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ABST2RACT

The prodblem of absolute stadbility and transient response
of a Doubly-ﬁxbitoa. Synchronous Generator, connected t0 an
infinite dus-bar through lumped R,L.C « Parameters has been
investigated in this dissertation. The 4~ and q- axis machine
fields are assumed to be regulated by AVRS responding to
deviations in the machine terminal voltage, ocurrent and load
angle and their first two time derivatives. The prime mover
governor is of a 3 term type, sensing the variations in the
machine load angle, speed and gccelaration,

The effeots of certain parameters namely reasctive power,
load angle, tranemission line capacitive reastance, AVR time
constants, product of governor time constant and proportionate
gain constant of current regulator on the stability region in
the parameter plane have been studied,

The d-decomposition technique is used to obtain the
8tadbility regions in the following planes i

(1) Ky =Ky § (1) Kp=Ke 5 (11) Ky = By
1,8, first and second derivative gain oonstants of ourreat ,
voltage and angle regulator.

This will to a great extent overcome the often encounte~
red 4ifficulty of setting the regulator gains at Commimsioning
ctage to ensure the system stability with a presoribed quality
of the system transient response,

A mumber of simplifying assumptions have been made so that
this prodblem oan bde conveniently solved making use of the depart~
mental computer TDO 312 only.



LIST OF SYMBOLS

= Infinite Busbar Voliage.

» Terminal Voltage.

= Direct~axis Component of Terminal Voltage.

¢, = Wedrature-axie Component of Terminal Voltage.
Vog ™ Direct-axis Pleld Voltage (reffered to stator).
qu = Quadrature~axis Fleld Voltage (reffered to stator).
E = Voltage Behind Steady-State Beaotance,

Eq = Voltage Proportional to geaxis Field Current,

B q = Voltage Proportional 20 d-axis Field Current,

Wq = Flux Linkege of dwaxis Stator Circuit.

vq *® Flux Linkage of gq-axis Stator Cirouit.

I = Load Current.

I, = Direct~axis Component of Load Current,

I, = Quadrature~cxis Component of Load Current,

Ig4 = Direct~sxis Field Current,

Ifq = Quadrature-axis Field Current,

X ® Direct-axis Magnetising Reactance,

qu - madratun-fgxla Magnetising Reaoctanoce,

Xg Direoteaxis Synchronous Reactance.

X = Quadrature-axis Synchrnnoua Reactance,

x:d = Total Reactance of dw=axis Field Winding.

th = Total Reaotance of q-axis Field Winding.

pe do™ Direct-oxis Transient Open~Circuit Time Constant,

™ q0° Quadrature axis Transient Open=Circuit Time Constant,

Td = Direategxis Transient Short~Circuit Time Constant,



= Quadrature~axis transient short-circuit time constant.
= Tie«line induetive reaataﬁce.

= Tie~line capacitive reactance.

= Tie~line resistance,

et

a

L

r = Machine resistance,

t = ¢time, S,

p =4/d% operator.

M = Ineptia constant,

5 = Load angle

P, = Dauping coegficient.

= Electrical power developed
a Mechanical power input.

The Governing Schems

Kgo = Rotoredisplacement gain constant.

Eg;t = Speed geain constant.

ng = Acoeleration gain constant.

Tg1? ﬂgz = Time constants,

The Volt atox

Ko = Gain gonstant for voltage deviation,
K1 e Qain constant for firet time derivative of voltage
K,y * Gain constant for second time dedivative of voltage.

' are vespective gain constants for
Kore %ap» KQI’ Kw' a5 aumntpmd load angle,

Tgs Tgp = mma oonstants of 4 and q axie V.R. circuits
respootively.
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OBAPTER ~1
Introduction

REVIEN

In futare, higher voltage tranemiesion and distribution
and the inoreasing use of h,v cablee will conse a rapid rise
of surplus reactive power which can not be economically fully-
ocompensated for by parallel reactors, The most economic turb-
ogenerator designs mst uses the highest praocticable steanm
temperatures and pressures for maximum efficiency .a,m‘l ninimin
size of the turdine, making the problems of the absorption of
surplus reactive power more diffioult to solve. The most
economic generators are designed with the lowest short eircuit

ratios.

These economic advantages carry with them reaotive and
transient performance penaltiee because of the reduced reaotive
absorbing capabilities of the generator and tha lower inertia
of the set, J.A. Soper and AR E‘ﬁgg‘, exparimenting with a
5 K.VA machine, showed the teasiumy of & new form of turbo-
generator using a rotor winding of two aeutionﬁ in *' X% format
fon, GontroMng the torque and meactive requirement, seﬁara.uly-

The main feature of the d.w.r, control is that the torque
winding has a closed~loop rotor angle 'oontrol s 80 that the



reactive winding gensrates no torque ideally. This is an
essential part of the scheme and all the other features depsnd
on it. The reactive-winding axis is thus in 1ine with the
generator filux and can operate contimiously with negative
excitation, without causing & pole slip.

They used successfully the same mathematical model in
modified form to répreaent the dividedwinding-rotor turbo~
' generator which had produced aoccurate results, when oompared
with actual system tests on a conventional 30 M.,W, turbogene~
rator involving 3-phase fanlts on the h,v. dusbar for their
simliation.

The d.w.r. generator range of reactive sbsorption at
full losd was found, in their simalation to extend beyond
«2,3 poa. {leading) without instability, whereas the conven=
tionally wound rotor turdogenerator simmlation showed the
Cs¥W.r to be unstable gt «-0,9 p.u,

The 3 phase fanlt duration that the d.w.r. was shown to
withetand when absorbing any amount of re@eti.v’e power at full
load, up to the maximum absorption simlated (-2.3) was shown
t0 be not less than 0.4 s. for maximum plant-load—gonditions
or 0,32 for mintmum plant-load-conditions comparable G.W.Te



performance at the prmﬂagblo stability limit was shown ¢o

be - 0-225 reactive absorption, which withstood a fault duration
of 0,352 8 with maximum plent oconditions, or 0.25 a with minimum
Plant conditione,

The simulation showed that the recovery rate of generator
terminal voltage tp step fallse in infinite bus~dbar voltage for
the d.w.r, was approximataw twice that of the G.w.r.

To degl with a divided winding rotor (d.w.r.) synchronous
machine in which the two f£ield windinge ave not logated on the
rotor axes and may not have egual numbers of turns, an equivalent
machine 18 introduced with field windings on the direct and
quedrature axes by R.0, Harley and B. Adkina% They have shown
that the use of a torque~field winding controlled by a load
angle feedbask 18 an effective way of extending the range of
stable cparation of a esynchronous generator., Their results indie
cate that the angle feed-back stabllises the voltage feedback
and permits the use of extremely high values of a.v.r. gain that
would cemse instability if ‘the angle regulator feedback were removed
Thoy used nyquist oxriterion to determine the stability limits of
a mltl feedback system. |

As cpposed to the wery detailed simulation results presented
by Soper and ?agg1 y the brief paper by R.B. Romnaon"' shows that
the machine is nonsalient for transient changes and may be
represented by a oonstant voltage behind a transient reactance.
This gives a simple understanding of its performance compared with



a conventional mechine which shows a large degree of
transient salienoy. Thus, whatever the initial conditions
of loading d.w.s wWill give greatey transient power transfer
than a conventional turboalternator, and should exhibit
better transient-stability performance, The difference
will be most marked under initial leading power~faotor
loading, where the voltage behind transient reactances

(x:1 s X q) of the oconventicnal durdoaliternator 4ssmall
owing to 1ts transient saliency.

M. Ramamurthi end B.W, Hogg's® analysis shows how the
positional change of the resultant me.m.f. due to the '
induced ourrents, gives an inherent advantage to the
doudbly-excited machine over a conventional synohronous
mgchine, for the improvement of transisnt stability. When
excitation sontrols are employed, there is further impre
ovemont in the transient stability 1imit, with a greater
contribution coning from the voltege regulator. This adva~
ntage 1s greatest when the machine is gbsorbing leading
reactive power, or is under hegvy loais.

Stability studies of 4.w.r. synchronous machine,
equipped with common types of voltege and angle regulators
and speed governor are mads employing the Routh=Huxwite
eriterion by P. Subremanium and O,P, Malik®. The speed
governor is found to increase the stability limits,
Employing feedback stabilisation in the voltage and
angle regulators is found to improve the stability limits,



and also it permits the use of compartively large values

of angle regulator gain for a given negative reactive

pover absorption. Fur‘bhér, using the D- partition method,
they have determined the stability boundaries in the plane
of two parameters of the angle regulator, and the dependenos
of these boundaries on other system parsmeters is investi~

- gated in detall.

The roots of the sharacteristic squation of a divided
winding rotor synchronous machine equipped with regulators
for controlling voltages torgue angle and speed are evaluated
b P. Subramanium and O.F, m:.ks. Under different operating
conditions, eensitivity of the eriticsl root of the system for
suall variations in yarious conirol parameters are determined,
From these results, the effect of the parameters on the root |
locations, and heroe on system performancge, can be ascere
tained. Using thio approach, it is shown how the parameters
of the control circuits of the &.w.r. synchronouse maoh&no'
inay be chosen for betier stealdy-state end transient perfore
nmanée, The criﬁcai root of the characterietic equation
desoridbing the systom i highly sensitive tc¢ the variations
in the regulator end stabiliser galne, and the exciter
time oonstant of the angle regulator. By properly choosing
these parameters, a systtm with better performance under a
given set of conditdons cen bde designed,

Analogue and digital-computer studies of a synchronous



machine with various 2-axis excitation control system

have been made by M., Rememurthi, D, Willisme and B,W., Hogg!.
The steady-state and iransibnt performances of the same

- machine are analysea.‘asauming dttfbreﬁt control schemes,
such as rotor-angle control and asynohfoniscd operation,

and are oompared with a conventional machine., The effects
of damper windings, regulator time constants and stebilising
eircuits on the steady-state performance are shown by
regulation curves. It is confirmed that the voltage-regulator
loop gain has virtually no offeet on oteady-state stability,
provided the winding with a.v.r. control is aligned with the
£luz axis by an angle rugulator. The 1m@raved transiente
stability limits obtained with high gains ave shown, The
fundamentally difforent transient bohaviour of unregulated
doubly~-oxpited and ocomvoniional synchronous machines is
#xplainad, and confirmed using accurate mathematiocal models
of the machiags. Tae method of emall oseillations ie
applied Lo Getermine tho speed etability of an asynohronised
synohronous mashine, ané the traneient performances of
three different contiol schemes are compared in terme of
swing ourve end switchihg time ourves,

The theoretical treatmcnt by 5.0, Kapoors S.S. Kalsi
end B, Adktns consists of two parts. First, some general
réesults are deduoced from simplified equations, particularly
relating to the limitations of a direct axis regulator
and the bsnefit of ueing an angle signal with the quadrature |



regulator. More complete computations are then made to
obtain stability limit ocurves for many alternative schemes.
Their work is conoerned with the stendy state stability of
a 1=nmachine system, in which a generator is connected to

an infinite bus through a reactance. The alternative studies
included simple proportionate regulators and more elaborate
schemeg using first and segond derivative elements, and

the angle signal was taken alternatively from the infinite
bus and gensrator terminales,

An {nvestigation into the behaviour of a divided
winding-rotor synchronous generator, equipped with regulators
for contromng the toerminal woltage, torque angle and
speed, when subjected to unbalanced short cirouits at its
terminal is made by P, Subramanium, and 0.P, Malik®, The
performance of the machine has besn compared with that of
conventional would rotor arrangsment, It has been observed
that the d,w.r. arrangement exhibits exceptionally superior
transient performance characteristics compared with the
¢.W.r, machine, sven under unbalanced-foult conditions,
whioh the machine has to ensounter more often in pmetlu‘
than dbalanced faults., The angle and voltage regulators
are affeotive in enabling the d.w.r. machine to withstand
larger fault duraﬂom. provi.ding the versatility of the
new machine, |

Some transient-ptability studies have been made dy
P. Bubramanium and 0.P, Hal!_.kw of o divided-winding-rotor
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synohronous generator equipped with regulators for controll-
ing the voltagé, toxrque ’angle and speed, It has been observed
that the machine is quifte tapadle of withstanding severe |
forms of loed shedding, and that the angle regulator ie
quite effective in checking the magnitudes of rotorwangle
swing. Other abnormalities, such as opening of excitation
cirouits, with and without external faults, have also been
studied, The reversal of veactive field current, following

a three~phase short circuit, has dbeen found to de | not absolu=
tely eseential for maintaining the stability of the machine.
The torque field exoitation has been observed to be a major
stabilising faoctoxr speoianlly under leading power factor
eonditions,

The comparison made by D,P, Sen Gupta, B.W. Hogg and
R.Yanw
cocnventional and doubly~excited synochronous machines has
shown that, within the normal operating limits of the machine,
the synchronizing torque is inoreased by the inclusion of
an additionel field winding, whoreas the damping torque
is reduced, thus making the machine more prone to hunting,
Although the doubly excited machine 16 inherently less
damped than a conventional machine, the presence of an
additional control system on the seoond field winding can
moxe than compensate forthis deficiency.

of the total synchronising and damping torque in

A state ppace model of & turbogenerator with direct
and quadrature axis exoitation system is formulated by



S. Raman and 5.0, Kapoor"_s for the study of the stability

of, and the interaction detween, various regulators, The
direct and quadrature excitations are controlled by the
signals taken from the terminal voltage and the rotor

angle, respeotively. It 18 shown that this model can be
extended to the case where the excitation windings are not

at right angles, The etability limit plots 2nd transient
responses of the system are determined with the help of a
digital computer., i‘hc efftects of damper windings, the time
delay in regulator and the initial pusition of the quadira~
ture axis with respect to0 the infinite busbar on the stabie
1ity-limit plot and on the transient regponse for small per=-
furba‘uons. The quadrammwaxig regulator inoreases the
reactive abaérpﬁon and 18 almost independent of the active
power level, An increase in the regulator time delay decreases
the maximum value of the negative power upto which the system
is steble, while the regulator gain-range is increased, The
effeots of damper windings and the interaction between
regulatori are marginal, A ‘ahange in tho' equilidbrium position
of the quedrature axis with respect to the infinite bus bar
voltage increases the interaction between the direct end
quadrature gxis regulators, The speed governor inoresses

the integral square errorv of the transient response due to
small perturbations in any of the states. For the system
with direct and quadrature~sxis excitations direct-axis regulator
deoreases the integral square error. '



The method of D-decomposition teehnique is used by
J. Nanda'® for the analyeis of steady-state stability of
e two machine system with the machine provided with a
fast aoting eleotronic-excitation voltage regulator using
proportional signals of voltage and current, and the
first and second derivatives of ocurrent signals. Voltage
regulator gains for maximum aliernator stability ave deter-
mined. This would, to a great exﬁent. overcome the often
encountered difficulty of setting the regulator gains at
comnission stage by trial and error, until a good step
response under open-circuit condition is achieved. fThe
effect of several parameters also the electro-mechanical
transient process of the receiving and system represented
by an equivalent machine offinite capacity on steady state
stability of the system is investigated for properly desig-
ning the parameters of the voltage regulator. ‘

The method of D~decomposition teechnique, for
optinmiging the derivative gain setiings of the excitation
voltage regulators for best steady~state stability condi-~
tion, i.e. for maximum alternator stability end best tran-
sient response for small perturbations, is also considered

by J. Nanda'®.

