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Field, Direct Axls, Quadrature axis current
Fleld, Direct Axis, Quadrature axis flux linkage

Fleld, Direct Axis, Quadrature axls winding self
inductances

Mutusl inductance of fleld and Deaxis winding

Direct axis, Quadrature sxis transient rextance
including external reactance if any.

Neaxis, O-axis reactance

Direct axis and Quadrature axis equivalent
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Angle batwesn generator voltage snd hug

Voltage -behind tunvsient reactance or bus voltage
Flectric Speed

Frequency ¢/s

rlectric Sneed, rad/sec or P.U.
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Direct axls transient open circult time congtant

Dirsct u!u subtransient open circuit time constan



eantan
LEDNOTING 2NN GYATTINT 2T TN PRYILT

ho Sonrolcent otabiliicy 1init Lo ¢ho manicun Dewer that tho
orehing con cunstly undop cucdon dlstuzhoncn witkwt folling ovt
of oynchonicoe Teonsiont otodllity otidlos npo {omestont, oingo
on octuol {omeor oyotom o aluoyo nococlantod with lorgs op cnoll
oloo dlgturnsos which ¢35 na8 couno tha oyston 2o bo ¢ruoly in
tho o6¢oady olntoe The atudy o7 tronciont otobility shxvg o
porfornrnco of o syaton vhon cukloctod ¢ cuddan dinturb-rcage

Tho o¢obility infoxnstion obloincd for o limoar oyotcn fron
tho gonto of ¢hn ech-pncloristics oruntion ImHlico tho gtobility in
tho mntlizo onncee “uch gn infeoronco in o ranlinooy syston 4o
&nvnlid(X}a Boeguae 400 atability donondo on tho pozxonotors and tho
inictiol condtinng. Thepofora. 4% 40 ogsontiol to dotomming Cho
in8¢iol cn-ditlinng éafining tho roslon of otobllity. Tho ¢rojoctorny
of ¢ho syt ohich hag on £nit&dl condition within this rocion,
22l roymtoticnlly Cend to the otoblo oguilibeien ototed oo tino
Wndo o Lndlnitys This indicotoo ooyntotic otobllRy of tho
oyntcne  Tho neasont mathads of cnnlyoing tho gtobility of ¢
omge ayoten urdor fenngiont conditisng invelvo tho omplicle
colutlon of ho eonllinoor &1 ‘orgntlol oquntions doegsezibing tho
Pnu0T oyoten dynondco, 0 ohporve wiathor tho voricup tachinos
2o ¢ nirtnin o logo oynchronico, opo quito todiuge

Tho Airoct or occond 0thod of Liamunov‘9)°‘3)°(4) iotod
- o otoming tho pobility o+ fnotatility of tho ocuilibriun
ototes Athait tha netenl cnlutinn ol thn oyaten di{¢orentinl

aes0tdnnge  Tha motind of Lir e funetions hng ¢ adventne



of boing opplicoblo to cultinmoehing oyston and ootollich ¢ho
pocicn of novedtotic oCabllity. Algo ¢hio oothod dotomninog
tho ericlcol cwitehing ¢imo with ¢he holn of ruroricel coluclen
to ¢ diffosontinl ocuationn of tho oystome Tho Phogo-pleno
mthed cloo dotosminas ¢hn otability or dnptobility of tho
oyaten €220 Cho notupo of 4o phaoo ¢rojoctosy.

e  ATATTITRA B RAN

o nzoblon 1o to detosmino tho otobility of o
oyrohgomus mehino uoing phoco plono oad Llssunovto cothode.
In tzenolont otobility otudios, 1¢ o mocopoozy to lrmaw R0
whot ontont ¢ho eystc &9 otohloe It &8 nlco nocogoney $2
atosning tha onnet critical gwitching tino, Ey which tho gyston
con bo zoptorcd®y 4Co ﬂasmml‘awnzaﬁioﬁ on cxitching ot ¢
griticnt €400 |

In rehicving thig, tho Onthomatical mdol of tho oyston,
with Yoccoe numbor of oosurptions ¢ oo to zoprocont tho actual
orele 20 o noaros opsoninatlisn, s dwolonete  Tho phoso
ploro noting 8o usad R0 toméno tho otability or Ingtahiliey
of tho olaclo oaching oyoton €220 tho naturo of 4¢n phogo
tcojoctonliage Vo dotogmine thn zocien of otobllity ond
celedcnl omitohing time tho soeond mothod of Licxanrsy 1o wocde
Tho celtlcnl avitching ¢ico {or tho malcliocching oysten wdthout
o~oalator cotlon, fs ¢otoxnlingd by omtending tho socond motlhod

of Lirnunove N



A REVISN ON THE TRANSIUNT STABILITY
OF SYNCHMINOUS MACHINES

2.1

The preblems ssseclioted with the msintensnce of
stobility of synchronous machines in Power systems have reselved
considerable attention in recent vears. This has led to
continaus {nvestigstions in the subject and several authory
have contrihuted tz;ward: tha study of pewer system stabllity
and methods o solve gtability problemss The Important
‘agpects of stability problems are to detersine the trimimt sty
bility regions and eriticsl switehing time of power systems.

Howevar, on thess lines, Kiahnkm and armv(ﬂ
discugssed the application of equel sres eriterion, point«by-point
ssmputation of swing curves, grephical integration of swing
®ixves, snd pre~csiculated wwing curees to determing trangient
stadllity and critical switehing angle and critical gwitehing
time of power systems. Their discuasions gained importance
since these metheds give atleast an spproximate selution to
the stabllity problem.

Later in 1908, A-ylattu‘" probably for the firet time,
used an entirely different spproach namely, the energy Integral
eriterion te study the translent stebility limite of power
systeng. He devised the methods w 1dont1fy£ng the natuzre of

)
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the phase trajsctories in the study of nonlinasr seeond order
differential eguations witheut finding the solutions to the
scuations and derived the fermules for the eritical switehing
time. However, the importance of this peper is that 1t gives 2
method of finding tho critical ewltehing time, though spproximate
and alds In detexwining the transiasnt stabllity limits with
is.ual assumptions without finding the wlutlém ts the gysten
diffarantisl equitions. |

After Aylett's mxlé. Dharma ﬂ»"‘” in 1962 presented
s new spovoach to the trangient gtabllity problems By energy
mthods he found out a rapid way of dcttxvdng the critical
switehing time, while Ramschandrs fao and Dharme feo!®) guve
¢ simple graphicel method to determine the critical switehing
time for a ;iuph system. The hpomnf;c of theas papers is
that they give a nthod of rapidly determining the eritical
switehing time of a eonservative system, |

Later in 1966, Gln"‘ud TwAblad and mqwm(m)
invastigeted suesesafully the transient stablliity of multimachine
system using second method of Lispunove Thouoh they used many
assumptiony, their investigetions sre of at most importsnce
since they have provided an approach for automatie detexrmination
of stabllicy,

In 1987, sc!mln‘m) fnvegtigeted the steblility of
various systems of synchronous maghines “,“M Iingsriged
systom of differential scuations:s He solved the problem of
stability in exitical cases sueh u when the charscterigtice



eq:ation of the lineaxised systen has rots with reat parts
equal to zevo without having any othar mots with positive real
parts, by setting up Liamunov funetions.

