetem or by moderniaing the eircult breckers so

8 to decrecse the clesring time.

Zhe lower the impedence of the fault
shunt, the legs is the power exchenged between
synchronous mechines for a given engulayr displocew
ment ond therefore, the lower is the stability
limit for a gtvaﬁ feoult duration. Compering the
feult shunt impedance fo: seversl type of faults
shows that the impedunce is lowest, i.e. mero for
three phase ghort circult, higher fo: double line
40 ground short circuit, atill higher for line to
line short circuit and highest for the 1ltne to
ground short circult. It fbllnws thet moat severe
typre of fzult ss regorde power sycltem stability is
concerned is the three rhsse ehort circuit followed
in ordcr of decressing severity by the other types
of frulte mentioned ebove.

In nmeking stebility studies some 3u&gament
ie necessnry in chooeing the type of fsult which is
agsumed to ocour. The easumption 0f 3 pvhase fault .

gives conservetive results. However, 3 phasé fault



wd -

do not osccur frequently eapecially on H.V. over-

heed lines on steel towers. Double line to ground
are aleo not very frequent. Single line to ground
foults sre the most common one on the power system.

In dealgning 8 system or 8 modificotion
to improve stability it mey be eseentisl to lmow
the dcgree of relicbility of service required emd
the cost of echieving the pome.
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CHAPTER = IV,

CORCLUSBSIONS,
4.1 Ste State.
_ As sesn in Chapter I, the power tranafer
between two generators in sn :l;aeal system with no
resistances will vary sinuseidally from sero to meximum
| ond will be given by the following relation negleeoting
Saliency.

PuRE gins

Msxioum power = ¥.;E, when 3= §0*

X

The system will be within stesdy stste stability limit
if en inoresse in phase angle of the lo;ang mchm | 4
ssy 5° and deoreesse in angle of the lagging iaohtnt by
sone engle say 5° results in increase of pewer dutput
from lesding machine snd deerease in pewer output <fLrom
lagging machine (4f multi-mechine system then intermedisse
mashines z2re sdjusted to give the smme output). In an
integrated network, the maximum phese displacement bet-
ween the leading snd lagging machines is 40 - 60° end
eannot sppreach the theoretical limit of 90°. Abeut 40°
phese displacemmnt will be ressonedle to meet any trem-
sient distirdance in the nystem.
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In the syetem studisd the phese displece-
ment between upper sileru, the leading machine and
Tungebhadra the legging mschine is sbout 46 - 48° to
effect the required transfer of power ss per plenned
generrtion end load schedules. It ie found from practice
theat initial phase cngle should not be more then 50-55¢
otherwise the aystem will dbe unataﬁla during trengient
conditions. To btring down this engle, the trenemission
syetenm csn be strengthened (moking low resotencs by
perellel eircuits, compensoting the reaotaonce by series
cepecitors etec.) smd gemerstors could be of High shorf
Circuit ratio.

4.2 Tremsient Conditions,
Under trensient conditions, the power is

crlculeted with the use of transient reaétannc of
synchronous machines send the voltege behind the transient
resctence. The major fectors affecting the tronsient

stabllity may be listed sp followwes
i) Generctor @523 rpm2 = Oreater this quentity,
the lower the nocelerating oconstent X,

11) System impedence which must include the
transient recctonces of rll genereting
units. This affeots phese sngles and
the flow of synchronieing power.

111) Duration of fault chosen - Durstion will
depend on the oircult breskers spesd end
the relays.
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iv) Gemerator losding prior %o the fsulta which
will determine the internil wyoltaege ete,

v) System losding ~ whioh will dotermine the

::;::s“ “%’tw;fm ?-: J::{.nm s.ntomal

Trepsient atobllity studice os mey be sean
from Chopter IIX meinly involve the investigation of
these foctore #0 e8 t0 give the minimm overall cost.

