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In rrcent years n ’rent deal of work ha. besn Jone
on the optimal powor flow studies wmnkin~ usc of nonli..ear
prozre “inr formul: tion wit full a.c, s‘mul tion of the
natwork. Important advences m'de include np licntion of
vorious optimization tecaniques in conjunct! o witn efficient
computstion nsthods like triangulsr {actoriz tion, compnct
storage snd optimal raenumberin:., These methoda rocently
introduced to powsr system enginsers by ,.-. sinney and his

1,4° have a:de

sssociatss of Bonneville Power Adninistiration”
pos-1ble the study of very lorge power syateas without , arti-
tioning and resulted in considerable saving ol computer time,

Chapter 1T discusses meinly these.

In Chapter III algorithm of formin- the acdmittence
matrix snd simultrneocusly storing the non zero elernents in
the ¢o pact form is given. Power flow equstions are diacussad

in Chapter 1V.

In Chepter V various svallsble lord flow tecaniques
are lumped into gencrasl catezories and compared throuch fixad
point analysis. To dste not Jucn use hss dcen made of such
analysls to power sysatem studies, Tne suthor is familisr
with only ons paper} makin {its use. This paper mainly
discusses lewton's mathod tnrough Xantravich's theorem which
mekes uvse of Jecoblsn and tne tnre: dlwensionsl Hessisn
metrix, computetion ot wihich is very hard. By mskin use of

fixed point analysis, convergence propertias ol various



slzorithms which up to now were exgerimentally established

are analytically established.

discussion o. co.puter programte for lor flow
solution by Newton's metho. 18 given in Chopter VI, In
Chepter VIT criteris an. techunijues for Identifyin the
opti al point of t.e nonlinesar pro rsunia  problem sad
conver ence of sequenticl optimizstion taroush penclty snd

barrier methods sre discussed.

In Cne,ter VIII variLus published tecnniques for
opti 2l flow solutions are dliscussed an. some sre studied
tarougn fixed point enslysis, which indicate the doubtiul

21 tech-

co.vergence of many of tnese. DOommel snd Tinney's
nique §{s found to be th: most promising. In Chapter 1i tae
conputer programne for optimsl power flow problem mszing use
of a method which 1s s modification of the sbove 1. presented.
It uses s modified Lacrengian, a different gsradient snd
penelty method snd hendles tue inequality constraints on
voltages for the buses witn reactive powar eneration on

different line. In Chepter i glgoritnms developed by the

suthor for optimsl hydrothermal operations are presented.
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Optinl power flow studies were ade ss early as

1440's wnen the transaission losses wore ne sjlecte .und thne

an~ration powers were schedul=c on thc dasis of oqusl
{ncrementgl costs, with the dev.lopient of irterconnected
power systems, need for consideration of these los.es was
falt, These lo ses initinlly were prroxinrted by = quod-
retic loss fornul . further work wes simed ¢ tn. improvement
in t.a ethod of obtainin th: loss forzuls snd generator
scheduling initislly on network anclyser snd later on di “‘tal
computer, ihis method optimnises for real powers .ly.
Limitations of th: loss formuls led to sesrch for betisr
methods. pertial bresk tnrourh was first schieved &n 1402
by Cerpentier of Clectricite' de France wno mrde use of non-
linear progzramming foraulation throu:h Xuhn Tucker's theores
with full a.c. raepresentation of th: network, however the
algorithm needed further improvements. Further work in this
direction published in English speskin: literature was Csrried
out at Sonneville Powar .dminiastration sand  tanford Resesrch
Institute for the 3F' 8ystem which has 100, hydrogenerstion,
for which tranamission losses srs to be minimised by resctive
powers “nd tap adjustments, Carpentier's alzorithm wes not
found suitsble for th: system, B8P2 had meenwhile perfectad
the computer programi2 for losd {low studies and pubiishsd in

1367. Hakin use of this programae &« method for rasctive



12,30 | 1ot of work .ean-

powar optimization wes su; "ested
while in tols directi n «wo2s also reportedly carrield out in

L. .. most of whieh 1s not yet avaii-ble in -n-lish
literature., l.u-resiter s number o. papars in thls dircction
hive ~p,earsd, most claimin ac e ~dventage: over otn.r mcth.ds.
.n entirsly dif{.rent approscn m-kin use oi. panslty fuactions
was develop=d by Lasson st Imperisl Coile;s, London, end

Instituto Technolorico y de .studios Juperiores de . .cnterrey,

liexico, snd published in 1yod-1470%+ 17210,

Tre suthor's aim was to aske » co parotive study of
the existin' published methods end to develop sn effic’ent
and relioble computer prosrsmme suiteble for large powsr
systems. This needs thst the sparsity of systeu atrices be
fully exploited. ‘Zpplicution of matrix inverse 15 out of
question for larger systems. Fortunstely the tacnnique of
trienculsr fesctorization recently intrcgduced to power system
encincers replaces tho use of matrix inverse. 7Thie slon;
with compect storasge for matrices and optimal renu-bering of

nodes mskes the computer loglc ecomsrlicated,

Performance of any tecnnique is batter judzed fron e
bigger system. Secauvse Of sveilsbility of small digitsl
computer I3 1130 with 16 K, 16 bit storspe, tne study was
restricted to 30 buses only. Findings of Dommel and Tinney
jindicate tneat conclusions drawn on o systes of 25 buses or s3

usuaily hold good for larger system as well'®,

After some expsrimentation over the existing published

techniques for lond flow solutions, Newton's method as



parfected by Tir »y or nart}’ with =o ydificmtion., wes

fin-lly ~Jopted., (ar_ter VI, discuc.i t: suLaor's
pro'rer e for los fiow atudies i inten.ed s su;’ ie :nt
to thi. referencs, Th ccurecy of tuis sethod w~es founo

rratrict ¢ only by rounc of. errors. ..ou . tolerance of

1074

ru wes prescribed, 18 tcn of 0 t duses was found wuch
less then this at the enJu of fourtn iterastion, nezd for
very accurats loed flow prorr~r ¢ w# 3 felt ior ta optiisl
power flow studies in the absence of w.lch th reclative conts
with different achedule do not giv = rezi_stic co , Trison
s‘nce the lmprovement in the oporstin  cost is expscted

b tween 1 to 3. ounly witn opti al scnedulin . Iaprovenent

in transmissfor lo.: roport 4 by reschon st al, i3 sbout &
with reactive power scnodulingj‘. co perison of various
published algorithams for optin~l powsr flow stuuies in

Chepter VIII indicates the supre iacy oi _om @l an. Tinuey's
method over others., ‘hile tryin~ this method for t.. system
described in —:ction 4.0, # necd for further improvement was
felt of whici the deteils ~re ziven in Chopter IX. Application
of tho optimal flow programme apart from the routine fusl c¢oat

minimization was slso wmade for plinuins .iver requircments of

power aystems undar constraints un line voltages in Jection
4. 10,

In Chgpter . Slgorithms bssed on Legrangian formula-
tion and gradient techniquses for optimsl hydrothernmsl acnheduling
of syutem consistin: o, multir servoirs {with and without nead
varistion) and multithermal plants ar: given. Initislly the

rlgorithm 15 bssed on iryson sn: uennam's tachniqueha for wnich



the solution re. tns ir tu- fessible domain ol power flow
equntions an. woter stora-e. pplic~tion of decomposition
tachnijues, comparptive advantaces »n dic. .ventecsa 're
rlso given. It wes found that g plic/ tion of msxi .um
principle and Lsgrsncisn formulrtion essentislly ~ive the
sem= sthematicsl equ tlors, on which the slyorithm is to be

based.