The transient-stability problem of the doubly €xecited
machine hag been attacked through Tispunov's direct method

o Do

by T.X. Makherjee, B. Bhattacharye and A.K. Choudhury . They



have considered a second-order mathematical model of this
machine connected to an infinite busdar, without any regu-
lator, and generated a Liapunov funotion, The region of
asymptotic stability in the state space is colpared for the
doudbly and singly excited synohronous machines and it is
verified that there is an improvement in this region for
the doudly-excited case,

V.Es v’armam has included regulators also for the
transient-stability study through Liapunov's direet method.
He has drawn following deductions =

(1) The ariticel fault~clearing time is higher for

the u.p.L, conditions compared to the leading
psf. conditions for the same power transfer and
parameters.

(11) Oritical clearing time T, improves very slowly
with inorease in K“ and &6 sensitive gains
(ratio K, 3 Kyy Zixed),

(134) Inckease of Ky,+ Other parameters fixed, improves
T, for lower range of K, . At higher values of
Eqgt T, is almost constant.

(1v) Higher velues of 2, are achieved with doudly-
excited machine compared to a singly-exoited
machine, This improvement is remarkable for the
leading p.f. conditions,

-l
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Author's Contribution

The present work is concerned with a study of the
effects of various parameters of the control loop using
forced regulators on the steady«state stability of a
power system, The system considered is a doubly-sxoited
alternator conneoted to an infinite bus through tie line,
The tie line is represented by lumped resistance, inductive
and capacitive reactances.

The Dedecompositon technique has been used to
investigate the effects of various parameters on the
regions of absolute stability, and a given degree of stad-
111ty in the plane of first and second derivative gains
of voltage, current and angle~regulators.

The objective of this study ie to obtain ococordinated
values of the regulator parameters to result in a.n.‘ satable
system with the given quality settling time property of the
systen transiént response,



CHAPTER - 2
P e R4 KM, <Y

Yormylation of the problem

The scheme studied is a doudly excited single machine
system with sutomatic voltage and ourrent regulators (sensing
terminal voltage and line current deviations, and their first
two time derivatives) on the direct axis field, and an angle
regulator (sensing load-angle deviation and its first two
derivatives) on the quadrature axie f1e1d and s Siterm gover-
ning scheme with two ¢ime lags. Fig.2.% gives a schematic
layouts of the system with regulators. |

2,1 Machine Equations | | -
For s maoh‘im which has field co},l on each axis,

The stator d~ and q~ axie flux linkages are

It should be noted that the damper circuits have deen

ignored here and they have been taken care of later by a
~ damping cosffioient Py . |

The d~ axis | field voltege
Vea * Reg Tga + P (= 15 X5 ¢ Xpy Tp)

| From whieh
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I - f
24 ‘
‘Rea * Xea?

Substituting this in (2.1)

VAT FWED S "*ﬂ@"‘@ )

Rea + XeqP?
. | © .
Rea * Xgg? Rpq + Xoq P
- . - i
“Fgl 1 (Rpg - md )y
X : v
c— | +Xaa Y
— A , ea 1 ¢ ..x.Ed
4 e X | | R P
, -ﬁ-— P £d
nfd
. 9
- -x | 1tTe 4, Ly
W ‘
_ 1 « !l‘dop |
which can be written in the form

Similarly \y, = =X, (p) 4 * 0 (p)Vgy 2.4



a{He

‘where X,(p) = X,(1 + !ﬂ&p) 0,(p) = 1
) ?

(1 + !l‘;oP) (1 + 2% P)
vV - v - E
24 xmd d :_fq L . vt

Rpq ° R e

1d fq

1 | - » '

@ (p) « -~ o X p) = X (14%p)

1 +92 p) ' .
( -bﬂ‘qeli) (‘*chop)

The d~ ang ¢~ m: oéuponentu of machine terminal voltages
are given by

Q
After neglecting the transformer voltage terms, which are

e - \'Vﬁpe - "q : | 2.6

very small compared to the speed voltages,

Linearigation of 2.5 and 2.6 around initial coperating
condition then gives '

Aoy = Yo PAS = AP | =~y 2.7
and Aoq BT LR R 2.8
It may be noted that (pa)a 18 unity in p.u. system.
‘Substituting 2.3 and 2.4 in 2.7 and 2.8 gives

Deg = =yoopsd = iy + X (P)AL) =~ 0,(2)AVy

Doy ™ WagPad = ~aty = Xy(p) A4y + 0,(p)A Vg



Q“Gn
Now Avxé = 6,(p)0s
and AVpy = = 8. (P)AV, +0,{p)AX

| " 2
where G, (p) = 305 + Ky 0 # Kg&l’
1+ 220

G‘:,,(p) - Koyt Kw” * K2vp2

1“ + T“ P

2
6,(p) = St *EuP *EyP
1 « TQ‘IP

also since vi - od‘? + 62 gnd

12 - j,g + 4

hence AV, « a9

- sdAed+8.Au

9" q

. i : i
and Q'Y = d0 | 0

Thus A ‘Vfd oan be expressed as
A Vg = = Oy(P) [8q28q ¥+ Byregl + Gr() | Gqntge Cpady |

Subetituting theexpressions for A Ve @nd Ve, 4n the



kL

expressions of Ae, andAe q glves the following expressions

for N®, and A e

b %a ” "“’qopA6 M xq(p)‘&i‘q - A 1& ‘Gq(P) G&(P) & 2.9
Do mygPAL = XQ(P)A 1, =04, ¢ i"(‘v(P){saL\% + 8,4 °q} +

+ 0y(0) [oqa1y + 0 08,11 2490

Expressions, for a, and e a can also be derived from the tie~

line equations as ‘fo‘llﬁwm For phase a (The system is under
balanced operation)

Vo = u;b, (xp *+Xp )1, +X, [ 1.0¢

=Vt e Xpp Xy
4
In terms of Park's components of voltages and ocurrent

it cen be written as

a

_ . X, s
©4C080 = @ 51n6 ® VyCosd ~ V 8110 ¢ (Yy ¢Xyp + o ) .

«( 140086 = & 5in6 )
- Tldcoae - vqs.tna *"‘L(Adﬁoae - z.,qstne)

X (fxasxnepamosepid =1,0080p0 = Sinopt )

8ind)

+ %o (140080 - 1

p .
Maltiplying throughout by p
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p(cdcose—e 8ing) = p(vdeoae - vqsme) NP (idﬂoae ~1qsme)

q

X p { «(1,5100 + 1 Cos0)pe+ GosepL,~Sinept |

q
+ Xg (1,C086 ~ 1,8406)
Performing the indicated operations

{(-e g5ino-e Cos0)pe + Cosbpe, -Ginépe

- = (~U4Sin6pe~ U Cos6pd + CosdpU, -Sinepl, )

+igl (155100 + £ Coso)po + Cosopl, = Sinopi

|

q

+ Xy |~ (145400 41 Cos6)p%0 ~ PO (140086pe-1. Sinspe +
+ Sinopi, + coeepﬂ.q)

+ pi, (-Sine)pe ~p£q(coaepa)4eoaey21d- §4n0p°4 o |

Equating separately coeffioients of torms involging Cosé and
Sin O,

Pog = €.p6 = U 0 + Uy ¢ Yy (=4 po'+ piy)
| 2 - . 2
* XI,I-S.QP 0-po (1dpe*p1q)~p& PO P4y | +x 44

and «e,po-pe q » «U,po~pU q + Yy, (”161?0*'1?1 )

q

2 ’ 3 - -’ -’ 2 | P
+Xg, | 40 eﬂe(niqpe*pid) L PO-P 1ql ’xaiq
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As Park's componsnte of voltages agnd currents are more or less
constant or if at all they change the¢ rate is small, Taking
this into consideration the term having derivatives of Park's
voltages and currents can be netleoted, This simplifies the
above expressions as
. 1 Bl ey 4 n28 o %4 2
~8 P8 = U/ pO~~y3 PO « X1 P70 = X1,(p0)° + X 4,
» 2 , 2 ’
Linsaricing these equations

"'OQPPA& Lhe, ® Avq-thopixﬁ “(L(Ai +1q09 Ad) Xx‘iqpp A b

q q

- IL(?&aopAa *04) + X 08,
. . ‘ - et o2 o _
‘e =hw = | VSinko = V00BSEP =i oD = Xpd  P° «2Xi1s pee P4 |
4,‘ j:guxl ‘A 1& * (-.YII)A i.q 2.1

and
~03oP 6 =0, = ~T5inboPA S =AU~ (L, PAS + A 4,)

2
X %1“»;\ 6} +Xp _€2£q°pA6 +A1q} X A1,
"o =Ne, = |=V5in Eop 4CVOOmOG= Y 1goP=XriaoP” + 2K 4 oP*®aoPl4 8
*l-"(nlAid + Dlz' - Xc_lA 1q 2.12

From 2.9 ané 2,12



«20=
b= oo =B, (@I (@) |28 ~¥a 1, + X (p) A2,
= | ¥ da0p + X 1gqP° - 2X;1 P ¢ VSiabop + Vosbo-ey,PlA &
N ALy - (X —xc)Aiq
o %P+ 172K #TSinbgme,, +1p )P + Voomb

*Gq(p) Gs(p) |26 ¢ () ALy~ XQ(P) + (X-x,)]4 1,

w 0O 2443
Equation 2,10 after substituting the expression for e, and e
from 211 and 2.12 and rearranging gives

q

| Wt 61 ¢ 1=X4(p) + G50, (R)O;(P) | A1y ¢|="Y 40,0 (IO (P)| A4, <
+}=8,04 (0)0, ()| x |{vsm6¢p + VCosbo=egoP + Vyis P + XidaoP” =

~2x11q¢p”_2(zx & Xy :.d-(x_,;-xc)zx 1q |

+1 8,04 (26, ()=1|1{ ~VStnbow VOosboP + (1P *+ Kyteoh
| $2190% 90, oPI0 & (XL )0 4y oy Ay | =0
"f | '“’M“ =548, ()0, () 24(p) + £,(p){ =5 qoa(P)Gv(P)*-“} jas

+| =X, (0)40,0, (9)0; (p) wﬁasdad(p)a,(»)} *(Xx ) .

[=5 84210, (2)-1] 1544



¢ | =0 0, (p)0; () ¢ (X;-X,) 558,(P)G,(p) + '.
Vg § B @)oy ) -1} AL =0 2,14

where
£,(b) = VSinboD + VoS = 40P + Xids b’ “2Xyd B +Yyis,P

and '
£,(p) = «VSindo + VOosdoP + 13 P *X;1 0% ¢ 2%,8,.p -6 P

Iinearisation of machine swing equation gives
ol - |
2 A ‘

or (Mp" +Pgp)As + AR, = -0 (p)AS

here , 7 : 2
v | Koo * BgiP + EgoP
¢,(p) = - -

(142 P)( 147,50 )

APy = A(TepB) = ToPAd +4T,
= TegpAb + A;@)axq -wqad}
ABg = TeoPAd + 1.4 M0g "hagAlhg *Wae Adg = oo Mg

ARg = Rgopnb ¢ ‘quh‘_“q “\quA"d + 1qo~€5°q’q’dopA &

+YA
“1

- ”do{”ﬁ 8a = Wy goP AS =TA "a}
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DR = | TgoP=(Waolgo™ VootaolPl 28 ¢ |= weg? Yig,1 24,

0% * 140°%

| +| Wao "T"qolA*q + 1q

ARy = ("q’qo *150) g+ (g *Y"qo) Aiq |

+1 {zz(p)/lb *‘-’L""%)“a LA Aiq}

¢ 140 {t.,(p)/&b g L4 = (X-X)A 14

o (M 4 Bap 4 G (0) ¢ 1025 (0) + 1,2, () (26
* 1 (=ge *Vigg) * Lgo(ByRy) + 140k, 144,

1 (wgg* T gg) * Logrg™ go KX )4 8, = O 2.15

Let £,(0) = Mp® 4 Bgp + G () + 3.,0,(p) + 14,2, (p)

Thus three homogensous equations 2,135 to 2,15 involving three

unknowns §, A i,a and A iq | have been derived.