Item (41) end (41%) ere very mportaht end
conpromlice ie sought betweert the system requirement ond
the cost, High short circuit ratio generators, stronger
tie lines between the verious eanerating Stations (mmber
of perallel o&reu:l.ta orn be increcced so as to denrenaa
the electriccl dietrnoe bet_wwn for off stations) emd
“high speed circuit breckera with feet releys will no
doubt mcke an idenl power cyetem tut the coet will be
- very much, Hinisum requirenent dt the syétem can be
found out from such studics,. |
4.3 Voltege of trenemission deternines to &
considorgble extent its KV loasding. The reted loadings
of most of the high wvollnge trensmiesion lines bedow
300 milen, is the surge impedence loedings. By surge
impedynce loeding or natursl lording 4a mesnt s load
of spproximntely 400 ohms equivelent impedence to neutral
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and 18 equel to 2.5(kV)° in kWs., eerresponding te
ine length of 300 miles. Por whic:losding 1°X of
the line ¢ equals the line cherging velts- amps, the
7 being wmity at the sending as well as at the
receiving end. Yor lemgths even upto 100 miles the
K¥ loading oould not be exceeded grestly over the
8.I.1. because of incressed KVAR zpscity ejuired for
transmiesion of the incressed losfing.

On these studies the loedings on 220 k¥
1ine 50 = 100 miles in length were sbout 125 - 150 MW
per cirouit at sn sversge FP.F. of shout 0.85 with a
lines comductor of egquivalent c¢opper crosseetion of
O.4 8. inch. For 132 k¥ line the load trensferred
per circuit was sbout 40 - 50 MW with copper sguiva-
lent 0.15 to 0.2 sq. inch. |

System losding together with generator
lesding £ix the phese zngles over the system and deter-
mine the mergins in sngles avsilable for swings.

4.4 An imeresses in imertia of the generstor
wonld 2la0 make poseibdles either slower clesring or
tranmission of more power without loss of eynchronism.
The time required for the generators to swing through
sny given sngle varies as /K. ¥hen s fault cceurs,
the rotor of s generator nearest to the fault starts
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acealoerating fester as compered to the other gensrstors
in the system. Itz output delivered to the system
decressed snd the asme is used up in escoelerating the
sotor (power fed to the fault is negligible, P¥ being
almost sero). The other generators on the other hand
get over-londed, with the result, the phase sngle diffe-
rence incresses. The rate of this incresse depends on
the atrength of the traxgaiuien syatem, 1lnertia of
the rotors, ssverity and location of fault etc. ¥hen
the fzult i= clesred, the sceelerating rotor gets loeded
end the others get relieved with the result that the
rote of increass in the phase angle staris decreesing.
The system will settle dack to its stesdy state condi-
tions if the rotors of the leading end legging machines
- have not drifted too much sapart at the time of clesring
0of the fault. 7This depends on the total time teken bet-
woen the initistion of the fault end its clearsnce end
aleo on the initial esgular difference between the machimes
before occurence of the fault. All this interpretstion
will be quite clear on exmminstion of the swing curves
plotted in ceasee 1 t0 4. '

4.5 Oircuit breskers and relays have been the
Principsl fectors to date in bringing syetem stability
t0 its present stage. High Voltoge A.C. Circult breskers
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are evellable with interrupting speeds of 3, 5 =nd 8
eycles. For some rpplic:tions 2-3 cycles operntion 1is
common { 3 cycles bresker time plus 1 cyole relsy time).
Fest clesring of feults is consideored to de most impore
tent fector in meinteining trensient stcbllity. 3 phase
frult on the systex (cose 4) was studied with foult
cleering in 0.2 seconds { 8 cycles bresker time plus

2 cyoles relny time). The system was found unstsble.

By reducing the frult clezrence time to 0.1 second

( 3 cycles breuker time plus 1-2 cycle relsy time), the
cempe gyetem for 3 phose fault wes found stoble. A less
gevere type or locotion of short circuit would permit
either slower clezring or trunemigaion of more power
without loes of synchroniem.