EEEERE R R
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This cLapter presents some of the recently introduced
techniques nemely trianrular {actirisation, compsct atorage
acLeme and optimal renumdering sclewe, for so.ving a set of
linsar equations. .ection 2.1 presents trienguler factorise-
tion teciniqua, im which ean array of nuwbers, ie cutained froas
& non singular watrix .. that cun be used to obtain the effect
of i, h-i. L (A")c over a coluun vector. 7This technique
replaces the use of matrix inverse, which is very inefficlient
for large sparse systes of equations such as ocour in power
network problets, since while the system matrix is sparse, its
{nverse 1s a full matrix. lost wmaterial of this section is
from reference (31), However in addition a few couputer lopglcs
and few additional proofs which include 2.42, 2.51 and 2,54,
nave been addede. Few of the compact storage schemas ar; deg-
cribed in section 2.2, Hear optizal renumbering schexes are
discussed in section 2.3. Ueseription of various numbering
schenes is frowm reference (1}, In addition description and

computer logic of suthors sub-routine is provided. These two

techniques greatly improve the efficiency of traingular
foctorisation.

2.1 Trisngular factorization
A matrix 1s usually trisngularised by eliminating



elevents of successive columns ! elow Lhe cvleponule srom the

point of computer sneed anc stor:ge, it i: core efficlent vo

eliminatc elenents of eack row up to the .luponal before proe-
ceedins tc e next row, since only one row need ve formed

and cperated upon at one time.
Jsurther dimcussion is 'ased ou the following eguation
A = b ‘201’

where  is n x D non sinpular matrix, x is a column vector

of unknowne and b {2 tis known vector.

Thio equation written explicitly 4is as {ollows -

fr—

oy agy e ag| | % by

21 %5 ®2n X, by

L4 * . * [

* . » . - * (2 .2]
» . ® . »

- ° L L ] *

lnt Snz eve nm Xn b"

i P ¢ i == = il |

Tue {irst step in Gaussian elimination is to divide the ole-
menty of the first row by a,, as follows:

a4 = ey (243)
{1} .

oy " By Myl AR e e A (2eb)
u - 1 [

1: “1‘1 ’ J-}.. eeey NN (-‘:‘5)

b



b - d,. b (Leb)

agg in eliminsted from tbe second row by linear come
vinstion witl the derived firet row, amnd then to Jlvide tie
rewaining derived elesuents of the second row by itc derived
diagonal elemeut as follows:

121 =3 32‘ (2'7’
ﬂé;j - ‘2J o 12, &:1“ 3 J S 1’ seny B (2.0)
°§1‘ TR T (249
1)
dp2 = Va,, (210)
(<) 1), 3
azd - dzz '23 H J m s, weey N ‘2.11)
(24 - - .
Va3 = Sy H J = 3y weep B (2.12)
(2) &
b2 - 4, b, {(2.13)

a,4 &nd 8,, are eliminated frou tiird row and remalning
slements of this row are bdow divided by the diagonal element.

Tous elements to the left of diagonal are eliminated
and the diegonal elewent is made unity. This procees illus-
trated for kth row 1z as follows.

lk' . &ki (2 .1")

.k ad RPN
k3 T TR s &



L k1 9
lkz . “'i:' '
Sl S A R T VR
2 k3 k2 23

| ]

p 1 V24
- D - 1)
% k Y2 2

1‘ - A o,
nyli=t AR |
3 "-3: (R-‘“
gli=ll, V=63 _ g a 33
kJ kJ k.k"i Lwt,d
‘3-1) (“’2) r.-‘;
= -1 b
" bk ko ket k=1
e (keti
w 170
dkvk d Kk
(k) (ket! A
@ - d,, & } J ek
i kk kJ
1 k'l
LY 4 i 1)

k. kk ¥

ey ai;' s IOk

(. o156.

\: .1r

- e
ol oy

JL‘1'-.’n (:.;1;

\: .25)

Tel8)

Tuis process represented by eguations Z.15 o .22

apounts to premultiplyines the derived matrix

Y ard b by

& n xn non-aincular o trix L. woleh differ from the unit

matrix only in tie kth row r: follows!

)



trix ¢, j rowk = {;; ¥ adeym im0 0

~. .y evsgy "1‘
& o

"’ .;-1'

(e

L 08 orocess roprarented oy equatione Z.cd fn “e2f
apunte to reuul iplyin Lbe derive watrix "' ~nd ' by
o slecentary .atrix  wskiel differ« {roz the unit matrix
1. th kth dlapon:]l elenent sus follows:

trix i } TOw Kk =» [0, veey U, dkg. U,QQO,Q] {=e27 )

feor all the eclements on ths ie”t side of the (lagonsl
are cliiminctod and all the diaronal element mide unity; the

derived sy tem of equition ir no follows:

— —_—- - _—

1 % b':”
Yy2 wwas e Wey |1 %y 1
el
‘ e '.'.;.n ,? b?
! eevo o ; o = =
Gy (2429)
1 Xn b‘“’
n
- | 1 | L. =

Solution is now obtained == followa by back substi-
tution.

n
X = b
n n
. b(u-‘H S



1U
.U % {z2.30!)

sk substitution amounts to prruulti lyin- toe
U ‘ U

srived —ateix bt uceeesively by U naz? °°° tor Ygo
- - €

I'
woere U, ieg & n x n non-ginrular matrix differins frox the

satrix as follow

Uk ; LOwW k = \ ;'--o. 0. 1. ‘UL’“.1' oo ) -ukn] (‘.31}
T Luse
. -1
U se® L [ X W] L * e - L
L? 2 un-1 n Ln 2 12 1 (2.32

The non trivial element of the matrices U, and L

are stored as follows:

d‘1 012 u,; sened u,n
121 dzz “23 asvoe Uzn
1 d [ N W N ]
TR TR ¢ “in
. . ® L (?033}
__1n1 Loz %0

Thie table will bencelorth-be called ms table of
L. U. factors.

Inveree of these matrices are trivial. Iaoverse of I
 §
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satri- involves only the rociprocal oI tie element 611.
iim ipvere, of satrix ., and 51 i{involve only roversal of

al =braic z'rn of tie off die onal elementcr.

-t i
Jerations , o, 0T, (%) on a eclusn vectar

are represented as follows!

-1

b- U1 uz veo v:--1 .,-n Ln s ‘: Lz L1 b {;‘.:“OJ
-1 g -1 ot -1, =1 by -
1 AN - ! ] -« s
b ® 1 & n N Ne1 2 b (2.3"
m.? t
{ t" b S <L ﬁt t . -.t ¢ . -t Ut b 036}
1 2 <& non . A
t T — -t .t 9.t .1t
r = U “ 4 (XN U ~ L
(%ie el U N Cal Pty
— ‘ v'! t : ,._1‘,t
P i (177 b (2.37)

7 elal lLumerical example

The followin~ axamplo i» baeed on the non syvmotriecsl

trix A
2 4 g.
A = 3 ‘ 13
& 10 19

Tatle of L.U. factors for .. is obtained 2+ follows.