For nontrivial solution the detsrminant of the coefficient
matrix must be gero

| My A Ay |
o*e Aoy By Ay - 0 2,16
Ayt Agp  Ayg




bs3

¢ 125=
" z,(p) *+ ﬂg(}?)ﬂb (»)

=Y, *Y

2
= ‘-qu(p) + (X =x,)]

= goP = £5(0) =04 (2)0,(2) { 8424 (p) + 8, £,(0) |

= =Xg(p) =(Xy, =X.) =G, (P)G,(p) {¥;8y +(X; «X)S |
| ¢ G0, (ploy(p)

R ORSPP IR ML IR R SEAE SO

- 2,(p)

. g * (T4 Mgy * ool =X,)

=Wao ¢ (¥ *7p) L0 = 44508y, = X,)

~ Equation 2,16 gives

Ay {dgohsy = Apzhapl = Ayp {Agihys = Apghyy]
¢ Az {Bgydsp = Ayphyy} = O

For Dedecomposition in the plane of K16 - K28,

The above expression can de written in the form

| 25(p) + 0, (p)o,(p) | Ky(p) + K (p) = ©

where B () = Agphys = Ayghy,



w2
aad Bp(p) = Mgy Agqhgp = Ajohgy = Ao Ajyhys - Az3k%4

or K,(P)Gq(p) i Ko * Kygp ¢ 32;592 |

* E(p) + £5(P)K,(p) = 0

( 1+ T5,0)
Ky (pa, (p) £ (p)0, (P)Xos
‘ l x‘ﬁ‘p + Keapz ‘ * o 'Ka(p.) *
(1 + TeoP) ' | (1 + TBZP) |

Similarly for D~composition in the Planes of Khr O ané
By - K,y rearrange the determinant - 2.16 in the convenient

form

Ay Ay Ay
My A2 M3 | w0
A3y Ay Ay

or A.2131~A228é * Ay = 0 S 2,18
VREX® 8y w Ayphys = Myshyy

Bp m Aqyghgy = Ayghyy
and By = Ayghgy = Applyy

Equation 2,18 can be written as



«25m
| wgoP = 2o(P) = a, (PO (P)Py (p) | 5,
| =Xy (p) =(X; X)) '?Gd(P)Gv(#)IQ + G40, (p)ay (p) t,sz
¢ [=Cwrg) + 0y(p)O (IR, + 0 0, (P)O (D) | 85 = O
where f’.,(p) = 5424(p) » sqza(p) | |
By = 18y ¢ (&, #Kg) 8
B, = (X ~X,) Sy “Y18q
or Gy(p) 0,() | =82y (3) + By5 + 2,85 |
+ 65(p) 8, (p) | ~ ¢y, *-ﬂqsgll.
+ l\va;,p - 2,00) | 8y + | X4(p) + (X =X) |8,
. (Y+vg) 85 = 0

or K, (p)a,(p)a (p) *+ K,(p)G,(p)a;(p) + Kx(p) = ©

K, (p)a,(p) |
ki, | - s K (p)Gy(p)
(4 + T40) 1 fiv? ¢ %2]‘ * - {Kyz? "lepz}
Tpa |
(1 +7,0)

or

Ky (p)a, (p) X, (p)0, (p)
+ ; Kw + _ . v
(1o %1”’ (1. - %113)

Eq* xs(p) = 0

where K.‘(p) " - 81'81 + ?182 » P‘L’SS



Byp) = | Waob = 2,(p) | + | X,(p) + (X <X ) | 8,

w26
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The method of D-desompoeition is used for the present
study. This technigue glsc known as the Domain ssparation,
or Departitioning teohnique first presentsd by Heimark in
1948, 18 an extremely powerful method for the study of
asymptotic stability in linearised multiparameter « autonomous
systems, The method is particularly valuabie tor determining
the controlling parameters wrequired to meset a given perform-
ance requirement. This method has been used in the present
work to determine the appropriate values of stablilising gains
if the fast acting voltage current and angle regulators ¢o
ensure stealy state stabllity with a doamd quality of the

transient yresponse,

53!;9 importance and application of the D=-decomposition
technique is widely reflected in Russien literature as, for
example, in the translated texts of nee:ovzz and Algerman>>*

The D-decomposition technique is faster than root= loous
technique and oomparisions with Routh ~ Hurwitz method showe the

technique to be greately superior.

D-=Decomposition ieohntng »23

The teohnique lies in determining the characteristic
equation of a lineariged system in the form '



=28

: n ne1 :
aﬂp * ‘19 * sanee * ﬂn__qp + an « 0 5.1

where p = 4/t and regrouping it in suoh a way that the
whole of the parameter space can dbe decomposed into domains.
The domains, corresponding to stable qonditions, are subsequ-
ently identified. It it is now required to analyse steady~
state stability of an alternator and to determine suitable
value of the gains for the fLirst and second derivative feeld~
baok signals of the mssociated regulation, then the technique
searches for contours in the gain plane whioch determines the
domains of stability.

In equation 3.1 soms of the coefficlents &, Bypenesd
will be independent of the first and second derivative gains
E{ and E2. The yest of the coeffioients are assumed to de
linear functions of K and K2. Let the equation (3.1) de now
regrouped in the form |

k2Q(p) + EKiN(p) + R(p) = © / 3.2
whexe Q(p)s N(p), R{p) are polynomials in p.
For the absolute stadility studies substituting p = jw 4in the

above aquats.pn and seporating the real and inmaginary parts
one gets

EpQqi(w) + KyFyw) +R,(w) = © 33
ExQy (W) + EqN2(w) + Ry{w) = © | 3.4
where Qq(w), Ny(w) and Ry(w) are the real parts and Qx(w),

R2(w) , Rp(w) are the imaginary parts of the polynomials,



Solving equations 3.3 and 3.4

QW) - <By(w)
Q) - Rpw)
‘1 » : 35
Q1(U) H‘(V) {
Qz(w) Nz (w)
“Re(w) Ny w)
- . : . 346
xz G w) N, w)
| QQ(W) | ‘32("1)

By assigning suitable values ¢o w from O €0 o . in squations
(3.5) and (3.6) it is poseible ¢o transform the p = §w axis
of the p plane onto the K, - K, parameter plane, The contour
in the parameter plane divided the parameter plane im to a no.
of regions (domains), Hatehing rules are available to identify
which of the domains in the gain plane corresponds to a stable
operating condition,

The existance of a region of stability indlcates that
it 18 possible to obtain stability in g given system by approp-
riate shoice of the derivative gains. A large regibn of otabiw
lity requires less efforts in setting the regulator parameters
places less stringent demand on the stability of the regulatoxr
charaéuristio and is accompanied by ’more reliable operation,
Each mtability region gives a conolusive answer 0 the problem



w0

for only one operating point in the power system. Therefore,

in this approach it is necessary to plot regions for all
typical operating points and for all possidble changes in

system quantities that may arise. If an area in the region

15 common to all points of credible operation, system stabi-
11ty oan he seoured by a single regulator setting for all
changes in the operating oonditions and powsy system quentities,

If the denominator of equation (3.6) is called A then
hatohing rules are as follows.

1) I£8270 then shade twide the boundary on the lefi as
v increases,
~11) If A < O then ehade twice the right as v increases.
111) A straight line D-partion boundery may ocoure at a
particular value of w( w = wo) if the equations (3.3)
and (5.4) becoms lineerly dependent for this wo » A
matohing shading 1s dons for this special line, Noting
the shading on the contour obtained for values of w
Just greater aud smaller than wg, the special line is
shaded once only. |

Croesing of D partition boundary from twioe shaded to
unshaded side recults in lose of two roote to the right hand
pide in p ~plane, '

Crogsing of the singular line in the parameter plane
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from shaded to unshaded side results in loss of one root
to the right hand side is the p-plane,

Once the region of maximum numbexr of roots in the

left hand side of p-plane is marked, then question of ascertaci-,

ining whether the region marked is realy a stable region
arises. To answer this question one of the point in this
region is selected and after putting the walues of the param-
eters in the originel charactoristic equation Lt is tested
whether all the roots lie in the negative half or not., If

the anewer is positive then it 15 confirmed that all the
points in the region will correspond to stable system.

o oheck this the author has made use of Mikhallov's
stability oxiterion.

- The essence of the Mijhailov oriterion lies in the
following proposition,

A immem is stable, provided its oharactoristic
aqnaticn

2(p) = ap + apnel ¢ itaqp te, = O
eatiaﬁ.u the ronow:ng ncmdiﬁom.
Te 2(dw) # Oat wwO, 3008, ¥ O

2. The loous of the end points of the vector £(iw), when w
variss from O to =, traverses in sucoession (without gaps)
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by n quadrants in anticlookwise manner a, equations of
¢: n'b opder (with 8, > 0)» This condition can be replased by
.o the f0llowing three conditions,
() If in £(jw), the rezl and imaginary parte axe so
separated that £(jw) = glw) + Jh{w) then g(w) = 0
and hi{w) = 0 mist have real roots.
(b) The value of g(w) and the rate of change of h(w) at
the point w « 0, in the other words, the value of
g(o) and jw{o) mst be of equal similar sign.
(e) The points, where g{w) and hiw) traverse gero, muot
alternate so that when w inoreases starting from gzero
. the points at whioh g{w) and k{(w) pass through gero,
alternate in turn, ’

et £(p) = (p=24) (Php) ssvveuss (p=2,)

If jw is substituted for p we obtain

£(gw) = (3w = 2,) ( Jw= Zp) evencese(gw <2)

F(jw) oconstitutes a vector whose modulus i equal to
the produot of the moduli of all the vestorial factors and
whose argument is egqual to the sum of the argumente of all
the veotortal faotors. Atw = O the veotor £(iv) hes &
purely real value f£(0) whost argument 45 squal to gero beca-
use in an equation with real ooeffisiente the roote can be
either real ox occure in conjugate pair. The argument of real
éoot i8 gero and sum of the arguments of conjugate roots pairs
i8 alno zero. The reference line from which the argument is

measured is the negative real half axis when w varios from O to



w ¢the angle for each veal root changes dy =x/2 and for

each pair of conjugate roots by =. Qon’aequently for an

nth order equation, if all roots lie on one side of imaginary
axis, the total angle £(jw) changes by the magnitude m/2 n.

It ie apparant from this that for a stable system, the
veotor £(jw) mist traverse n quadrant in a definite sequence,

Thus to determino whether the system is stable, it is
" necessary to edapt the following procedm -

1. Find the characteristic arqnauon £(p)

2, Substitute jw for p in this equation.

3, Separate the real part of f£{jw) from the imaginary.
4. Construct £(jw), with w varying from O to e,

Iy the numbeyr of cuccessive quadrants through which
the weotor £{jw) passes 15 equal %o the order of the charac-
teristic equation, then the analysed system is stable.



CHAPTER = 4

e Pro of Absolute Stabi

For determining the regions of absolute stabi.nty‘:\the
planes of first and second derivative gain constants of

current, voltage and angle regulators the equations (2,17)
and (2.19') have becn used, Theexpression for first and
second derivative constants as funotions of angular frequency
(w) will be found,

4.1

First in all terme expressed as function of p earlier
in Chapter -2, p = jw will be substituted and then these will
be split, into real and imeginary terms, .

D-Partitiont

6d (jw) = QAR + Jwodl
;u 1 .
T+ jido'w

¢

Gq(iw) = OGR + Jwogl

= ....1";,ﬁ'190’w 0
1+ qu'aw-

GV(jw) = GOVR + Jwovl

- _1-3P80'w 0
1+ Tdo ' 2y ? )
- , 1. '
(1 + jPq0'w)
4.2

KOV + $R1Vw = K2Vw?
| 1 + jwTe




o v o

| KOV4Z (K2V = e1E1V) | + iw|KIV~Te1 (KOV-wZR2Y) |

1+ w2T.12
anse 403

GI(iw) = GIR + JwOII

- | KOTw? (K0T Pe1EIX)| +w|EN ~Te1(ROX wwE2I) |
1 +2g1292

see 4.4

£4(3w) = 4R + JwiI
= (VCOBHO = weﬁoxn) + Jw(V Sindo -edo ﬂ{nido ~2xLiqo)
4.5

£2(jw) = £2R + Jufpl

- (-Vsmﬁp--iqo xnwa) + 3w(V Cosbo ~eqo *‘{Ltqo ¢2saox1,)
' XY 4.6

£5(3w) = £3R + gl

= (£1R + JweiI) + WV go | 4.7
Gg(jw) = QGgR + 3wogl

= | (Rgo + Kegow®) (1-1g17g2w%) + wEg! (Tg) + Ta2)| +

“edw] Kg1(1-0g10g2w” )= (Tgt +2g2) (Ego -Kg2w®) |

| (-2t 782 w2)? +(1g1 + 7g2)%7 |
LR 4‘8

A31(3w) = 4 3IR + JwAB1Y = £4{3w)



= (GgR + $q0LZR + LdOfIR = wM ) +
jw( PA + Ogl + 1qof2I + 140f1T ) 4.9

Xa(Jw) = X4R + JwXAl = X3 | 1 + Jwra' |

1 ¢ Jwido?

Xa| (1wwlpao'2ar) = jw(do? ~mat) |

. 4,10
1 + wlrgor?
X3(Jw) = XqR + JwXql
- , 2, - ' Ma)
* Xq| (1w"2'qo0) ~ Jw(Zqo' - Tq) | 4411

(1 +wngo'?)

0a(3w) GV(aw) = O04VR + Jwoavl

= (G0R GVR - W'GAI GVI) + Jw(GARGVI + GAIOWR)

ey v 4.12
08 (Jw)0X{(iw) = G4IR + jwGAlX
» (0AROIR -w204l GIX) + aw(OARGIT + GAYOIR)
LA B 4"15

Ga(Jw)av(Jw)Lq (Jw) = AR + JwAX
= 0AVIR + jw 0AVIL.

» (GAVREIR = wo0AVI £1I) +
+ Jw(GAVREII + GAVILIR) 4,14



n’?w

04(p) GV(p)£2(p) = GAVZR + Jw0AV2l = BR + JWBI
= ( GAVRLZR = W204VI£2I ) +
+3w (GAVRL2I + QAVILZR) 4.15

221 (3w) = A21R + Jwa21X

= = |S3AR + SgER + f2R | +3w|Vdo «58AT~ SqBI~-£2X |
LEX 4.16

A22(3w) = A2ZR + JwA221
w]= X3R + CAGAIR = {YLM +( Xy= X,) Sq} GaVR ~(X; ~X,)|

+4w| =X4I + CAGAIT - {"Yz.a *(xg ”xﬂ)sd} 0avI | 4.7

A23(3w) = A27R + jwa23
& ! -l'(Y “"YL) & cgﬂdm "{Sd(xn -nxc) uYI‘gq} G4aVR l
+ §w] CqodIX *,;_sa(x,‘ -X,) *YLSqE Gavr | 4.18
K1{jw) = AKIR + JWAKII = AZ2A33 - A2BA32
» (AS3%22R = A32A23R) + Jw(ApgA22X - A324231) 4,19
CA13(3w) = A13R + JWAI3X
« = | XQR ¢ (% =X,)| = JuXqX 4420

AL + JwWBB = (A12A23 = AVSA22)



= (A12A23R - ATSRAZZR + w® A13I A221) +

*3w(A12425% ~ A13IA22R = A15RA22I) 4.2
X2(jw) = AK2R + jJwAk2I
= | (A ABIR = WOBB,ABIT ) = A12.A33 A21R

+ A32(A13RA2IR = WoARS.A2Y ) | +

i} (AL,AZ1I + BB(ABIR) = A12A53.A211 +

+ A32(A13R A211 + A13I A2R ) | 4.22

K (3w) aq{iw)
(143wTo2)

X+ jwyY | 4,23

= | (AKIRGGR = W2AKIIGL) + JW(AKIRGQI + AR1IOGR) | x

(1- 3"%2 )

T +w
X + ¥ = | (ARTROR=’ARITOGH) + WPlep (AKIRGGL + AKIZGGR) | +

+3w] (AK1RGQT + AKVIGQR) ~Tq2 (AKIRGGR ~w AKIIOGL).|

1 + w'ng,?

