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ABSTRACT : ‘ o=

" Considering fhe contihuous nature of power systeﬁ opeEﬁtidn,
there may‘ bé.voltage fluctuation as tﬁe systen meéts the
variations in the daily éaaand. This flictuation may bsg
large enough leading to inefficient and unreliable Bperation
of industrial.plants[ with obvious weccncmic impact; “Ths
fluctuatién can:be overcome by propéf‘ choice of, control
capacitors at suitable buses on the power networks. ‘To
maintain.the voltages within tight adwissiktle limits, 4t is

necessary te Lkave a ‘complete dynamic model: of the

generation-transmission systan..

-

Ir +his thesis, tte dynamic 'modsl of a powsr systam

-consisting o¢f synchronous genarater, transmissicn linz

4}

containing four nod2s and the con*rol capacitors placed at
*he nydes, is develcped and studisd.  This syst;m model is
simqlatéd on Univsrsity Df Ottawa's digital computer AMDAHL
470,v78. 'The mathematical mod=2l and th=z metﬁod uszd for
numericallsolution are prgsented in ﬁhé th-~sis, Two typ;s of
(capécitor) cogtrols are considezred: ’

i) synchroqous capacitors (vari=d continuocusly), and

»
1i)y static capacitor%fichanged in steps)

" The results indicate satisfactory ragulation maintaining

voltages within specified linmits.

- 1iii -
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INTFODUCTION

»

In power systems, the load varies widely over *he period of
twenty~four hours and cénsquently, the vecltage may also
change, Small deviation of voltages from a fixed reference

is fegulatgd by automatic voltage ragulatcrs located at the

. X

generating terminals. But, the voltages at the distant Luses

buses.,

cannot necessarily be contrclled by this process. Howévef,
the wvcltages at the distant buses can ke contrcllad by
prorer application of . capacitors plaqu“aé the nodes. The
ncrmal practice, ino this reépect; is tc aprly eitker,

(i) Synchronous capacitors (vagied continucusly)

v
or, (ii) Static capacitors lswitchzd in steps).

'In this thesis, a complete dynamic medal for a genarator,
a pransmissicn line and loads is present2d, It is important
tc note hare that in the dynamic model éhe controls
(capacitors) are time-varying parameters. ‘As a rssult, it

ic essential to consider the charge stored in the capacitor

a5 the state variables rather than}.the volfaées aAcCross the

-

In this study, three separaté cases of 1loads are
simulated.: In all the cases, the proposed ccntrcis are .used

to requlate the system voltages. These results indicate that

- ix - ,
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with the variation of loads, the desired veltage regulation
cap be achieved by proper choice of capacitors (ccntrols) as

funcfions of time.

In chapter I, -the model for the syhchgonous generator is
. v :
discussed and a generalizaed mathematical mecdel is devalopzd.
(The ™ Park's Transformation 1is also explained and applied
into the mecdel). .- ' s
In Chapter II, the dynamic models for the transumission

" line and loads are presentad. The transmission 1line model

also includes the control capacitors.

In Chapter III, the generator nodel is coupled with the
*ransmission line and loads, The'ccmplete sat ,¢f ncn-linear
“differential eguations representing the entire system in

state-space form is also presented.
pa P

. . i
Chapter IV cortains the control model and the numerical

results on ﬁcltage raegulation of the powsr system nstwork,
- - ©
NMnder certain load impacts the capacitor is arppropriate to

ragulats the system voltages.



Chaptaf T

SYNCHRONOUS GENEFRATOF MORET

1.1 INTEGDUCTICN

In this chapter a mathematical mod2) fer synchronous
q9nefator in state-space form 1is dﬁveloped. A synchronous
mackine can b2 modallad either in classical sens» (which is
rather -approximatzs) or from coupled circuit+ poipt of view.
The lat2r method takes car2 of +the details ¢f “he machins
and is fhu;,suitable for dynamic studiss of power systams.

fwo‘models can be devélop;d,one using th2 curr=n+s as sta:=

variabl2s and and>ther using the flux linkages. Sinc: undar

the study, the synckroncus generator is cofinected to an
external citcuit in  which curr=nts, ar: natural state
variablas, it will be rather dssirable to oxpress ths

currents as state variables.

Th2 synchronous generator undar the study is assumad to
have three stator windings,one fi=ld windinq and two damp=r
windings, Th2 six windings ares magnetically coupled and the
magnetic coupling between the windings is a function of the
roter position.  Thus the f£lux linkage in cach winding is
also a function of rotor .posifionz The 1instanteneous
tarminal voltage v of any winding is in the form [1],

S

v‘=1Zri 12)\ ‘ (1.1) .



»

where A is the'flux'liukage. T is the winding resistanca and

¥ ~

i_ is the current; with positive directicens of stator
currents flowing out of generator t@rmiﬁals. 'To davelop the
generator model the following assurptions are made : )
{
i) Distributed damper windings are representad by two
lumpad circuits on two' axes of the rotor.
ii) Hystersis and:eddy éurtent lessas are neglactad.
iii) Saturation and slot effact are neglécted.

iv) Distributecd stator windings can bs repr=sented

by three lumped coils on the axss in the stator.

1.2 ~ FLUX LINKAGE TQUATIONS

The situaticn depicted in Figure 1.1 is that of a nmetwork

"consisting of six mutually coupled «coils which represasnts a

synchrcenous machine,

These are th2 three phase windings sa-fa, sb-fb arnd sc=fc:
the field winding F-F; and the <“wo damper windings D-D and
0-Q. (The damper windings are often designated by the
symbols kdé and kg. The shorter notation is prefered in this
thesis., Phase~winding designations s and f refer to 'start'

and 'finish' of thes coils). -

Hence the fiux linkage equations for these circuits may
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Tt may be not2d that the sub

Direction
. of Rototion

Fig., 1.1 : Pic}orial Representation of a Synchronous Machine

- § N

scrip* convantion.in (1.2) where
lowercass subscripts are us=d for stator quantitiss and
uppercase suhbscripts are used for rotor gquantities. Fddy

currents and hysterisis lossss are neglected here. Prentice

-

- 12] shkowed that most of the inductances in (1.2) -~are
functions of the rotor position as shown in thz next
'
saction. :

a sum of two components, on=2 of which is a function of &,

that is,



1

-

The details of all'ihs‘;nducxances (in units of Hent;) are

N~

.
discussed below,

1.3:1 Stator self-inductances .

————— — —
z

“The phase-vinding'selfﬁiuduétdnCES'a:e given ty,

Laa = % i—Ih Ccs 28
/
I‘bb = Ls f‘_Lm Cos2(8 =270 /3) (1.3)
Lee =L v 1, Cos2(8 +2W /3) : . .

whera I.s >lm and both LS and Lm are positive constants and §

is the rotor positicn relaive to axis of coils.

1.3.2 Rotor self-inductances

Since saturatiorn and slot zffect are nsglected, all ro*or
self-inductances are constants and, accordirg to our

subscript convention, a single subscript nctaticn may ba

used i.e.,

1]
=t

er 7 My

S (L.8)

" Ipp

1l
. J



Lo = kg

1.3.3 Stator mutual ipductances

- T . =TT T .
The phase to phase mutual . indactances are .functions of
angle but are symmatfic.

Lp= Ly, N

s - Ly Cos2(0.+ T/€) |

-

Lbc= ch= -HS - Lm Ces2(6~ T/2) (1.5)

L= L,.= -M_ - 1 Cos2@+ IT/€)

- M bd

-

where M >L, . It may b2 notzd here that signs of nutual
inductances terms depend upon assumed curréent directions and

ccil orientations.

1.3.4 éoto; mutual inductances

The mutual inductance between windings F and D 1is
constant and does not vary with angle 6 ,The co-zfficient of
ccupling between all pairs of windings with 90" diplacement

have zero mutual inductance, Thus,

¢

1
o
1l
=

Lgp = lpr R
Tpq= Loggp 7.0 (1.6)
Ing= Lgp = O



-

1.3.5 Stator to rotor mutual inductances . -

Finally, the mutual inductances are censidarad batwasrn
. . ] N
stator and rotor windings, all of which ar=s functicns of th=

cotor angle 8'. . From the phas2 windings to field winding, i+

¢ .
may b= written as follows,

LaF= LFa= MF Cos O (\,)
Ly~ Lgp= Mp Cos(06-2 ms3) (Ki5:2>\\‘“’-/
L= L1, =M, Cos{8+21T/3

cF Fe¢ F

Similarly, from phass windings to damper winding D, 1¢ can

be writtan,

Hﬂ)= IDa MD Cos 8

o
=
i

IDb MD Cos (g -2 /%) (1.8)

=
I

D IDc

nD Cos (6 +2 IT/3)

and finally, from phase windings to dampzr winding Q,

LaQ= LQa= HQ Sin @

= = S' —.T[
LhQ LQb MQ in¢( 6=-217/3) (1.9
L¢Q= L. = M. Sin( 8+2 1 /3)

™ "o
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The signss on mutual terms - dapend wﬂfn assumed current

dirngticns and coil directions.

1. PARK'S “RAhaFCEMATTON )

A great 51mp11ﬁlcat§cn in ths wathematicdal description of
the synchrénOUS machine can | bz obtained i€ cartain
transfermation of variables is performad. The transforﬁagion
is commonly used in power systems problhms and known as
Park's Transfprmatioh cr d=q Transfgrmation. It. dafinas a
new set of stator varianlas such as d-q axis currants,
voltages, or flux linkages in terms of ac*ual winding
variables. The New _gquantities are obtained from the
projection of the actual varianes on thrae axes: cns aionq.
the polar axis of the rotor fiéld winding, called the dirasct
axis; a second along the nsautral axis of tha field winding,
called the quadraturé axis, where d-axis ‘leads q~axis by 9075

and the third on a stationary axis,

-

The d axis of tLe rotor can be definsd as being'at som3
instant of time to be at an angle 8 rad, with respect to a
fixed refarence positicn as shown in Figure 1.1, L2t th=
sta+tor phase currents Ha' %b' ih:be the currants leaving th=
generator terminals. If these currents are projected along
*he d and q axes of the rotor, “3 gzt the following

rzlations.

I-l

-( ¢2/3)[_151n0 +1_ Sin (8 —2?T/3)+1 Sln(o+2 T/73) ]

1b (1.10)

1

Cos (6 ~2 N/3)+ilgos(e+2 n/3) ]

daxi: { V2/3) [1laCose +i 1

-8 -
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T+ may b2 noted that for convanience th2 axis of phasa2 a was

chosen to be the reference position, othzrwise sorme anglzs of
'i .
. . - 1 .
displdacement between phase a ard the arbitary refercncy will

avpear in all the abov2 ternms,

Tha effoct of Park's éransformation is sidply to
transform all stator quantitiss fronm 'pﬂase a,b, and ¢ into
n*w variablrs, +he frama of rafef?ﬁce'of which moves with
+he rotor. It should, howaver, bz rememberasd +hat if therca

are thres= varlawuvles a,b, and c, then threa nrw variables ar»

need=d to justify the transformatien. Park's Transforcmation -

}. L
L o

nsgs twé of the new variables as the 4 and 4 ax:s
COMpPoRED*tS. The third variable is a sta-ionacy curcant,
which isbpropottional to z=ro~sequence curraent. A multipli=c
is us2d ., *o simplify  thke numarical calculations. Thus by

dAefinition,

. = pj
Hﬂdq llabc : (1.11)

where th2 current vectors are defincd as

1

. 10 ila; . .

*10dq =| *14 11abe = 1116 (1.12)
llq ilc

and where the Park's Transformation P is d=fined as

V2 112 12
P=v2/3 Cos O Cos (6- 2 1/3) Cos (64 2 n/3) (1.13)

Sin 6 Sin (8- 2 w/3) Sin {8+ 2 W/3)

-9 -



The main field-winding flux is along the direc+ion of th= 4

axis of the rotor. It preducss an EEF that lags +his flux by
ag® , Tharnfore ths machiﬁe EMTF e is primarily along th=
totor ¢ axis.’ Suppoée 5 machineﬁ is considered having a
coenstant terminal voltage v, for ganerator ac+tion the phasor

-

= shoqid be leading the phasor V. The angle betw=en T and V

is tke machkine torgue anglea § .

At t=0 the phasor V is locatad at the axis of phase a,
i,2,,at the referzncs axis in Figure 1.1. The g axis is
loca+t:d a* an angle §, and the d axis is locatad at =6+ 1/2,

At £ > 0, the refsrenc2 axis is locat=d a*%* an anglee_twith

R
respect to the axis of phase a. The ¢ axis of the rotor is
thareferz located at

B =wpt +d -n/2 rad. o (1.14)
;3wherecak is the rated (synchronous) angular- frequency in

rad./s and & is the synchronous torque angle 3in eslectrical
radians. Expressicn similar to (1.11) .may also be written

for voltages or flux linkages; a.g.,

"10d "Yabe
(1.15)

f\lOdq= P%.abc: . : —
Assuming VZ v Sin (6 +x )

Yore V2 v Sin{(e +c& - 120)

V2 v Sin(e +o+ 120)

o

- - 10 -



and applying Park's Transformation, cnz can obtain,
. R - T .