2 & 6 1l 2
£

3 13 || 3 3

L 10 19 L v

-1

1 2 L 1 2
2 B 2

1 1

L » i -

3 2 3 2

L 2 7 b 2

vith b = (20 38

factorr as follows:

20 10 18 10

38— (38— 8|~ &

51 51 | 51| | 51

. t

Withx= {3 2 1]

of factors as follows:

3 10 wo | |10

2|12 |6 |—| &

19, 1 Rl 3

10

51

10

)

N |-

19

LX)

Al b

N |=-

1C

19

i X 1a obtained from table of

‘ 1
* | 2
13| . 3
19 L
31 1 &
- 2
2‘-, 3
3 A
t
591
0! [0
—| & |—i &
r R

10

51

10

38

7

34

3 b = Ax can be obtained from table



v1’ 16 16 té 17 6 3-

63| | 15 3 1 1 1 1 1

1 - T
ith b = {3 2 1 2' b ‘e obteined as follows:

3 6 12 12 16 16 16 16
2 _f |- 2 |= & |— 6|—| 6| —~ 6 |- | 38
REEERA 1 ' 1 3 | 15 63

Zete2 Hybrid Cperations

I'sthod of traingular factorisation can be extended for
the hybrid operations as follown.
let the hybrid column g 1o defined ee follows -

st @y (b1, bz, ee sy bk. xk*1, eney xnl (2038’

An intermediate coluan veetor bh representing forwaerd

subetitution for the first k rows is as follows!:

hF - ‘b§1)| b;z), seey hik), lk’1, eney Xn

- Dk Lk Dk“' Lk"' savwy Dz Lz L1 [ 4 (2.39)



dakward substitution for toe firat L rows wil. pive
By Eagr o Ao !1-

I.U.‘ bz oo u»‘-1 \;kL

X = U1 02 'K ¥ Uk-1 lk % es e U3 L3 ‘02 Lz L1 t “}.wl
oy wf RS N -3
- ee s & & v PO u °
D g s el ke 1 7
g Ly by Ly Do g (~ebt1}

In order to o! tain the complete vectorj corplete opera-
tion represcnted by (?.41) 4o not nsce-sary since first Kk
elements are knowhe Last nek elements may bde obtalned frowm

s mateix D' defined as follows!:

-1 -1 - =1 =1 -1
¥ s L ' U ses U, ! seq
b ke Dkﬂ n I:’n o | 1 Kk ll
ke 1 I 12 ]

2.3 lLumerical Zxsmple

civen g% = (b, b, x,/ « (20, 38, 1) to obtatn

x e (x4 Xy X! for the matrix of example Z.1.1

20 10 10 1C 10 3

14



10 otvain (b“ bs, b3' elone

el 1o 1o 10 to LRY

Computer i

“eleh To obtein the i,U, factors of n x n matrix A

In this progrance, eleventr of n x n matrix

replaced by the L.,U. factors of matrix A.
(1) Perform up to (vi: for i = 1,..., n.
{11) Perform {111} for k = 1,..., 11,
(4411 Byg = f1y " P Ny J = ketyeom
(iv) d = 1/ay4
{v) Byy = a 8y 4 Jd = i+, ..., n.

2418 To simulate A”! b

(1) sﬂtl‘-bl ’ 1-1'.00' fis

are



Corward substitution
{11) ‘erforu up to (fv) for i = 1,..q, .

fe1
£* %"y k%

rel

(£41. =

sckward substitution
(v) Ferfore up to (vil) for i = 1,..., 0=1,
(vi} J=n =1

(vil! x.1 - xJ - i;}'1 “Ja x

2.1.6 To pimulate /x

‘1} Set bi =] xi fori = T) eney N
n

(1L, b’. - bi * J:;_lv, aid bd I S Ty v0e) n~t

(483) Perform up to (vi) Tor { « O, .es, n=1.
(1') J‘nﬂin

{v) bJ - bJ/lJJ

31

L=

ib



ie%47 To simulate (.-113 b

() "0t x; = by § L = 15000y Do
(13) arfors (444) for i - 1,e4e, n=1.
(44 Xyw Xy =Xy gy J = L1, qeey Ne
{tv) lerforx up to (vil) for L = u, eee,; T=1.
(w) J < n = 4.
(vi) x, = x_ @&

J J Jd

(vig} X, = ‘k -‘.‘lk IJ b K= 1, seey J=t.

2.1.8 To_aimulste i® x
() Set by = x,; L =1, «es, 0.
{14} Perform up to {iv, for 1 = 1,eee, n.
(i1 x;, = x > 8, X § k=1, eaey L=1,
(v, x, = xil.ii
(v} Perform up to {vil) for 4 = 1,..s, n~1.

(vi)k‘n-'i-

{\’11, xd - XJ v X ak"; J w ket eeey Ny

Z241.9 _Soulation of bybrid matrix operationg




,ivﬂn vector N‘ - tb1' ssep bk. Zi‘1' YRR xm' %o Obt@in

(x).

(1) et xl L bi ; 1 "~ 1...-. k.

(1) :erforms up to (ilv! for i = 1,..., ke
{ =1 B
(111) Xt - xi - : aid Xy

u“‘ -
(4w R ITR

(v verforn (vi) for & = O, ees, k-t.

n
{vi) X(k-d) = x(.._u - Z ‘24-1.3 x

J.A}:-LO ‘

| 3

(b) To obtain vector (b} alone.
(1) Set xi - b, } 1 = 1,000 Ko

(41) Perform up to {(1v/ for 4 = 1,.ce, i,

le?
(141) %, » X, - <~ &

Taks Bl >R ¥ A
(1') Xl “ aii ‘1

(v! Perform {vi) for L = k+1, ees, D~t,

(vd) x, =, ¢+

{vil) Popform up €0 {(x) for L » 0, see, fN=fek

ividt) J = n - L.
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{ix} xJ - xJ/uJJ
J=1

(x/ x4 ® Xg ¢ 2 B4 X

Lat

(xt) b, = %, for £ 7 ke

2.1.10 . ymoatriesl catriceg

If the matrix .. 1ia symcetrical; its inverse is also
symoetrical for wildch the elemente on one =lde of the diaponal
do rnot have to Lo stored. Tn this section, it ls <hown how
syusetry could be exploited in the tsble of [lactors.