Just in the same year 1967, tiatessn and mnlkoulm(”)
went a step further and st:died some aspacts of the transient
stabllity domain of integratad power systems ircluding governor
action using Liapurov's method.

In the nregent dissertatio , transient atability of a
single and sultim=chi ¢ system is lnvesticated,teking into
sccount, saliency, damping and requlstor action a0 es to
represent the actusl system 2o a nearor a@pmxzmtion.udng.tho
ganeral and nawerful method of Lispunov,

2.2  ACRITICAL mryyed

The problems asenciated with the maintenance of stability
of synchronmus machines in power systeme and the methods of
aralyse the transient stability of power systems 1s reviewed in
this 2rticle.

Kimbaxk %) and Gmry‘é) haved discucsed the application
of esual arer criterion, pointeby=point conputation of wwing
cuxves, arsphical irtsgratisn of swing cuxves, and pre-calculated
swing cuzves to deternine the transient stebility and critical
claaring ancle and eritcal clearing time. Both the authors in
thelr stabllity stuciles discussed the effects of (1) fiux decay
{2) woltage reculators (3) emortigseur snd prime mover damping
and exwcltation systems. They @phagiged that ths trasnsient
stability limit can be ircreased by rsducing the time of fault
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Og ® Bonlg? bgly | (2:2)

. o & _§
o
q g Q _J

reon {28} ond {2.2), tho voldng oguokdong fa logog of
090k, Alocst onlo ond cacdrotugo cnio flun Melngoo ozo

GQ o L\Q .‘*l{z ¢ P Qg (&00’
Od S D {'\C} ¢V QQ "{3°4)
OQ e D Oq o V @d {2.9)

720l colutions foz Oy ond Oq,ﬁm:a ocuntisng (3.4) ond
(2.9) con B obRalned ao |
OC} o e OJKJ {3.0)
Qq o ¢ 0(:_/(7 - (3.7}

Slncn, norlesting Qoonaformor voltoges and cubotitating
Y e, tho (Ron 84~Nncoo 0(3 cnd 0{3 90 {34) ond (3.5) o
O'd o o(cqlc:} mnd OQ o (o(/w)e

‘ol 3¢ Gap ~ ¢ :

tslon ¢ho solotiong 04° Uﬁ ~Sin 8 ond oq = ﬁﬂ Coo O &0
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Od C e Q? Coo &/ 1) ‘308)
Oq o ¢;32f:$lm8/w {3.9)
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Substituting 1 &n second of the equations (3.2)

., 0= L4, et P tea? b T
¢ " Letettae .
r' [ L' p
or
“ - 1‘ o m—— .
| Fetlew rgtlep
Neglegting the teiwm (L’Ld - l.“"). % becomes
L, ¥ L.®
), * 1, ‘! o Mt (3.13)
gtlep Tgdlgp

or :
1, = .’J q,a‘..l.'.ﬁ..... - &1..‘.': (3.14)

Ly Lete Lg%
or

L, Cos & T.' E '
!.‘ % = h'-r"-"' l' sin &D(ﬂ’n "‘g“‘ + "*& (3vl§)
wi -

where §; = j,-;l‘ LI is the gquadrature axis transient intemnal
veltage.
From third of the eruations{3.2)

L $in &
i = Iﬂ - &-—-——- {3.16)

q X

q q
The electrical power fs given by
Pe = Wl ig® =1 %) | {8.17)

Substituting $,, ®., &, and &, from (3.8), (3.9), (3.1%) and
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[2:1¢) 8n {047), tho cdocirienl peror o

P, © ﬁwﬁnaoﬁ”wmaw)gmm
A

{1 o Coo 25} % (3030)

Tho olcetroochaateol powor oauation of o oynchzorous noching
Aeh Do urltten oo

(i / oet) e Py © Pge B, {3.19)
wi}iec) DO 8o tho cccolornting Porow corrostcd for 300000e
op
e % ¢ [ I 1 7% ¢
mw¢%&g§a3a {2 o Cog 25) m@%%ﬁﬂﬁ
N
sm{bo o Lyotna o pg (5.29)
Q ¢

$i20, tho clostocnochanicen) roswop ccantion of o golicat polo
gynchgonsys noching 40 o pocand ordor orllcang dlfforontlial
oruntdsne 100 cocand and founih Cor on ¢k loft hond olen of
0 ocaotion (9:£7) omoe ho dening powor dovolopcd by tho

chancoy of fAcld flun 34nlers ond tho mowor Covolopod duo &
cokicagy rocoestivolys
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3.1.2 Zynchronoug Machine with Reculstors

In this case, as shown &n Fig 3, the voltage propertionsl
20 the power sngle and the veltage propertionsl to the time
dorivative of the power angle are spplied to the field in eddition
te the stesdy state voltage of the fleld winding. Tharefore the
voltage squation of the fleld is

0y = S, VK84 NNpB) m po g ep W (32D
substituting (3.21) in (3.14)

Cos 8 Ta' Bt ks ¢ kopd (40
- . % *%ﬁiﬂﬁt‘ﬂ}a*ﬁ"* »

wheze

R, * -&-k, k,.,--“k ' and ,1.__4;,“

The slectricol power is qivm by

Pg = wl 1,0 - 1o % | (3.23)
substituting ‘a**q' g and 1 from (3.8), (3.9), (3.22) and
{3.16) in (3,23), the electrical power is

P, * _L&.smn-g-(&- -L)sanm
‘pi’.i....a.sm&*-ﬁna &.MJ

ar '
2%y
The electromethanical power night be written as
]

.
il -ﬂrb-{ 1« Cos mgtﬂzms.m
o-iksint éh:-l.t.sin&
4 d

s .
enl-;»(é; - \i:) $in a - 9'1 (3.28)

ie

(1 « Cos 28) (p3)  (3.24)
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Tiwo, tho oloetronmelmaleol powor oguotlon of o oamé:m
colo oyncheomuo maohing with gogidotors Lo 0 sooond oxdor mone
eoor GLe0recntiol oguntion. Tho vocond, Shisd, €L4Lh ond
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3.2  APPLICATINN OF THE “HASE-PLANE TECHNINUE
The phase-plane technique s used in the transient gtability
studies to find out whether the system 1s totally steble ox

unstable. The system {s stable 1f and only 1f the phase trajectory
comes to a stable operating point, otherwise unstable.

The phase trajectory of » second order nonlinear differentiy
equation may be obtained efither by graphical methods or by
numerical methods., A detalled descriptinn of the graphical method;
is found in (3), (27), (28). Rungekutta methoa{29)+(D)4(31) o4
numerical solution is superior to graphical methods, Decause, 1t
gives mors accurate results, the coMputations can be done on
digitel computer, and the tine solution ean simltaneously be
ebtained.