[ o
Yodq © 3 vy Sina| - (1.15a)

3 v, Cosd|

L—

‘£ Similarly it is easy to show that corrssponding to
V2 I, 8in (8 +Y¥)
Dabe = VZ I, sin(0 «Y - 120
V2 I sin(8 ¥+ 120)
by applying the Park's Transformation,
Ly =V3 I,5inY
(1.15b)
La V3 I,cos )
If tha tranéformatioh (1.13) is unique, an inverse

transformation also exists wharsin i+ may be wroitten as o

~1

Tlabe ‘p llOdq (1.16)

The inverse of ‘(1.13) may be comput=zd to be

B . ]
1//2 Cos 8. Sin 8
Y.y L S RN Cos(8 - 21/3)  Sin(8 - 2m/3) (1.17)
1/VZ Cos (8 + 2n/3) Sin(® + 2n/3)
l_ —




he

and it may b2 not2d here that 51=Pt,

\-

which m=2ans that th=2

transformation P is orthogonal. Having P orthegonal also

means that the transformation P is pow=2

r invariant, -and i+

is expect=d to usz2 the same powvwer exprassion in either the

a=b-c or the 0-d-q frame réeference. Thus

pipower) =vy &, vy L1p Vi de

t

= vlabcl labe

P | t .
p = (P ledJ (P llOdJ

t

“V10dq T10dq

i +v_ i +v_ i
V100 "1d T1a 7V 1q™1g

It is to b2 noted here that under _balancad conditions v

and Eﬂ arz zero,

-

10



1.5 TPANSFORMATION OF INDUCTANCES

It may . be obserfed her2 that nearl? all terms in the
matrix (1.2) are tims varying, sinc2 the -angle is a
f'uncticn..of *ipe. Cnly four of th2 off-diagonal t=rms will
be zeoro, as nat2ad in (1.€). Thus

*ka A tarm is not a simpl® L1 but must be compu*ed as,

. -

= Li, ¢ Li,
A 1 I (1.18)

It may be hotad here that (1.2) with its =ims-varyinug
inductancas can b3 simpplifiad by refering all quantitias to
a rotor frame ,of referance through a Park's Transformation

{(1.13) applied to the a-b=-c partition. W2 <hus cemputz,

-

- A _ _W—_ T - = -
. ¢] i
PO Alabc P 0‘ Laa LaR P0 P , labe
- (1.19)
0 I 0 I i
f I3 [\FDQ f I3 | "ra mr_ 3] {© 3] [Froe
¢
L = stator self-indictance
aa .
N stator~rotor mutual inductance
Igg = rotor muitual indutance

Equation (1.19) is obtainad by pre-multiplying (1.2) by



}ﬂ"
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+
-

whcre P is th= Park3s Trans formatlon and Iﬁlq the 3 X 3 unit

bs computed as

?ﬁklO- T Ly 0 0 : 0 0 0 110
! ' .
/\1d"- 0 Lq o0 : R By 0 é}ld '
. _; to | ) '
A\lq B 0 0 Ldﬁ: 0 0 Ky 11q
=== V"= =-=- = == -1 - - - - = == . - s
Ag 0 Hil_, 0 l[ Lpy ¥ O i
|
Ap 0 LMD‘ 0 : L i
!
LAQ | ] 0 0 kMQ: 0 0 Lq _iQ )
a

where the following new constants may be defined as,

L,= L + M +(3/2) L
S S m

d
L =1 + M,«(3/2) L

a s - $!( /2) .
L =1 - 2M

0 S s

k =v3/2 *

(1.

matrlx. PerFormlnq the operatlon indi catad in (1. 10), it may

20)
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In (1.20)}m is +he flux linkage in a circuit moving with the

rotor and centared on the d axis. SJ'.milarcly,}\\q is centarad

on the g axis. Flux linkag@MO is compl2tely uncouplaed fronm
* =

the other circuits, as the first row and column have only a

diagonal term,

1.6 TPANSFOFNMATION OF- VOLTAGT EQUATIONS

e o e e T et e e e e e e e S e 2

. The genera*or voltage equations are in the form of (1.7).
Schematically, the circuits are shown in Figure 1.2, wher=
coils are identified exactly the same as in Tiqurz 1.1 and
with coil +terminations shown as well. Mu<ual inductances
are omitted from <the écﬁematic for clarity but are assunad

L)

present with the values given in section 1.3. It may be

noted +hat +the stator curr=ants are assumed +o have a
positive direction flowing ou*t of machin=» ternminals, sirce

the machine is a gan=2rator. ’

L4

Fig. 1.2 : Schematic Diagram of a Synchronous hachine
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For

may b= written as follou%%

Vl = —rll-kl + Vn
or
7T . T 710
Via g 0000 00, /\18
| .
Vi 0 x, 0,0 0 0 |4, A
o .
Vi 0 0 r 0 0 0 |14 Ale v,
S A P T el e 0
1iF rF r AF
' .'JJ
hd
0 0 0 o : 0 ry 0 i, Ap
' -
0 0 0 0 0 "0 i
| ' o)l "a Aq

whers the peutral voltage contribution to V

n -
1 1 1 i 1 1 1
la
Vn=-rn111 ilb —Ln-llli
11 1| |1 11 1|3
ic
= —B’n ilabc:-.'r"n ilabc

the conditions indicatad above, <+ha matrix equation

(1.22)

is dafined as

(1.23)



[
M

L= =r=r, as is usually the cas2,  than it may also

b2 d=2fined as.

13abc=']:'"3 _ ]
. whera Ig is 3 X 3 unit matrix and {1.22) may b» rewrittan in

partitvionad form as follows:

B ] — . " 7] [. n [

Viabe R.:abc: U ' ilabc A labce vn )
= - - + |- (1.25)
. . - " '
VFDQ LO Repgl [*ruy | FLQ) 0
- - [ P — L - - —t
where,
r 7 ] [
—VF_.- 11: A l..
Vpg = | *rog= | b Avug ={ Ao (1.20)
0 i
0] Q. Ay

Thus (1.25) 1s complicated by the przs=2nce of time=-varying
cnefficients in the A term but these terms can be eliminatad.

" by appolying a Park's Transformation tdithe stator partition,

This requires that both sides of (1.25) be przmul+ipliad by

*

-

P 0
0 I, -
By definition, 0
Viabe | _— | V10dq (1.27)
I VEDQ VFDQ



for the

torm we
P
0

The sacond term on the

as

left side of (1.25) . For the resistance voltage drop

compute as
0 Rabc
13_ _-0
- —_
P 0 1.
- 1
LO 13
-1
>
_ P RabcP
LO
Rabc
0]
L

4 —
0 1 ab0e
0
Frug “FDQ
T
abe 0 P 0 110dq
0 Reg| 13 S,
0 10dq
i,
- "rpq | | roq |
B ]
o | 1odq
KrpQ | traq
right side of (1.295)
Alabc _ PAlabc
A roq A¥pq

18 =

(1.28)

is transform=d-

(1.29)
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&
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W= evaluate PA . by recalling the definition (1.15) ,)\‘qu = PALie

labc

from wkich it is ccmputed as Modq=

PAabe ™ Alvdq ™

labe
— 3 -1
= Agaq - PP A log
I+ may be shown hera2 that
0 0
e -1
PP A4 = @ |0 v
0 1
\ 0
= |-®@A1a
“U«iq

whichk is the speed voltage tarm,

Finally,

.transfermad as follows

P 0 v Pv
n n

0 13 0 0

where by definition n is the

dq

ground in the O0-d=-g coordinats system.

the third term on the

Phlabc+ E))\.abc' Then

(1.30)
- I—- o7
v 10
U Klq
{L.31)
righ+ sid=s of (1.25) 1is
nOdq
pu (1.32)
0

voltage drop from nesutral to

Using (1.23), 1i* may



he defin=d as

R | _ -1_e
nOdq_ Pvn_ PRnP Pilabc PLnP Pllabc
-1 ~1_»
—1 ) - I
PRAP t10dq T PaP Tiiogq ;
3t Lt
==l o - ] o (1.33)
] 0. 0

and it may b2 observed that this voltage drop occurs only in

the zero=-sequ=ncs, as it should.

Summarising, (1.27) to {(1.30) and (1.32) may b=

substitnted into (1.295) to obtain

Vi0dq abe 110dq
VEDQ 0 Reng 1rpq )
- ' l /
Alng PP A g4 Bodg
— S (1.34)
AFBQ" 0 0

It may b2 noted here that all terms in this equations are

known. The resistances matrix is diagonal.



For balancsd ccnditions the <zero-sequance voltage 1is

zero. To simplify the notation, it is writtaen as

P
rr 0
R =
0 r
TF 0 0
l\R:.‘ J ‘L‘D U
0 0 rQ
T TwA
S = 1q
©Aig

Then for balanced ccnditions, (1.34) may be written without

the zZzero-sequeace equation as

3 . B 7 %Y ] T e ]
Vi R 0 i1dq S /'\ldq
=- + - (1.35)
i VFDQ_ LO R'R_ :"FDQJ _0 1 LRFDQ_



1.7  CURRENT FORMULATION

»

Star+ting with (1.34), ~ the terms in /Lland A~lcan be
replaced by terms iland ilas fellows., The/\it?rm has baen
simplified so that its value from (1.20) can be calculat=d

by arranging

_ - nRE - = _

A 104q Lodq L 1104q
_ ) . . wb.turns
Lt L i
Arng | - n - FDQ FDQ
_ . L. . [ J

whers LY is the transpose of Ip.Put the inductance matrix
m .

here is a ccnstant matrix, so it may be written aSrKl= Lil ‘
and the term L behaves 2xactly 1like that of a passive
inductancsa, Substituting *h2 rasult into (1.38), expandiag .

to full 6 x6 ﬁotation,'and rearranging,

— - — I { - = —
vg r + 31:n i 0 0 0] | 0 Q 110 N
- - T =l - - - — — e 4 L Lo - o - - -
|
: N .
vld 0 | r 0 o 1 qu wk.IQ lld
| )
! !
Vg 0 ¢ 0 T 0 0 ¢] i

Il

VD 0 [ 0 0 ]'.'D [ D

- - -~ = al=m e e A - 4 o = e - - — = -
¢ !

qu 0 l-"Ld -ukMF -m—"k.{-lDl T 0] ilq
I .
( |

v 0 ;| O 0 0 1 0 r i

Q | | Q _ Q.J



R l — — —_
] -
Lyl | 0 0 o 0 0 O
e L e R —_ = =
I o] .
0 | Ly kM "“D, 0 0 i, ‘
[. I
0 voRM Ly Mo 10 0 | iF
— ' | (1.36)
!
| »
0 1[ S Ly | 0 0 i
e _— e =
[ l .
0 10 U 0 L kM i
) | Q 1q
| l !
0 I 0 0 o P oM. L i
L_. 1 { Q Q Q .

where k=v3/2 as bafore.

It may be obszrved from above that thke zmro-sequsncs:
voltage is da2pendent only upon i_ and %) .This equation ?an
be solved seoparately from the others once +he initial

conditions on io are given. The remaining five aquations ar=



all coupled in a most interes+ing way. . They are similar to
thos2 ¢f a passive network =2xcapt for the prasance of the
épeed voltage terms. These terms, consisiting of wA or wLi
products, appear unsymm2%trically and distinguish this
equation from that of a passive network. It may b2 noted
here tha+ +thz sp22d voltaga ter&s in th=2 d axis Eqﬁations
are due onl§ to ¢ axié currants,viz., iq and iq. Similarly,
the q axis speed voltages are-due to 4 axis currents id'%"iD‘
I+ may also be observed that all the lterms in <the

coefficiant matrices are constants eoxc2pt , the angular
velocity.,. This is a considerable improvement over the
descripticn given in (1.22) in the a-b-c fram» of raferancsa

since nearly all inductances in that aequation werd time

varying. Sinc2 « is variabl=z, this causzs (1.36) +o b2 non-

linear.

1.8 DPXZP UNIT CONVERSICYN

The =2quations of the precneding ssactions are not in a
conveniz=nt form for enginezring use. On2 difficulty is £he
numerically awkward values with stator voltages ir kilovelt
range and fied voltage at a much lower l=vel. This problam
can be solved by nomal;zihg the =quations to a conven?ent
base valua2 and expressipg all voltages in pu of base,

Complzt=2 details of per unit conversion are explained in

Appendix 1.



1.9 HORMALIZED VOLTAGE EQUATION - U

A o o . T T ik it AP e i i rw  wn

Having chosen appropriata' basa values, tt2 voltag=
2quations (1.36) may be normalized and therefere, ths stator

aquaticns should b2 numerically easier to decal with.

incorporating all normalized <quations in a matrix

axpression, c¢ne can ohbhtain,

_ _ _ | - _ —
Vig r 0 0 [ @l -wk.MQ i,
|
-V 0 Ty 0 | 0 0 iy
]
0 0 0 !
= T ]
o R ] i 0 0 lD
T . ] oL
qu -—de —wkM.F —wkMDr r 0 llq
[
0 0 0 0 0 T i
! Q Q
L° ) L . Ikl
B l =
L K L ! 0 0 | 14
M. ' 0 ! :
SN N e | @
t .
M Ly l 0 0 i
T ]
0 0 0 L KM i
I q Q 1q
!
0 0 0 L i
L { Q Q Q



where the v eguation is ommitted , since under this voltage
o - .
regulation -~studies the systam is consid=r2d in balancad
condition. Tt is important to notics bt.hat (1.37) is
idan*ical in notatiom to (1.36). This is always possibla if
bass quantitias ara carefully chosan and is highly
desirable]y as the~same equation symbolically serves both as
. ST . . .
pn and a "systen quantity"” ;aquations. Using matrix notation,

OREe can wWrite (1.37) as
V==-(FR +wN) i - L1 ' (1.38)

whtere R is the resistance matrix and is a diagosmal matrix of
constants, ¥ is the matrix of speed voltage inductanca
coefficients, and L is the matrix of costant‘inductances. T
it+ is assum=2d that the inysrse of tﬂa inductance matrix'

4

exists, it may be written as

T

. ) , i .
i= - ren 1.l (1.39)

Howevar, esquation  (1.39) does not =2xpress +hz entire

generator model., It simply describes the electrical

bmhavior of the machine. 0©On ths other hand, thk= machine is
nothing kut a rotating mass. So for complete representation
of th2 mpachkine, the mechanical‘ behavior of the genarator

known as swing equation should be considered here.