(§) (3=1)

ugy - a;i - djj o 11 i L 5= 3 {243}
t3=-1) 2
g " “y4 Ll

‘or & syumetrical zatrix;

SJ’. - .13
(1: - (1!
B0 " %3 T35 % ¥
- ‘ji - 811 d1’ n‘i; for 1:73 = 2 2.&5;
(1)
a

13 - 313 » ai‘ 915
-8y - 8y dyy %3 (2e46)

Hence

(2.47)



MR JtiE A (2
bt | RE j2 d |
L 10 1 i & <
- B - (O d wro l
j1 g2 22 Ty ! )
BT e n.1 - n : “(2)
i) i3 12 23
a 1 a ! d a 1
LJ 12 22 24
ience
(2} (2}
) - @ 13 &3
Ji
{x) (k=1 (net) (kx
n e D - 0 a
L3 13 ik kJ
\/.-’4 (..-‘ (5\-14‘
w i - R d, ﬂ‘
3 ik LR
for Lt >3>k
{x) (k=1 (h=t) (k)
a a O - 0 a
Ji RE Jk ki
L“"“ O ) - I.
4 _ a( ¥ e G'A 1
Ji 3k " ni
Hence, if
- | k=1
Jki)-xﬁ' R g
1] Ji
s )
n(k: . a(k:
1) Js

Sinee (250} L9
k< 3s

PRV NS

(b9}

(2.50)

valid for k¥ = 23 4t i valid for all
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CJe=1 \ Vs
o' Y - b : {
1 A J

S Y

uJ1 -dJJ .Ji ‘2051)

455 113

quation (2451 ipilcate- that it i+ not nocessary to
~tore both 1 und u terrs "~ oratelye. 1 torme can Le
obtalned from d &nd u termu, thus & vantages of syumetry
are reflected in the table of facteres If u teru:s are stored
rov by row; 1 terme caén be obtained column by coluan; by
dividins the correepondin- ro of u by 'd' terze The fore
sulation of "' of equation (R¢34) need complete row of 1
terr=ses It appears je=iralle to modify the formulation a0 that
complete colunn of 1 terms ie needed instesd.

TH=-14LE
satrix 1, delimed in equation {2427} differ- from

the unit eatrix only &n kth rowe Tidrc is broken in (k-1)

‘elemsntory matrices' Fid where E .3 J<k bhas ite kjth

%
elesent &= an #: sentizl elexment with the valus '-lid"
1 A _X
Be = B k2 k3 0t it "Za521
& S i .
vtna‘ o - b‘ Uz L Un‘1 Dn Ln een L: L2 11
ane 3 o1 '1
- U' U2 Nt bn_Ln1 ¢n2 Y L'R-1
i 1

’ l 1 l
vees Lo 13 - . g "
li=1 L-1’1 “h‘?.? see n-‘.ﬂﬁj Ln-‘.n-z

tccoot..t;oooo.oto--oa-0.-0..-..............

3

— L A .
03 rB‘ “32 ﬁz oy D1 {2,853}



2c

Two elecentary _strices . &nd will comnutate if 1 4 1
acd aleo J £ kj and 4y oy wiil coumnutate if L op k O

J P ke guation (2.54) ir re-rouped 2= follown:

-t b, 0 "’ 1 1 h &
- y 2 ave n-1 "n B.ﬂ"“ n'n-:) n-"nn:'_
< | 1 s o
Mn-? n'n-3 -«n-' ’n-.a - n-;_ .n-B LR B R
" 1 1 1
K §"3’l,-1 . A1 .k-‘ esan s 3‘._‘)-‘ sas e
; G ¢ X

2 al n-i.l asow 21 u1

iet Lk n =

'
ratrix 1.h differ from the unit amatrix in kth column as

follousn:

Lk 3 ¢eol k = [O. anse O’ L -1L-1.i

'lnk |

-1 : ¥
A » 0102 sv e bn-1 Un Ln-‘ Dn-1 Lh-2

-
’ k":ﬂ"ﬂ ssece )

LR N A R

This eguation, true for syamstricel and none-symmetrical

ustrices smounts to eliminstion by colusns.

From relation (I.%1)3

. A
L‘ - l,1 UL

-1
L1 for symmetriocul matrices;
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- : : , L -1 .
; cos Uy n Upey Ypog B ) Ppoy

t -1

l" # u

e ®# & e & ©* ® * e & ¢ a2 » » ¢ & w o>

-1
[ 't’ ) n
e o 2 2 Liz \52 42 _2 D1U1 L‘ B‘

- U sSs e L . U D r\:
1 Bz UI)*‘ 41 =1 n-1 n..z Nez

t
vin D, ®
| =%

‘fdace U D, commutate for i1 Jj;

L
-t E s
. 1 o } ; ee e D PR
A - u1 UZ bn-1 Dn cn-i 1 g-1 UZ 01
for cymzetrical satrix {2.585)

2ele1l liumerickl xample

Let the syzmetricsl matrix A ie the following:

2 -1 -1 0
“1 b -2 -
-1 -z 5 o2
L -1 -2 b



. rithmatic atep for f-ctoriszation are as Jolloust

A

1/ - X

b T Y

Beq Bqp = (1/2) (=1 = =1/2

822 - E 312 - t‘h-i-i/:l ‘-‘J - 7/2

3] “ -1/'?

fay B oy, = lel=1/0) (=1 & «5/C

o) = e T “1e1=1/2! (0] = =%

8y 844 = (1/2) (=1) a =1/2
b, = Blega) « “=(=1/2) (-1, = 9/

8y, - 3"1&’ w winl=t/2)(0) « o2

B - al/2

Ggyp @pq = (2/70=5/2) o -t/7

84y = B ogy = 9/2-(=5/7)(~5/2) u 19/7

335 = B 8, = =2-(=5/71(«1) = «19/7
5 e =5/7

t/l33 = 7719

249



B =4, Q. " (2/7)(=1) = ~2/7
TR B 85, ™ Ybel(=2/7)(=1) = 26/7

a e« B m -2/7

2l

B = 833 85, = (7/19/(=19/7) = =9

84y = 8y - D8y, = 26/7«(=1)£19/7) « 1
.35 ®« 0 w )

lk" = 1/‘&.‘ L Te

Umitting the terce on the left of the clagonal, table
of factors for the ~atrix is ae follows:
1/< -1/2 -1/2 0
2/7 -5/7  -2/7

2/19 -3

1
— |
for a given vector bt o (1, by =1, «bJ); x =uy be
obtained as followa:

" 1 1 || 2| [ 1/; 2

& | [9/2)19/2)|9/20 | o/7 2 2
-1 ’-1/2 "19/7 al9/7 b 1 I 1 N 1
-6 | |=b _-‘1_9/7 G a | 0 0




2b

“ale12 LComputer lo ic for pynmstriccl matrix

(a) cupoutation of table of foctors for the =ym strical

ratrix:
(L) Poxrforu up to (viil, for i = 1,..., D,
(13} crerforwm up to (vil) for J = 1, see, L~1.
(L1 =84 84
(1v @y =9y = Bay,
(w/ aji - P
(vi) ferfors up to (vii) for k w 4+, ..., n.

(wid ) &, w Ay = Buy

(vitd) 8y = 1/&11

-1
(b} Couputation of x= A b from the taLlle of factors.
([ quation Re55):

(1) Zet x,. - bi; " - 1. ve ey Be
(48, Perfors up to (ivl for & = 1, ..., n-1.
(111) Perforz up to (Lv) for j = i+¢1, eeep n
‘17} t: - ld - Xl .ld

(el ‘1 = dil 31 } 1 @ %,ee0, N



(vi/ Perfor. ur to (viiii for { = 1, «.., nel

(vil) J«en -1

saggorigation snd fnverse for & full catrix

The two athods are cosparable iu the following respecte!

{4) Caen the inverse matrix and table of factors are obtained,

-1
comrutation of 2"%o and (A%) b nceds the sems  number
of multiplicetion and addition (n~).
{(14) “lameonts on one nide of the diasonal need not “¢ =tored

for a synuetrical matrix in both tar method-. Tuus

=tore;» roquirexent is the same.