As an example, a nonlinsar second order differentisl
squation (3.20) %s solved by Rungekutta fourth oxder method as
follows:

The squation {3.20) can be written as

a3 ] |

v 4 {leCOg 28)o ¢ g Sinb ¢+ D SINn 28 s P {3.26
a* dt

whuv . 52 ch

- 5% . - -3-- (& . -L ) and ¢ ® eem———

xdoﬁ
The equation (3.26) is converted into two firdt order differential
equetions, 3 | '
&

—— L' 4 (3-2‘4
dt



R

dv
St P-asiniobsin2. ¢ (1« Cos28) v (3.28)

If the initial conditions are,

5 o 6n_1
v " Y
t - tn-l

then the ordingte at the nth interval can be obtained by Rungekutty
formilae. |

ﬂ&l = H (vn.l)
dvy * H[Peasind, - bain2s 4= (2-Con 2, )y, |

where H is the increment in time.
&, = H [”n-l 4—? ]
dv, = R{P - a.stn (6"*1 + 123) - .b Sin 2 (lim1 + ;‘%!-)
-8 [1- Cos 2(5“_1*3—})] "mz*i:l)}
é,. = H [vn_i + -‘—:2 ]
dvy H{P « asin(d .+ f—z-z) - b $in 2(6&1 + -23 )
. c[l-Cos 2(6”1*'%2)]('0“,1*%3)}

c@[l-Con 28y ¢ @) (v, ¢ dvy) }
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The valies of 8, v and t at the n th interval aye,

8, = 8,1+ % (65; ¢ 20, ¢ 2d8, ¢ 6b,)

Vo ™ Va1t 3 (av 4 20v, 4 20v, ¢ avy)

t

n " "n-l*“

The processis repeated as many times as necegsary. The entire
procsdure given sbove, has besn programmed for an IBM 1620, and
the program is given in Appendix I.

3.3 THEVRY OF THE SEOOND METHID OF LIAPUNOV

Lispunovts Thmua(3) states: If a positive definite function
V(xpxz.nu,xn.t) sxists for a system of the n th order, described
by the oxdinary differential ecuations

ii - "" ‘ﬁlg ng sescny Xn,. { = 1,2 s g

g0 that its derivative with respect to timo along the trajectories
of the system U = M"l”‘z""""n) is negative definite, the svstim
is asymptotically stable.

The funetion V, called Liapunov function will yield 2 strong
sufficient candit!onn)'“). To study the gtability of the system,
the Lispunov function is constructed satisfying the following
condi tiongs

) 8 The function should be a continous sealar function of the
‘state variables. ‘

24 Its value at the equilibrium state is zero and is positive
inside the bounded r@gion Re
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3o Ito ¢ino dozivotivo ghould onldst nnd bo continuous in o soglan
R ¢2finod by V<D whoro D &0 o positive congtont qudlity.

8o Ito ¢imn dorivotivo ghould B> mogotivo in R oneont ot tho
ocuilibrium otate whaze 1¢ voniehog.

Thopo oro m gonercl sulos to conntruet Lirpunov functiong,
plohouch gnocinl mothoado hovo boon dovolepod for corteln elaspes of
gunctions. Tho upupl mathods of genorating Lispunov funcéiong av0
0 qandeatic foﬂm(a) o 0 vorioblo orxadiont mothad(23)° (24)0 ond o

cuodentic oo plug an mnropriato intogral(%),

Tho oimyloot onacplo of on actual Ligpurov function is tho
total enorgy in Cho oyntea. In o oyotom with differontinl cquation

¥ ogm 4 ¢ gl o 0 (3.20)

. tho Linpurov funetion nipght bo writtcn, using the total onoxgy, that
i0, tho hinotic o-axgy 6f tho systom plug tho potontial onexgy stored

1n tho syston, ap

(m* 7 |
v o wzwéf ggfn}-dt: (3.20)
Q

Thig function 4o noolitive dofinite ovor the whole phago planoe Tho
ino dorivativo of ¥ o

Ve k¥ o gyln |  {3.21)

e & (H9 gyln)) (3.32)
Subgtituting for % fom (3.29) in (3.92) clvos

Ve il oo gln o gyl ) (3.33)

v o o gylu) o . (3.34)

v
-
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which is always negative or zero for damping para‘mmr gllx) positive
1f damping factor gl(x) 1s 2010, V {s rexo and V s constant and the
system travels along a contour of c¢ongtant energy and 1s stadble, &f
gl(x) is positive, V ig negstive and therefore V and the system energ
decrense with time. Such » sya“em is asyrptotically stable as it
comes to rest at a stable ecquilibrium, 1f 91(3:) is negative, t'e

energy would continuslly incresse and the systenm would bo unstable.

3.4  APPLICATINN OF THE_SEONKD METHOD OF LIAPUNOV

The method of application of the second Liapunov process for
establishing the region of stabllity and determiniag the critical
switching time consists of the following maln steps:

1. Congtruction of a sultable Lispumov funetion.
2. Detarmination of the equilibrium states of the systenm
~ before the disturhance,
ﬁc Determination of the limiting value of V
4. Forwdzd integration of the disturbsd system to find the
eritical switehing time,

The above steps are explained in detall as underx.

3.4.1 Congtruction of Liapunov Functiong

In view of the many eha:lcn avallable, 'what passes for
competence 1g » knovllcdge of previous fortunate experiance' (3) 1s
still not insppropriate. Various Lispunov functions were tried,
before the Lispunov function bssed an energy concept is found
suitable in this stadility study.
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The Lispunov functinr for 2 sy"chromus maching without
requlator ¢an be cénatmety% using the total anergy in the system,
that is, the kinetic energy of the system plus the mtenua}.
ensrgy storsd in the system, as

vV e %!ﬁ%v’
8 8 _
& s .(91- Eé;h Sind = %{'&t - %;) sin 26) éb (3135)
ﬁ.
or

v e %ﬁv’ - py(oes%) . -%(7053 4 = Cos &%)

2
e 2.4d . L) (Coo 26 - Cos 2% (3.36)

This funetion is positive definite over the whole phage plane.
The time derivrtive of V is
. By 8 :
Ve dveve (o 914-{5 z%&n&&%f%—-:%—) sin 28)v {3.37)
d q d

Substituting the value of v fron (3.20) n (3.37)

GT 'l
¢ = %ﬂ-u-mmv@ (3.38)

which i always negative deflrite except ot the equilibrium where
it vanishaes and the cuilibrivum is asymptoticnlly stable.

The Liapunov function can similarly be constructed for a
synchmnous machise with regulators using the total energy in the
systen, as

1. 2.0
Vo %Mv‘t[-(?,‘.-hzun&--%(ﬁ-%) Sin 23

5* &x!
- oB.51n8) @8 (3.39)
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er
.. 1%
vy = 1“”'"(6‘“’““(%.6060‘6‘) w
2 i g ,

, -
1 1
0-:2-(-‘-: 1-*;;)(0'.”'50‘25‘)

- %l(sin 8- sin 8% o %1 (8-8%)(Cost « Coss®)  (3.4)

Thh function s positive definite in the whele phase plane, The
time dirlvﬂivc of V is

. §E | .
V & By ¢ (= pfv-*ﬂ?sms-»%-(%-%—) Sin 28
é q d

k
4 &*;’1 8. 8n8) v (3.41)
Substituting for v from (3,2) in (3.41)
‘ k B ﬂT §
(l ..».%-351:15”‘;» -g;—ﬁ-(l-ca.%)v' : (3042)
' é
d .

which is always negative definite and the equliibrium is asymptoti-
cally stable. ’ |

3.4.2 fguilibrium States

The stable equilibrium state of the preedisturbsncs system
is found by Newton Raphgon nthod‘w) with the veloeities and
astcelorations made equal to rero, since, at the equilibrium state
wlocities and accelerations are sero.