1.1C  SWING EQUATICN

-

Tha basic svin eguation describiing +ha mechanical
g

oscillations of a generator can be given by,

L}

<
2§ 2 oom o o -
2Heo 4 Erac? +pabrac =1 =T - (1.40)
If the aquation (1.40) is split wup into two first-ordar
differential =2quaticns, then, -
2HcoBC-»‘=Ta= Tm- ToEtTD ) (1.41)

where I is the mechanical torqus, T _is %*L= elactrical

torque, ,TD is the damping torque and'% is *h2 acc:zlaration
torgu=. ' . | .

tgain =lectrical torque (Tout) can be described in t=2rms

of gene:ator'currents and voltages, vwhick is shown below.

Ls the power output cof a synchronous genarator

is invariant und=r the transformation P; i.=2.,

P = v i + viev i ' ’
out ldid 1iglq 10 10 y § (1.42)

- 27 -
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Tf tha balanced condition. is considered, then, .

I'I. ‘4‘ . R i
- - - 3 . T ) . (1.43)
Pout Y141d" Yiqllq 4 S

Substituting v, and Viq from (135,

-

H L 2 2 ‘
= (13 3 i -3 -r (i<, b
r,caut: (*ldkld**lquq) ' (llqkld L.I.dAlq)w t (,Jld +ilq Yo (1. 44)

‘f
Concordia [3] observed that tha’ abova thrae terms are

identifiable as the rate of ghange of-stator magnetic field

_enerqgy, *he power transferred across th= air-gap, and the

- -, e *
stator ohmic losses respectively. . The electrical torque (Tg,:

) may b= obtain=d ffom the second term of (1.45},

By recaliing ?'(1.20) whera flux linkages can be wri_tto.n in

“terps of currents, then,

=

A =L« kK i+ kM i -
Aa™ Bt I
. ' (1.45)
" = L i_ + kM i
.Alq . q 1lq QQ
Thar=fore, “*he expfession for =2lectrical *torque (%ut) may he

wri<t=p as follows,

. i
Tout=[Ldllq RHF:qu kMDllq _quld -kMQlld'] i (1.46)
' 1
',F‘ Te} ilq

- - 28 = Q
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The mechanical imput (Ty, ) . may be corractly simulat=ad by
considering +the prime mAvVar dynamics. Two major time

ccnstdnts in  the turbinegovernor systa2m are ~ turbine dalay

and gqovernor deléf, “the affect of which is to delay the

- ¢chang? in *“he prime mover input,
_ : O

} good approximation can b2 made withont .including the
ietailed dynamics >f the turbine~governor sys+t2m. This can

be done by considering a delay in the mechanical input (T )

m
corresponding to the chang: in electrical lcad. Henca, in

the simulation tha nmechanical inpu+ (T ) 2quaticn can ba
“ m

writtan as

Tp (8= Tpot4p (t5t ) ‘ i (1.47)
vhere
Tho = Steady-stata input,
Ap = the change in power dzmand.
t,~ = the delay of maschanical input.

Finally, thz following matrix equa*ions can bhe obtained



by incorporating (1.41)

into {1.39).

] S
ild , 0 0 ild
. "J N
i | 0 o} |4
i LY (R 4N ) 10 0 {
D D
v |
ilq = : 0 0 ilq _|_
. |
1q | 0 0 iQ
T U T - . - -
w Mgy Beo  Agy By Bes 1 Bgg O 1@
|
LS 0 0 o 0 0o 1 N &
-1ty
- (1.48)
Agg
-1
where
A == L. j KM A =- ' _
%l Ld Jl.q/3 Tj _1‘52 Fllq/3 ‘f‘j 2\63 kMD 11(3 ~r i
‘ 1)
A= L i /3 A= kM i /3 AL == D/3
s Loud?T 55 KMghd 2 T 66~ 27271y
- =28
Aeg To/3 Ty vy Teiey
\
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Chapté: IT

. TEANSMISSION LINE END LOAD HODEtS

.

2.1 INTRODUCTION
In' this chapter the +transmission 1line and loads are

studied, Thke transwission lin=2 under this study is 1onq and

connectad to an infinite, bus. It is assumed to have four

nodes from which the load currents wmay be drawn out. The

one-line diagram of the transmission line aleng vwith loads

4

is shown in Figure 2.1. : .

T T TTIT THTT

Fig. Z;i : Single Machine Infinite Bus System

whare,



v, = the node voltagas.

i
ii = the line currents,
R, = +he line resistances.
Li = the line inductances,
B, = the capacitors.
i B X
G, = the leakfige resistances.
ji = the load currc=ants.
LDi = the loads on the nnades.
r
where, i=1,2,3,4

It may be notad from Figure 2.1 that the transmission line

is g T -s=sction connected *+o an infinite bus.

2.2  MODELING OF TEANSMISSION LINF AND LOADS

A variable load would caus2 varying currents and voltages
in the transmission 1lines and at the nod=as, respactivaly.

. . p) . . ..
This requires a dyramic representation of the.transmission

systam.

i

By applying Kirchoff's Laws of currents and vbltages and
alsc considsring the systen parémeters %.'Gl’%.' 1 Gz,and %
are constant, thz following eguations (in pu) can b=
developad for a section of the transmission line and loads.

i i + G.v + B v + 5
labe . “2abe 1"1abe. L Viabe Jlabe (2.1)

v + R_1i + 3
2abc 1 2abe 11 2abe (2.2)

o~

v
labce



s mentioned ‘in Chapter 1, .. by applying Park's

Transformation (2.1) car b2 written as,,

10dg 20aq" ®1V10qd B 1PV pet I 104q (2.3)
Tha *ern Pvlabcou the r'iqht side of {2.3) may be computed‘
as follows, From the definition of Park's Transformation ;"lmiq
= Pvlabc sthe deriv-.atives \'rlquz P:flabc_* évlabc‘ Thus,
PV = v - by = v - pol, (2.4)
labe 10dgq labc 1lldq 10dq

where the quantity PP lis  known frem Chaptar 1. 2quation

(1.31). Thus (2.3} may be written as

i = i + G v + B v ~ wB - v + i
Nodq- ~ T20dq.. 1 10dq 1 l0dg 2 1q " hoaq )

Similarly, by applying Park's Tranrsformation in (2.2), on?

may obtain the Zollowing,

v =y + B 1 + L Pi (2.6)
10dq 20dq 1 20dq 1 2abc
Trtus the third term on the right side of (2.€) will be
- L . L ."'l
Pi = i - Pi = i - bp i 2.7
2abc 20dgq 2abe  20dq 20dq

Thus, (2.£) may be written as



Viodq = Y20dqt R.l20dqt L13z0dqm ®L1 |- 4 (2.8)

Ry omitting the zero—sequehce voltagas and currents and
rearranging the equations (2.5) and (2.8), -the following

aequations could be obtained,

B Vg™ Jg 7 togm Bivig - OB vy iy

(2.9)

(2.10)

f197 M U Vg7 Voq T Fihg TR

Th= formulation of lcad currents Hd and j. may be done as

1q

follows., rssuminy +he load LD?1 on node 1 contains Py and q
as th2 active and reactivs power, respeckively, thzn +hk=
~active pow=r (%_) can bes expressed as

Pp = W 3 Cos (6,-0))

. = 3v_Sine _ j.Sin ; 3v_Cos j Cos

Py 1 PHR0, 3R 0, Sv,tose T tes 6y, (2.1
Tsing (1.15a) and (1.15b} in (2.11),

v 4 ey s
By 1d%1d © 1q 1q (2.12)

and r2active powar (ql) may be axpressad as,

- 34 -



6
191

9, =3 v Sin(ejl- v1

= 3 i in O,
3 VICObevljlsln i1
- ] i 2.13)
3 v, Sing ., Cos ejl | (
1y applying (1.15a) and (1.15b) in (2.13), -

ey

g =v 3  =v_ 3 , (2.14)

Ther=fore from (2.12) and (2.14), the followiqg load currents

may b= computad.

] = + v2 + v2
e T ORIt RV VO )
(2.15)
. _ - 2 )
4 q (Py¥q™ 9 V1g /70yt )
Tquations (2.1) to (2.19) =xplain +*he fact thka- if any
s2cticn of transmission 1line and lcad is considered, <thsz

Park's Transformation may.also be applisd. Theraforso, if thz|

same procedure is introducad to the res- of the transmission
line and loads, then the following-equations (in pu) may b>

obtained.

[+

APV LA “BV e ha!

. , 3d 2d ¢ (2.16)
BaVaq T U laq™ 33q7 Cp¥pq * ©B ¥y~ Jpg)

i = /L, { v. - v_ - R i - wl i )

B4 3™

’_3 2 24- "3d " 273d b o (2.17)

- - - - - w -

Hq 1/L2 { vzq v3q 8213q+ L212d)

where,



and (2.18)

o 2 2
Jpq™ ( B Vg™ 922}/ Vgt Vo)

By Vg™ (1397 34q7 B3V3q ™ “B3v3e™ J3g)
) (2.19)
BiVaq™ (i3q™ 149~ G3Wq * “B3Vv3gm d3q)
Ypa= VUV ™ Vg T Byl T @lydyg )
(2.20)
A _ . " ,
lAq 1/L3 { \.vj vaq F3 ]l&q + 13‘3d )
whare,
i = ( v, .+ q.v. )Y/( vz + vz )
T34% U PVay" 9375 3a* Viq
and, ' (2.1
= v ) 2
Tgq = AR q3v3d A vjq)
* &
B Vs (i44- 1gg” Gaqu- mBavaq— ]Ad)
(2.22)
v, = i, =i = G v '+ WB vy ‘= 3
B Vgq= ¢ 4q 5q 4 4q 4" 4d _Jl;q)
where,
. - . 2 2
J4da (B Vgt q4‘f4q)/( V4d+ vth)
and, “ (2.23) !
i o= - 2 4 y2
= v v v + Vv
Jag = CRYyg™ YY)/ VR VR



Considaring tho system of Figure 2.1, +the volyaga of th>
infinite bus being Vo,;. which is a s2t of thr2e phas»

balanced voltages and & is bus(infinite) voltage angle.

— )

Cos (wpt +'°< )
' ' e
v =2 v Cos (w * +«X = 120 5
abe - R (2.24)
Cos (w, t ¢+ 120° )

Ay definition VlOdq = Nlabc’ and hence, by applying Park's
Transformation into (2.24),

B ]

qu:ﬁ Yo - Sin (-

%'q

(2.25)

Cos (& =)

- o

¥eglecting the z2ro-sequence voltage and formulating *he
veltage similarly, the following expressions may b: obtained

for *the last s=ction of the transmissicn line.

g = /L, ¢ v4d+\/'3' voSin (6 -a) -,RAijd-wLaiaq)

(2.26)

i5q= 1/L4( vaq- V3 y,Cos (8 =) - Ez.lsq""’miz,d’



fAS it is  sesn above tha£ the tranmissicn 1line and loads
teing represented by a dynamic model, it may be noted that
in a’similar wvay a dynamic mcdel may bg fcrmulated in
expressing any interconnectad networks consisting of ;ny

number of branches. However, the numbsr of variablas in

such a case will increase encrmously.



Chapter IIT_

COMPLETE SYSTEM, MODEL

In therprecéeding chapters, the Lodcl 0f +te genercators
and the transmission'lines with lcads have been discﬁsssd
s2parataly, In this éhaptqr' a complete mathematical modal
is prasented for the entire system by coupling +transmission

line and load equations with tha gensrator medal. Meanwhila,

the control of the system will also be discussad here.

3.2 SYSTEM MODSL

As the objactive is to regulate and mairtain the voltagas
within the admissible 1limizs, the capacitors have b=aen

chosen as the required control variables in the systen.

But since tﬂe rodel for gen=rator and transmission lins
with loads is develop2d, it is important *o notice that if
the system parameters are constant, th=n safely the models
could be coupled, [ As ' mentioned in equétions. {2.1) and
{(2.2) ], But since undar tha assumptiorn of capacitors as
centrol variables which will be varying with time, ther2 is
a need to’ modify +the =quationrs ¢f the system model,
Considaring the capacitors as +times-varying quantities; +h=

oquations (2.&) and (2.2) will ba read as,



'
ilabcz iZabc* Gy Vi1apd dzdat { Blvlaba * jl.abc (3°1\'

( 1/B1) Quapd 1/B2) Qoapd Frlane® U 3y.pc (3.2)

Y+ is clear from (3.1) that if *he time-varyii{q capacitors

are incorporatzd in the system , then one suitabla way of

A

B -
1Y 1abé° glabc

whichk is th2 charge storad in ¢*he capacitor Bl' Thus a neswv

state variable QapRay be dafinad and (3.1)§ (3.2) can be

handling the term d/dt Bl vy.pd is to =2xpress

axpressed in terms of new state variable as follows.