£3(Jw) K1(jw) = £ER + JwLKY
» (£3RAKIR ~w2£3IAKII) + Jw(£3RAKII + £3IAKIR)

LA A 2 4.24‘



+

K1(p)aq(p) o, Ki(p)oq(p)KOb
- | Xiop + Rotp” | + -
(1+242(p) (1720}

+ E2(p) » £3(p)Ki(p) = ©

may be written in the form.
(X + W) (JWE15 = wPR25) + (X + §wE) KOG + AKZR + JWAR2I +

+ LXR + JWLEL = O
or
WCYKIG = XWE25 + LKOS + AKZR « £KR = O

K16 - wYR25 + WYKOb + WAK2I + weKI = O

IEN - wa( x‘? + w2!2 )

Y(KO8X + ARZR + fER) «~ X{¥X06 + AK2I + f£KI)

X2 » wix*

K1 -

And
. Y(YROS + AK2I + £EI) + ( X (XKO5 ¢ AK2R + fER)/w? |
%2 , woy®
Now by varying the values of w from O to « different

values of K16 and K26 are obtained and graphs are plotted to.
see the efrfects of different paramsters, The computer progr-~

amme for carrying out this caloulation is given in the Appen-
dix 1.1 The phasor diagram for obtaining initial values is

given in the fig. 4.1.
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4.2 De ;4.0 he ane RiV =~ K-

The expressions not defined in this seotion are the same
as per section 4.1
Pi(4w) = AFRT + JwWAFI1

= (SAf1R + Sqf2R) + Jw(SALI ¢ Sqf2I) | 4.25

S1{(3w) - 81R + jwS1X
= A12A33 ~ A13A32
= A12A33 = A32A13R - JwWA32A13I
= | (Y +th3 - Aswsa)l + Jw(=A32A131) . 4426
82(jw) = S2R + jws2I |
= A33(A11R + 3@1 11) = (AY3R A3IR- w2A13IA31I)
+Jw(A1IRAS1T + A13IA31R) - 4427

83(jw) = BS3R + JwS3I
= A32 AVR + NI« (Y +V)) (ASIR + Jwa31I)
= A32AVR = (Y+L)(ASIR) + Jw(a32a1I = (74T )as1z

ot; 4‘28
K1(jw) = AKIR + JwAR1X

* |=(PIRBIR-w-F1IS11) + PIS2R +P2S3R| +

+3w|~FIRS1X = MISIR + PIS2I + P283I | 4.29



wdle

R2(jw) = AEPR + JwAK2I

= |~08S8R + OgS3R | + jw(=CaS21 + 0gS3I ) 4.30

E3(jw) = AESR ¢+ JwaK3I

éwx:sm w2{W 30 = 121'.15 811 » {x«m + (lb -Xc)} 32R -
~2521X4T = (¥ +1,) S3R |

v 3w} s1RMao ~g21] + 511 [~12m] + sorzar + s21,

R R R

'O‘Q 4‘31
6d (w) o (GER + JwOAI) (1-3wleq)
14§21 (W) | 1 *'wi’%ﬁ "

= QO4ER + JwOdEX

- (B4R _'wz%im) + ﬁ(ﬂd! v 'Tejd‘dni)

’&2'351 2 |

K (Jw)od fw)
(H3Te1w)

= (R1 *MKI - 4.32

= (AKIR + JWAKII) (G4ER ¢ JwGIEI)
= (AKIROGER = WoAKIIO&EI) +
"+ Jw(AKIRGEEI + AR1TOER)
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K2(Jw)aa(jw)

(1+ JTgqw)

GKR2 + JwOKI2 4.35

« (AK?ROER = w°AK2X0GEY) + jw(AEZRGAEI +

AK2IGGER )

E2(Jw) 04(3w) o .. |
e (0T VERI e R e
+ B 000 v+ £3(p)
1 +Jwlyy
- BER + JWBKX : s

 « |GER2(KOT ~’K2T) «w®(QRIZ,R1T) + KOVOKRI + AKGR |

+4w(ORR2,K1T + OKI2 (KOI-w R2I) +EOVOKI1 + ARCI |
(GER1 + SWGKI1)(JWKIV = woK2V) + BER + JWBKI = O 4.35

*e = W2(GKI1) K1V = w2(OKR1) K2V + BER = O
w(OER1) KIV « w2(OKI1) K2V + wBKL = O
«2GKI1  =BER

wGKR1 -wBKI
K2y - . -

« (BEKL)(0KI1) + (BER)(GERY)

hod

IEN



e o

«~BER “2amR1 |

~wBKX W K11

KV =

- (sm)(omm) - (GERY) (BET)

IRN = (GER1)? + wo(aKT1)2

Computer programme for caloulating K1V « K2V for different
value of w is given in Appendix 1.1

Up %0 equation (4.33) the derivation is same for KiI -
K2X also

K2(3w) Ga(dw) por

K1(jw) oa(jw) 2
v (EOV + JWKIV - w°K2V) + 1+ JwTe1

+ X3 (jw) = BER ¢ jw BKI
« | GER1(EOV -w2K2V) = w2(GKX1)(KY) + KOIGER2 + KOR |

+ 3w (GRR1)(RIV) + (‘ew)(mwamw + KOIGKIZ + K3I |

'« (GER2 + JWOKX2) (JWKII ~w°K2I) + BER + JWBKEL = O

IEN = QER2 + w° x anz_
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. (BER) (0K¥2) - (BKI)(ORR2)

X1
IEN
ARD
K21« (BKX) (OKI2) + (BER) éoma)
w
—

The programme for oalculating K1l - K21 for different values
of w is given in Appendix 1.%

Use is made of the squation (2,19) for this cheok, It
will be noted that the charmoteristic equation (2,18) containe
terms which are satios of Wwo expressions in p. In order to
develop & form, suitable for this check, the equation (2.19) .
is first miltiplied by a term D(p) containing all thettime
constants. D(p) is given dy |

D(p) = (1 + ma0'p) (1 + Te1p) (1 + Tqo'p) (1 + Te2p)
(1 + 7g1p) (1 + IgZp)
Equations (4.35) can be @iﬁton_ in expanied form as xollow;
(GER1 + JwOKI1) (awmv - ngavj + BRR + JwWBKI j

(mvom * mvam) + mm
+ Jw {nm + RIVOER1 - w xzvew}

- “‘937‘
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D(iw) = | (1 -w® T80'%q0")  Jw (240’ + Tgo') | x
| (1~ Tey Tazw’) + v (Tet + T2 ) | x
| (1=1gt 7g2 w°) + v (7@l + 2g2) |

= (C, + jwt) (0, 92) { 05 + v D3)

- | (C10p = w'DiD2) + gw (CqD2 4 D4C2) | (Os + jwDs)

« | (0400 = W 1p2) €3 - w‘n;(a,m + D1C2) |
+ 3w | C5(CiDg + mda) + Dy(C402 - ‘,,23,,,2). B
= DR ¢ jw DI

ARR + JWAITZ = (U + 3wv) (IR + JwDI)
= (UDR = woyDr) + Jw{UDI + VIR) 4.3

By varying w from O to e the loocus of characteristic vector
ARR + JWAII iscstudied., The system characteristic equation is
of eighth order. For any point geleoted from within the region
(containing maximum mimbexr of roots to the left of jw axis in
the p plans) obtained by D-partitioning {f the oh, vector
POsses

through eight ymedraats in eucceseion the point selected
will belong to the stable gone,

The computer programming for getting ARR-AII for different
values of w 48 given in Appendix 1.4.
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Caloulations and Results

All the computational work is carried on the departme
ental computexr TDC=312, Theswffeot of varia¥ion in Q, Xg, 8,
T, KOI, KGI parameters on the stadle region in the parameter
plane is studied. OGraphs of the computer results are given
in Figs 4.1, 4.2, 4.3 «v. eto,

Discussion

Study has been made for selection of six gain ¢onstants
namely Kily K2I, K1V « K2V, and K16 « K26 for absolute stab-
111ty by using D-Pertitioning technique, The effects of

varying Q, 6, Xo o TE, Tgl, KOI are being particularly studied,

Discussions for Absolute Stability
1) Effect of Q (leading reactive power at infinite bus)

Inorease in Q is found to reduce the stadllity region
obtained in the planes of K1V -K2V, KiI ~K2I and K16 ~K26,.
The rate of reduction being fastest in the plane of KII «K2X
and least in the plane of Ki& - K28,

Above inferense has been drawn from the figureva 4.1 to 4.3.

11) Bffeet of & (Initial steady state load angle)

Fige 4.4 and 4.5 show the effect of varying & on the
ataﬁiuty region .i.n the plane. of KiI « EK2I and KiV « E2V, It
is noted that < ithere exists a critical angls & whioh gives



47

least area of stability and the angles above and below this
angle give greater stable sone, Apperantly & = O case gives
largest avea but the pecond derivatives gain gonstants has to
be greater than a certain minimum value, Pig. 4.6 shows that
inorease in & gives larger stability avea in the plane of

K16 = K26,

111) EBffeot of Xg ( Series capacitance in the tie line)

The increase of Xg inoreases the stability szone in the
planes of KiX - K2I and K16 « K26 but this increase is remarke
able in the K15 ~ X256 plane (Pig. 4.9 and 4.1%).

Pige 4.9 shows thet the inorease in X, reduces the stad-
111ty srea in the plane of KiV - K2V,

iv) Effect of T ( V.R. Gircuit time constants )
ey = Tgp * T

The inorease in Ty gives reduction in the stability
ereas in the planes of K1V « K2V and K16 ~ K26 while it .
inoreases the stability area in the plane of K1I « K21 plane,
But it may be notsd that the stability avea in KiI - K2I
plane 18 very small gompared o other two planes ( fig. 4.12,

4.14, 4.15).

¥) Effect of KOI (Propertionate gain constant of
current regulator ).

Fig. 4.13 shows thé,t inorease of KOI oauses insignificant
deorease in the stability region obtained, Almost whole of
the first quadrant happens to be stable sons. Fig 4.16 shows
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that increase of KOI does not change the stability x«eg:loﬁs
obtained 4in the plane of KII « K2I plane, The stability
region is very much limited compared to other two cases,

| Figs 4.17 shows a gradual reduction in the stability
gone in the plane of KIV « K2V,

vi) Effect of XGi -(Bpeed gain constant of the Governor)

Increase in K31 reduces the stability area obtained in
the plane of Kil ~ K2I at a very elow rate, the oversll area
is very small in size (£ig.4.8).

Increase of K01 produces ineignifiosnt decrease in the
stability area obtained in the plane of K16 « K25, Almost
complete first quadrant is a stable reglon (Pig.4.10).



In an earlier chapter the problem of parameier co-
ordination to ensure pystém stadbility has been discussed,
The aim of study in this chapter is to ensure a desired
relative stability (degree of stability of the gystem i.e.
to ensure s cexrtain B@ttnng time for the transient response |
of the system, The settling time of the system is related
to the location of poles of the system charactsristic équut-»
ion on the left hand eide of Jw axis in the peplane. For
~ stable system sll the roots of characteristic equation be
real negative mumbers or complex number with negative yeal
parts. The rate of decay of each component in the 4ransient
response is determined by the abeolute value of the real
paxrt of the Qomaprm_&:lng root. The larger the absolute value of
the real part of the root the moxe fapid is the process of
decay oiﬁ the‘ _Went response, Evidently it 4s the com=
ponent of the transient process with . the smallest value of
the resl part of fhe root (only the absolute valus is relevant)
which will decay morxe sloWiy ;hhan' other components, If the
duration of dying out of the component with the smallest
damping exponent ( if.e. largest time constant ) is equal ¢o
or smaller than the period of settling down consistont with
the technical rxequirement, than the actual dwration of transient
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process will certainly not be larger. It can be assumed
that the transient process ie oompleted after % to 4 time
constants. This time constant is the reciprocal of the
real part of the smallest root. Thus to ensure prescribed
value of settling time of transient process of the systen
a line parallel to jw axis . .i3n the p-plans but shifted to=
wards the left hand side by an ampunt (reeiprocal of the
depired maximum settling time) will be transformed on to
the desired coordinating paramaéor plama. Such a px;ocaae
is effected making use of 4 partioning technique which has
been desorided in the earliex chaepter, |

541
replacing P by & + 3w,
Ga( o +4w ) = GAR + JwOAT = - ,
1 ¢+ 2307 (5 +iw)
R
" (1 + %80 ) + jwido'
.. O4R + JW04L = ( 1 Tdot@) - Mﬂgi‘

{1 + Td0tc )2 * Qdo'znz
. bt B0k JwTdol
A b

JO 9826
CENTRAL VIBRARY UNIVERSITY OF ROORYFF
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where A, = {1 *mo'@)g + ‘Idu'aua

. Similaxly Gq(p) = GgR + Jw Gql
e s,

where A, = ( 1+ Tg0'c)? + Tq0r W’

gvip) = ROV + K‘l’{g b @Vgﬁ
| 1+ To1p

OV (6 ¢ Jw) = Gm«bmvx - mv*mv(c“*i")'ﬂ"(f*i")z
“*QQ?(S‘”‘)

(KOV + K1V + <CK2V = E2WW2)edw(KIV + 2 K2V )

m e

A = KOV +c KWV + FR2V - oW

B = KV + 26 RV

-

(A +3wB) (1 +Tg17) = Juleq
(14 21)% + mgq? o

oty GVR + JwOVI

o A+ Tg1s) ¢ wiany W B(14745)=Te 1A
A v A

where Ay w (14 Tgqw)? ¢ By B

' L2
Similarly OX(p) » XOL % KIIP ¢ E2Ip
(1 + T,-‘P)
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A = EOI +c°KiI + RO = K2Iw®
B =K1l ¢« 2-K2X

| 2
OIR + JWOII = 0I(s+iw) = | Al 20 Te1) + W Te1B |
Ay
w | B +cTgq) ~Toy |
A
£1(p) = VOosso + p(~ ;180 = edo + VSingbo = 2X;1qo ) *XI."“PQ |

21(c +3w) = Voosto + (< +3w) ("G40 wedo +V5indo = 2X;1q0) +
(¢ +30)%x 120
A »~ 180 = edo + VSinbo » 2% 4q0
Bw Xido

£1R + Juf1l = VOomSo +oA +(c=w2)B  +jw (A + 25°B)

22(p) » « v3inso + p(VCosto +y;iqo ¢ 21d0X, ~sqo ¢ x.bxqopz

A = V00850 + ¥ 11q0 + 240X, ~6qo
B = x.Liqo
£2(s +4w) = £2R + Jwr2l -{-»vss.ne&wa ' (@2~ &2) B/
. + dw( A ¢ 268)
£3(s+3w) = 3R + L3I = £1(—4Jw) +V go(c + Iw)

* (£1R +cygo) + Jw(21l + ¢ qo)
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2

og(p) = 562t Eelp + Ke2p’ . Kgo ¢ Kelp » Ke2p®

(1 + Tgip) (1+4Tg2p)  1+(Tgl + Ta2)p+Tgirg2p’

TG0 = Tgl + Tg2 , 70T » Tgl Tg2

sl +pwy = K80 *Eet ¢ (FwP)mge + gt + 20 Kg2)
145go +( c2w2)I6T + Jw(260 + 2<2GT)
A = Kgo +oKgl + ( Pun?) Kg2
Bw=Kgl + 20Kg2
G =1 +50g0 + (comi) 207

D = TGO ¢« 25767

Gsm.awugxl- Avd,  Ax B (€ D)
’ - C ¢+ jwD 02 + p?