The unstable equilibrium state closest to the stable
equilibrium gstate is found in the ssme way as in the case of stadble
equilibrium, but the initial value of & is chosen as % radiang,
since the stable equilibrium value 8% is spproximately sway from



. . . | 93
unstsble eguilibrium value &Y by (%.8%), 33 shown in Fig 4.

The equilibrium states can also be found from the potentiel
onergy of the Lispunov functions The valug of & which gives the
minisum value of the potentiasl Qn?ugy is the stable equilibrium
ste~te and the value of & which glves the maximum value of the
potential enexgy is the unatabla equilibrium state,

343 Limting Vale of ¥

The limiting or the maximum valus 0f V in the closed region

R §is given by
B = v(a® 4 v , (3.43)
‘V“ . 0 (3&“)

The surface given by W8 passes through the unstable
unilibthlm state. The regi-n R Includes only the mnibﬂum state
under the investigation, At this egquilibrium state dV/dt is zere.

3:4.4

mﬁﬁ.q the forw zd (swing curve) integrstion of the
disturbed system, the state at svery ingtent of time is tested to
dotermineg whethar or not 1% {s inside the region R, by checking
the sorresconding value ofiv agalnst B which serves 3s an index
for the region R. The time at which the value of V is Just equal
to B gives the c¢ritical switehing anale and the cirtical switehing
time,

35  NUMERICAL EXAMPLES
The synchronous machine connected to sn infinite bus will
be esnsidered. Assuming average values for the machine constants,

the power angle equations for both the systems will be obtained,
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with requlaterss

Vs %“V’ *J(w-032 Sind + 0,8325 sind ¢ 0.210 sin 26)“ (3-‘9}
SS
Ve ‘j Mv' « 0,832 CosB + 0,832 Cosb0.832 Sind = 0.83284n8"
e 0.832.8.Co88 ¢ 0.832,8%.C0o88%0.10% Cos28 + 0.10% Cos26® (3.%

The steady state stable equuibriup and unstable equilibrium
values for the systoems with y,:-o ara found to be 5% 0% and
8¥ » 180% The maximum trajectorywhich is tha stable bundary
for the particular systom may be found by «muég v n»o and
8= 6“. since at the unstable equilibrium point the velocities are
gero. The result {s a value for V which defines precisely the
reglon of stability for the equilibrium 5 = 8% The maximum
values 6f V for the machine without and with vegulators are
Vis 1,6640 and Vebe 4.2778 respsctively. The equation to the
separatrix or the maximum phage trajsctory in the wd plane
{which 1s not necessary to detemine stability) is

v e Ji [Vaax = P-2(8)] (3.51)

where P.E(8) is the potential energy. The details of the
procedure for constructing the maximum trajectrry are shown in
Fig 8(a) and 8(bd).

The eritical switehing angle and eritical switehing time
are determined as per the procedure outlined earlier. ‘l‘h"
eritical clearing angle and critiecal clearing time for the
systems without and with regulators for an innut losd of 2.4 P.U,
are ‘e . 62.4° and t, - 0.97 see and ‘c - bl&' and ¢t = 1.03 secs
respectively.
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RESULTS OF SINGLE MACHINE SYSTEM WITH AN INPUT LOAD OF 244 PsUe BY

TABLE-1

RUNGE®KUTTA FOURTH ORDER METHOD

SYSTEM WITHOUT REGULATORS-

TIME

0,00
04
008
W12
o 16
020
o 24

. 80
«90
092
94
«96
«98
1,00

DELTA

0.000

5436
194318
304318
354093
38022
406427

ed e

[N )

606746
634244
634584
634697
634275
614684
584848

VELOCITY

0,000

4e661 .

beltll
34055
14503
14135

«980

[ 3N ]

0490
+886

1e415°

2727
6258
© 164818
424487

SYSTEM WITH REGULATORS~

TIME

0400
o 04
.08
012
W16
420
oo
.84
.96
1400
1,02
1,04
1,08
1410

O -

DELTA

04000

54351
174530
254849
294688
324236

st

504882

526721

524721
524066
50452
744022
424993

VELOCITY

04000
44480
5,083
24319
14285

991

¢ e

0324
«828
34042
74380
214675
324975
794511

VFUNCTION

0,000
0223
o481
0261
0243
+ 269
¢ 297

LR X

«588
0633
«650
e 706
1.017
34428
184607

VFUNCTION

0,000
0206
0324
0202
0215
0246

*e

W614
0666
0752
1.187
54300
124174
634651
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SHAPTER 4

TRANSTBNT STABILITY AF MULTIMACHINE SYSTEM

The direct @mothod of Lispunov may be extended to any
dynamical system, 1f the syatem can be represented 8s & mathemaical
mdel. The set of differential equations describing the multi-
mechine systen {withhut vegulators) may be developed from the
basic synchransus machine esuation (3.20), using the same assumpe
tions as in Chapter 3.1 Tiw muatiom corrnpand‘ihg to the
three stages namely pre~fasult svstem, faulted system ané poste
fault system will bw same as given by (4.1), except for the
di fference in parsmeters from one stage to the other.

N N

N

¢*s By {Tg Iy d By
Z“K .‘}:Z (1= Cos 28y) e
st dt

kel Jm1 | 2(xg)ys
> 4

] L B
¢ amveme  3in(8_o8.) ¢ ( 1 a-—-?--»--)sme(a - 5,)
(rghg  © 02 () (xdg k-
N
= Z ’K’ ‘401)
Ksl

It $s of primazy importance to determine the system gtabilit
during and after clearing the disturbanes,
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Corputor flcy chapt for ootobliohing ¢h> roglen
of otobility ond dtormining tho criticol cvitching oo
is ghown In Fig 19. '

A dotoliled coccrintion of the socond otop 4o feund
in (9), (32). Tho othor oteps oro omplainod {n dotoil 'n
tho dollowing pacooe |
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4:2,1 n ction unov Function

The Liaspunov function may be written from tho methematicsl
model of the multimachine system (4.1), using the total energy in
the system,as

Z% Myvi! ’g Pyt ")

K»} K=} _
Nel . N Bl
+ E s E -‘-;--*-- {003(6(83)- Cos(&' - 5:‘)}
Kel Jsikel d K"
R -
_..L(...L 1 Cos2(8,=8,)=Cos 2(5,%5 .9 .2
H G “d,)x;[. e )-Cos 28t | 0 La2)

The first summation texm on the z!.ght hand side of (4.2) is
the kinetic energy of the system, and the last three terms are
equal to potential energy of the system.

This function 1g positive definite in the whole phase space
and the value of V at tha equilibrium state (8%,v%) 1s

vid®o) = 0O (4.3)
The time dérivetive of V is given by
N v @ W dv
#-) tma s wmow) A
Kel -

Hence, the time dorivative of (4.2), after substituting for i
from (‘01) is _
N N

g - y >—: - w (1«Cos QQK)-V; {4.%)
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Vi negative definite for 21l veluss of Vi #xcept at the
squilibrium whers it vanishes. Therefore the equilibrium of the
system s asymptotically stable.