Eigh_ spead reclosure fo. improving stshility
iz ¢ step in sdvence of Righ epeed clesring of feulte.
Its effect on reising stablility limits is especielly
merked when applied to single circult ties between
ayntams; for without reclosure the power linit for s
single circuit tis is gero wheress with reclosure the
power limit may be considorasble. Fhile the line is open
to permit dceoonigetion of the | osre, the generstors
nt the too ends of the line drift épart in phage. The
breckers must be reclosed before the generatfors drift
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too far spert if synchronism is not to be lost.
4.6 The syatem must be nble to remsin in eynohro-
rdem in the ﬁ.r-st gwing cs the wltage mgnlatbra with
mod.rote exciter response (sbout 2 per unit) cre mot eo
quick to sct in the firet swing. A machine which does
not fsll out of step in the first ewing will not go out
of step on sudbsetuent ewings as ¢ result of volt:uge
regulator cotion. | | |

Voltuge reguletor action connnt be repreow
sented on the A.C. network cneclyser (t:oiwtant voltrge
behind translient reactsnce hns been cseumed in the first
gxing). %The ewing curves drown are for first swing only.
4.7 Synchronous condenser cepscities sre in
general selected for the purpose of malnteining voltege
end consequently their stored energy i's very low £s8
compared with that of system generction (unless the eyn-~
chronous condenser cepacity ie quite lerge). They, there-
'farea. contribute little atabilising effect upon ihe plemts
of the syatem. Their sotion during feult ie to follow
the system woltrge ot the points on the system uhm they
are instrlled on & system equipped with modern High speed
releys snd circuit breckers. Their main contribution ie
in their cttenpt to mointein voltuge which improves the
flow of synchronising power. |
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About 80% of sll the fsults on everhead
tremmmission lines are one line to ground type, ‘h-nct
1f s system is stable for single line te ground
fault, it should he acceptable unless 100% contiw
puity of urﬁqu very esssntisl. With proper
structurasl designs (such as clearsnces ruggedness
of structures, lightaing protsction, guards ecgsinst
birdes end snimals etc.) snd fast clearing of greund
snd phese 1o phase faults, the possidllity of 3
rhass fesults on higher voltage -linea cen be
practieﬂly elimineted.



Trenesigsion Tinea. EVA Base 50,000

JU.X Iy.s.ffr'
Sirpur-Sellsmpalli 66 DC 27 0,063 0,100 =
BellempaDiw .
¥encheriel 66 DC 12.5 0.029 0.046 -

Remagundem-lionchls66 DC 10,0 0,023 0.037 -
Hyd!'bd-liamagunden 66 DC 125.0 0.29% 0.470 -
Tothgudsm~-Bomeur 132 S0 85.0 0.054 0,170 =
Hyd'-Ramagundsm 132 DC 120.0 0.020 0,104 0.19
Camog'ndm-Farntgl 132 B¢ 70.0 0.012 0,080 0.11
- ¥orsngel-foth'dm 132D T70.0 ¢C.012 0,080 0.11
Kurncole:doni 66 SC 56.0 0.500 0.442 -
¥echiund-U.iileru 132 6C  50.0 0.027 0.093 -
?.B.Vere-Simchlms 132DC  30.0 0.009 0.028 =
Thoni-Xurnool 66SC 30.0 0.214 0.242 -
TeBe= Bellary éﬁ 7C 32,0 0,076 0.083 -
Bellary-Adont 66 =C 56.0 0,500 0.442 -
Gooty=-Dhone 66 S0 26.0 0,185 0,210 -
Gooty~insmtapur 66 5C 32,0 0,530 0.260 -
Dhorm've~Anttpur 66 S5C 20.0 0.367 0.162 -
Gooty-Bellery 66 DO 4B.0 0.111 0.190 -
E.Jd.Sagur=-Kothgdmi1328C 112.0 0.037 0.196 0«09
LeSilerv=X.J .Sagar 220 650 246.0 0,026 0.166 053
U.Sileru-Bommur 132 SC 50,0 0.029 0,157 0,07
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Transmission lines (contd..)