. AC+w’BD  _ aw(BO - DA)
¢ + D% 6% s

A31(p) = 24(p) ' = Mp® 4 fdp + 0g(p) + 1qor2{p) + ido1(p)
A3t (c +jw) = (& +;|‘w)2n + Pa( s +3w) + GgR ¢ Iwigl + |

+ 1go({f2R + Jwe2X) + 140(LiR + Jwril)
ASIR + 3w§11 - ﬁ( @2~w2) ; P& + GgR + 1gof2R + {dof1R

+ Jw(2oM ¢ PA + GgT + igof2I + Ldof1X )

xa(p) - X129

1 + Tdo'p




T

m(6‘+jw ) = m; 71 * (G* W) Td'}
1 + (c+jw) 740!

xaf-(i-w 741) + ma*}
(1 wm') + 3wmao'

2

. m{(hm!d')(‘l +6 Tdo*) + W 1d'Tdo!

(1 "‘6‘TQO')2 W ﬂ'.‘do'a

WX(U:'.M’(‘H@ Tdo‘) w Tao? (1 +5 7a?)
2

(1 +c280°)% + w wao""

Xq(s +jw) = XqR + Mql

Xq{(‘l +<Tq') (1 m'ﬂqo') *w T’q Tqe!

(1 *@'L‘qa')z . wl Q'qo

wXq{m’q (1 to -Tqo* ) -»qu' (1 +& '.cqo’)
(1 + qu’ )2

* W Eqa‘z
ad{ o +jw) OV (c+jw) = GAVR + JwOAVI
: = (0GROVR ~wZ0AI GVI) + Jw(GGRGVI + GATGVR)
ad(c +4v) OX(c+4w) = OAIR + JwWOAIX
=(G4ROIR = W2GaL GIT)+jw(OGARGII + GAIGIR)

8d(s +dw) OV(c +jw)21(c +jw) = AR + Jwal
« (GAVRLIR ~w2OAVILAX) +
Jw(GAVRL1I +GAVILIR)



S
@a(c+ jw) GV(o+iw) £2(c +4w) = ER + JwBX
- (0AVRLZR - w2OAVIL2I) v (G4VRL2I + 0AVILZR)
121(p) = Vaop - £2(5) 02 (p)0V(p) {8a11(5) + Sat2(p)]
A21(c +Jw) = A21R + v mx | |
={s¥00 = LZR-GAMR ~ aqm} 3w ,QVdo-tBI ~54AT ~SqBY/
222(p) = = Xa(p) = (X, =X,) =04 (p) 93(9){‘"1,;% +(Xy, «X,) 8q¢
+ ¢caga(p) 6I(p)
r; =¥ 88 + (X ~X,) 8q
A22(> + W) = AR + Jwa22X
-dmoaﬁ&~(§~%fﬂwmn~wguﬂ
+ CAGAIR + 3w Gdédxl
= | = XR + C404IR = P,G4VR - 3:."" X,
+3v| ~X41 + CA04;T - P,GAVI |
823(0) = ~(¥ +10) + 0a(p) Ov(p)](Ty, ~ Xp) 82 =7 Sq}
+ Gqod (p)ax(p)
P, = (% «X) 80« ;8¢

A3 (oo 3!) ® A23R + jJw A231
g;.(w )«rmmg*cqadml +
+Jw| Cq0dzl + P,0avI |
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K1{p) = A22433 - A29A32
KI(6+jw) = AEIR + JWALAX
=(A33K22R = A32029R) + Jw(A33A221 ~ A324231)

AM3(p) = = | Xalp) + (Xy = X)) |

A13(c+3w) = A1IR + JwAl3X
| XgR + (xL «X,) | = JwXqX

AL + JWBB = (A12A2% - A13A22)

o | AN2A23R - AYSRA2ZR ¢ wPAVSIA22I |

+Jw] A124231 < A13IA22R « A1JRA22Y |
K2(c+iw) = ARZR ¢ JwARI =~
| (ks ABIR = WPHB(ABIL) = A12 A3S A21R +

sA32(AVRA2IR ~—wZA1TIAIT) |
+jw| (AAAB1T + BBASIR) = A12A33A211 + A32(A13RA21I
+ AI3T A214) |

Kt (o +3w) Gq(c +3w)
 ————— e RN G 3 aw!‘
1 ¢ Tgp(co*iw) |

- |(mgg@.u%x;,x(}qx)(1+@m’2) wa(AmRGqI +AK1I0GR) Bgo |

+3w| (AKIRGQT + ARVIGQR) (146 To0)~R 4o (AKIRGGR-WAKIIOGI) |

(1 +c242)% + w® me2®



t3{coriw) Ki{crjw) = ';m + JweKl

w (£PRAKIR = WoPSY AKIY) +4w(£3RAK'I + £3IAKIR)

.*s K1(p)0q(p) Ixte '* 252l o Kl (p)og(p)Ros
£16p - p  THSSSIRm—
(1+792p) P a (1 + Tp2p)

+k2(p) ¢ £3(p) E1(p) » ©  May be written as

(X + 3WX) | (codw)EI +(c «iw)? K26 | + (X + Jw¥) Kob +
+ AKBR + JWAR2I + £XR + JwfKI = O | |
or (2 + Y) | KIS + JwElS +(? ) m28 + JoworDs |

+ (X +Jw¥) K06 + AKZR + JWAKRY +£KR + JwfKl = O
S XK16 + JWEIEK + (%) K26X + 12w TK2D X+IWY K16 -4 YK15

+3wY ( 5\2#2} R2% ~2'£2‘16“K26 + (X + j!w) Koé - 0

or (X «w’X) K16 + (o7 ww')X 24T | K26 + XKob + AKZR
+fKR = O
(WK + WE)K6 + [ 20X + wE(c 2a®) | K25 ¢ wikob +
| ‘ WAK2YL + wfKI = O

TEN = | (oX = wY) [ (WoX ¢ vl (° @)/ |

ERCEE SIRNELEo TS 2
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A = rL:.do - aniqo f V8inbo «~ edo + Wqo

B = xx'ido

AM1(S+ Jw) = ARV + JwAIld
» |VOosbo + ( @2 wz)a 405A + GgDR) ojw(éc‘ B+A+Qqdl )

P1(p) = sari(p) + 8qf2(p) |
F1(s +jw) = SAFR + Sqf2R + Jw(SaL1I + Sqr2I)
8§1(p) = A12a33 - A§5A32
S1( s +jw) = S1R + JwWS1I

w (A12A33 = A32A13R) - JwA32A131

= | (r+ =z )A33 « AB2A13R) | + jw( =-A32A131 )
S2(p) = A11A33 = A13A32

S2(c +jw) = S2R + Jws2l
= AZ3A11R = (A13RASIR = wo ABIXAISL ) +

+ jw( AB3ANI - AV3RAZIL + A13IA3R )
83(c +jw) = S3R + JwS3I
u AB2A11R « ( r + rI,)AS'tR + gw AS2A11I = (r + 1 )A3YI

K1(p) = « S1F1 + P152 + P283

K1 (< +Jw) = |=(AFR1SIR = WoAFI1S1I) + PIS2R + P2S3R | +

+Jw|=AFR1B1I = AFI1S1R + P1S2I + P283I |
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X156 = *{(@a-w",) v *ch}{ma + AKZR + KR+

+ 3 (<? ) x 2v?1 S wrmos + waRex « wem)

DEN

K26 = « (X = wzx)(wm + WAR2Y + wfKl) +
+(wX + w¥s)(XKod + AK?R + LEKR)

DEN
5.8 DsPargitioning in the plane of KIV - K2V
ss(v) - Kob* Eiop v X2p”

A= Kob +cKib + CEBH = K26WS
Bw Kib ¢ 2-K286

G5(<C +jw) = DGR + JwWDOI

= A{Y +00gq) + wohgqB o T B(1+5°Tg1) =Tyt
E) 5
| N2 .22
wheye A3 (1 +Te16)° » Ta1"w , Tel = Tg2 = Ty
Gg(egw) 06(<+iw) = GQR + JWOQI
= (OGRDGR ~w°GqIDGI) +jw(GQRDGI +GqIDGR)
At1(p) = VCombo + paxbun' + p(X I‘zdo - 2%1‘10 + ¥8in bo ~edo + q0)

+ 8q(p) 66(p)



w60

R2(s'+3w) = AKZR + JwAR2Y

= |=»CAS2R + CgS3R| + jw|~0dS2I + CqS3I |
E5( o> +jw) = AKSR + JwAKSI
= |V 0 (s1Re w811) = | P2RSIR ~ wor21 5127 o
XOR S2R = WXAIS2L + (X=X )S2R | = (¥ +)SIR |
+iw| Yao(S1R +©81I) «(FZRS1T + £2ISIR) #
+ XA4RS2Y + XAISZR + (xL ~%q0521 al +73,)831 |
0a(c +jw) = OIER +jWodEX

= GAR(1 +0 T4)+w?04IT, (14574 0AT~To0R

* Jw
Ay | A

Ki(s +jw) Ga(c +3w)

_ = GER1 + JWGEI1
(1 + Tg(cedw) ‘%

» (AKIRODER = WPAK1IGAEI) +
+3w (AKIROGEY + AK1IGGER )

K2( < +4w) m(c*ﬁ#) ,
(1 4&.('\““"‘3‘)}

= OKR2 + JWOKI2

= (AKPRGAER « WZARK2IGIEX) +

+ jw( AKPRGABY + AR2IGAER)



6=

E2(p)0a (D) (ror o RiIp + 21p2) + E1(p)0d(p)
(1 + Tep) (1+24p)

KOV + K3(p)

= BER + jJWBKI
) 2 2
A= ROI + KII + («F ") K21
BwEII ¢ 20K

BER + JWBEI = ( GER2 + JjwOKI2) (A + ;m)'» (GER1 « 3%#1)1(0?
| + K3(p)

« | GER2A = w2OKIZB + GRR1KOV + AR |

= + jw| AGKI2 + OKR2B + GKI1 KOV + AKSI |

—

+* (GER1 + JWOKI1) (K1VD + K2Vp°) + BER + WBKI = O

or (OIR1 + JwokI1) { (€ +gn)KIV + (€ +30)%E2v | +BRR +qwBEX = ©

(OIS K17 = wPoRIIKIY + (o2 w?)EmRIZRY - w2oKI! 20 K2V +
+BER = 0
or (€ 0ER1 = wiaKL1)RIV + iy sf «w?)om1 - wlort,2 <l x2v

+ BER = 0

and (WOKX, < +wOEKR1) K1V 4{( &3 wa)w GKI4 ¢ 25 WOKR4 ‘}mv +
+WBKI = 0

A= (2 w?) wokDy + 2¢ WORRy
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B w COKR! = WOOKIY
Cw 6"2 *Wz) GKR1 = ﬂ26u1é2

D= wOKlq<s + w GERq

Ky » "AXBRR +wBKIXC «B x WBKI + BRR x D

AB « (D TRy

53

KOL + K3(p)

D ENAD) (o o pivp + z2vpd) o« REOAED)
1 + Top B 1+ ‘l‘ep

= BER + JwBKI

A= | KOV +6EWW + (o? ~w®) K2V |
Be | KIV + 25KV |
BER + JWBKI = |QER1.A = W2GKI4B + GER2KOI + AK®R |

+iw| A.GEI4 + GER4B + GKI2KOI + AKSI |
.*. (GKR2 + JWOKIp) (E4IP ¢ K2Ip°) + BER + JWBKI = O
Ae (2 ) WOEIp + 25 WORR?

B= <GER2 » wQGKIQ
0u (2 —v?)om2 - woOKI, 26

D e & WAKly + WwGERg
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W% KII w A.BRR ¢ WBKR + W BEI x C
AB -CD

k21 = =B X WBKI + BER x D
AB - CD

Thus the expressions of £irst and second derivatives
gain constants are found in term of o a,nﬁ w. Now making s
constant and varying w from O to o difterent values of
derivatives gain constant are obt;zihad. By varying the
parameters ( Q, Xgy 6, Tgy and KOI) whose effect are sought
to be studied in the plane of first and second derivative
gain constant, diﬁ‘erént graphs have been plotted.