462:2 Egﬂibﬂum §§_‘. E'

The stable equilibrium state of the post-fault system is
found by solving the following nonlinesr slgebraic equations (4.6)
by the method of stespest Descent to a minimm‘as) .

N N ) . g b ] . ‘
Z Z ’:-!5-{—- sin(aK»bJ) . ‘Q‘L ( —d 1 !sinszx-%)

d )KJ ‘Iq"m (!d.)m
N
-> =0 (4.6)

The eqations (4.6) ean algo de represented in ginple form, as

?1(51952¢t0t0.¢ .En) - Pi «0, is= 1,2;9:;3!\ (4.7)
Defining the function
n :
@ - 2 (’1 - pi,‘ (‘09)
ia

which has s #inimum at the solution of (4.6) and the minimum value
0fd is zero.
The Process of minimising is done by changing all the

coordinates (8‘_) to (b.rﬁdbr) where d_ axe glven by
n

= [e)*]®,
az = - " - (‘39)
n [om ., 0,]
: T, o=l 2%
in which ¢ = H.r » Oh' - m
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and reperting the process strrting with these corxdinates as the
origin until & s minimiged.
As an cxamplé. the solutions of nonlineay algebraic ecuationg

N stn(&z-&l) + 1 - 0

_can be found with the ald of stecpest Descent to a minimum method
as follows. '
As per definition

2 ) .
¢ = [5"“(51'523*11'" + {sin(&fbl)41):»*:
The partisl derivatives of & are

&) » Sin2(8,e8,) « 2 Ca(d=8,) = Sin 2(8,08,) « 2 Con(s8,)
‘ ’1. " 2 Cos 2(611-62) 4+ 2 51u(51-52) % 2 Cos 2(62-»51) - 2 Sifnwz-&l)
‘1.2"’2 Cos 2(51-»&2) -2 stn(af-ba) « 2 Cos 2(;2..51) + 2 sin(s 2.51‘)

6, ==&

1" 01,0

®,,2" 411
The initial values of 81 and 62 are sssumed to be zexo and

substituted in Ql'@l.l'gl,ﬁ'@Q'Gle and @2'2 to “t "4”‘;‘4.“4.“
snd +4 respectively. The increments in 61 snd -62 are given by

L, B ]

(&l ¢ Qa) QL
O18101,1 ¢ 005 o+ O 0, + SRR, .
s )

1010116100 2t 000, 000,

(4.10)

d&x.o

mz . e (‘011)
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substituting the rumericsl values in (4.10) and(4.11), the
incyements of the angles 651 and 662 are
651 =+ 0.9
88, == 0.5
The change in the Soorxrdinates are
61 » gtarting wue of 8 ¢ increment in 8,
By ® 6488, = 000,95 = +0.5 rad =+ 28.648°

&, ; 2

8, 8,+ 28,20 -03% -0 md»- 268.648°

The value of § with these new values of 61 and 62 is
® = + 0,080263

The process is repeated until & becomes zero tsking the

= gtarting value of §, + increment in 52

preceding ordinate as the origin. The values of 3's and & for
sach process zre shown in Table I. After ten steepest descent,
the values of 61,62 and ¢ axe
51 -+ gy
62 » e 45’
¢ = 0
ASLE 1
The values of 8's and @ at each stespest descent

8y (degrees) 8, {degrees) o
0,000 «0,000 2.0000
28,648 - -28,648 %,0263 x 10”2
M4.417 -34.417 9.1018 x m-g
m.ﬂ” ~&-627 117373 % W"
4.31% ). 3719 3.3823 x 10"'5
41,923 -41.923 6.6394 x m:,,
42.951 «42,9%1 1.3080 x ”°~6
439634 n430634 2.5.“ x m.
44,090 wd4,090 3.0 x o 7
44,80 - 44,9 1.1030 x 10°

43.000 «4%,000 0.0
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The post=fault unstable equilibrium angles 6’_"‘ are found in
the same way as that for the stable equilibrium, But, for the
ainimisation of &, the initial guass of 8y for the machine, which
¢ 1ikely to Qo out of step first (most probably the machine which
is connected to the faulted bus) may be assumed to be s radians and
for the other machines, thelr respective pre-fault values.

The computer program for an !m’ 1620 1s qivgn_ in Appendix IX.

4+2.3 Limiting Value of V
The 1imiting value of V in the ¢losed region R is given by

u
i

The reglon R g deflined by V B « It can be ghown that the
surface glven by (4,2) is cloeed for V B and open for V B. Thase

u 3 forimw 1,240004,4n

surfaces complately span the reqgion R, Hence, V is grea’er than
zero in the region R, except at the equilibrium sta‘u.(bi',v")
where it vanighes. The surface given by V=B passas through the
unjtable equilibrium state closest to the geady state stable
scuilibrium gtate of the post~fault systeme Thus, the region R

| includes only the equilibrium state under investigatin. At this
equilibrium sate time dorivative of V is yzero. This state Is the
only {nvariant set in R, and, hence, the largest.

4.2.4 Critical Switching Yime

As stated, before, the reglon R defines sll the initial
¢ nditions of the post-fault system for which {t is ssymplotically
stable. In power system trnfmimt‘ stability fttudln. the possible
‘initial conditions for the post-fault system are along the
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J=8
JEL

Tho orpationg (4.13) aro canvaried dnto to flrot omdor differontin

oeuatinrng oo

" ,
GE% = VK ' (4015)
vy N -
& ° sz"Z POy 1) (4.14)
Jol
I

Tho opdinato ot the nont ingorvol can bo obtalncd by
Reneokuteo frecules
am o g:s(vm),J choro 1 S0 tho Inczonont in tiod.
N

gy ° U I}’r:‘ ° 2 f’mn%ﬁ"r:’]

Iz
T3k
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v » (v, ¢ & dvy)) |

1K k¥ 2 "k
- 1

S1x (8 + 3 48y
@, = H (vyp)

=1
JgK

v“ » {Vx + % d VM)

N
dvyy = H EK‘Z "‘xx*“w”uc"]

S = (Bt dby)
By = Hlvy)

N

Jul
J¥K .

Vsk - ‘Vx + d st)
b = (& + d3,)
“‘c = H ‘Vax}

N |

Jul
JK
The values at the next interval are .
t = ¢+ N
1 ,
aK' - 5"'3 (d8;, + 2d B,y + 2d 8y +d8,)

x * w i {(dvy, ¢ 2d Vo * 2d vay ¢ d vy

The process 1s repeated as many times as necessary. The entire
procedure given above, has bsen programmed for an IM 1620, and
the progzam is given in Appondix‘xzx;
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4.3 NUMERICAL EXAMPLES
In the following numerical examples, firstly an

interesting symietrical 3-machine gsystem whose behaviour can be
compared with that of s 2«machine system is considered, and

secondly, a more General 3~machine system is studied.
Symmetrical 3-machine system:

The following are tha congtants assumed for a symmetrical

3-machine aystem shown in Fig 1ll.