A

Circuit i Eeve m +UsR :f UeX g ?‘“’T?
+»

Faohkund~T.B.Vars 132 IC
fimhachalep-Bonmur 132 D0
Sriseilem-Kurnool 66 L0
Srissilsm=-Ongole 66 SC
Nellore-~0ngole 66 5S¢
Nellore~ienigunta 66 SC
Chittor-Xelikerdi 66 SC
Renigunte-Pekale 66 DO
Fekale=Chittoor 66 DO
Fekale-Kalikiri 66 s¢
Cuddappsh-Kalikiri 66 SC
Cuddapreh-Fenigunta 66 DC
Cuddappeh=Gooty 66 IC
He.Seger-Syd'bed 132 SC
R.Segar-Srisallom 220 230
Bommur-Gunedale 132 DO
Gunsdaleo=Ongole 132 S5C
Hellore-Ongole 132 SC
Srisellen~-Cuddnpnh 220 &0

Nellore~Cuddappsh 132 50

Cuddeppab=~Gooty 132 &C

60
113
75
150
75
81
56
31
16
45

56
81
98
&8
40
82
78
78
150
96
98

Gooty=- T.Bhadra 132 £C 80

0.019
0.041
0.456
0.912
0.676
0.729
0.142
0.140
0.072
0.414
0.142
0.363
0.455
0.0%56
0.004
0.030
0.086
0.086
0.016
0.095
0.097
0.080

0.056
0.106
0.630
1.260
04615
0.664
0448
0.126
0.066
0.369
0.448
0.333
0.368
0.176
0.026
0.077
0.140
0.140
0.098
0.180
0.184
0.152

0.10
0.18

0.33
0.07
0.07
0.06

EEiﬂzjl(’) The resistence of the resctcss is not nsgf;;
gidle snd sversges shout 5%. The p.u.velue
of R shown here hes been reduced by 5% of p.u.X

setting.

(**) The velue of Y, (line susceptence) hes been
PL lines. The value is for
one side of the line susceptasnce.

»PHSERE

shown only for®
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Transformer Impedances, KV: Bese 50,000
“loontion. | Kv |  Gepolty | P.O.K.
achiung 1/132 3 ﬁg:"; EVA 0,071
Nellore 132/66 2 x 20.0 MVA 0,075
Nellore 11/132 1 x 40,0 NVA 0,113
Cuddappeh 132/66 2 x 20.0 MVA 0.075
Gooty 132/66 2 x 20,0 KVA 0,075
Tnngabhadrﬁ 66/132 2 x 20,0 EVA 0'0?5
Tungebhpdre 11/66 7 % 10.6 ¥VA 0.065
Regrrjunasegar 220/132 2 x 60.0 VA 0,028
Eyd.rebsd . 1%2/66° 2 x 50,0 XVA 0.060
Nemagundam I 11/66 % x 15.0 MVA 0.067
Hemsgundem 66/132 2 x 50.0 KVA 0.0%0
¥otheguden 11/220 2 x 75.0 HVA 0.030
Sdrpur 132/66 2 x 20.0 VA 0,075
Remagundrm 11/1352 2 x 40.0 KVA 0.060
Upper fileru 11/132 2 x 75.0 EVA 0.030

A




(1v)
Zronesisrion lipes,
Lere seone afipeaentes \eselli & By aiypsaencens
SQmbined) «
Ciromit - lmr. l Tength P.v.zzg l?.n.xo
Machkund-T.B,Vere 132 ¢ 60 0,063 0.286
Gordvidi-T,.B.Vara 132 D¢ 34 0.035 0.086
T.E.Vere-iimhechalam 132 DC 30 0,032 0.243
fimhechalem-Bommur 132 DC 113 0,115  0.532
Borrur-Gundsls 132 D¢ 8} 0.0861 04380
Hyd'bed-Rempgund am 66 DC 125 0.165 0.566
Gunedale-Nellore 132 8¢ 150 0.200 0.865
Rellore-Renigunta 66 8¢ 81 0.949 22320
Cuddappah=Renigunte (Equivelent 0.3521 0.767
izpedence) o ,
Cuddoppsh-Gooty 132 8¢ 98 0.205 0,510
Cuddeppeh=Gooty 66 DC 98 0.845  2.649
Gooty-Tungathsdra 132 §C 80 0.167 0,415
Gonty-Bellary 66 DO 48 0.261 0.807
Bellery-Tungabhsdra 66 TC 32 0.202 0,605
Bellary-Adont - 66 8C 56 0.892 2240
Adoni=Xurnool €6 56C %6 0.892 2.240
Xurnool-Thone 66 80 30 0.307 0,745
Kurnool-phone 66 DC %0 - 0a141 0.339
Phone-looty 66 8¢ 26 - 0.264 0.690
Thone~Gooty 66 DO 26 0.123 0.2%4

Yote. (") The resistance of ihe renciors cre not negiie
gidle cnd averages ebout 5%. In the value
shown for mero sequence resistence, 5% of the
sero sequence resctance value has been sub-
tracted.