The method of trisnpular faectorisstion has the following

advantsasras over the method of inverse:

(L) The table of factorn can be obtainec in one-third the

operations of the inverse.

{11} The method of triancular [{sctorisastion Avos the effect
of (A); A%; and certain hybrid oporations; whersas the

mathod of inverss doaes not.

Tha advanta;en of inverse are:
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{(4) ciplete molution needs k n ultlvliearicne and

additionr 4f the vector 'L bis k non acroe slements.

(14, L.ler so.= circuzetances, the inverse ruy Le more
sanily modiflied to re’lect chanres in the original

pitrixn.

2.2 Compact astoraps goheme [or gparcs natrix

Altbough explicit mutrix etorage can Le Justified in
some caeee of relatively small sparse matricea, it is not
practical for the zatrices of most power nstwork rroblems.

compact matrix storege schecs in which only the none-sero
elemente 8rs retained ir egsential. nroperly programoed
compact storare scheme aleo resulta in coneiderable saving

of computer time durins matrix operationa.

{ne ponplible schame for & general natyix storss the
con-gero olements of successive rour Lo & linear array.
The ecolumn location of these non-zero elsments and the lcca-
tion where the next row atarts (row index) ie storec separately.
Jollowing example expléine the scheme.

2.2,1 Exsmple

If the matrix 5 expressed explicitly is as follows:



01 u1
¢, u,
dk u~1
d
3, 5

.ne pogsible compict atorare scheme is ar follows:

Inble 2241

Hongero g u d )
elelont 1 1 2z "2

solumn 3
wpeation

\»N
lt

L
’.
W
L 9%
\n

Kany vardiation of thip scheme sultable for differont
pituations, depending upon the nature of watrix or the nature

of matrix operation expected are possible.

in eflicient ato.

rare ncheme in &c8in o vrads off Letween the storare renuirerants



S U

an’ the co_puter tias uriar the metpix ornreétioni. In this
project the rarse matrix « .countered are (&) "dnittance
matrix (b, L.U. factor: ©f the jacoblun matrix. . sthods of

~torin- the e satrices are discussed delow,

24742 Aduittance matrix

Tils matrix §r complex anc symasetrical and can be srored
in polar or rectan~uler form, “lemente . ag 1l-ft ~4de of
the dieronal need not be stored. . feasible rcheme ir s

followne

If the sysmetrical matrix Y expressed explicitly is as

follow::

d‘ . D
a d2 13
13 63 8
%2 %
o . ds

Compact storeps scheme is as follows:



'.5?0. 1 2 3 h 5
ls-onsl elesent d, d, 4, d, Ce
“"ow index for
rirtt cff sube 1 3 % 5 5
AMarcnnl olerante ' [ ]
R | l
\ A as

oliCe 1 P 3

"

longero riaht

sub-diapronal & o, 8. o, s
elexont . ’
“oluman location 1 L 3 g -

It i{s somstimes derircd to obtain all the nonegero
elemente of one rwo of the adwittance matrix "11‘ July avse,
n). For j71; non-gore elesments can be obtained by obtaining
the row index for 4 and i+1. For j < 4, a sesrch ie needed
froz all the row indicee frox 1 to 1. This may be quite time
consuming and due to the fact that many of these elstants &re
likely to Le sero; thirs approach has not been considered very
afficient.

In the computer prograsme; additional array of row fndex,
column location and location of the olemsnt i “he array of

non-gero rizht sul-dlaronal elements are forsulated.



ditional ta’ls ay be -~ follows.

Table 2,242 b

v oh®e 1 2 3 & 8 6
‘ow index for 1 1 2 3 & ]
loft ub-diar-onal
elzraamte

020 1 2 3 b s

oluxn location
for left sub- 1 2 1 3 -
‘teronal elenant

Lecaion £n the

array of none 1 3 2 & -
gerc risht asub-

digronel element

The last array of thie tsble reprecents the location of the
non=gsero elenent in the mils array (Table 2.2.2 al)s If instead
the none-zoro eiement itself is represented, additional storage
ip nesded since these elezents are complex and are in resl

node e

242.3 Zable of i.U. factora

Lquatione (2.34) to (2.37) indicate that & complets row
of elements on the lsft or right of dlaronel is needed eimule

taneously. Hence tho schewe similar to that of atoring the
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syssetrical matrix har been sdopted. The l.st array of
table (24242 b} bowever Lar tus sctual nonesoro eiement on
tho left of Jlaponal. Thie is explalned throurlh Table(Z.2.3)

for exu:pie of (2.2.1).

Table - ei43:

Compact storage scLewe ofcr exauple 2.2.1:

- 8 1 2 3 L 5 6
¥ [ & - ]

Lisponal slexent d‘ d2 63 dL d; d6

ow findex for richt

subediaronal ele- 1 2 3 3 [N L
ments

"ow index for left

sub=dinronal ele~ 1 1 1 2 2 3
Eants
. eiibie 1 2 3 :0
Loneger: right
sub-diagonal element u u, u -

1 " 3

lon~-garc left
sub=diagonal elenent 1’ 12 - -
Column of non-gero right -
sub=diagonal slexent & g .5 “

Coluau of non-gerc left
sub~di&gonal elemang % 3 &
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in case the talle of sotores har & synsstrical naitern

of 1.0:~38r0 elesent § as Le ti® case with Lie ccuventionsl

load flow solution throusch .lewton's .etuoc, & more e’{iclent
~torare scheme in terms of stora-e stores the courlete row on
tos 3 Lt of diaconal and complete column balow the Jlaronm),
turourh common index and inteper array llstin-. quation{Z.%4)
may be used for A". Thie needn the corplete column below the
diaronal at one time, instead of complete row on the left of

the dlezonale Thie ig expleéined through the followin, sxample,

2o’ ol sxomplE

Lat the matrix {.) with symmetrical pattern of non-gerc
elezenty written explicitly be the following:

4 % w
4, “3__
| h “ %
| E “ ]
‘ 1 1, ds

Tie coxpact storage scheme may be as follows.
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Zable 2.c0f

(X
O

el 1 2 3 dy

Ilaronal element d1 d2 63 db dS -

Index 1 3 [ 5 5 s
o:lOs 1 2 3 b 5
integer linting 3 5 3 5 -

‘aﬁ-z:ro righ&
sub=diagona u u -
slement “2 ua

Fon-gere sub-
diarocnal slszent h 8 i, 1l 1 -
telow diagonal

Fost versions of Fortran IV compilers store & rectangular
patrix 'Y of dimension ¥ x i by column in block of memory
named A. The first column ia followed by the next column and
sc on until the i columns are exhausted. Thus the double
subscripted variable 1 is stored as & aingle subseripted va-
raible., The element All, J) &» interpreted as AlM o J 4 I},
This rule is bullt into the Fortran ccmpiler and the trans-
lation is eutomstic whenever the ordered pair is encountersd

in the coding. Iu the compact storapge schepes NnoNegoro ¢lements
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are not stored. If & sub-programme could be written such
tLit the prorremmes written in conventional way could with
1ittle modificaticn use the compact storape; thio should be

of rreat valus.