Mliﬂlﬂ -1

2 73
Pp ®=Py = 1, P = 0 |
(Yd) 12 = (Yd)Ql - (Yd) 13 - (Yd) 31 - (Yd}ga“ ‘Yd)% =]
If the digturbances are introduced by changing only Ym.
the symmetry will be maintained, and bl' -63, 62" 0,

d&Q/dt - d‘bzldt’ = 0. Under these conditions equations (4.1)
be como

S—:;i = 1. sins; - sin2s; + 3(stn 28, + stn 48))
= 2(1-Cos 23,) -:%L
0 =0 sin(8;) - Sin 8, + 3(sta(-28,) + sin 28,) (4.16]
- % = » 1 «5in(ed;) =5in(=28,) ¢ %(stn(-zbl) + sin(-48,)
= 2(1=Cos(=25,)) (- ;:-l)



Fig 1

. THREE MACHINE SYSTEM



Using the relation Sin x = « Sin{«x), {4.16) becomes

a3 1 ab
TJA o 1-5108 o 58n25,+ 3(51:\2&1#51:1461)'-2(1-00:261)-;{
(4.17)
*s, 1 3
ne ® Ju8ind,»5in28,+ a(5in28,451n48 )~:K1~00326,)~—1
The Lispunov function for the system micht be written as
au
vel e J -(1-51n8; - Sin28y + 4(5tn 28, + Stn 48,)) & (4.18)
5‘

The squation (4.18) should be compared with (3.47) for the
l=machine systems The presence of the quadraple angle term is

cauged by the nature of the systom,

Now the faulted and post-fault systems are set up. In
this case, tﬁa postefault gsyetam happens to be the same as the
pxnvfault aystqm. since the faulted line is first switched out and
then reconnected after an interval of time. The faulted system is
set up by reducing (Ydlla from 1 to 1/4 and ‘Yq}xa from 1/2 to 1/8.

The stable and unstsble equilibrium states of the post-
fault aystem éx- 5% = 31.8° and &V = §o°. as obtained by setting
up dbl/dt = d'blldt* =0 in (4,17). Substitution of these values
of 8% and &% 1n (4.18) glves the value of V = 04756 for this caxex
systems The eritical switching time obtained by this method isi-46>
It is evident that the symnetrical 3-machine system 1s much like
that of the lemachine system,
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3-Maghine System:

The general 3-maciine system to be studfied is shown in
Fig 11. The machine detalls, internsl bus voltages for pre-fault
eondition, equivalent admittances (subseptances) for pre-fault,
faulted and post~fault conditions are given in Tables III=-VI's In
this case also the post-fault system hanpens to be the same as
the pre-fault system, since the failted line s first switched out
and then reconnected after an interval of time. The stable and
ungtable ecuilibrium states for the post-fault system are glven in
Table VII . ‘

The cxritical switching time ob alned by this method of
Liapurov 1is tc = 0-40 getse When the fault wag cleared at O 40 sec
the system was gtable, when cleared at o 22sqac, the system wag
found to be unstable as shown in Fig 12(a) and 12(b).

Table 111
Machine Detailg
Generator M %, x ! T,"
d do
P, Us PV, P, P, U.
1 0.02 1.000 2.000 1.000
2 0.002 0.800 1.000 01800
3 0,03 0. 400 0..800 0.040
Table 1V
Int 1l B 1t for Pre~fault Sygtem
Gen ] 8 P, (1nput)
P.U. R.d’- ang 1”& e
1. 10400 0.48852 0,500
2 1.1900 «0.074N18 0.0

3 1.0710 =0, 41430 =0.300
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Ighlg Vv
Matyix for Pre-fault and pogt=fault systemg
Yi Matrix | Yi' Matrix |
" . 3 1 2 -3
) 3 1,000 0..500 0.4%% 0.%00 0.286 0.278
2 0.3%00 2,000 0,838 0.286 1.000 0.476
3 I 0. 450 0.8 2,300 0.218 0.476 1.%0
Tahble VI
Mgt;ig for fgultﬂ system
Y1 Matrix | Yd Matrix
1 2 3  § 2 3
1 1.000 0.%00 0.00 0500 0,286 0.00
? 0.9500 2,000 000 0.286 1,000 0.00
3 0.N0 0.000 2.5 Q.000 0.0 1.2%
Table VIX
Stable and Unstable Fquilibrium Values
Angles | Stakble Zouilidrium Ungtable Equilibrium
values in radizns values in radians
61 0.488%2 2.737394
62 «0.074018 0.,3431%
0. 4143 =0 46904
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mathed of otocpost dogeonte It wng found that thlis mithed is
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tho oguilibrium volues {t cppoonrs that the four and multi-maching
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Liapunov®s cocand nothad hoo boon ugod to detomineg ¢ho
otobility o€ 3=mnchine aysteme The advontages of this mothod
ovor othrr nothads erot
1, fGroct dotornination of otability or Instahilitye
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CHAPTER B

RESUME

S.1  SMUARY

A review has boen presented in Chapter 2, on stability of
synchronous Machines in Power systemss To provide a unifled
plcture of the whole, varicus technicues to determing the
transient stabllity and eritical switehing time have been surveyed.
A basic problem {n power system stability is the mxétt determing.
tion of the eritical switching time by which the system can be
restored to 1ts normal operstion by switeching at the critiesl
time.

In econtritution towards determining the sctusl critical
switehing time by mathematical means, the lLispunov's second
method has been used. The Phase plane technioue has also been
usedy in sompazison with Liapunov's method to determine the
stabllity of & single maching systea.

In Chapter 3, the powver angle equationg of a synchronous
machine gonnected ta pn infinite bus have been derived, starting
from voltage and flux linkage ecuations considering (1) salfiency
end fleld damping and (2) salieney, fleld damping and rogulatox‘
action. Legser nurber of sssumptions, namely, (1) congtant inout
power, (2) omission of amortisseur demping and (3) omission of |
sreature and line resistances have been made in deriving the
equations 30 2as t0 represent the actusl system to a nearer
approximation,
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APPENDIX -1
SOCURCE PROGRAM FOR AN IBM 1620

C RUNGE~KUTTA FOURTHORDER METHOD FOR THE SYSTEM WITHOUT REGULATORS 2
READS oH o TLAST3E9A9B9CoToXXeVV
DD=mXX#3,1415926/180.
PUNCH 4
AKEs40,5%0,02#VV#VV
PE2+0e937=0,832%COSFIDD)=04108%COSF({24#DD)
VF=AKE+PE
1 PUNCH3 o TeXX9VVeVF :
FoE~A¥SINF(DD)~BHSINF(2#DD)~CH¥(1e~COSF{2.%DD)) #VY
DELDl=aH#yyY
DELV1sH*F
D=DD+DELD1/2.
VeVVeDELV1/2.
FeE=A%SINF(D)=BASINF2e#D)=CH#(1.«COSF(2,%D) )%V
DELD2=H#*V
DELV2=H¥*F
DuDD+DELD2/2 0
VaVV+DELV2/2.
FaE~A%SINF(D)~BUSINF{24%#D)=«CH(1,=COSF(2.,%D) )%V
DELD3=Hey '
DELV3=H#*F
D=DD4DELD3
VaVV+DELV3
FaE~A®SINF{D)~BSINF{2e#D)~C* {1 4~COSF(24%D) )12V
DELDU=H#Y
DELVa=H®F
TaT4+H
DD=DD+(DELD1+2 e #DELD242. #DELD3+DELDAL ) /6,
VVsWYVH(DELV1+24#DELV2+2.¥DELVI+DELVSL) /6,
XX=DD#180,/3.1415926
AKE=4+0,5%0,028VVRVY
PER+0,93T7=~0,832%COSF(DD)~04105%COSF ({24 #DD)
VF=AKE+PE
IF(T=TLAST) 15142
STOP
FORMAT (F7e294F1443)
FORMAT(3X»4HTIME »8X 9SHDELTA» 7TX s BHVELOCITY 96X s 9HVFUNCTION/ /)
EO%MAT (6F1246)
N