1 1abé lZabc?m( Gl /Bl) ?labc? -,.d,_./dt ( Olabc) * jlab,c

~u

(3.1a)

i

1/8 2 QZabg Rll?labc* Ii lZabc (3.2b)

1 Qa5 1/B

Hencsa, by applying Park's Transformation in (3.17a) and
(3.2b) and naglecting the zero-—-seéuence charges ' and

currents, the following =xpressions can be writtan as,

Qg= (147 14 (6 /B0 0.4 Ql;l- 34!
(3.3)

0. = i, -4, - G, /B_. + w2 -3
qu ( iq 2q ( l/ 1! qu Qld ‘ qu)
N _ \ . B i - wLl i
1,47 /L K Qld/Bl) ! QZd /82) Ell?.d e l'llq]

. (3.4)
iz.q? /L, (L qu/Bl) - | qu/Bz’ - Fll:f.q+ ol i )

- uo - !
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Trom above equationg it 4s e'viden't that seme changes are

-t

required in the genar aquations,  too. So, when tha
princ¢iples of -( 3;3) and (314) are’é‘f;piied in tha models o‘f

qéne:ato: and tran.missionA line withx.,lloadsvand by rarferring’
to Appendix 3 [ where the invarsion of maf:rix 0fr{1.,39}. g.s

fic-ve'loped 1. 'the‘complete system modal of qen2rator couplad |

with trapnsmission lines and loads may b2 written as follows,

™

Fl

T
3 = [ i i 3 . Y N 5 \f. 1
1.4 A{11) 115 A(1-2) z.fg A{13} ip + A{w‘)w:.lq + A(1H) OJ.Q
© ORI /B Qg AT Ty R
' - (35
. -
ifd= A(2M) lld* A(22) iegt A(23) i + A_(Zu)co llq..+
i 2 4 2 ;
_A(_25)°->1Q + | A(-ﬁ)/Bl) Old+ E(2T) ?fd

(36)

ip = L{(31) lld+ L(32) lfd+ A(E33) ‘j)+ A(3U)93'_lq+ 1(35)
wiQ + (A(36)/Bl) Q,ld+ A (37 Efd
; (37)
11q= R(41yeo lld+ A(ﬂZ)wlfd+ A(HB)MJ_D + L (4H) llq
(U i . i
+ L(43) 1Q+ ( A( 6;/51) qu
{38)
iQ = A(ST)w ild+ A(52) w ifd+ A(SB)sz .+ 2(58) qu
+ A (55) 1Q + (A(SB)/Bi) O‘lq
(39



e

i3

L3

'('n’(,snn_(su)') o igg* B(62) By i e R(E3)

i

1q

i

1d

e 1&(65) i1.:1,~ 3.0%D (“’-1)’ + T )Y/(3.0%T,)
. d-qQ . : m

s

e - 1

N - - ) -.'w - N - . :
Lg= G /Bp) Q7007 %247 Jug

llq* (G]./BI) qu*ind‘ i2q— jlq

7y (CQ 787 - l?llzd" Loty % /B,))
- k. i i - B

VL (R /B = iy e Lt s (0 /1))

e

.- (Gz/Bz) 0

24 2a” @ %7 Taa T T aa
i = (G, /B + WwQo- = 1

LT (G /8] @yt 0y

1/L B - P i =L wi =
AP 273 2 3

3d | 3d 3q 4d  3d

(3.10)

(3.11)

(3.12)

(3.13)

t
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Taas ViU Qg /By = il TR T (e Y

4
(3.17)
»
l4q= 1/L3{( Q3q/B3) - E3l4q + 13 m\ll;d -. ( O4q/p4))
.- = ' - G .- - 1 - ¥
Cha” *ad” /B %y 207 a0 T T _
b (3.18)
c = 3 - 3 w -4 -
Caq” Tagm BB Ygt 04T 5 T T4
i - 1/L B - Fi - Lwi + V3V, Sin(d -« |
TR E R INER GsgT P gy TR e Tand "
' (3.19)
o= 11 B} ~Fi +Lwi =3V Cos(é-
5q /4((Q4q/4} i sq Paal VE] oq(-‘ «))
7 7 7
‘Vj_:\/((.Qid‘Qiq)/Bi)
7 2 . : : .
o= Mligg - i) : (3.20)

R
(jid = jiq )

¥}
1]

wvhere,

i=1,2,3,4

3.3 STATE-SPACE MODEL OF THE SYSTEH

______ FOmm msSES =S 22s =o=s=s

—

Using the equations (3.5 to (320 ), one ‘can ZXPress tha®

system dynamics in state-spack form

X = £(X,B,p,q,T_ ,t) | (3.21)

o



whersa,
(i) X is +the state vector given by

x=[ild’ ilq 'ifdib' ¢ 'i2d oooloisd ’

4

lIl2q|-l-isq'qld.'.Qad'qu-co-Qt*q]

(iiy) B is the control vector given by

B = [B;+BysBy,B,]

(1ii) p is the vector of active loads at
nodzas 1,2,3,ﬂ qgiven by

/
B = [PyrPyrP3rP ]

(iv) g is the vector of reactiva loads

at nod2s 1,2,3,u given by

.

Fa
9 = [9 +9,¢9 29, ]
E'qz 377 .
(v) Tln= mechanical input
(viyt = time

The system (3.21) complately describes th2 systenm under
study. The s{éady—state and transient beshtavior of tha systen
can be obtained easily after solving i* under appropriats

r

initial conditions. 2Also by applying propar control B th

W

system can be controlled for desired conditions.

- 44 - “‘\
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. Chaptér IV

FEEDBACK CONTROL MODEL ANLC NUMFRICAL SIMULATION

4.1  INIFODUCTION

In ‘this chaptér the system behavior is énalyéed by
simulation on digital computar under steady-state as well as
under dynamic conditions. The dynamic conditions are
created by variation of loads at the nodas. To requlate the
voltages a feedback control is designed and and explainid in

the fcllowing section.

4,2 /STEADY-STATE LOAD FLON TECHNICUE

In order to simulate the dynamic systen f(=f(x,8,’p,q,'1;l
«t), one has to know the initial conditions under steady-
state by’implementing a proper method of load-flecw sclution.
There are éeveral methods of lcad—flog studies [ 10 in
éxistenca, for sxample, Gauss-Seidel method, Newton-Raphfon
method and Minimisatién m2thod. In this thesis the Newton-
Faphson mesthod has been usad . to cbtain the initial
ccnditions. Briefly it may be mentioned here that under
steady~state opeartions, the damper currants ( iU and 1)

ara zero and the angular velocity is unity.

Thus, frcm (3.4) to (3.18) mathematically at steady-

state, tha derivatives X=0.

N

7
N\



Henco, thare will b= nineteen nor-linsar alg=abric

-

2quations in the system and are solva2d numerically on
digi%«al computar.
OF THE SYSTEE

4.3  DYNAMIC 3TUD

[197]

[ Lo

Once the initial conditions of the system are obtained
with the help of load-flew studies, one can procaed-‘to

analyze the dynamic behavior of the systam, Cna 0

rn

the

of

ot

obje?}ives of this thesis 1is +to observe the =2ffesc
variation of \lcads which caus2s voltage drops across th=2
ncdas. The other objective is to present a feadback control

scheme that will regulat= the system voltages,

4,4  FZEDBAQK CONTEOL MODEL

T™wo kinds of controls aré considzred in this study.

(i) Continuous variation of capacitor (synchronous)

(ii) Step variation of capacitor (static)
In the former cas?, synchronous capacitor can be used to
vary the ¢apacitance, whila in <the latter casé, stap
variation of capécitor can'be realized by switchking static
capacitors.

Suppoie tha number of nodss in the syst2m is n. In order
tqsincqrporate a continuous control model, +he capacitor B
at fhe nodes ({s) -is taken as a function of +*he integral of

voitage daviation at all nodes..flf th2 desired voltags at

‘node (i) is Vv, and the actual voltage is V

iD ia°



;
fezedback control (capacitor) at noda 's' can b2 axpra2ss=2d as
a function of the integral of voltage deaviations at all the

nodes in tha following form

. n t
_ r - : 4.1
Bs (t) = Bs (tO) * ;ksi f(viD Vi:\) dt ( )
t
. .0
whera
By (tg) = initial value of capacitor at node s,
-and Ksi(s,i‘= 1.2,3,0)= the requirad gains.

For a discrete control moda2l (in +F3x - lat*sr case),
suppose . the pefiod of opefation is given by +he tim2
interval (&) «T] and assume ttat fer the pu:pdsa of
requlation, this 1indterval is .partiticnsd dinto. 'M?' sub-
intervals (%Pl'én]' m=1,2,..4. At the 2nd poidts t) ,ty,... 50

of ecack subinterval capacitdrs ara switékad te na2w values
Aepending on the nod2 voltages. The value cf the capacitor
a* *ha.nod= 's' at time t_+0 is givern by
‘ . il tm
= v, (&) - Vv, (t] dt
Bs (tm +0) = Bs (tm—l tO) o+ %lxsi £( iD( ) l.n( ))
' m—1 (4.2)
where, as in the previous cass, Ksiis th2 waight givan to

+he voltage d=viation at the ithnode.

4.5 NYMEZRICAL SIMULATION

Simulation 1is done on University of Ottawa's digital
computer 2AMDAHL 470,/V78 by using Fung2 Kutta 1intagration
subroutin=2, In this simulation study it is considered that

0
one generating source 1is connzcted to an infinitz ° bus



+hrough a transmission line having four nodes (n=d), Thre=

separat2 cases are considered and these are describad bzlow.

L

Case I
{i) The load (p2 and q, ) are changed at
nods 2 only..At all the other nodes
the loads are.ﬁaintainéé at steady-
.values.
(ii) éontrol is pléced at node 2 only. -
Case IT .

{i) In this cas2, the loads (gz,qzand

p . and q, ) are changed at node 2 \\\/’//

3
node 3., The loads of node 1 and
node2 -4 are maintained constant.

1i) Control is plac=2d.at nod2 2 only.

Case III

»

1)’ The d r
{i)° The loads (pz.q g and p 94 ) at

3
node 2 and node 3 are intensifi=d
comparad to that of Case IT.

(1i) Control is placad at node 2 only.

Tn Cas® T and Case 1ITI, both the synchronous capacitoar
control and ths static capacitor control are used. In Case

7TI, only the synchronous capacitor control is appliad.

\



) p,(Case IIT)—
5
: pz(Case I1)
- pB(Case IID)
) ! .
: p2(Case 1)
5 s
? N pB(Casg II)
B g ol ng 38
e 1.90 310 e Fos e nr.r:“(v;(n"'“ 1Y.%0 - ra.ee b0 i¥.40 BN
Fig. 4.1(a) - Variation of Active Loads
. ,qz(Case ITl)p———
‘ *q,(Case IIT) [~
o ' q,(Case II)
= q3(Case 11)
qz(Case 1)
2] )
) [T EAT I A4S e 17 % TS 15 AT W

»n [AT) )
FIME 1SEC)

Fig.4 .1(b) - Variation of Reactive Loads
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4.5.1 Lase IA

Continuous Variation of Capacitor (Synchronous)

}

~ For the sake of simplicity, the control (82 ) at node 2

1s assumed to be given by .
t

. . _ v 4.3
Bz(t) = b?_(to) + 1\22 S (VZD \]m) dt { )
. t .
0
In other words the gains KZi,i=1,3,u are taken *o be zaro.

The voltage regulation at node 2 for different valuas of the
gain Kzzis shown in Figure 4,2, The rasults skow that the
x

. .
best value for KzzlS K22

"all the nodes corresponding to the gain fzz is shown in

=0.002. The voltage regulation at

Figura 4IA(a)~ Figure 4IA({(4). The control profile B, is
shown in Figure 4IX(e). These results indicate *“that avan
though th2 control is applied only at node 2 whkere the load
(pz and qz ) had changrd from steady-state valu=s tha

regulation at other nodas are satisfactory.
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4,5,2 -Casge IB

e o i ——

¥

1

Step Variation of Capacitor (Static))/t

Tn this case, the! control B2
By legtd) = By (e, _110) + Ky vazn'vz‘\)
t

assuming again that Koy

The corresponding

Figures U4IB(a)=-uIB(4d).

Figure\U4IB(c).

v

t
w4

1

. -l
=0, i=1,3,U. .

voltaga requlations

The centrol profile

i

dt

(B

2

are=

)

at node 2 is taken as

(4.4)

shown in

is shown in

e
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4.5.3 Case2 IIA

Continuous variation of Capacitér {Synchronous)

ITn this case, as indicated.aarlier, the loads ar2 chang=d at
two nodes (naae 2 and node 3). Onca again, the ccntrol law
given gy’ (8.3y is appliad at noée 2 and thke voltage
regulaiions are shown in Figureg UITR (a)-4TTA(d). Id=ntical
regulations are obtained as observed in Cas= I3, aven though

there ara two 1loiads at node 2 and node 3. The control

profile is shown in Figure 4ITA(e).
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—————

4,5.4 Case IIB

\

Step Varia+tion of Capacitor (Static)

As dapicted in -Case IIA, similar charactaristic of loads

0

are taken in this case. The propgsed contrel law givan by »
(8.4 f is used to ragulate <*he veltages. Figuras
4TIB (a)~4IIB (d) show the ragulations. Figure U4ITB(e) will

indicat2 the control profile (B 2).