Cgloulation and Results

Calculation are carried out in the computer (TDC =312)
and the results are plotted in fig. 5.1, 2.. eto. The compu~
ter programmes are given in the Appendix 2.

Discussion

1) _Effect of Q

In general the effeot of increase of Q is found to reduce
the relative stability area obtained in the planes of KiI - K2I,
K1V « K2V and K16 = K28, meaning thereby that the quality of
the transient response deteriorstes with incorease in Q (Pig.5.1,
5.3, 5.12),
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11) Egfeot of &

Pig. 5.2 showe that inorease in initial load angle &
continuously reduces the relative stability area in the plane
of K1V - K2V Fig, F.3 shows that inocreese in &6 to a certain
ceriticel value refuces the stebility area to a minimum in the
plane of KiI - K2I, Thus better transiént performance can be
obtained by setting the initial load gangle a emall value
(0° order) in general.

114) Effect of X,

Fig.5.6 and Pig.5.,9 indicate an increase in the relative
stabllity area with increase in Xg in the planes of KiI -~ K2I,
and KiV « K2V, The region being smaller in the plane of K1l =
K21. This indicates improvement in the system transient
performance with inoreage in Xg. In other wards there is
greater flexibility in selection of Ki¥ - K2Y and K1V~ K2V
in case larger value of X4 is used.

Pigs 5.13 shows a reverse trend with inorease in ﬁc in
the plens of K18 « E26. Thus adjustment K16 - K285 parameters
within a limited area . Fo» higher X, seleption of K15 - K2§
parameters will pose a tedious problem to ensure a satisfactory
transient response.

iv) Effect of 1‘&

Increase in T reduces the relative stability area
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obtained in the planes of K1I « K2I end K18 - K28 (Fig.5.5

and 5,11). The yeduction deing faster in the letter parameters
Plane. Effeot of variation in Tp produces negligidvle change

in the relative stability region obtained in the plane of KIV =
K2V (Pig. 5.8). Thus if K18 - K26 are selected as flexible
parameter then greater difficulty will be faced in thegr
selection with inorease in TE 80 as to0 ensure g desired tran~

sient performance,

V) Effeot of XOI

Pige 5.7 shows that thore is reduction in the relative
stability region in the plane of KIV - K2V with inorease in
K01 whereas Fig.5.10 show in significant effect of variation
of KOI in the region in the plane of KiI « X2I. Thus greater
flexibility in parameter seleation to ensure a prescribed
transient response 18 possible in the case of KI1I -~ K2

parameters,



6

CHAPTER «

CORCLUSIONS

The problem 08 parameter coorainatibn of a ¥ aoﬁlily
excifoa gynchronous machine'® is studied by using D-~Secon- |
position technique. The ptudy is made in the following .
planes |

I KiI - K2X

I X1V - K2V
ITY K18 -~ K25
The first and second derivative gain constants of
voltage mnﬁ and angle ?eaulatox:s are the paramaters of
interest, |

The system studied is a doubly exoited synchronous
machine connected to infinits btus bar through transmission
1ine, ?he lumped parameter Rn. XL and xo represent the distr-
ibuted resistance, inductive reactance and oapacitive resct~-
ance of the transmission line, The machine is fitted with

YR on the & axie sensing the Geviation in terminal voltage
line ourrent and their first and sscond time derivatives, The
q axis rotor field is fed by an a.a.r., which senses the rotor
angle 8 and its first two time deyivatives., Only one time
lag each in the rsgulator oircuits on the 4- , and g~ axie‘
field cirouits is incorporated. The Governor is of the Jetern
type with two effective time lags. |

Two separate studies have been dons



I. S8tudy for absolute steady~state stadility
II. Study for relative stability to ensure a desired
quantity (settling time) of the transient response,

The Oraphs have bdeen plotted fox these two cases
separately.

Pollowing conclusions oan be drawn from the stuly of
the graphs.

In order to stadbily operate the system at highed lead~
ing KVAR, with a oertain speoified settling tims of the tran~
sient regponse larger flexibility in parameter co-ordination
can be obained by adjusting the firet two derivative angle
regulator gain constants 1.8, E1d « K26, The least flexibdle
parameters appear to de K1I < K2I.

A gmaller initial load angle 6,{nearly equal to zero
degree) may be selected to ensure stable operation with a desi-
red transient responss.

In order to operate the systen with Mger aerics
'capacitance Xq better performance cen be obtained by, ooorﬁzﬂ-
nation of KiI « K2I parameters of the AVB.

For eauaﬁctory operation with higher values of voltage
regulatot tinme oonstanté greagter f£lexidility appear to exist
in selecting KiV « K2V as coordinating parameters. Sofar
the atability point of view is concerned proportionate gain
constant of current regulator (KOI) and speed gain constant of



«EB=

the governor 4o not play any significent role.
e of ! L 8

1. In the present study the angle between the two field
windings has been teken as 90° whereas it can be taken amy
general angle a and then this angle can be maximised,

2. ' The relative effectiveness of the regulators oan be
studied dy comparing the integral-type performance ,tgdox to
sngure better transient response.

3o More rigorous analysis can be done without making
certain simplifying assurptions such as, nsglect of transfor=
mer voltoge terms, demper circuit dynamios and considering
distrituted tranémiaamu 1line parameters instsad of lumped
parameters.
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Symbols used in Computer Programme

6 » DL, x2 » XD, xq = XQ, x4* = XD, xq' = XQD,

74' = 7DD, Tdo' = TD0O, Tq' = TQD, Tqo' = 7Q0, KOV = VZ,
K1V = VO, K2V = VT, Te¢ = TE, KOI = 0Z, KiI = CO,

K21 = OT, KOt = DZ, Ki6 = DO, K26 = DT, Kgo = QZ,

Egl = GO, Kg2 = 4T, Tgl1 + Tg2 = 00, Tgl + Tg2 + TGT,
I =EI, do = S8HD, qo0 = 8HQ, M= AM,

erical values of the constants of the sys

Rl = 0,05, XL = 0,3, XC = 0.1, DL, » 0,523, R = 0,01,

xd = 1,2, xq » 0,8, x4* =» 0,29, xq' = 0.47, Td' = 0,77,
Tdo* = 3,2, Tq' = 1,9, Tqo' = 3,2, KOV = 10,0, K1V = 1,0,
K2V = 0,5, Tel = Te2 = 0,5, KOI = 0,0, K\I = 0,0, K2I = 0,0,
EOb = 5,0, K16 = 0,5, K26 = 0,05, Ego = 0,0, KgV = 0,05,

Kg2 = 0,05, Tgl = 0.5, Tg2 = 0.1, M = 0,0192, Pd = 0,0032,

P = 1,0, o



APPENDIX 4

D-PARTITIONING IN PLANE OF Kivel.2V B
BL*0e3238RLEU05SXLE0 3300~ e45R2 (e GLlEXD*1025XQ%Co8SXDD®0e295XAD20e47STO0677
rne-a.zsra-x.95700-3.zsv1-1o.osv0-o.osv7-o.osxc-o.1scz-o.osoz:s.osoo-o.s
OTR0,055C0m0405CTn040
ez-o.osao-o.o5961-0.055760-0.61TGT-o.oasauno.0192990-0.003257-1.0
READ TE
WRITE 59TDaTOO«TQsTQOVIWIESCZeCOsCToDLoDODTsGZoGOsGTo TGO TGToAMSPD4P
SOFORMATI/0EsEeE+EsE) $ AsSINFIOL) 3 B=COSFIDL) $ EIDwP#A+QHE % £1QaPHB=GuA
EInSQTFIEIDREIDCEIGREIQ) $ VTinle¢({EIDHRL=EJQ*{XL-XC) JHA+(ETQRRLSEIDH (XL~XC) ) #E
VIO (EIQ# {XL=XC)=EID*RLISB4+(EJOURLFEIDHIXL=XC)I#A § VIaSQTF(VTIMVTI4VTIONVTO)
DLTBuATNFIVTO/VT]) & yTDuVI#SINFILL=DLTB) & VIGaVI#COSF(DL-DLTB) $ SIDsVTIQ+R*ELG
51Qu=-VID=R#*EID $ SDsVYD/VT 8§ 5QeVIQ/VT S COsEID/EL $ COEIQ/E]
PLERL*SDH{XL=XC)#5Q $ P2m{XL~XC)*SD~RL*SQ
AB2uEIQR(IXL=XC)=SIQ4¢EID®IRERL) $ A33uSID+(R+RLIMEIQ-EID*(XL~XC) t ZOREAD W
WSmWHW § Alwlo+WSHTDORTDO § A2wletWS*#TQORTQO § AJsle+WSHTERTE § A4wl ~W5S#TGT
ASRWSHTGORTGO $ ASmAGEALGAS § AG8GLZ~GT¥WS $ GDRe14,0/A1L $ GDIm=GDR#TDO
GGR®140/A28 GQOlw=GOR*TQO $ DGRs (DZ=WSH(DT=TE®DO))/A3 $ DGIs{DO-TEX(DL-W5#DT))/AD
GAORWGARYDGR=WS*#GQI*DG] $ GUDIwGUR®DGI+GAI*DGR § AR11»B~WS*XL#EID+GADR
ADREXD#(1,4WS%TD#TDO) /AL $ XDI=m=XD#{TDO=TD) /AL
XQRuXQ#( 1, $WSHTQRTQO) /A2 & XQIs«XQ®# (TQU=TQ)/A2
AL11wRL#EDY=2 o #XLREIQ4A=VID+S[G+GEDE § ARLIm~XQR«XL4XC § Afl3s=XQ1
FRZwAEIQUXL®WS 5 FI2aB=VIGSRL*EIQI2*ELD*XL § FRI=B=E1D#XL*#NWS
FI1mA=VID#RLUMEID=2.#XL*EIQ § AFR1IwSD#FRI+SQ¥FR2 § AF11sSD#F]1450#F12
UORe(AGHALEWSHGORTGO) 7A5 § GGIs(GN#AL~TGO%AG]/A5S AR 1eGGRAE IG¥FR2+EID¥FR1~AMRWS
AL31aPD4GGI+EICHFI24EI0%F1IL § SR1s(R4RL)¥A3Z~A32%AR13 § S[le~A32%Al13
'SRZwA33%AR11=(AR13#AR31-WS*AI13%AI31) § S12#A33%AI11~AR13®ALI31~A113#AR3]
SR3ImA320AR11~(ReRLIHARSL & 513sA328A111-(R+RL)*AISL
AKR1a=AFRI#SRLI+WSRAFI1#S] 1+PL¥SR2+P2¥5R3
AK11u=AFRI#SI1=AF [1#SR1+P1#S12+4P2#513 $ AKR2s=CD#5R24CQ#SR3
AKI 2m~CD®SI2+CO®SI3 § AKRIS=FRIWSRI«WSHSI1#(SID~F[2)+{XDR+XL=XC)#SR2
AKRInAKR34{=W58S12#XD] J=(R4RL)#SR3 § AKIBnSRI*(SID=F12)~S11#FR2+¢SR2#XD]
AKI3wAKI 3451 2% (XDR4XL=XC)={R+RL)I*SI3 $ GDER=(GOR=WSH#TEGDII/AS
GDEI=(GDI=TE#GDR) /A3 § GKRImAKRI*GDER-WS*AKII#GDEI § GKI1eAKRI#GDEI+AK]1#GDER
GKRZAKRZ#GDER“WSHAKI2%GDE] $ GKI2eAKRISGDEI+ARI2#GDER
BRKReGKR2#(CZ=WSHCT ) =WgHGK ] 2*#CO+VINGKRI+AKRS § BKISGKR2#CO®GKIZ#(CL~W5¥CT)
BKIwBKI4VINGKI1+ARES & DENRGKRI#GKRI+WENGKILI®GRIL § IF(DEN}L1220)
1@VOm(BKR*GK [ 1~BKI®GKRLI)I/DEN $ VI=(BKI*GKI)+(BKR®GKRL)/WS)/DEN
WRITE 3sWeDENIVOIVT $ 38FORMATI/eE+EsEsE) 8 GO TO 2 % STOP $§ END



D=PARTITIONING IN PLANE OF K11«K2}
DLE05238RLM02055XLR0, 380Us« 1SRO8, 01EX08] 0234004 85XD00295XQAD®044T8TD80+77
CZw0,0 .