VS wN



N

100

110

6o

APPENDIX -2
SOURCE PROGRAM FOR AN IBM 1620
NOMENCLATURE
Xe& 1Yu&, 3 2u&yWe 8,4 , 6=, F1=9, , F11=D,,,
P1sP2sP3,P4 =IAPUT POWERS

STEEPEST DESCENT TO A MINIMUM METHOD FOR FOUR MACHINE SYSTEM Z

READ44P14P2sP3yP4

READS Al gA29A30A43A5A6

READS5+819B2s83+B43B59B6

READS5 +C1l9C29C3+C44C54C6

READSsD1sD2sD39D4sD5»D6

READG s XsY o2 W

El1mP 1~Al1%SINF(X~Y)=A2#SINF(X~2)~A3RSINF(X~W)

E2m~ALMSINF (2% (X=Y))=ASRSINF (2% (X~2))~A6KSINF(24%(X~W))

Gl=E1+E2

E3=P2~-Bl1#SINF(Y=X)~B2#SINF{Y=2)~B3#SINF(Y=~W)
Eh‘*Bﬂ*SINF(Zo*(Y*X))-B5*SINF(2-*(Y‘Z))“BG*SINF(Z.*(Y“W))

G2=E3+E4

ESaP3~Cl%¥SINF(Z=X)~C2#SINF(2-Y)}=C3#SINF(Z~W) i

E6==C4#SINF(24%(2=~X))=CBRSINF(2%(2~Y))~CORSINF(2e%(2Z~-W))

G3=ES5+E6

ET=P4=D1#SINF(W=X)~D2#SINF(W-Y)=D3%SINF(W=2)

EBu=D4RSINF (2% (W=X))=DSHSINF(2#(W=Y))~DEXSINF(2%(W-2))

G4=ET+ES

GuGlaGl+G2%G2+G3RGI+G4L¥GL

PUNCHGE 3 XoYsZ s W oG

IF(ABRSF(G)=04001)12193 : . E

Hlz=A1#COSF (XY )=~A2#COSF(X~Z)=A3#COSF { X~W) /

H2=2 4% (- A&*COSF(Z.'(X’Y))*AS*COSF(Z.*(X~Z))~A6*COSF(Z~*(X—W)))
H3=+B1#COSF(Y<X) 42, *B4*COSF (2% {Y~X))

H4m4CI#COSF{Z=X) 42 #CLH#¥COSF (2% (Z-X))

HS5®+DI¥COSF(W=X)+24#D4U#COSF (2% (W=X))

Flm2,% (G1#(H1+H2)+G2¥H34+GI¥R4G+G4L#1S )

Ho=+A1%#COSF (XY )42, #AL#COSF (2% (X=Y))

H7e-B1#COSF(Y=X)~B2#COSF(Y~Z)~B3#COSF(Y-W)

H822 ¢ # (~BL4#COSF (2% (Y~ X))-BS*COSF(Z.*(Y-Z))—86*COSF(20*(Y~W)))

HO=+C2#COSF(Z-Y)+24#CB#COSF(2.#(2=-Y))

H10=+D2#COSF(W=Y)+2#DSHCOSF (2% (W=Y))

F2x2 4 # (GI1#HE+G2H(HT+HB ) +G3#HO+G4#H10)

H11=+A2%COSF(X~2)+24%AS#COSF(2,#(X~2))

H12=24B828COSF{Y=Z)42.#BS#COSF(2,%(Y=2))

H13a~C1#COSF(Z~X)=~C2#COSF(Z~Y)~C3#COSF(2~W)



120

130

140
150
160
170

AL

H14m2, #{=C4RCOSF(24%#(2=X) )=CENCOSF(24#(2~Y))=CEHCOSF(24%(2~W)))
H15m4+D3#COSF(W=Z)142e%DORCOSF(Z2a#(W=~2))
F3m2 ¥ (G1¥H114G2¥H]124G3* (H13+H14) +G4%H1S)
H162+A3RCOSF(X-W)+24%AEBCOSF (2% (X~W))
H17m+B3%COSF(Y<W)+2¥BE#COSF(2.%(Y~W))
H18%+C3%COSF(2=W)+2e%#COMCOSF (24#(2=W))
H19=~D1#COSF(W=X)~D2#COSF(W=Y)~D3#COSF(W~2)
H20u2 4 #(=D4RCOSF(2e#{W=X) ) =D5%COSF (2% (W=Y))=DERCOSF(2e#(W~2)))
Fam2 % (G1¥H16+G2¥H1T+G3*H184+G4* (H19+H20))
Q1s+A1#SINFIX~Y)+A2%SINF(X~Z)+A3#SINF ( X~W)
QB=4 o4 (+ALHSINF (2% (X~ Y))+A5*SINF(2.*(X—Z))+A6*S!NF(2.*(X~W)))
Q9=20Q1+08
Q2u+B1#SINF(YuX)+4o¥BLH¥SINF (2% (Y=X))
Q38 4C1SINF(ZaX )44 o #CLUSINF (2% (2~X))
Q4z+D I *#SINF(W=X)+4 #DA#STINF (24% (W=X))
H50w {HI+H2 )% (H1+H2)
Fllm2,#(G1#Q9+H504G2%Q2+H3#H3+G3¥QI+H4MHA+GL*#Qu+H5#HS)
Q52 A1#SINF (XY )=t o®ALRSINF (2% (X~-Y))
F12o2, 4 (GleQ8+(H14H2 ) #HE~G2HQ24H3# (HT7 +HB ) +H4*#HG +H5#H]10)
RIB=A2#SINF(X=2 )=l #ABHSINF (2% (X~2))
F13m2,%(G1#R1I+(HI4+H2 ) #H11+H3*H]12<G3#Q34HA¥ (H13+H14)+HE*H15)
RBu=AZ#SINF (X~ )=l o WALRSTINF (2% (X=W))
Fla-z.*(GX«RB+(H1+H2)wH16+H3*H17+H4*H18-Ga*QA¢H5*(H19+H20))

F21=F12

1-+BI*SI&F(Y-X)+BZ*SINF(Y~Z!+BB*SINF(Y—W)

¢ S28L 4% (+BORSINF(2#(Y~X) ) +BEMSINF (2% (Y=Z))+BE*SINF{2%(Y=W)))

180
190

- 200

210

53251452

S4s4C2SINF(Z- Y)+4.“C5*S!NF(2.*(Z*Y))