Y
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4.5.5 Case III:A

Continuous Variation of Capacitors (Synchronous)

Yn this case, the loads are intensified heavily at two nodas
{node 2 and nad2 3). In other words, the real and reactiva

components (p,r,q, and p3,q3 } are changed frém s+taady-stata

to very high magnitudas. The uncontrolled veltage profiles
(in "*thick linas") are shown in Figuras UTIIA (a)-4IIIA({d).
In order to regulate thesz voltages, the same proposed

control law given by (4.3) is applied at node 2.

Although the voltagsz (Vz) at node 2 is'regdlated, but a

fefined regulation for other voltages is not obtainsd in
‘ - Ao

this case. The profile of control (B2 y will indicat=2 +h»

higher value of capacitance as shown in Figurs HIIIh(a).
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~s*tatic capacitors.

‘changad a* one nadz (node 2), the veoltage rcquldtion_is

[t

4,6  PERFORMANCE ANALYSIS

Rasa2d on this dynamic study, it is =vident that the voltages
at all *ha busas can’ be regulated by suitable us= of control.
(cdpacitors). smoother <tregulation of voltages may b2

obtained by synchrenaus <condenser in compariso

It follows from the results of Cas2 I where tha ldad is\\"
smooth at all thz nodes even though th2 control- is placad
r ; .

only at one position (node 2)

Studying th= results of Case T (Fig. ﬁIIA(a)—uIIA(a}; in
which the load has been changad from stzady-s%ate at nod= 2
agd n>d=> 3 and the control' is placed ét ned=s 2, it is
obssrved that the voltages are maintainad close to +tha
desir=24d valuss at all the nodss. This shows tﬂat the control
law (4.3) as used in Casa I (at nod= 2) continues to periorm,

satisZactorily even though the the 1load has been changad ax

th

erent noda2s (n2de 2 and mode¢ 3). This is dues to th=2

ftwo dif
1
k?%&t that the transmission line is short and the load

changes are not very large.

Comparing the resulxs of Case TII (Fig.

BTITA (a)-4IIIA(s)) with  those of  Case T (Fig.

4 v
UTTA (a)-8II2(2)), it 1is obszrved that in Case III, the

.voltage.regulation\qt node 1,3,4 is pgétsf-compared t4 that

of Case IT, This is due +to the intensification of JYoads at

LI

A



somez nodes {( node 2 and nodz 3} and having control omly at

node 2.

o
Y

This shows that aven though the transmission lin=, is

considered stort, controls may have to be applied' st the
other nodes.if the dis+tribution of loads is hat-uniform. In
othef words, the_gene;al control aS'ineﬁ by (4.1) should ba
used. An'optimal set of gains (Kgq) éan'be obtain;d by the
merthod of parametef oétimization as suggestad'in [6]. It is
axtremnely encéuraging.'to see that the voltages can b3
maintained withinh”anf specified limits by simple integfal
feadback control lccated at ‘suitable nodes, provided tha

gairs (Ksi) ars chosen appropriately.

-t

e



Ve,
Chapter V

CONCLUSIOY = 8

The main-objéctive of this thesis is tc investigat: ,the

centrol in régulating the voltages at the distag®™ busses.

Pased on a dynanmic model a method is proposed to control the

nocde voltages .by- the use of control capacitors., - The

— -~

feasibilitylof the method has been clearly demcnstratad by

three examples (Case I, Case II, and Case III).

It isv evident fram the results of Chapter IV th;tk

disturbances in the' povwar systems dye to the impact'cf loads

cause the .dip of the bus voltages &u' 2 consdideratly. Ong of

‘ihe efﬁicient methods, in regulating the system voltages

élearly implias .that_cont:cl “(capacitcer) {méy be suitably

placed at the bu§é§ﬂ¥h\éupply the reactive power into the

_Systems . -

. If the transmission line ;is 1long and the distribution of -

loads is not 'uniform, then it is necessary tc use’'control’

. ’ - . . ' P
(capacitor} at other nodes also, provided the gains (Ksi)

are found out appropriataly.by parameter optimizatidh [47.
R , )

From the fasults of Chapter IV, it can ke chbserved that

. : o . [ . ’ .
synchronous capacitor is superior to static capacitor in -

ragulatihgs the voitage. However, bacausa of econonic

4

l.', ‘/,_\\\\ S | ‘ '. | -,~ o
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considerations static éapacitor may be wmcre éuitgblq for~
appligation in power systems. But switching of static
capacitor can Ebresent some potantially dangérous situation
such as overvoltage-surge etc. as. seen in thyg results of

Cases IB, and IIB in Chapter 1IV.

+

Because of the relative phqse of current and voltaga (
curreant leads the voltaga by approximately 90° ) the
capacitor is fully chérged to maximum voltage when the
sWitch interrupts. | The dapacitar, when isclated from the,
sourca, ratains its charga. A; a ccnsegquence of © this
trapping of thé charge, after half a cycle the «current
becomes zero and the voltage across the switch reaches thg

peak value’ of 2V, which may cause the circuit -breaker:to

restrika (137,

5.1 SCOPE OF FUETHER EESEARCH

In-crder to represent the model in a @bcre ganeralized
fashion, one can include governor and exciter dynamics into

the system.

—

Since this study is based on single machine system, it

may be worthwhile to ,Linvestigate a multi-machine System

medal,

In this- thesis the gain in the contrcl model has been
chosen by +trial and error, but in order +tc have a mors
refined requlation of systém voltages, this gain «could be
found out by implementing a proper optimizaticn method,
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Under this study, systém ‘voltaggs'have heen regulatéd
during a slow- variation of Yoads by eroper choice of
capacitor control at different places., Other type of large
scale disturbances has not been considered- in this
simulaéion. However, to obtain a cmplete regulation of the
system owing to short circuit as wall as thae lcad variaticn,
‘cne has to, aside from the capacitor control, incorporate

the exciter and governor controls into the system modal.

ol



APPENDIX I

A.1  CHOOSING A BRSZ EQE SIATOR QUANTITIES

The variablas L vq ’ id . J'.q ,)\d , and X are s*ator
quantities becausa they relaf;c—x directly to tk2 a-b-cC 'pha_se
quantities through Park's Transformation.- Using the
subscript 8 to indicate "bas2" and F to indicate "rated",

-

+the following stator base quantities may b~ chosen,

L=t S B = SR = stator rated VA/phas=2, VA INS
v 5 - '\.’R =stator rat=d line to neutral voltagz,
V rms
Wy T oWy T generator 'ratad speed, 212c rad/s (aAl.1)

Firs: no*+e that the three-phase powar in pu is thre?2
times the pu power per phase (for bala‘nced conditions}. To
prove +this, lat the rms phase quantitizs be V A& and TLY .
mhe three-phase power Is

3 VI Cos (4 = 7))
The pu powar 930 is given by
P 3¢= (3VI/V B_Iu ) Cos (%=7Y)
=3 v Iu Cos (% -7} (41.2)
where thas subscript u isjus2d to indicate pu guantitiss. To

obtain the 4 and gq axis quantities, the instantenzous

b



voltage and"cﬁrrEnts may ba written. To simplify th=
axpression without any ioss of genarality, let v, {ty 1is ‘in

the form,

VmSin(e+ok)~=\/§V Sin (9 +)

v =

a . ] - '
vb=\[2 V Sin (8+d =~ 2n/3) . (AL.3)
v.= V2V Sin {0ex+ 2 1/3)

"hen from . v = Pv or
(L-13) 10dq labc
- — - - )
VO 0 7
vy | = V3V sinx - (Al.4)
v Viv Cos
|9 L. C
Tn pu
Vie = Vg /¥y =Y3(V/Vg )Sinx =vV3V, Sipq (AL.5)
.Similarly,
Vau =/3 Vv Cos« ‘ : (A1.6)
Obviously, then
Gooe v =3l (AL.7)
_ u qu u
The above results are significant. They indicate that with

this particular choice of the base voeltage, the pu d and q

axis veltage are numerically egqual to V3 times +hte pu phase

vol+tages,

Similarly, it can be shown that 1f the rms phass currznt
is T/ , +hke corresponding 4@ and g axis currents are givan
A .

by,
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Pl

3
- - — _
to e 0 .
ig] = J3 I sinY ' (AL.s)
i : J3 I Cosy
and the pu'CUtrenfs are given by
igg = v3 I, siny (Ai.Y)
i =Vv3II Cost? .
qu u

To check the validity of the above , the rower in th=2 d

and q axis circuits must be the same as 'the power in thras

stator phases, since P is a power invariant ¢ransfermation.

3 Tdu du lqu q
' =371 v, (Sinasiny+ Cosa CosY)

1
W
i
-

e
€}
Q
0n

(% =) pu " (A.10)
Now the relations can be dav=loped for <«k= various bass=

quantitiss, From ( Al.1 ) the following may be computsd -

IB =SB/VB=SR/VR L rms
/\B =‘VBt =VR /mR-- LB IB \Wb turn
Fe= %/ TR obe -1
Fg = Vewp= Veps ‘t

1
LuszB/IB=vR/IRw H
Thus by choosing the three base quantiti?é s , Vv , and

B . B
t B the bas2 values can be computed for all quantlitias of

_interest,



To normalize any gquantity, it is divided by th=2 bas2
quanti+y of *h2 same dimension, For example, for currsnts it

may b= written

.
-

o= 1) /T, (A pu - (AL.12)
where the snubscript u is us2d to indicaze pu. P

A.2 CHOOSING A BASE FCR FCTOR QUANTITICS

——— e e A T e AR — . o S —

Lewis [11] showed <that in circuits coupled wmagnetically,

~which are to be normalized, it is essential to select the
same voltampers and time basa in each part of the circuit..
”He choice of equal time base throughout all parts of a
circuit with mutual couvpling is the important constraint. It
can bz shown that tﬂe‘choice of a common time base tB forces
the VA bas= to be equal in all circuit parts and also forces
+*s base mutualllinductance to be the gecmetric mzan.of ta2
base self-inductances if equal pu mutuals are to result,
Lo, .

1/2

M = (L L
128 ( 18 2b )

For the synchkronous machin=z the choicz of SB is based on
*he rating cf thz stator, and the time base is fixed by th=2
rated frequency. These base quantities must be the same for
the rotor «circults as well. T+ should be remgoberad,
howevar, +kat the stator VA base is much larger than the VA

rating of the rotor (field) circuits. Hen'ce some rotor base

quantities ars bound to ba very large, making th=

-89 .



cerresponding pu rotor quantitias appear num>rcically sméll.
"herefore, car2 shtould be taken in +he cheica - of  *h»
remaining frae rotor bases term, since all other rotor base
qughtitias will than be aut&matically datermined.

o illustrate- tha abovz, consider a .machinr kaving a
stator rdtiqq of 100 X106 Vn/phasg. Assume tha* its‘egciter
tas a rating of 250 V and, 1090 A, If,‘ for éxampla, it is
chosen T = -1000 &, V = 100,000 V; and if it is chosan Vs

RB
=250 Vv, thken IRB will be 400,000 R,

’ 3
Tharafore, it saems desirable to choos: soma base

quantity in the rotor to give the correc* kasa quantizy in

ct

¢ :

hes stator, For 2xample, *h3 basa rotor current may b2
chosen *o giv2, through ths magnetic coupling, t+he correct
base stator flux linkage or opan circui+ veltage, Tven than

“here is som2 latituda in the choice of +*he basa rotor

current, d=2pending cn thz condition of th2 magnetic circuit,

Tre chnice made:ﬂere for tha free rotor base quantity is
based on the conczpt of =qual mutuval flux linkages. This
means *ha+t base field currant or base d-axis damper current
will produca2 *the saas spacé fundamen%aL of air gqap flux as
produced by-base stator currsnt acting in the fictitious 4

. . »
winding,

[e

“efering to thz flux 1inkage equations (1.20) lat

+

be applied one by one with other currents set to zero.
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™0 equate the mutuval flux linkages in each winding,

Ama= Lpalp = KMp Tpy = kMp Ty WD
App= KM pIy = Lgp Iyp = Mg Ipg ¥P
Aap= KM p Ty = Uy I‘.FB =Ly Iy Wb ' (Al.13)
Amg™ Lmg Ts = KMg Tgm Wb
Amg® ¥M oI5 = Lng Top Wb
pa T3 = Vur Trs T Lw Toy = K% * 5 Try
skM_TOIo o= Mg T I ' (AL.14)
® o Ig = KMy Ty To = Lo ISB

and this is the fundamsntal c¢onstraint among basz2 currents.