For P} ;%nag, the zero seq: cepacitive susncew
pience of overhesd lines in grounded wystenms
oan generslly be neglected s in the Iuvl%
studies involving sero seqinetwork, it will
heve no sprrecisble effect unless wnusuelly
long lines cre involved,



(") Z¥A Base. 50,000
Irsnsformers. (Jero seguence impedsnces)

Station. K@ltﬁg’!; il 0.8 aapaeity!eonnoonu-. P.UJXo )

Yop Ror For
11/132 3 x 25.9; Delta/Star 0,051 « -
3x 2 with grove - |

ndad neutral

Gerividi 132/33-11 3 x 15.0 Star/star 0.094 o.aoa 0039
both neuirals
grounded with
tertiary delta

Staa'ehle 132/35-10 3 X 4000 4 0.116 0.006 0,044

Gunadala 132/33-11 5 X 7,50  =do~ 0,145 0.005 0,074

U.54leru  11/220 1 x 150 Delta/Star 0.04 = -
with groun-
ded neutral

Fegers'gr. 220/132 2 x 100 Star/auto  0.031 =0.0I7 0,065
. with an suxs
delts winding
neutrals
grounded.

Kotheg'dm 11/220 2 x 75.0 Star/star 025 O 0.0M3
| ' with bdoth
neutrals
grounded &
tartiary
deltes

Hyd'bsd  132/66=33 2 x 50.0 -do- 0,048 0,002 0,025

Ramggundss 11/66 % x 15,0 Ster/inter 0.09 - -
' stsr both
neutrals
" grounded.

Nellore  11/132 1 x 40.0 Delta/ster 0,09 - -
neutral ‘
grounded.

Nelliore 132/66 2 x 20.0 Staxr/suto 0,113 -0,05 0,188
, with s suxs
a')-tﬁ 1'1!\‘131" .
Bneutral groun.
ded. '



rapsfo; .

XY

L

8tation faltm

(vs)

(Zexo sesuence impedsnces) .. eontd,.

{lo.& Capscity [onneetions. P.ULX,)
MYA

o

Cuddsppsh 132/66

ooty 132/66
Tungabhee 132/66
dxre,

Tungabha- 11/66
dre.

2 x 20,0

2 x 20.0

2 x 20,0

Tx 10.6

Ster/euto 0.113 -0,05 0.18%
wlith an

suxsdelta

winding,

neutx

grounded .

wiiGw 0,113 ~0.05% 0.185

i O 0.113 «0,0% 0.18%

Delta/Stor 0,056 - =
nesutral
grounded.,

H



(viii)
KVA Base. 50,000
Generator Adjustuent for Transient atudics.

Locetion. X3 Terminsl losding. Epen.
Voltage. M.¥. HVAR (Vogt&gc behind

x& )
FKellore 0.254 100.9 28B.8 4.0 105
Remgundem 0,224 102.2 38.0 22.5 114.5
cileru 0.086 101.0 123.0 14.5 107.0
Machkund 0.075% 102.2 113.0 17.0 106.5
Tungebndhra0.119 103.0 57.5 25.5 110.4
Kothegundem 0,136  101.2 62.5  34.5 110.5

-

- Generetion{Hnted output) Condenser Crpacities.

]
]

Ioeotion  Mei, EVAR |, Iscotion. VAR
Fellore 30 18,7 * Byderabed 24
Remogundem  37.5 28.2 ' Renigunte 5
Tungabhedra 58.0 36.2 ' Cuddeprsh 12
Ve Sileru 120.0 58,0 ' Gooty 5
Mechkund 110.0 6€8.6 ' Bomur 15

Kothegundesm 66.0 49.5 : Gunsdaln 15
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