2,3 iptimal renusbering of nocep

There are two priwory objacttvon' for an ordered
Gaursian elimination. The firat and the oldest seeks toO
control nuserical aceuracy through a pivoting scheme. The
second aims at conservation of matrix sparsity, since the
order in wilch the Caussian elimination ig performed on
sparse matrices affecte the total number of new nNonezaro
slemente renercted in the course of elimination and hsnce
the total computation time. The physicel nature of larpge
scale slectrical networks and the nuaserical acouracy of
nmodern cowputers tend to eliminate vhe need for pivoting
and to enhance the need for the exploitation of spareity.
“urvey of this sectfon i{r Festricted to spersity conserving

ordaring schenes

besd for & rensonsable renunbering schese can be ex-
plained by the belp of Fire 2, .18, With the nuxberinr
schemes the noneseros of T-matrix and table of L.,U. factors

are showh respectively in Figures 2.3.1d &nd 2.3.9c.

if the same syster im renumbersd &s shown in Fige 2.7 .24

the torsl nusber of nonw~zerc terme of the Y-matrix shown in



(@) LINEAR GRAPH

(c)

MON
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* P * A K
% %

“ *

X X

X *

(b)

NON ZERO ELEMENTS OF Y-MAIRIX.

x x s X *
N > X » >
x > b ¥
= al ” x
x - X ¥ x
ZERO ELEMENTS OF TABLE OF FACTORS .

':l(._1 - : :



* %
% *
& X %
\ % ¥
/'/ \\._\ % % % % %
©
3 Fd
LINEAR GRAPH. () NON ZERO ELEMENTS OF Y-MATRIX.
% X
X X
% b
X X
% X X p X

()  NON ZERO ELEMENTS OF TABLE OF FACTORS.

Py =L 32

30



17s Dele2b, ramain unchanpged but the aucloer of non-gero
sleronte of the table of facters shown in /ige 200420 18
very sucl lers coupared to that shown for the same cystem

in "ipz. 2elelCe

Ffor &« n node syotem; there are of course nl! persuté-
tions for numbering available. The absolute optimsl order
or elimipation would result in the leant possible none-gero
elerwents in the tadle of Jsctores The only known method for
detarmining the abmolute optimil order is to exunine all n!
possibilitien. Tbla seems fmpractical particularly 4f n 1sa
lorrms. However, several satirnfactory sclhemses have ‘oen deve-

loped for obtaining near optisal orders.

231 Hatrix banding schexen

The objective of the banding schemer iz %o rertrict the
elementz of & zAtrix to & n3rrow hand &:out the zajor diago-

nel {7ie 243.3.8) or about the winor diaronsl (Fip2.3.2b).

2e3.2 liinimally adjacent ¢ et MACT

Civen & set & of noces of & connected graph O and
& subser &, of nodes; the minimally adjecent out sets (iiaCE)
of {4 are nodes from & not in 81 but which sre neighdbours of

nodes in 51 .

2.3.3 An slgorithm for major diagonal dbanding is as follows:



MAJOR DIAGONAL BANDING.

PIG=0%3 () .

quU



41

e P Y T |

MINOR DIAGONAL BANDING .

FIG~2:3-3(b).



' "ecarvins with an arbitrary node as number 1, the .!ACC
of node ¥ sre amsi~ ned ths next sequsnce of numbersj the !.ACS
of the nunbared nodes are suhsequently assigned the next
aequence o” nuslbers an’ the process is continued until all

the nodes of the notwork are nuabered'.

linear graph of I th bue test syntem, nuxbared 2p
atove and the noneserc elements of 'Y' matrix and tatle of

factors are shown respectively in Fig. Z2e3.4 and “47e 20365

The alporithm is weak Lacause the choice of initial

cuses ie critical.
Jarrazﬁ Lan suggested the following technigque:

'?ipat one node ie arbitrarily chosen as last point and
pusbered n. Ite JACE are aseijned the next high valuasd
nunbers; the ..C5 of these numbered nodes are assigned, the

next bighk valued numbers'’.

The author doss not understand how this method of nume
beriny is effectively the some as the ‘Scheze II* described
by Tinney*> (2.3.5), #s claimed in the peper®3. Thie 1s
essentially the major diazonsl banding scheme.

2.3, An algoriths for minor diagonal bending is as follows!

(1) sStart with ¢he bus having only one line and list it as
node 1. In the abusence of a node with only one incident

branch; the node with lesst nuzber of inoldent branches
oy bo numtered as 1.



LINEAR GRAPH OF AEP 14 BUS TEST

MAJOR DIAGONAL BANDING SCHEME .

EIG.~ 4374

SYSTEM , NUMBERED THROUGH



10

11
12
13
14

44

1. 2 3 4 § & 7. 8 8 10 1 13 14

X0 %R
K% | O | X'] X
Wl QO | %t
X 1O L% ] O
X2 | X | X ]O ]| %] X
X N0 | OPxd O |Q & | & X
Xl olx| 0|8 | X| X
% | C|lO| %] QO[O 8=
x | O l@ | o 8l 8] 8l X
% | 0| ®| o x| x| 0| XxX|O
% | B | |00 %l sy gl el O
| O oy 00| | | Al ©
w !l O | | s O Q| % [ &
L, % |Tsiiller] 0 | Bl 8T

X NON ZERO ELEMENTS OF Y- MATRIX
O  ADDITIONAL NON ZERD ELEMENTS OF TABLE OF FACTORS

NON ZERO ELEMENTS OF AEP 14 BUS TEST SYSTEM, NUMBERED THROUGH
MAJOR DIAGONAL BANDING SCHEME.

FiG:~ &3 5.



2 39

(44) iLt-¢ the oi node %1 rz tue last numbered node~.

{348 =nt; Le next lower welusd nur'ers to the 'C aof

Luv nuubered nodeg.

\4v/ ‘wssign Che next high valusd nusbers to the . '°f of the

pur ered nodes end ratwrn to atep (§1%)

Linear praph of .P 14 bur Lest system and the non-sero
slements of the Y-matrix and tedle of factors are shown res-

Pectively in 'is. 2.3.6 and “ige 2.3.7.

Chvicusly the diasromal banding schemes do not work for
the eyrtem shown in Plge 2.3.18 of widch the sbsolute optimal
order is in /ig. 2.3.2a in which tue non-gero element of the
tible of factors resein the same as the non~aero elements of

r‘“t!‘ll ™

1,31,3),45 has piven three schemes for near opti-

“e3+8 Tinney
el renumbering. These scheses are clalwed to be generslly
nore effective than the bending schames. Thess ars listed in
1ncrtaaing order of complexity, execution time and optimality.
It i assumed thet the nodes are originally nuxbered aceording

t0 some external criterion and then renumbered according to

the Gchmlo

I+ lNuwber the rows sccording to the number of nonegero off
diagonal elements before elimination. Iu thip scheme
the rows with only one off cirgonal element are nunhered
first, thore with two elements second, etc., and thoss
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with the most elomentr last. Tuls achewe does not take
intec sgeount sny of the subsequent effecta of the
elimination procesp. The only inforzation needed 1s
the nurber of non-gzero element in esch row of the ori-

ginal matrix.

Lhumber ths rows such that &t ssch step of the process
the next row,tc he operested upon ls the one with the
fewest nonesero elementn. If mors than one row neet
this criterion, select any one. This scheme needr &
simulation of the effects on the accumulation of noa-
sero elements of elimination by columns. [lequired in-
put information is 8 1ist by rows of the column nunbers

of the nonegero off diagonal elements.