From ( Al.14)and the rgquirament for zqual SB . 1t may b=

computed .
VFB/v}i= IIS/IFB B (LmF /Lmd ng knF /%m S by
=LIIlF /kM,F = r‘;R/kMD _
pp 7V 5/ TosT Y loa Rl R (A1.15)
'= LmD /kMD = I'IR /kIT!F
V.QB V= I /T QB " (LmQ /Lmq ) = kMQ /‘LmQ 2 kQ )
= LmQ /kl‘!Q |
These basic constraints permit one +o compute
PFB B h% RB ale
— Ry =h§«RB ol |
: _ a -
zQB :3 ik ' ' (A1.16)
= L H )
“FB F °B
Ly =Ro L, H
Lo =f\g L,
S
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and since the bass rutuals must be the g=2ome*ric mean of tho

base self-inductances,

% pp = Kp Ly B

Moo=k L H

pE - *p U (a1.17)
" s = Rqls it

T "R ply M

kY

A.3  COMPUTATION OF PU !QQEE

mhe following data of the gemarator und-r study are given,

from the pu values will be calculatad.

Pated MVA = 160 MVR

Fat=d voltage = 15 KV '
-FxFitatioutvoltage = 375 V

Stator current = 6158.40 A

Field current = 282¢ 1

Power factor = 0.85

3

L, = 6.3u1x 10 H
Lp = 2.189 "

L = 5.989% 167 H
L, = s.imx 107> H
Ly = 1.423% 107 H
kM) = 5.782X 107 H
kM, = 2.779% 1673 H

r o= 8,421 X105 S
T, = 18.969;10"3 N
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Tn=zrtia constatnt 1.765 KW.s/hp

A.3.1  Solution

Stator Base Quantities :

Sg = 160/3 = 53.33 M¥A/phase
Vg = 15000/vF 8660.25 v
Iy = €158.40 A

-3
tg = 2.6526 X10 s

Ap = BEEOX 2.65}(10-3 = 22.972 Wb turn/phase
ﬁB = B86€0,25/6158.40 = 1.40€ .0
L, = 8660/(377X 6158) = 3.730x 10°
- _ C e wuq - -3
La= Ly Ld (6.341 0.5595) 10
- 5,79% 10° H

At open circuit the mutual inductance L g
linkage in phase a are givan by

Ly = MpCos®

Aa = iF”F Cos 6
the ipstanten=sous voltage of phasz a is

v.T % g ﬂ? 5in 9
wheretoR is the rated synchronous spead,
voltage corresponds to the‘product-%,coR MF .

and the

Thus the

flux

peak

From the air

gap line of the no=-load saturation curvz, the valus of field

currant at rated voltage is 365 A, Ther=fore,



-

BEEO 2/ (377X 3€5) = B9.COE X107° H

Kfg 375 X 89.006 X 10 > = 109.01X107°  H

i

3

i

™hen kF = kMF/Lmd = 18.854,

Then i+ can be computed from ( Al.15) -~ (Al.l17),

I, = 6158.4/16.356 = 326,64 A ‘
- fo- '
1o, = 18854 3.73X 1077 = 70.329 x40 Iy
v = (53.33x10% y/326.64
FB . ‘
= 1€3280.€8 v
= . .64
2.y = 163280.68/326.6
= 499,89 .
3
= (18.8U5 .7 0
L, = (18 )X 3.73 x1
= 1.326 H K
. . N
Amortisseur Base Quantities :
KN, /L . = S5.781/5.781 = 1.0
D md
Moo= 1L i
DB B |
kM L = 2.779/5.782 = 0.5
Q" mg
-3
= 4 = . i
Ly = Ty 74 = 0.933% 10 1
gy =% 0
S T
4 = F i = . ._(1
0 L /b = 0,352

Inertia Consta+tnt :
H = 1,765(1.0/0.7846) = 2,37 k¥W.s/KV2
Tha pu parameters are thus given by =

r

L, = 6.34/3.73 = 1,70



Ip = 2.189/1.326 = 1.651

L = 5.989/3.730 = 1.605

L = 6.118/3.73 = 1.64

Iy = 1.623/0.933 = 1.526

Lp = kMp = kMg = M, = 1.70 = 0.15
= 1.55

Lag = KMg = 1-64 = 0.15 = 1.00

r = 0.001542/1.40€ = 0.00109¢

rp= 0.371/099.9 = 0.000742

r, = 0.018/1.406 = 0.0131

Lq= 18.9€9X 1dal/o.351.= 0.0540
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APPENDIX IT

A

'Considering a 60-liz synchronous generator [l] with the following

pu parameters as mentioned below, the matrix L (1.39) is inverted

I

and multiplied by (R+ =N)

L,=1.70
L =1.64
q
Lp= 1.65
LD=1.605
L =1.526 .
Q _
K= kM= MR=-1.55
From (1.39) one can obtain numerically,
0.0011 0 0
0 0.00074 0O
(R -~ wN) = - 0 o 0.0131
-1.70 -1.55 -1.55
L 0 0 0
1.70 1.55 1.55
1.55 1.65 '1.55
L = 1.55 1.55 1.605
0 : 0 0
0 0 0 .

kMQ= 1.49
r = 0.001096
rF= 0.000742
rD= 0.0131
r = 0.0540
Q
H=2.37 s
—
1.64 1.49
0 0
0 0
0.0011 0]
0 0.0540
-
0 0
0 0
0] 0
1.64 1.49
1.49° 1.526

(A2.1)

(A2.2)



' ~as follows

.

_L_l(g -~ wN)=| A

and,

16

!
\ Ao

@36

™y
- As6
P ere, "
A= 0.005930
A, = ~0.00138

1
Al;}tg.ofmﬂﬁl
A =28.874

14,
. » A15= 820623
e Al6= 5\.§09.
Al7= 1.8648
! =-~3 4245

A -
18

A .=/0jO
19

A= 0.0

12
22
32
A

42

A

17
27
37

47

w
52

57 -

13
Tl

23 24
w

33 34

A,L.w A

43 b

Ag3® . Agy

18 19
28 29
38 39
48 . 49

58 59

21’-’- ~0.002043

22
23 =-0.0666
24

25

A
- A,,= 0.00529
A

=-3,0583

A
A,.=-2.7786
26"

97 7.1313

Byg= 0.0

A30 = 0.0

. A= -1.8648
A
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20

30

40

50

60

o
(W% ]
'—l

>
w
[ %]

>
[#%)
(9%

"
w
=

o
(#%]
w

o
(78]
ch

T o B
W W W
w0 o~d

B
o

-

= -0.00375
= -0.00377
= 0.11583
= -5.6163
=-5.1026
= -3.4245

= ~5.0860

8.8450
= 0,0
= 0.0



‘s

= -9.1817

A41 A51.= 8.9651
A42_ -8.3715 A52= 8.1740
A,3= 83715 Agy = 8.174 .
A44= 0.005919 | A54--0.005779
A45= -0,28477 ASS— 0,31344
A46 = 0.0 ASG = 0.0
A,y = 0.0 Ay, = 0.0
A,g = 0.0 _ | Agg = 0.0
Al.g = 5.4010 A59= -5.2735 .
Asof -5.2735 . “\‘60‘—' 5.8044
TRANSMISSION:).INE DATA
. — . — | =0. ‘ ‘ L=0.20
Ll__O.lO LZ_Q'lS L3 0.10 4 ‘
_ : —0. R=0.015" R
R =0.01 R,=0.015 ;
= = 0. - B.=0.085
B,= 0.085 B,= 0.1275 ;=0
- ' — 0. G :d.O
Gl_ 0.0 GZ_.O 0 3

~



READ COLISTAWTS
& INITIAL ‘COND-

ITIOSS
. Yy -

CALL FCT CALL RKGS. L CALL OUTPUL

A (X,u,t) PRINT STATLS

qu(:\'.,t)

LY
| Fipg, 5 ¢+ TFlow Chart For Simulation ( Main Program)

/’_“*“\\ 5 _

- 99 -




MATRIX INVERSICN v
AND MULTIPLICATICN PRCGRAM
DIMENSION A(S.S).U(b.SJ.n(S.b).L(b).L(SI
DOUBLE PRECISIUON A+D+BaR
READ(S-II) ((A‘IIJ)CJ=1| )nl—loS)
WRITE(G12) (CALTsJ) s Jd= 1S 301=145)
e CALL_ _MINV{AySsDyt M) . e
HEAD(E’-II’ ‘(U(IQJ)1J=1'5)|I—115)
DE 30 I=1 45 !
D0 30 J=1e0
R(I-J)=0.0
DC K=1+3 .
30 RII+JIESR{IIIFALI+KI*BIKJ)
WRITE (6 +12) ((A{LIsaJ)sJ=1,+5),1=1,5])
WRITE (O912) (C(RCIsS)sJ=1eS)s]=1e5) =
WRITE (6+12) ({(R(I+J)}esJ=145)el=145)
11 FORMAT(SD15. 6}
12 FCRMAT (5X 50254167 A
. STOP .
END
SUSRCUTINE MINV(A.N. DL oM)
DIMONSICHN AC1)eL 1) oML
_DCUBLE _PRECISICN A, o El GA, HOLD
D=1.90
NK=~N |
DG 30 K=1 N
MK = NK+N
L(K)=K
MK )=K
KK=NK+K
e BIGA=AILKK) " S
DC 20 J=KN
IZ=N*(J=1)
DO 20 I=K 4N
1J=12+1
10 IF(DAED(DIbnl—DADS(A(IJ))) 15+ 2097
15 BloAa=A{lo)
. L(KJ—I
20 CCNTINUE .
J=L (K]
IF(J~-K) 3E5,3%,25
25 Kl=K=N )
DL 40 1=1 N
KI=KI+N
HCLD==A(KI)
Ik IeRed
A(KII=ALJ]I)
30 A{J1)=HCLD
25 I=M(K)
1IF(I=-R) 45,45, 23
3k JpP=nN*{1--1)
JK=NK+J ..

S __JI1=JP+) —
HOLD=—A( JK} '
ATJKI=ACILT)

40 A(JI)=H3LD
a5 IF(BIG 48546468
45 D=0 .0
KRETURN
48 DC 58 I=1,.N
. _J.FLl:ﬂJ 502059050 o e [
50 1 k=Kkt+
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ALIKDIZALINIZL~0iud)

CCHTINJE
DL _€9_1=1 N

60
R - -

s

70
75

IK=NK+I
HCLC=A(IK)
I1J=1—N

DU L5 J=1sN
1J=TJ+N

IF(I-K) 60.05.00
IF(J=K) 62,65+62

_KI=STJ=14K

A({TJI=HOLD*A(RII +A(TJ)

CCNT INUE

KJ=K—N

DO 75 J=1.N
KJ=KJ+N _
IF(J~K) 70s75+70
A(KJYISA(KII/BLGA
CONT INUE

30
100
105
108

—p—
R ]
(o] o]

[
P
LP‘

D=D*B1GA
A(KK)I=1.0/BIGA
COCNTINUE

(K) 150,1504105
L{K)

(I-K) 1I20.120,108
Q=N*(K=1)
JR=N*{1-1)

DL 110 J=1.N
JK=JC+J

HCLD=A{JK)

JI=JR+J

A(JKI=A(I 1)

IF(J=-K) 100,100+12>
KlI=K—N

DC 130 I=1.N
KI=KI+N
HCLO=A(K 1)
JI=KI-K+J
A(KRI)==A(JI) __

130

150

A(JI)I=HILD
GC TC 100
RETURN

EnD

_A(JI)=H0LD
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C STEADY S5TATZ SOLUTION
REAL *8 A(20 2200 +CL20)sDD(2)+20)»ERT(20)4Y(20)
REAL IMsIL1sIL2+IL3,1L4 )
REAL *& ART 2 AAD s ARG s AADs AATIAAR2,AAR51AARTAAZS
REAL *8 IFL.TINsPOUT.QCUTP -
REAL L1lsL 2sL3sL4&,LAD

i DATA_C/=0. 130+Q1 20.,9D400Q0s-9.1 30401 +Q.12D%0 137Q170+21 s
X 0e8D+00s+s~0+ 13D0+01,+0. 120+01+~ 041 U.J;_"'Ol |U.7D+00|"05’123+01 .
X 0-110+J1'—0-150+0100-7U+000-00120*01030110+Oln'0-150+01.

X 0s70+00+0e250+014041D+01/

AA1=—-0,5930430044043630-02

AAZ=0.13837576454362190=02

AAd=~0,.,3874013147109570+01 .
AAE=—0.54105836262810730+01
AA7=—0.L§§311§§Qz§9D+QA&Q;JIQ&QﬁQ&QiDL&D;J&2D;O3!Q)1§§2igl_ﬂ
AAD2=0.9181738734596858D+01
AAZ23=0.83715580094353710D+01
AAZS5=-0.531650166348127D02
AAZT=—0.5401005167409517D+01
LAD=1.55

AA34=-0.170D+01}
AA3E=~Js152D+01 -
AA3T7=04164D+01 :
RF=0.722D-3J

B31=0.083

g2=0Ce127 2

B3=0.330

B4=0e17

Q
.
—

u

(el o}

—g B & B 2 B % s B

La ODOOOOOOKN™-

u

covunrrrr
PO = e

e £ LB e B LBy

Wb hn

z ujnn
e e = OLOO0OCCOO

Wrem b=l

[UPRIET )

(=} =

— -
me=ONnh

AT+0.17322050BD0+01%AA2/LAD

""‘""""‘"OO*—-PLJ

P vt pr =

—
PPLPPPPpOU<ODO
n
¥

=t phuwithe

b1 e i>2rp HPERPOM~

o ~iCC.s QP

* 4 » B &
R S ) e

P ol Ppe ¢
[AM)\Y ]
~ 0

L)

173205030+ 01%AA23/LAD

P> PP
s g, PP
‘..I

HE o~

|
|

e eLWL Uk
- |
O = C
[} i

nnnn
I w

o

11

wuon
e ==y

i
Bl e L ol

!