S8e (HT+HB)* (HT+HB)

56-+DZ*SINF(w~Y)+a.*DS*SINFt2.&4w—Y))
F22e2#(~C1HQ54H6RHO+G2RS3 455 +G3RSLAHIRHGHGLHSA+HINHH1O)
STa=B2¥SINF(YwZ )=l RBERSINF(2,#{Y~2)) '
FZS-Z.*(&&*H11+GZ*S7+(H7*He)*HI2«63*54+H9*(H13+H14)+H10*H15)
SOnwR3RSINF(Y<W)=G o HBEMSINF(2,%(Y=W))
F24=2.*(*H6*H16+G2*59+(N7+H8)*H17+H9*H18~GA*56+H10*(H19+H20))
F31l=F13

Fa2=F213

T1®+ClSINFIZ=-X)4C2%¥SINFZ~Y)+CARSINF(Z~W)
Tzaa.*(C4~SINF(2.*<Z-x3)+C5*SINF(2.*(Z~Y>1¢C6*SINF(2.*(Z-N)i)
T3=T1+72

TantDINSINF(WeZ ) 444 #DERSINF (2% (W~2))

TS5a(H13+HI4)*{H13+H14) :



220

230

240

250

o p

67

F33m2 % {~G1#R1I+HI1#H11«G2%ST+HI2¥H124+G3¥#T34+T3+G4#T44+H]154H15)
TOmmC38SINF(Z=W)~bo®CERSINF (2% (2-W))
FR422,#(+H11#HIG6+H]12¥HITH+G3%TE4+ (HI34H14)2HIB-GL¥TLH+H1S# (H19+H20) )
F4l=Fl4

F42uF24

Fa3=F34

T7e+D1#SINF(W=X}+D2USINF(W=YI4+DINSINF (W=2)

T8R4 o # (+DO#RSINF(2e%(W~X) I4+DERSINF(2,% (WY ) )4DERSINF(2,%(W=2)))
T9=T8+T7

T10=({H19+H20)1#(H194H20)

FUl4n2 #(~G1*#RE+H16%H16~G2#S9+H1THHIT~GI3#TE+HIB*H1B+G4#T9+T10)
FeF1#F14F2#F2+F3%F3+F4#F4

UlsFI#F1#F 1142, #F1%F2¥F 1242 #F1¥FINFIB42 HFINFLRF144F2#F2#F22
UZ2m2 (#F2#F 3RF 23424 #F2%F4MF244F 3UFIBFI342 JRFARFLHUFIL4FG¥FLUF LG
UsUl4+U2

S=F /U

EXz=G#F1

EYn-S#F2

EZ=~S%F3

EWn-S5#F4

XaX+EX

YaY+FY

ImZ+E2

WaW+EYW

GOTO 2

FORMAT (4F12.6)

FORMAT (6&6F12.6}

FORMAT (5F12.6)

STOP

END
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APPENDIX =3
SOURCE PROGRAM FOR AN IBM 1620

NOMENCLATURE
T =t
D(K) = 8
VIK) =\
DS(K) = &
P(K) =Pq
E(K) =E,
A(K) =M,
TD(K) =Ty,
Y1 =(Ys)
YZ ’(Ym)
Y3 -(Yg)
Y4 =(Yy)

PROGRAM FOR MULTIMACHINE SYSTEM BY RUNGE~KUTTA METHOD 2
DIMENSION COEF(4)

DIMENSION D(4)

DIMENSION V(4)

DIMENSION DS(4)

DIMENSION P(4)

DIMENSION £(4)

DIMENSION A{4)

DIMENSION TD(4)

DIMENSION Y1(4y4)

DIMENSION Y2(4s4)

DIMENSION Y3(444)

DIMENSION Y&4(4,44)

DIMENSION DB(4)

DIMENSION VvB(4)

DIMENSION SUMD(4)

DIMENSION SUMV(4)

DIMENSION DD(4)

DIMENSION DV(4)

COEF(l)=14/64

COEF(2)=24/6.

COEF(3)=COEF(2)
COEF({4)=COEF (1)

READ19NsHs TLAST

READ2sTo (DIK)oKu1sN) o {VIK)oKm19N)
READ3+ (DS(K) sK=1N)
READ3 s (P{K) 9K=1sN)
READ3y (E(K) sK=14N)
READ3 s (A(K) oK=m 19N}
READ3»{TD(K) sK=1sN)

READ3 9 ({Y1(KoJ)aJulsN)sK=1sN)
READ3» ((Y2(KsJ)sJmlsN)sK=]lsN)
READ3s ((Y3(KsJ)sJ=1sN)sKm]leN)
READ3»((Y4(KsJ)sJulsN)sKa]lsN)



50

200

210

110

400

90

100
70

60

ae

80
120

40

SUM=0,

DO 200 Ke=l,sN ,
SUMBSUMA045%A(K)I#V(K)#V(K)=P(K)*{D(K)~DS(K))
M=aN-1

DO 210 K=1,yM

[aK+1

DO 210 J=m]I 4N
Gla+(E(K)INE(JINYI(KeJ) I H(COSF(D(K)I=D(J))=COSF(DSIKI~DS(J))})
G2=E(J)RE(J)I#025%(Y4(KsJ)=YI(KesJ})
GQHGZ'(COSF(2-*(D(K)—D(J)))‘COSF(Z.*(DS(K)“DS(J))l)
SUMe SUM=(G1 +6G3) .
CONTINUE

DO 110K=1,N

DB(K)=D(K)

SUMD(K)=D(K)

SUMV(K)=V(K)

VB(K)=sV(K)

DO120KK=1,44

DO100K=1sN

DD(K)aH#V(K)

SUMA=Q,

DO 90 J=14N

IF(J=K)400:,90,4,400

Gas(E(KI¥E(JI¥YI(Ks JIIASINFIOB(K)=DB(J))
GS=E(JIRE(J)#0,28#(Y¥2(KeJ)=Y1I(K»J))

G622 ¢ RGSHSINF(2.#(DB(K)=DB(J)))
GT=(E(JINE(JIRTD(KIHD o SHYI(KoJ) ) #({14~COSF{2,%#DB(K)))IRVB(K)
SUMABSUMA+(G4+G6+GT)

CONTINUE

DV(K)=H* (P (K )=SUMA) /A(K)

SUMDIK )= SUMD (X ) +COEF(KK) DD (K)

SUMV (K I=sSUMV (K} +COEF(KK)#DV(K)
JF({KK=4)T705120+120

DC 80 K=1leN

IF(XK=3)30460430

VB(IK)=V(K)+DV(K)

DB(K)=sD(K)+DD(K)

GO T0O 80

VB(K)=V(K)+0.8%DV(K)

DBI{K)=D(K)+0,54DD (K)

CONTINUE

CONTINUE

PUHCHZ2 s To (SUMD(K) oKs1 s N} 9 (SUMV{K) sK=1 s N) » SUM
TaT+H

DO 40 K=leN

DB(K)=SUMD(K)

DIK)Y=SUMD(K)

VB(K)=SUMV(K)

VIK)Y=SUMV(K)

GO TO 50

FORMAT(1242F10,2)

FORMAT(10F743)

FORMAT(4F1244)

STOP

END
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