Nuzber the rowe cuch thet at eachb step of the process,
the next row to be operated upon is the one that will

introduce the fewest new non-zero elements.

Thie involves a trisl simulation of every fesaible alter-

native at each step. Imput information is the same as for

ascheame (I1).

It is hard to evaluate the three schemes since the perw

forgancs of any scheme depands upon the type of syastem, However

acheme I, though simplest, does not appsar to be efficlent;

since subsequent bullt up of non-zerc elezents are not at all

taken care of, if many solutions of the matrix are needed.



q

Scheme Il needs large corputer time since it involves

trying many poseible peruutationa.
2.3.6 't present suthor's subroutine works ag followa:

fl.uxber the rows such that the next row is the one
having {ewest non-merc elements in the table of

factors of that row',

The suthor is now sure if thie is the Tinney's II

scheme .

i comparison of rsomo of the technicues applied on AZP 1)

bus test syster iec as follows:

Non gerc elements in the Y-matrix - 50

idditional non-zero elements with
ua jor diagonal banding schexe
{(Pime 2.3.5} - 5

Additional non-geroc slements with
minor diagonal bdbanding acherxs
(?1@- 2.307, = 2'.

Additional noneserc elements with
author's subroutine (Fig.2.3.9) - 16
Computer loglc of author's subroutine for renunbering

the buzes is as follows:®

For the set 'S' of n podes; the nodes alresdy renumbered
from 1, esss N, be in the subset &,; where n, 1e the total
nuzber of nodea alreedy renucbered; remmining nodes ars in
subset 55 such thet & = Sy * By
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(1)

{41 )

(218,

(iv)

(v)

{vi)

{vig)

(visg)

s2% D, = Cj ancd all the nodes be in lo.

or all the remainin; nodes, having their old numbers

68 1 « 1,e0., 03 1 @ C,% perform up to {vi).

Cbtain the columnc of non=-gero slements of ith row
fror the row indices and column locations; and lat

thow be in set C . Other nodes are in set C_, such

tuat 'ci L 4 czi

Perform up to (v} for J = 1, ., ny, whers J is the
new nusber of buses alresady renuzbered. This way

all the columns of nonesero slements of tible of factor

ie obtained if the next node is 1.

obtsin the old nuxber for J and if 1t liea in set Ces
all the columns of the sleuents of the table of factors
on the right hand nide of the dlaronal for the jth row
obtained in step {(viiil are also brought in set c, .

Cbtain the total number of slements n. in the set

c’ s 32. If they are less than the least such nusbers

obtained for other values of 1; let nn = n, and k = §,

- + 1
B, =8,

Ul

The next row to L® opersted upon is k and ite new number

is Do Cbtain for this row the old columu numbers of the

non~zero elements on the right eide in the table of

factors ss obtained in step {(iv) and (v' and store them

(.



in the compuct storage scheme for nith oW, as shown

in table 2.2.2 a.

(1x) It n, £ n; repeat from step (4i).

job is complete.

it n, = n, renucbering



In thir cospter alroritha for formins the admittance

matrix and storins it in the compact form ls described.

flfectns of tap changing tranpformer and phass =hiftiny trans-
former on the admittance watrix are described but the algo-
riths: takes care of only tap chenging transformer. 'ith
phase phiftines transformer, the admitlance matrix is no wmore
symmotrical. Hence it is considered desirable to acaount for
additional terms due toc the phase shifting transformer sepa-

rately.

3.1 Adwittance matrix of & line connected between two nodep

(rige Ya1)
Ij, vaU -y Vl
- (3.1)
v - e j v
s L7 L LY
where y = 1/{r+jx) (3.2)
r Jx

(rzoxz’ ] (1'2*12)

3.2 Admittance matrix of a line connected bLetwsen two nodes
through &n adjustable transforaer (Fig. 3.,2)
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= (3+3)

If transformer lorses are ignored;
Vm = vk

(Dol

-ty ly<Jni V1

where y is cefined by equotion 3e2

k = near node of the crenaforoer
1 = far node of tbe tran=former

t = off nominal turn ratio

for every adJustable tap astting transformer, ite

near node, far node, {y+3B), (=y} and location in the admit-

tance array are stored separately.

If the traneformar tap setting is modified; only one

diaponal elemsnt and only one etored off dlaconal element is

modified &s follows.

’ik - ’;u vty =t ) (y + 30) {3.5)

2 ]
P == t,) {y) {346)



and ¥y,

2
angd
ykk

where y‘ and y‘ refer the tap setting ¢t
kk kd 1

refer to the tap setting Ty

Jed Ag

I y+J? ¥ Vi
- (3.7)
I 1 -y )NJH \'1
g = n BF
7 ‘3-8,
-JF
Ik o 1’1 <
I {y+3B) -~y E',"“/ L
- (3.9)
% oy =¥ (yv32) Vy

Thus with the presence of phase shifting transformer,

the admittance matrix is no more syumetrioal.

3ol Computer logic for forming the admittance matrix

and storing it in coupact form

The admittence @atrix is formed by first setting the

disgonal and off diagonsl elesents to sero. hata for one

line which include the two nodes 4 @eud J to which the



line 11 connscted, line resistince and reactance, shunt ad-
wittance and off nominal turn ratio and near node of the
trenaforeer (Af present) nre read and its admittance catrix
formod and the elementer added to the correspondin- slemants

oi compactly stored matrix. It is asauned that the number

of first bus is esmaller than the nuaber of second bus and dats
are read in the sscendins order of L. Lata need not be

arranged in ths escending order of j.

lotationg

i g; e J b; = diagonal element of ith node

<
o -

index sequctice of ith row right off diazonal slements

-1

{ndex sequence of ith row, left off diaponnl elements

4

o B 1> o -

coluan of ith right off diasronal element

P"-lr.
|

column of ith left off diagonal element

e

| o

81 e 3 bi w ith right off dilaponal slenent

g
-
s

correspondin: location of ith left off diagonal

g
AT
|

elspent in the array of right off disgonal elementa

expected maximun number of linee

n, = total nuxber of adjuatable tap settins transformers

& o e .3 b:d w (y+Ji) of equation 3.7, for ith adjustable

td td
tap setting transformer



4 » count of rows
L = gount of non-gero alements
t « tap settiny of ith adjustatle tap setting trancformer

y - gi v J bt = {«y)} of equation 3.2 correspondiug to
t

ith adjustable tap setting transforner

11 nedr and fer nodes of ith adjustable tap setting
n
and © ¢ransforzer respectively
|
r
Lk - Jlocatlon of i - jti ripght off dlagonal elensnt in
t
arroy y if & - Jtb elexent ére oonnected throurk
kth adjustabdble transformer.
The logic 1o as follows :
1 O - » O
(1) Set v, and Y. 4 Lo Tomees Ry ¥, 3 la1,¢s, 0 &N

yl; 1] = 1,000y ;i nt tCc z8ro.

(11) Set k = 1 and ky -0

{143) Cet the real variables yt and Yi; and interey variables

i]’. to sero for la Y00, Re

(iv} Read 1, J, Ts X» 3, tap setting and near node of the
cransformer (if present)s. If 4 i» equal to Ky

proceed from {x), if 1 is greater then ky» procesd



(V!
{vi.