PHRPPPPRD>P
P~ e, P P e
(I HE RV
N e et

R " T I ]

i}
I
[
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0

C
-
-
— 3
o=

k

|
sl U D
C
~ -(INF‘:—-

Fol
+ +

e

=M (n Q= N0 N
TN C -~ 0
-

QO~—~3x
Wi e lome I X

[

== O

b9£D+01
Y+

o ~af de

o)

FCRMAT (S

6 245X *TIN=

(2)*IFD*0.1S5D4+21

*,D2%.167/7)

4

e e e~ O

EZ OSURT

QN gl = I’\.'ﬂ
g, vt eor]
—— %
———_ NN
Tt g P S
* e
) Y v~
— I )

— e SN WO N W W

DDl e o

IL1=DSAR
IL2=D54R

D
-
/
2
. c
ET=0SQRT (
(
(
(
{
T
7
IL3=D05GRT

)

P %O

-1~
| )

—~— O~
#*~C

TLa= DSOAT
DEL 1 =DEL~-
DELZZDEL—DA
DEL 3=0SL ~CAT AN
DL Aa=2CL ~2ATANI(
DEL 1=0EL—~DAT AN{

O~~~
[14]
*

v-h-.-...n:r-h-r!—-’-U'.l—-f L
NN T e ala!

HEEESTEE Yo X Yela!
ah S Nalal etale

ey nnRENn~00

CDELTALI=DRLLE ANG
DELTA2=D0czL2*AN
JELL TAS=DELO¥ AN
CELTAS=0LLA*ANG
DILTAI=DZLI®AND 4
PF=CCs(2zL1~Dell é
PCJUI=C(L P *C(3) +C L%
SUUTRH=C(2)xC(3)-C(1 }*

(4)
cia)
__wkRI TE (a4 } _IFfDyE T+ EZeE 3s

E4sVIN

NN
Wi
..

e e N O e e e e

[ -
NN e
W~

-

—

Wl TE (6+4) DELTAL.DELTAZ2,0ELTA3+DOELTAG
WEITE (o4} IM-IrD.ILl-ILd IL3.IL4

FCRMAT(BF15.7/)

. 'h":.ITE (6:4) IM‘D LTAIlpCUT'\JSUTp PF

WHRITE (0«50} 1IFO

3TCP

CNO

__B3ICACY STATSZ EQUATTINS |
SUARCUTINE DcQTN(X.Y-Eﬂh}

REAL #8 Y (201),ERR(20).PC UT.GTJTP.IFD

“REAL *¥8 AAl JAAZ2,AAL ,AAL JART,AAD
~EAL LIOLC'C;"LQOLAD

J

-~ v

AAZE

LA2T,AAZ3

Iﬂl—U +080>

32=041275 i

B2=0.035

Rae=0,17_ . -
L1=0.1

LZ2=0.15

L2=0e1

L4=0 42

P1=0.01 :
Rz=0.015 *
R3=0.01

24=0.02_ _ —_——

GI:O o
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GZ=Je0 ' o ..
G3=0.0
G4=0a0

VIN=140

PCUT=0.,3D+01

QOUTP=0. 1853233D+21
AA1=-0.5930480544040€20-02
AA2=0.13E37378454962150—-02 .
AAG=~0.8874013147100S7D+01
AAOG=-0,.,54103830262310750+01 "
AAT=—0x LEﬁQBTEBDZSSDtDJ*On173205040+0119-
AA22=0.91817087545368280+01
AAZ5=-0.59195016644R81270-02

AAR27==0.5401 005167405951 7D+01
CAA23=0.8371558009485371D+01
-RF=0«742E=33

J

742D~03/0.1552+01

LAD=1.55

1FD=Y(19)*0.173205080+01/LAD.

g e = + + * + * +AATHY(19)
ERR(2)= AAEE*Y(1)+AA25*Y(2)+AA2?*Y(4)+AA23*IFD
ERRALII=Y (1)=GL1*Y(3)-BlxY(4}~-Y(5)
ERR(Q)=Y (2)+Bl1*Y({3)-G1*Y(4)-Y (O}
EFR(S)=Y{3)~R1*Y(5)=L1*¥(&)=Y(7)
ER (G )=SY(AQA)+L 1 XY (5)-R1*¥Y{(6)-Y(8)
ERR{7I=Y(S)-G2*Y(7)-B2*Y(B)-Y(3)
ERR(8)=Y( 6)+B2xY(T7)-G2%xY(B)-Y(10)
TPy (T)—K2¥Y (2 )= 243Y (10)=Y(11) — - S

‘ EFE(10)1=Y(E)+L2xY(S)~R24Y(10})-Y(12) -
CRR(IL)ISY{2)=G3xY(11)-83%Y{12)-Y(13)
ERR(12)=Y(12)+383*Y({11)-G3xy(12)~Y(14a)
CRin{12)=Y(11)-R3I%=Y(1I3)~-LI*Y(14)-Y(15)

@ ERR(I4)=YL12)+L3*Y (13 )-R3%Y (14 )-Y{1€)

SRR UISI=SY(15)~Ga*xY(15)-Ba*xY(106)-Y(17)
CRREIc)I=ZY(14)+Ba*Y(15)}—-Ga*Y[1671-Y(18) ,“

_ CCET(17)=Y(15)~Pary (17 )}~14%Y(18)+0.,17320508D2+01VIN*DSIN{Y(20)
ERRCIE)I=Y(10)l+L4*Y( 17 )=R4*xY(13)-0.173205080+01*%VIN*DCOS(Y (20}
ERR(19)=Y{1)*Y(3}+Y(2)*Y(4&)—-PCOUT ‘
ERRIZ0)==Y(1)*Y{ 4}+Y(2)*Y{3)~-QOUTP
HETURN o N
END .

C SCLUTICHN OF MATRIX LQUATION

SUBROUTINE DTSIS(A«BsN)
REAL %8 A{(,0-20)+0(20)

REAL *3 BAsODeH
NM1=N-1
D=14e O
. DC 7 K=1 +NM]
é BAZA(K.K )
J=K
KP1I=K+1
.S | DD W €19 ol W B

IF{JAES( BA)
BA=A(1.,K)
J=1

i CONTINUS
J=0=%LA
IFIDABS( D) +EGe. J.0)

+GEs DABS(A(I+K}))) GC TO 1

Gl TE 3

3 DC_4 I=KP1,.M

4 AlKsI)=A(Ks1)/8A
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0.0) GO TO 9

JI=A(I+K}I*A{K, J)
{I.K)*B{K)}

JZKPLe N
{
)
N
[}
)
*

=3{K) /A
I=KP1l.N

TuaLgil ~
e~ D~m 1 i

K)
7
L

1

I

o

(

N

N

1

TN R w WTH L
fo¥ala'l dufalofulab'a'd

(
C
C

"

SINGULAR SCLUTICON')
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BIK)=B{K)-A(KeJ)*B(J)

DU 8B J=KP1l.N
RETUFRN

WRITE (64+10)
10 EFCRMAT("

RETURN

END

8
3




PRCGRAM FOR LGAD VARIATION AND CTNTROL
BLOCK DATA .
D IMENSIUON AY(JGS)QUY(365)|CY(365)¢DY(365}vEY(BﬁS)oFY(365)
REAL A(38) ‘
REAL LlsL sl 3.L4.LAD
CCMMCN /RDY/A.NA'AY-BY.ETI-ET2-PP4.ET3
L CLMMON/ZSANIY./_AlLTL S AlT2..00 C,QLCDLClQLCLDLC2,QLES .
COMMCN/NAND/Z CHIL1 . CH2 s CHI L Hae TT+ TINGVINGD +AA3G
CGMMDN/RCN/WO'HvRF-LAC-pa|OZOPJ-QJ9PQQQQOTJ|EFDQPP3
CEMMCN/NGR/G1.B2.83 24+ R14HZ,RILRA4CY DY +EYWFY
COMMCN/ORNLLESL2 +L3sL42G1eG2eG30G4 +ET4
DATA A/*0059304380544040035'02l0-13837378454942195"020
0.44862130442567035—01|-0¢837Q01314710097E+010
—0.8062365603158805E+01|—0d541098362628107QE+0l!
—Q¢J§94875802§§2§56E+01;0L2043903E79597931E*02v
—0052914784472858155—0200-66626926400297535—010
0-305839631b1866845+010002775064945803756E+01|
Oo186487580255285b5+01.0-7131372570Q660575+01!
0.3753350T60716203Eh92’oj3773§3Q43?711510E"02l_
“0-1158305533376356E+0000-5615327780633734E+01'
0.5102639204112356E+01|O-3424590110142521E+0l-
—0-508b024910053248E+0100-9181708784596858E+01' -
0.FB371558)094853715+01.0.837155 8209485371E+01 .

“3159195316ﬂ34312705—02o0-284773&3733276075+001
"3-5401005167409917E+01|—0-8965102285401912E+01|
—3.8174053849356“505+91'—O¢817¢0638493664595+01.
0.57795501799591175“020“0031344234444650365+00|
0.52735395502504205+010
”Oal?UE+01|—0-155£+011’0-15

CATA Bl G2e0 eG4/ 04035, 00 127

. CATA_R1sE2e33+F40.0 100 21%y

OATA Lch2nL3-L4/O¢10'Oo15

DATA GloGElG3|b4/0-0l0.0.0

DATA WO+ H+PE s LAD /376457110

L
&

1

X?Y)G<¥X>U<XXX>ﬁKXXX

01+ 31645401 40414354017
03940417/

133027

Qe
/

+
<
Q2
0 J
o) N
”
1
[
o]

ra

- -

»
L . /
DATA PZ.OZ.PB.QJ.PQ-QQ/O . e} ]
oATA TJeTFI)aVINSI/LE3 S G E
DAT A AA3S +TIN/2.00082G1494,3
DATA NAZOQ/ ’
BN — .
SIMENSION Y(ZE).DEHY(23)-PRWT(5)-AUX(4-23)
DIMENSION AY(355)sHY(S&S)oCY(BbS]c3Y(365)oEY(365)-FY(365)
REAL LlsL 2yl 3sL4sLAD “
COMMCN/SANDY Z/AITLAITZ2,0LC,0LC DLC140QLCL,DLC2,0LC2 .
CCMMCN/NANU/CHl-CHdoCH3-CHQ-TT:TINoVIN-D|AA39
CCMHCN/RCN/»O-H.RF.LAD.P2-02.93-03.P4.04-TJ.EFD-PP3
CLCHHACKR/NCR/S1 232483 484 RlsR2e R3sP4 +CY DY EY + FY
e CLMMON/TOBENAL 1L 2yl 3l 4 GlaGPaGIaGh «ETA .
ExTERNAL FCT :
EXTErNAL CUTP1CRKS
REAL A{32]) .
COUMMON /RGY/A’NAvAYQBYqETLgEPEsPP4yET1_

55
»Jel
0.2.0/

S
5
0
v
2
L]

c
L]
1
0
5
0
o)

—fa0Oe
Lo O
M
CFU\.O (=]
bluo~N N
g~Ne &
wXon
N - a
o

;
2

A

DATA Y/—0.1223935600515944E+01-0.2762392452067018F+010

X 0.0E+OOc9.71340ﬁ3ﬁ660090565+30-O.DE+OO;O.15+01o

X 0.61b009707&0501E+00.*0.9933450315“01a
r__r__K_Q-IEJQZQDZLQELQOs—Oo141Q955?74940271E+01s

X'0.b1400?82540D7250E+001-0.1550322345+00.
0-201?5741385+00-—0.10727131839352445+01-
O.&590575972748073=+00.—0-10707ﬂ5¢2dE+OOv
'0.1525?2585+00,—0¢1825305725&8766?E+01-
0-3519027820074589E+00:—0.2170303J06E*00s
0-273556657JE+00.-0-2098802293730506E+01-
0.13462328001315060Z+00/
- — X:QA_D .

CALL FCT({XeYsDERY}

X 3 > X X
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2.

1

e WRITE (6,202 IHLE —

10z
101

"TWrITL (542)

(Ui=Y{I)el=lwaa)
FORMAT(5D1645)

PRWT (11=0.0

PRMTY{
PEMT (
PRMATIL
NDIM=
DC 1

DERY({1)=140/23.0

CALL CRKS{PRMT-Y.DERY-NDIM.lHLF-FCT-CUTP.AUX’

Be Q
«0001

=1
=0
=0.000021

2)
2)
4)
23

I=1« NDIM

FCRMAT(120)

WRITE (6s100)
FCRMAT(//," VCLTAGE
DC 101 [=1.NA
WRITE(6+,102) BY{(I) .
FLRMATI3E10.7) ) ) i
CCNT INUE

WRITE(G,. 1 G3)

NCDE 1 %)

103

FORMAT (//+* VOLTAGE
DO 104 1=}1+NA
WRITE(6.102)
CCNT INUE
WRITE (6e105)
FORMAT(//+* VOLTAGE
DL 10€& I=1.+NA .
wRITE (021022 DY(1)

NCDE 2"
cY{I) .