100530 28TQe19STQOR3 4 25VI#10e08V0%040SVIR0408XCH06 1S TERQ55028540300%045
DTn0,058GLn0408G080,085GT=0,058 TGO 0468 TGTu0,058AMR0,01925PD=0400328Ps],0
SRITES DL IRLY XLoXCoRp XD XQo XDD o XQD o TO TOOs T2 TAQWVZ o VO VT4 TE o2
WRITESsDZsDOsDTHGL oGO GTaTGOPTGT2AMIPDIPIQ & SOFORMAT(/4E9EsEsEsE)

AxSINFIDL) 8 B=COSFIDL) § EIDwP#A+QRE § EIQuPep«QeA
ElaSQTFLEID*EIDSEIQNEIQ) & VTimlos(EIOWRLETQHIXL-XC) I #A+(E ] QURLAEIDH{XL=XC) 1 %8
VIOu({EIQH{XL=XC)=EIDORRLI*B+ (ETQORL4EID* (XLoXC)I#A & VTsSQTFIVTIWVTI+VTOMVTO)
DLYBSATNF(VTO/VTL) & vTDsVTSINFLOL-DLTE) § VTNWVTRCOSF (CL~DLTB) § SIDeVTQ4R*EIQ
SI10ueVTID~R®EID § SDeVID/VT & SQeaVTQ/VT $ CO=EID/EL § CQeEIQ/E]

PLORL*SDH IXL=XC)*5Q § P2e{XL+~XC)#LD~RL*5Q

A320E1AR{XL-XCI=SIQeETDR(RERL) $ A33aSID+{R+RLIFEIQ-EID#{XL=X() 3 2@READ W
NSAWAN § Alslo#WSH#TDOMTO0 5 A20)tuSHTQORTQO § A3un) oWSHTERTE & Ads]l ~WS#TGT
ASsWSHTGONTGO 5 AS=A4#AGHAD § AGSGL~GTHWS § GDR=1,0/A1 § GDIs=GDR*TDO
GORS140/7A2% GQIn=GUR*TQO $ DGR (DZWSH(DT-TE#DOIIZAZ 8 DGIa(DOTEM(DI=wS#0T ))/A3
GUORWGQRYDGR=WSHGUI*DGT § GUDI=GAR®DGI+GRIDGR $ ARILI«B~-WERXLHE[D+GROR
XORaXD#(1 4 WS#TDRTDO) 7AL & XDIwwXD®(TDO=TD)I/A)

XUReXOQ#(1 o+ WSRTQRTGO) 7A2 & XQIs=XQ#(TQO=TQ)/A2

AJLISRLMEID=2 ¥XLEEIQ4AVTID4S1Q4+CADE § ARL3u=XCR=XL4XC § All3a~XQl
FR20=A=EIQEXLONS § FIQ#B=VIQeRLUEIQeZ4REIDRXL $ FRI=B~EID*XL#WS
FIInAVIDHALREID»2XL#ETIQ § AFRI®SDUFRIGSUAERZ § AFI1uSO%F]145G%F ]2
SGRE{ALFAGHWSHGO%TGO) 745 § GOIw (GO*ARTGORAL I /ASE AR31=GORE IGWFR2VEIDNFR)Y~AMMWS
Al31wPD+GGI+EIQRFIZ4EID#FI] 8 SRIs(R+RL)IFASI~ABZMARLI § Slis=A32%Al13
SR2WAIIFARLI={ARLII®ARS 1=WS¥AL13#AT3]) & SI2wABIRALL1~ARL3¥ATI31~A]13%AR3]
SR3sA32#ARL1=(ReRL)*ARZL § SI3wad2ealll~{R+RL)¥AIZ]
AKRI==AFRI#SRI+NEOAF] J#5] J4PLIRSR2+P2IRERS
AKI1a=AFRI#SI1-AFLINSRI+PI#E124P2#513 § AKR2w~(D#SR2+COH*SRS
AK]20=CDR5124CORS]3 § AKRI®=FRZ#SRI«WSHSII#(SID~F12)+(XDR+XL=XC)#5R2
AKRInAKRI# (~WS*#ST28X0T)={R#RL)I#SR3 $ AKIInSRI*(SI0=FI2)~SI1#FR2+SR2#XD]

AL 3mAKII+SI 2 {XDR#XLSXC)={RMRLINSIS § GDERw(GDR-WERTERGDI}/AS
GOEIw{GDI=TE#GDR) /A3 8 GKRIsAKRIWGDER-WS#AKI1%GDE] $ GKI1w=AKRI®GDEI+AKI1#GDER
GKR2AKRZ#GDER-WSHAKI2#GDE]T § GKI2wAKR2¥GDEI+AK]2#GDER

HBRRSGKRI# (Y2 =WSHVT ) ~WSHGK] 1#VO+CINGKR2#AKRS § BRIaGKRIVOLGKIIN(VI=W5#VT)
BEIwBRI+CLRGKI2¢AK]S § DENSGKRZ¥GKR2+WSHGKIZHGRI2 § [F(DEN}1+29]
10COe{BKR¥GK ] 2~BRI#GKR2) /DEN § CTs{BKINGKIZ+{BRR*GKR2/WEH) ) 7DEN

WRITE 3sWsDEN2CO9(T $ B@FORMAT(/oEwEsEsE) & GO TO 2 8 STOP $ END



D~-PARTITIONG IN PLANE OF K1D=K2D
DL80,5235RL20, 058X =0, 3508=1045Ru0,018XDn1025XAm0488XDDR0e298XAD=D,478TD%0477
TBOx3425TQ%1, 98700 25V2I®10408XCn001
VOm]08VTe0e58 C0=0e03CT=040
D225,086L90408G0%0,05867904055TGCO0465TGTR0e055AME0,01928PD%0400328P%1,40
READ TE

AsSINF(DL) $ BwCOSFIDL) § EID»PH#AQHB $ ElQePap=Q#A $ EI=SQTF(EID*EID+ELQ*EIQ
VTlsle+(EID¥RL~EIQ®{XL=XC) ) RACLEIGHRLHELD* (XL =XC) ) %B

VIOs(E1Q% (XL=XC)=E ID¥RL ) #B+ (EJQRRL4EIDH(XL=XC) I #A $ VTeSQTFIVTI#VTI+VTORVTO)
S1@s~R#EID=-VTD $ SO=VTO/VT § SQeVTQ/VT $ CO*EID/EL § CQeEIQ/EL
AS2eEI1QR(XL=XC)=SIQ+EID#(R+RL) $ A33#SIO+(R+RL)I*EIG-EID#{XL=XC) § 1EREAD W
DLTB=ATNFIVTO/VTL) $ vTDaVI#SINFI(DL~DLTS) § VIQeVT#COSF (DL=DLTB) $§ SIDaVIG+R#
WSnWaW $ Almlo+WSHTDONRTDO § A221o#WSHTQO#TQO $ AZe] +WSHTE#TESAG=1e=KE#TGT
ASuWSHTGORTGO $ AS2A4#A4L+AS 5 GDR=1,0/A1 § GDI=<GDR#TDO $ GGR=1,0/A2
GAI=wGOR®TQD $ GVRa{VZ«WSH(VI-TE®VO))/A3 § GVIn(VO=TE®(VZ~WS#VT)}/A3
GIR®({CI-WSH(CT=TERCO))7A3 § GlIm{CO=TE#(CL~WSRCT})I/A3 $ FLReBeXL#EID#WS
FlInsA=VID#RL¥EID=2,#XL*EIQ $ FIRmFIR $ FIIaF1I451Q $ F2Ru=A=E1QRXL*WS
F2]uB=VTQ+RL¥EIQ42,#XL*EID & ALGZ~GT#WS § GGRu{AGHALLWSRGO®TGO) /A5

GGl (GONAL=TGO%AE)/AS $ A31IR=GGR+FZIRHEJQIFLREEID~AMBUS
A3LIxPD4GGI+EIQUF2I4EIDRFIL § XDReXD# (1 #WSH#TD#TDO)/AL § XD1e=XDR#{TDO=TD) /AL
XQR=XO* (1, +WSHTQHTQO) /A2 § XQIw«XQ#(TGO=TQ) /A2 $ GDVR®GDR#GVR=WSHGDI#GV]
GDVInGOR®GVI+GDI®GVR § GDIRSGOR®GIR-WSHGDI*GI1 $ GDIIsGDR®GI I+GDI*GIR
AR=GOVR#F IR<WS#GDVI#F1] § AI=GDVR#F1I4GDVI#FIR $ BReGDVR#F2R=-WSHGOVI#F2]
BIsGDVR#F2I+GDVI*F2R ¢ A21Re=({SD*AR+SQRBR+F2R) $ AZ11aSID-SD*AI~SAnBI~F2]
PLuRL#SDHSQR [ XL=XC) § P2=SD*(XLXC)~RL®SQ $ A221==XDI+CD*GD1I=P1#GDV]
A22Ru=XDR4+D*GDIR=P1#GDVR={XL=XC) $ A23R=CQ*GDIR~R~RL+P2#GDVR .
A23I=COG¥GDI1+P2%GOVI $ AKIR=A33#A22R-A32%A23R $ AK1IwA33%A221-A32#A23]
AL3R»=XQR=XL+XC § A1371#~XQI § AAS{R4RL)#A23R~A13R#AZ2R+WSHAL13]%A221

BBs [R+RLI*A231~A131#A22R~A13R¥A22] $ AKZRSAA¥ABIR-WS*BEB#A31I~(R+RLI®AB3#A21R
AKZRuAK2R+A32# (A13R¥A21R=WS#ALIIRA211) § AKZIsAA*AB11+BO#A3LR«(R+RL)*AII*A2L]
AK21uAK2I+A32%(A13R*¥A2114A131#A21R) § XsAKIR*GQR~WS*AK]1#GQ]

Xo (X+WSHTES (AKIR¥GQI+aAKI1¥GOR) )/AS & YuAKLIR#GQI+AKLI#GGR-TE® (AKIR#GOR)

Ya (Y4+TERMS*AKLIIRGQI) /A3 § FKRuFIR#AKIR-WSH#FI[#AKLL

FKInF3RNAKLI+FII*AKIR § DENSXXX+Y#YHWS § IF(DEN)Z2e102 § 28ADODZRX+AKZR+FKR
ADToY#DZ+AK2I+FK] § DO={YRADO=X#ADT)/DEN $ DT={Y#ADT+(X®ADO)/WS) 7DEN

WRITE 3+sWsDENSDOSDT 8§ 3@FORMAT(/SEsEsEsE) § GO TO 1 $ STOP § END



STABILITY CHECK oeoMIXHAILOV CRITERION
DL#0,5238RL*0 058X n0,38XCo0s1SR*0,018XDn] 4 28XGu0,8SXDDR04295XQD0,478TDn0LT7
TDO22628TUn1e 95700034 23TERC 580629 0208G0%0,058GTR0,058T60%0a65TGT804058AMR040192
PDs0,00328P=140
READ VZsVOsVTsCZrCOrCToDZ9D0DT b
WRITES sDLIRLIXLIXCoRoXDoXQaXDDe XOD2 TO9TO0+TQsTQUsVZ+VOs VT TE
NR17E5'CZ’C09C79DZ!DO$DT!GIOG°!GTtTGQiTGTtAM!PD’PQQ S SSFORMAT(/sEsEsERESF)
AsSINF(DL) $ BuCOSF(DL) § EIDsP#A+Q*B § EIQepRBaQup
EImSQTF(EID®EIO+EIQRELQ) ¢ VTIIIc*(EID*RL*ﬁIG’(XL*KC})“A*(El@*ﬂk#ﬁIQQ‘XL“XCI)’5
VIOs{EIQ# {XL=XC)=E IOMRLI#H4 (ETOMRLLETDOMIXL=XCIIHA § VTInSQTF{VTI®VTI4VTO#VTO)
DLTBaATNF(VTO/VTI) S vIDsVT#SINF(DL=-BLTE! § VIQeVIwCOSF(DL-DLTB) $ SIDsVTIQ+RWEL(
51Qe~VTU=-R#EID § SDsVTD/VT 8§ SQuVIQ/VT § COmEIN/EL & COwEIQ/EL
PLaRLESDH IXL-XCI®SQ § P2a(XL~XCIHSD~RL®5Q
AB2oElQ#(XL=XC)=SIQ+ETD¥(ReRL) § A33eSID*(ReRLICEIQ-EIO*(XL=X) $ 2QREAD W
WSEUAN § ALlB]lo+WSHTDOGTDD § AZslotWSHTGORTGO § ABnl ¢WSHTENTE § Ab® ] ~WS*TGT
ASTWSRTGONTGD $ ASsAGNAL+AS § AGmGZ~GT#WS $ GDRel,0/A1 5 GOJw=GDR4TDO
GQR®140/A25 GQIs~-GOR*TQO § DGR {DLZ-WS*(DTSTESDOII/AD $ DGIS(DO=TER(DZ~WS*OT I I/A!
GADRaGOR®DGR=WHHGQI4DG] $ GUDI#GAR*DGI+GUI%DGR & ARL1#B~wWSHHXLREIDHGADR
KORuXD#(14+WSHTO#TDO) /AL $ XDIm=XD#{TDO=TD)I/AL
XCReXQ (1o +WS#TQ®TQO) A2 § XQIm=«XQu(TCO-TQ) /A2
AI11aRLREID=~2 4 #XLSEIQeA~VTD+SIQ+GADL § AR]ISwwXQR«XL4AXC $ All3s~XQ1
FRZ#mA=E[QuXL#NS § FlowBeVIQeRLPEIQPZoHEIDSAL § FRIsB=EID®XL*NS
FIlwa«VID#ILREID=2.#XL*EIQ § AFRInSD¥FRI4SQWFRZ § AFI1wSO*FI148Q%F]2
GORu(ALRAL+WSRGO%TGO) 7A5 § GOl {GORALH~TGORAL) /A5S ARBLIGGRGE IQWFRZFEIDHFRL~AMBW!
H131nPOROGICEIGRFI29EID*F]1 & SRIMIRERLI®A33~A32%AR1S § Slls=A32#Af13
SR2sA33%AR11~(ARIB#ARS I =WS*ALLI#ALS1] & SI2mA33%AL11~ARIS*AI31~A113#AR3L
OR3«AIZMRLII~(R+RLIMARSL § SI3aABR%ALL1={ReRLI*ALSL
AKR1u=AFR1#SR1I+NS®AFI 1#511¢P1#SRZPPZ# SR
AKI1a~AFR1I#SI1-AFIJ#SRI+PI*SIZ+P2%S5]3 § AKH2e~CDRSR2+CQ™SR)
AKI20=CD¥S512+CaRSI3 $ AKRI®=FRZ#SRI=WEHSII#(510=F12)+ {XOR+XL=XC)#5R2
AKRB®AKR3+{~WSHSI20XD])=(R+RLI#SR3 § AKIZaSRI#{(S51D~FI12)=S11#FR2+SR2*XDI
ARIZmAK] 345 2M L XDR4XL=XC)~{R*¥RLI*5]3 8 GOER®{GDR-WS®TERGDI)/AS
GDElw(GDI-TE®GDRI/AS § GKRI=AKRI#GDER<WEPAKI1#GDE] § GK11=AKRLI®GDEI+AKI1%GDER
GKR2eAKR2#GDER-WSSAKI2#GDEL $ GK!EGAKRZ‘QBE!*AKIZ*GBER
BEROGKRAN(CZ=WSH(T)=WS#GK ] 29CO+VI#GKRI+AKRS
EKI@GKRZ#CO+GKI2% (CLmwSHCT I +VIOGKTI L ¢AKID ‘
UsBRR=WS* (VTH#GKR14VORGKIL) 8 VaBKI4VOEGKRI~WERVTHGKIL § Cl=le~WS#TDO#TQO
Cony ~WSHTESTE § D1aTpOeTGO § D2u24#TE § DInTGO 8§ ACIwCl¥C2-WS#D]I#D2
ACZuC1®D2+D1%C2 5 DRepACI®AL-WS#DINAC2 § DIwALMAC2+DI®AC1S ARRwUSDR=WS#VED]
ALIsWa{USDI+y*#DR) 5 WRITE SeWsARReALL $ GO TO 28 STOP & END



APPENDIXA 2,

D-PARTITIONING IN PLANE OF KlVek2V

DL 5238RLu0s 058 XL=0,385%=45 SRe020L8XD=1e25X0n0485XDD=0+2985XQD2004TSTDS06TT
1D0u2.28TQuls98TC0R3425VIn104085CO80,08CTo00SXC0415CIn0+05028540500%045
DYn0,098G2%0408G000,088GTe04058TO0R0468TGTR0,058AME0,01926P0=0.,00328P%],08Qn=140
READ TESS5aS#5

AsSINFIDL) & BaCOSF(DL) § EID=P#A+QeE S EIQuPRp-Q#A
E{nSQTFLEIDPEID+EIQRETIQ) & VT]n)l +{EIDHRL-EIQW (XL=XC) ) *A+(EIQWRLAEID* (XL-XC))*B
VYOR{EIQ* (XL=«XC)=EID*RLI#B+{EIQRRLAEIDH(XL=XCII®A & VTaSATFIVTI®VT [+VTOYTO)
PLTB=ATNF(VTO/YTL) $ VIDaVTSSINF(DL=DLTBI $ VIUsVTHCOSF (DL-DLTB) $§ SIDuVTQ+R*ELQ
S1GumVTD=RREID $ SDoVID/VT § SQeVTQ/VY 8 CO=EID/E] § CQeEIQ/E]
PlaRi®SD+ (XL~XCI%S0 § P2e{XL=X()#50«RL*5Q
A32=pE Q¥ XL=XC)=SIQ4ETO*{ReRL) $ A33wSID+(R+RL)#EJQ-EIDH{XL=XC) $ 2@READ W
WSaWHUSALIm{ Lo+ TDORS)ISALRALRAL+WSHTDORTDOSAZ*] ¢ TQO#S
GQI=TQD/A2SA38] ,4TEXSSAISAINAZLUSHTENTE
A2BAZHAZ4WSATQONTQOSGDR{ Lo+ TDO¥S ) ZALSGD In~TDO/ALSGGRe( 1+ +TQO#5)/7A2
CoDZ+5MDO+SS#DT~WEHDTSD=D0O+2 4 ¥SHDT
DORE{CH (1o +SHTE)+WSHTERDJ/ABSDGIn (DR (Lo +SRTE)«TEXC) /A
GUDRAGAR#DGR~WSHGQ I #DG [ SGAD IsGOR*DG I+GQ I #DGR
CoRLAEID=2 W XLHEIQeA-yTD+SIQSD=XLUELD
ARBIuAMB(S3~WS J+PDHS+EGR4EJQRFRI24EJOMFRISALI 31824 #5RAM+PD+GGI+EJQUFJ 2+EID#F])
AR11884(5S5=WS ) #D+SHCHGADRIXORRXDH( (1o +SETD IR {1 o+ SHTDO )+ WSHTOHTDO) 7AL
XDIaXD¥(TDH{ 1, +5#TDO)TOOR(1a+8#TD) ) /AL
AOR=XQH( (1o +SHTQI# (1o 454TQOI4UWESTARTRO) /A2
xﬂinXQ*(TQ*(1.+SGTQ03-TQG*110+$'TQIilazshllliau*5*9+6$600l
ARL32wXQR=XL+XCSA113%a XA
CEB4RALFEIQe 24 #EID# XL~y TQSDEXLRE IG
FRIZ2wAHSHCH{ SS-WS)HDEF120CHZ ¢ #54D
CRRLMEID=VID#A=2 o *XLE¥F [QED= XLUE IDSFRINBHSHC 4 (SS=US ) #DSF [ 1=C 2, #5%D
AFR1eSD¥FR1+SQHFR2SAFI1wSD¥F11+50G8F 12
AGe S 4SHGO+{ SS~WS ) #GTEBGRGO+2 #SRGTSCuL JH+SHTGOL (G~ NS #TCTSDHTGO#24 *#S#TGT
GGRu (AGHC+WEBGHD) /{CHC+DO#D ) SGG I (BGUC~DRAG) 7 {CHCHD#D)
SR1e(R4RLIEABZI=AB2#AR138511m~A324%A])3
ﬁﬁZa&BB*AR11~(leS*AR31~WS*AI13*AI§13$512*A33*A111*Aﬂ13*h131*k113*h831
SRA=AIZHARLII =~ (R+RL)#ARBISSISmAI2MAT L1« {RRL IHALSL
AKR1e~AFRLI®SRI+WSHAFI 1 #SI14P1#SR24P2HSRISAK ] Iu~AFRI*SI1~AF I 1#SR1+P1#5124P205]2
ARR2a=CD*SR2+COSRISAK I 25~CONSI24CQ*5]13
AKR3=SID® (SR1#5-WS#5]] }~(FRI#SR]I-USHF]Z#5]1)
AER3wAKRIP(XDRUSR2-WS IXDI#SI2+IXL-XCIRSR2 )~ (R+RL)I#SRS
AK13=2SIDH(SR145#511)~{FRI*SILI4FI21-5R))
AKI32AKI3#LXDRUSIZeXDISSR2#{XL=XCI*512)~(R+RL)#5]3
GDERx(GDR#{ 1 o +SHTEJHWSHGDIRTE ) ZARSCDEIm{ {1 o +SHTEIRGDI~TERGDR ) /A3
GKR1=AKR]1 #GDER~WSHAK] 1 #GDE] SGKI1=AKR)I#GDEI+AK] 1 #GDER
GRR2=AKRZ#GDER~WSHAKI 2#GDETSGK 1 29 AKRZ#GDE I +AK I Z#GDER
AGRCZASRCO+{ SS~NS)&CTSRGuCOS2 (RS4CT
BKRuaKRZﬁAﬁ-wS*GKI2*BG+G&kl*VZ*AKRB$BK!uAﬁ*Gﬁl2¢GKR2*EG+6K!I*Vl%hﬁiz
ACS{GS~WS )W WHCK] 1424 #SRWEGKRISBGSHGKRI~WIHGK] ]
ColSSoWI ) RGKRI=WSHGK] 1 #24 ¥S5DnSHWHGKT 1+ WRGKRLSNENSAGRBG~CHD
IF(DEN)L192018 1OVOs{=jGEBKR4WHAKI#C) /DENSY T m {«BOHWRBK I+BKR*D ) /DEN
HRITES»WoDENIVOIVTS SoFORMAT(/»Esb+ESsEISGO TO2SSTOPSEND

L]



D-PARTITIONING IN PLANE OF K1l=K21 B
DL®0o5235RL=04 055X =0, 385%~,5 SREVeCLISXD=1e 25XAR04 85XDD200298XAD%00478TOR0 7T
Tooug.zsfoai.957@0:3.stZulo.Osvano.osvrno.osxc-o.1sc2uaoosoz-5.esuo-o.5
gr-o.osssz-o.Osease.osssrue.ossTGo:o.asTeT~0.05sAM=o.0192599-0.90325Pa1.osc-—l.o
READ TESSS5a5%S ‘ ,

A=SINF(DL) 8 BeCOSF(DL) $ EIDP#A4Q*E § £1QmpPeg-qua
EIwSQTFIEID*EID+EIO*ELQ) $ Vfl-lt*(EID*RL“EIQ*(XL*XC;)*A+(EIQ*RL+EiD#(XL-XCI3*8
VIOu(EJQ* (XL=XC)=EJDWRL)#B+(E] QRRLAEIDH{XL=XC] ) #A § VTSQIF(VTI#VTI+VTO#VTO)
DLTB=ATNFIVTO/VTL) S VIDAVTHSINF(DL=DLTE) § VIQeVT#COSF(DL«DLTB) $ SIDaVTQ+R¥*EIQ
S1Gs=VTO~R*EID $ SOsVTO/VT § SQavIQ/VT $ CD=EID/E] § CQ=EIQ/E]

P18RLESD® (XL=XCI*5Q § P2s{XL=XC)#5D~RL#SG L
AB2eEICHIXL«XCI=SIQ+EIDH(RERL) § AI3ZaSIDC(RIRLINEIG-EID#XL=AC) § 28READ W
WomWNWSAL={ 1,4 TOORS)SALeAL*ALEWSHTDONTDOSA2 51 4+ TQOS
Az-AaiA2+HsﬁTQO*TQOSGoR¢!1.+T00*S)/Aliﬁoiﬂ*TGG/AISGQﬁ-(1-*790*3)/A2
6Q1ewTQO/A2SA3=] o+ TENGSAIBAIRATHUSHTERTE

CuDZ4S*D0+ SSHDT-HSHDTEDUDO2 4 %54DT

OGR®(CH{L o+ SHTE)4WSHTERD ) /AISDGTR (DN 1o +S#TE)=TENC) /A3
GQORaGUR*DGR-WI*GQI*DGISGADI=GOR* DG +GOI DGR

CoRLMEID=24 # XLAETQ4A-YTDHS1QSDaXLRED )
ARllnB+(5$~w5)*D+S*C¢GabﬂsxaRaXD*{llo*S*TO)*(1»*Si?bel+wsiT&*TDO)/A1
XDIaXD¥(TOR( 1 #5*#TD0)wTOOM (L o45#TD) 1 /AL ‘
XQREXQ*( (14 +5#TQ)#(1445#TQ0 ) +WSHTGHTQO) /A2

XKQLexQ#(TQH( 1o 45#TQO)wTQO# (10 454TQ) ) /A25A1 1 182 J#SHD4CHGOD]
AR13a~XQR=XL+XCSAI132.X01

CoB+RLMEIQ+2 4 #EID* XL~y TOSDBXLSE[Q

FR2y=A+5%C+{ SS~KS) ¥DSF 1 20C+2 o #54D
C'RL*EIO*VTB+A~2n6XL*EIQ$D~XL*EIDSFR1u8+$%C*(SS~N$liDSFII-C*ZoGS*D
AFR1eSDWFRI$SQ¥FR2EAFT 1=SD%F I 14+5Q#F 12
AG~GZ+S*GO¥{SSnMSi*GYQBGHGG+2.*S*GTSC'1.¢S*TGQ+tS&*ﬂS!*TGT&D*YGO*Q.*S*TGT
CGR= (AGRCHWHBGHD) £ (CHCHDHD I SGG ] = (BGRC=DRAG) / (CHCHDHD)

AR31sAMR{ S5~ S J4PD#5+ GRHEIG*FR2VEID*FRISAIS 182 ¥SHAM+PD4GGI+EIQ¥F 1 24E1D¥F] 1
SR1=(R+RL}#AB3=A32#AR]38ST1o~A320A112
SRZ:Asa*AR11*(ARIB*AR31~wS*Ai13*At3135512'A33*Al11*AR13*A131‘A113*A331
SR3mA32#AR11~( R#RL)#AR31SSIImA324A1 1 L~ R+RL J ¥AL 3]
LKRli*AFRl*SRl+wS*AFI1*511*PIN$R2&P2*SR3$AK!1~~AFR1*511*AFII*5RL+P1*512092*SXS
AKR24~CO¥SR2Z4CQ*SRIASAK [ 29~CONSI 240 QNS S :

AKR3=SIO* (SRI#5-WSHS1) )= (FR2Z¥SR1=WSHF124S11)

AKRI2AKR3+{ XDR*SR2=WSHXD] #S1 24 ( XL~XC} #SR2 )= (R+RL ) #SR3

ARI3=S10¥ (GRI+S#STI1)~(FR2¥SIL4F]2%5R1 ) ,
AKI3wAKI+{ XDR#S[24XDT#SR2+ (XL~-XC)#512) = {R+RL ) %513

GDER=(GOR®( 14 #S*TE ) +WSHGDI#TE ) /ABSGDEI=( (1o +SHTEIRGDI=TERGDR ) /A3
GRR1=AKR1#GDER~WS*AK] 1 #GDE 1 SGK I 1=AKRI*GDE ] +AK 1 1#GDER
GKR2wAKR2*GDER-WS#AK ] 2%GDE I SGK I 2%AKR2 #GOE I +AK ] 2#GDER

AGEVZESWVO4( 5S-WS) #VTSBGRYVO+2, #S#VT '
5KR-GKRI*AG*H5*GKIl*BG+GKR2*CZfAKRBSBKlnAG*GKl1+ﬁKR1*SG*G&IZ*CZ+AKI
AGR{SS=WS ) WWRGKI 2424 #SHWHGKR2SBGRLNGKRI-WSHGK ] 2

Co(SS=WS) ¥GKR2=WSHGK] 2426 #5SDuSHH*GK ] 24 WHGKRZSDENRAGHBG=CHD

IF{DEN) 1324158 1@CO= {~AGHBKR+WHBKI#C) /DENSCT» { ~BG*WRBK J+BKR*D ) /DEN
WRITE3»WoDENs COPCTS30FORMAT(/0E sE2E»E ) SGOTO2S5TOPSEND



d=PARTITIONG IN PLARE OF R1D=K2D
Pu~],06 RLw0,058XL=20,38 ReQ018XDR] e 28X40Us0,88XDD=204295XGDu04TSTOR0eTT
TD0=3423TQ01498TQ023428VIn]10s08XCn0,01
Blu8 08GL20,05GOR0,058GT504058TCOR0468TGTe04058AMB0401925PD50,00325P»140
VO=1,08VTs0,5% S5u~0,5 STE=045
READ DL $ SS5=5%%
AsSINFI{DL) & B=COSF{DL) s EIDsP#A4Q#B S ElQ=Pap-Q#A $ EIsSQTF(EID#EIOSEIQRELQ)
VTl e+ (EID#RL-EIQ# (XL ~XC) } A+ (EIQR#RLAEID* (XL~-XC) )*B
VTCe{EIQR {XL=XC)=EID*RLI*B+(EIQHRLAIEID#{XL=XCI)IMA § VTeSQTF(VTI#VT]4VTONVTO)
5]1Gu-R*EIO=VTD $ SDaVTD/VT $ 50=VTQ/VT § CO=EID/EI $ CQaEIQ/E]
PlaRL#SD+ {XL~XCI*SQ 3 P2=(XL=XCI#SD~RL*SQ
A328E1QR(XL=XC)=SIQ+EID¥(ReRL) § AZ3wSID+{RIRLIEIQ-EID#(XL-XC) § 1@READ W
DLTAATNFAVTO/VTL) & yTOsVIRSIAFIDL~DLTB) $ VIQuVT#COSFI(DL-DLIB) $ SIOaVTIQ+R#EIQ
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