NCDE 39

CONT INUE
WRITE (0L+107)
FCRMAT(// % VCLTAGEL
DC 12E 1=14A
WhITE (0a.102)
CONTINUE
wRITZ (&4105)
FCORMAT(// s COCNIRCL ")
DL 110 1=1.HA
WRITE (o.102) .FYC(I)
CCNTINUE
STOP
END
CUTPUT SUBRCUTINE
SUBRQUT INC CUTP(XsYsCERY . IHLF ,HDIY,PRMT)

NCDE 4°*)

EY(1)

¢ REAL_A(38)

 COMMCN/NJOR/B1 282503 38431 R1L e F2sH3eR6 2CY DY FY,FY

DIMENSICN Y(23) sOERY(22) ,PRMTI3) -
DIMENSICN_AY(3bb)|UY(305)-CY(&OS).JY(365)05Y(365)|FY(365)
~EAL Ll1sL2+sL3sL4GsLAD
CCMMEN /ROY/A.NA,AY-BY.ETI'ETa.PPQ.ETB o
CQMMCN/SAN:Y/AITlOAIT2|CLCOQLCQDLC1oGLCloDLCE'OLC2
CCMMCN/NAND/CHI-CHEICHEICHQuTToTIN0V1N131AA39
CCMNCN/RCN/ND'H-RF'LADoPE-02o93'03{94-0¢mﬁJsEFDIDQJ
CCMMCNZTIRNAL L s L2l 3L 4Gl a2y o3+ Ge+TTA
ETZ2=SQ=T(((Y(la]/ad’*(Y(12)/BZ)+(Y(13)
BR2=02+0.002%( 1a377395-ET22)

Bo2=0.147
BEd=0.1645

/8214 {Y(131/732))/7 3.0}

-

T
+»
4]
W
i)
a
-
—
Q
»
¥
»
~—
Eal
I
[
b
#*
[
>

= —1)R(X—1}/7{12.3%12.2%12.0)
0 .
2.0021956453704(0aa*(X-1 )% (X1} 2 X110/ [12e

Ox1240212+0))

et o = el et At
Pt e = bt T BT

o GTa a0 TIN=TINI
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_  PPH=0.01 (008X X=8 ) ¥ {X=A IR K4} /(20 Q¥ B0 0%24 D))

IF(X eula 13dewd TINH=TINZ
PP3=O-1+(O.7*(X-0)*(X—R)*{x—h)/(a.O*H.O*B.O))
IF{X aGZa_.f0) P3I=PP3 '

IF(X «GTs 12.0) P3=0.80
PP4=0.01+(0.s05%(X=86 )% {X=8 }#(X=L}/({8.0%3,0%840))
IF(X «GEs 4.0} Q3=PP4

IF(X GTs 12.0) Q3=0.06 e '
PPb=0.l+(0.4*(x—4)*(x-Q)*(x—4)/(8-0*8.0*ﬂ.0)I
IE(X oGZe 4e0) Pa=PRS

IF(X «GTe 1240) P4=0.5

IF(X 5T 4,0) Q4=PP6

IF{X «GT. 12.0) Q4=0.(5 ’

DLC 15 LOAD CURRENT ON NODE-~ ONE OF THE ,
SY>TEM(ICUNSUMER LOAD- DIRECT AXIS) g
OQLC 15 LOAD CURRENT ON NODE- CNE OF TH=
SYSTEM{CCNJIUMER LOAD= QUADRATURE AXIS).
DLC={P24Y(8)=02%Y{9))/0Y(B8)xY(B)+Y(D)*Y(G})

._"__W____QLQEIPZEILRLtQZ*Y(Bi)/lY{B)*Y{S)+Y(Q)*YLQJ)

C
C
C
C
) X
X
X
bS
X
20
\—-—:._.__,-——
12
L 15
C
"
17
1z
C
1000
14

DLC1=(PJ*(Y(12)/821—03*(Y(13)/U2))/((Y612)/BZ)*(Y{12)/82)
+4Y(13)782)%(Y(13)/82)) .
OLC1=(93*[Y(13}/82)+03*(Y(12)/BZ))/((Y(la)/BZJ*(YPIZ)/BZ)
+{Y{(13)782)1%{Y(13)/821} ] )
DLC2=(94*(Y(1c)/d3)-0&*(Y(17)/83))/((Y(l&)/a3)*{Y(16)/83)
+{Y(17)/783)*x(Y(17}/B2)) ’
QLC2=(PQ*(Y(17)/53)+OQ*(Y(16)/331)/((Y(l&)/BB)*(Y(15}/83)
+{(Y(17)/82)=({Y(17)/83))

SLLZZ (P Y {20)/08)-05%(r (213 /7083)) 70{Y(20)/84)1*(Y{20}/B34)
+i{y({21)/Ba)x(v¥(21)/Ba)) .
ULC3={PSR{Y(21)/84)+05%(Y(20)/64)) 7{(¥{(20)/B4)*(Y(20)/84}
+{Y(21)7uad* (Y (21)/7840) . :

IF (X «ils Uedl} XNZ,W:O-O

TF (X=X 1Zw) 14, 28%50

XKUIZw = XNI vt s UDLHD ety

CELTASY( 7} ®18940/3.1415%2 __ ... e e I
TT1=SCRT({CLCTI* JLC1) +{CLCL*QLCL )/ 5a2)
CHLI=5GRTI{Y({EILY(B)+Y(5)*xY(9))/3.0)
CH2=ZSURT(IY{1IZ2)=Y(12)+Y{13)%Y(13))/3.0)
CH3zSORT(IY{1e)xy(1a)+Y (17 2y (1T7))/3.0)
Che=SURT((YL(20)2Y(20)+Y(21)%Y(21))/3.0) ‘
E11=S0RT(L(Y(BI/B1)(Y(S)I/BL)+(Y(S)}/BLI*{(Y(?)/B11)/3.0)
AIT1=SORTC(Y(13*YLL1)+Y{ &)%Y(4))/3.0) .
CT2=50RT (LY (12)/B21*{¥( ] + g *{Y 3 2 3
ET3=S0QT(({Y(16)/B3)1*x(Y(10)/B3)+(¥Y(17)/B3)¥(Y(17)/B3}))/3.0)
E14=SORT(((Y(20)/84)*(Y(20)/B41+(Y(21)/84)*(Y(21)/BQ})/3.0)
AIT2=SOQT((Y(10)*Y(10)+Y(11)*Y(111)/3-0)
FORMAT(10X,6E16.6) .

wRITE (€122 X
ARITE (1 3) {(Y(1)w]=8,23)

WRITE (6417} M\E

CFTEMAT( /10X «'DERIVATIVNEL /)

FORMAT(F 104 5) ~

WRITES (6L+1000) Q3sET1+ET2+,CT3.TIN.B2
FLIRMAT(0ZE 16 7T +3Z10e7)

DYl NAL=

EYINAY=ET 4

Fy(iNA)=R2
RETURN
END

SLARCUTINE FCT(X+Y+DERY)
DIMENSION YI23)+DERY (23}
DI1IAENSICN AY (365 F:8Y(365)+CY(365)« 0¥ (305} ZY(3LS}sFY(305)
REAL _A(38) )

COMMCN ZRCYZASNASAY o+ BY JET1+ZT2.PP5&.ET3

r

r
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X +A(5)*Y(C}*Y(b)+A(u)*(Y(S)/d1)+A(?)#AA3Q*EFD
DERY42)=A(B)*Y(1)+A(9)*Y(2)+A(10)*Y(3)+A(11)*Y(6)
X HY(G)+AC12)2Y(0)RY(SI+A(I3)*(Y(B)/Bl)+A({14)*¥AA3F#EFD - .
- TDERY(3IZALLIS)EYLLIAACLIO)RY (2)ACITIRY () +A(10)eY(6)xY(4)
% +A(LOI*FY(O)¥Y(SI+ACZ0) % (¥ {(3)/701)+A(21)*%AAJI*EFD .
DERY(4)=A(22)3Y(0)*Y (1) +A(23)2Y(0) *Y{ 2 +A(L)2Y(0)}RY(3)
X +AL25)1*Y (a) +A(2Oo)xY (S)+A(2TI*(Y(21)/0B1}
DEQY(S)zA(ZBl*Y(o)*Y(l)+A(z?)¢Y(b}iY(2)+A(J0)*Y(cl*Y(3)
X +A(31)xY(a)+A(32)*+Y(9)+A033)x(Y(5)/78B]) ST
DERY(6)=((A(34)+A(JT))%YLL)#Y(h)+A(3b)f¥(4}*Y(2i+A(36)*
X Y(4)*Y(3)+A(35)*Y(l)*Y(SJ-B.O*D*(Y(GY—l)+TIN)/(3.0*TJ)
e e DERY(T)=Y(E)—]
DERY(B)=(Y(1)}-(GlsB1)*Y(8)- Y{(H6)}*Y(9)~¥(10) OLL)
DERY(9)=(Y{(4)}~(G1l/B1I*Y(Q}+Y(O)*Y(3)=-Y(11)-0LC)
DEPYI10)=((Y(8}/81)-RI*Y(lO)—Ll*Y(b}*Y(l1}"(Y(12)/%2})/Ll
DERY(11)=((Y(9Q)/BL)-R1*Y{11}+L1*Y(6)*Y(10)}-(Y(13)/82))/L1
ODERY(LI2)=(Y(10)=(G2/B2)*Y{12)=-y(£)*y{(13)-Y(12)-0LC1)
DERY(133=(Y(11)-(32/821*Y(13)+Y(6)*Y(12)-¥(15)-0LC1)
DERY (1431=2({Y(123/8B2)=R2%Y {14)-L2*Y (0)*Y{1S)-(Y(1£)/B3}))/L2
DESY(15) =({Y(13)/B82)—82%Y(15)+L2¥Y(6)*Y(14) -(Y(IT)/B3)DV/LE
DEHY (18I =(Y(14)—(w3/B3)1*xY(lo)=-Y{(o6l%xY{17)-¥{18)-0LC2) :
DLEFY(L17)=(Y(18)~{So/83) %Y (17)1+Y (&) ¥y (18)~-Y{13)-QLC2)
CERY{13)=({Y(16)/03)=RI*Y{(13)-L2*Y(O)*Y(19)—-(Y(20)/34))} /L3
DERY(12)=((Y{L1T}/U3)=RI*Y (1) +L IFY (€)XY 18)=-(Y{ 21}/540)/7L3
3EAY(20)=(Y{16)~(se/Badi*Y(20)-yY (o) xY{21)-Y{221])
DERY (21)=(Y({1%)~(3a/0a)*Y (21 0+Y (&)=Y (20)—-Y{223))
D aY(22)=({Y(2D) /8 )=Ra4dY (22)~La*Y {(C)=xY(23)
N oAl aTI2050csYIN®RIN(Y{T)))/LA \ _
DESY{z3)=({yY(21)/3a)—FRexy (23)+La»y (6)*xY (22)
X —14732205004VINkCCHIY{(TI}) /L4
OC 1 I=1.243 ‘
1 DERY(1)}=0ERY({1}=wO
RETURN .
END .
« RUNGE KUTTA GILL CLASSICAL SUBRCOUTINE
o SUSRQUTINE CRKS(PREMT 3 Y +DERY »NDIMy ITHLFFCT.CUTP, AUX)
DIMENSICN Y{23) s DERY{ 23} +PRMT{ B} sAUX(4:+22),YY(23)
o COMNEON/SANDYZAIT1.AIT2
X=PRMT (1)
XEND=PRMT {2)
H=PRMT(3)
IFLF=0 .
1 IF(X=XENT) Z+245 .
¢ . CALL_FCI(XsYsDERY) _ _ _____ _ __ R B
CALL CUTP{X3YsJDERY s IHLF ¢ NDIM PRV T) f
DC 7 K=1 .4
DL 06 TI=1anNLit e
GL TC {J+83x4D)e K
3 yy{I)i=vy(1l) . -
3C TC o :
&G .YY(l)zY(1)+AUX(K—111).*OQb
GO TO o
o YY(i)=y(I)+AUX(K-1.+1)
(Y CCNTINUE .
CALL FCT (XYY DERY)
DC 7 I=1a.NDIM
7 AUXIK s T)X=H*DERY(I)
DG B I=1+ND1W
DY=(AUX[ ] 21 ) #20%AUX( 2, 1) +2.0%AUX{ 3, 11+AUX{4,1)1)1/6.0
B __Y(I)=Y(I1)4DY . . e
X=X+H f :
GC T2 1 '
o RETUPN
. D f_,A&ND o _ )

HEAL LlsL2eL 3sLSeLAD N
CGM“CN/SANDY/AIT1.A1T2IDLLIOLC|DLCI!ULC!ODLCE'QLCZ
___QCEHCN{&ﬁﬂDL;HIcCﬂ@cCH3[§H4[lJOTlNonNoDcAAjQA*A____
CC“MCN/RDN/WOUH-RF-LAD.p2002.p3003-PQ-QQ.TJ.EFD|pP3
CCMMEN/NCR/781 s 3283 s8B4a4R1 WF2eRIRE sCY 1 OY s YW FY
,CC&‘MCN/O'RWL1.L2.L3-L4|Gl062963UGQQETQ :
DERY(l)ﬁA(l)*Y(l’+A(2)*Y(2)+A(3)*Y(3)*A(4,*Y(b)*Y£&)
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