(vis.

{vitt)

{ix)

(x}

{xt)

{x14)

(xi11)

bu

from (v., wud 1 lee= than k, indicates dota not
arranred in s2-gendir order of L ar” the proprams

in terminated.

sorform (vii) for 1 = k1. ees, N such that Ll s O,
|

©2 K2 1 k2 1 1
kz"‘kz”vl‘t =1,g -y1,b "y2371"03
: |
2 1

ki - ky ¢ and (f k, ig leas than 1 (of =tep iv)

go to {1x); otherwies to (x).

I"1 - kz + 1 and proceed from (viii!l.
1

check £ ) is creater than 1. If not, data are not

ar required and the prograuze is teruinaved.
3 2 -

1 thers is no transformer tap, proceed from {xivi},
1f the transformer tap 1s adjustavle, proceed from

(xiii), if not adJjustable, proceed from (xv).

n .nt'1

)

,:: = h‘ + Jbz * JB
n

y te -b, - Jb,
) A

ot i, = nsar end
n
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n
It

w {. = for and
£ X

tn‘ = Off nominal turn ratioc.

.roceed {rom (xvi).

i ) §
(xdiv} LR o by ¢ Jog + 38
J >
1 1 1
J <
- y L
Y2 2 @
P‘roceed from (xvwiil.
(xv) Cbtaln the near end and far euds i, and tr respactivaly.

(xvd) c, = Db, t

Z 2
§ o 920
7' Y, 1
J- J-C
12 y2 2
i &
ydf - ydf + b‘ % ;Ib2 + Ji
in 1n v tle, + Je,) *.‘IBt.2
yd - g n 1 2

(xvig) Check 1f this is the last cord of line data, if not

proceed from {iv).



xviil)

(xtx)

(xx)

. gore the non-gero rigit off dizsonal elemants of ith

row ae in (vi. anc (viil,

k i i

cearch for Lt ® k= ‘..-0. nt ’ Lz 3 1-.! for i a 1.000.
k .

kz apd 12 p b = 1...., D e

nead shunt admittance data and modify the dieponal

eleentn,.

ey O

Y=



Iu this chapter some propertier of power f{low equa-

tiones cre dlscuned.

Using some of the identitien, a lot of

computer time can Le asved in computin: the systes Jacoblan

and

bel

the

powerse.

ctesdy stage relationg

Under steady atate power [low equations in terme of

admittance matrix mey be written as [lollown:

T v
2y Vy %?

-V, 7 vJ Y44 sln{n, = ed -\¥1J)

i J

Usine the notation of Vanness and Griffin

1713

coa{@, - € '\Fij)

{&eti

(be2)

{he3)

(hett)

(4e5)

(he6)

64



ninlet - BJ )

Yy Yy Yy " i3
ligg = vy VJ Yy 4 08 (91 - BJ w\V1J)
Jyy = =¥y vJ ytJ con (81 - QJ -lVIJ)

- -\ L)
LIJ = Vi VJ ytd oin(bi OJ }id
hl.i

-8 - ‘g,)
Jli -V j%i VJ Iij cos(ei ; 14

rd -
= v
Lll - =g Vt bil * vl j?i J ,ld

Uln(gl - BJ

005(51 - eJ- Hidl

JIJJ

From thess squations, following identitles result :

FEENEVELTAT
Hij - ctd sij * 013 biJ

whare,
013
JiJ - -”1j

Ltj ol Hid

nin(e‘ - GJ) - fi e, - e" fj

(he7)
(4e5)
(5091

(4L.10)

(Qo"l

(LelZ)

(Let3)

(4ett)

(Le15)

{4.16)

{Let1?)
{4.18)
{4+19)

(ha20)

64
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Ly ‘:;-i 55 {Le21)
o
T a4 (2]
71‘ Egq * V14 (Le23}
¢ = -'U'l‘ ;’11 - hli “,002'.)
‘11 - hi‘ "-1‘. ® L (&.25)
zZ ’
’ 5 {4e26]

The jacoblan v..¢ of the set of squationr kel tc L6

{g & squere matrix of order &m 3

¥ = |H - {Le27}

J L

where H, i, J and L are B X D square zatrix wiose 1jth slexents

are Hy 4» Htj’ Iy and Lij' respectively.

’0.2 Tmoreﬂ

YLatever the values of V and 6; matrices L, J and

¥ are ainguler.

Froof:
From equations he21 @nd LeR2; sum of elements of eny
row of matrix i and J is mero. Hence the matrix i, J and K

are singulfr.
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e} Thaorex

There do not exist in general vectores V and ¢ nuch
that the equations Le.1 &nd 4.< are satiefied “or any given

V&luo Of ¢1 .nd 1; is= " LE R N [+ PY

‘roof *

lot a set of variables V,, * Po and % satinfly

°.
equations Le1 and 4.2, If the active and reasctive powers
are perturbed by £ R, ead £n, respectively where the acaler

¢ -0 and 1, and qq are vector quidntities, such that
P - Po + f_qp
- Dy * €84

If corresponding per wnit variation in voltare magaitude
ana variation in phase &nrles are respectively AV and/6;

these are given vy tie following eguations

5 qp-‘ Ho
E_ - kK (‘0-28 ’
>V
R L

cince b is sinpular; A8 and AV cennot be odtained
for any arbitrary Ry and Ry Hence 8 and V camnot be
obtained for sny arbitrary 7P and .
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bel Load floy problem

In order to Le able to solve for bus bir voltares
and anplee; riven the complex bus bar power-; phare angle
of one bus bar murt be taken &z reference. Thin daletes
one coluan of 1 and J. Dy takins active power of one bus as
iependent veriatle, one row of I ir deleted. Tulin~ =Ske: the
matrix non-sinculer. Howsver in order to Le able to fix the
order of bus bar voltare magnitudes; it is desirable that
voltare mupnitude of one bue be fixed. Thue« threes typesr of

buses &re represented in the load flow calculationas.

“lock bus (v €/ V and & are preaseribed and P and " are the

dependent veriasbles. “election of thias bus is neceesary for

tLs reasons already nentioned.

Joltare regulated bus (p vi: P and V are prescrited; " and

€ are the dependent variables.

load bus (p glt P end C 8re rrepcribed; ¥V and © are dependentg

variables.

be & Cugﬂatibilitx relations

Sinee ¥ is & singular n:trix it bas serc as ons of the
eiren valuea; and et (N%, ﬂF> be the eigen vector of K
correasponding to this eigen value; where ) &nd 4 are n x 3

column vectors. _ B
o9 N o
B low ™ lag (4429)

— —



frezultiplyin by (At, pF) on uoth side-; following

cozpatilility rerlations are satiefied:

Z;'Alzxpg * Zi-ﬂilxpg - 0 (4.20]

4.6 Cengral compatiliility relstion

Verietional squations of the power [low proble= can

ba written &s follows!

7

1‘1 fShreme L}-n (h.}],

P - ‘:k‘ svaenm J.’n

<

A\ vl €] O O cevtlece O

where k & set of bus bars with | as independent varisble
1 £ set of bue bare with V a» independent varial:le.

The J“CObl.an of QQ“E“QD Ibc3‘| is also Bmmlﬂ!’, hence
the compatibility relation ir as follows:

Ay APy ¢+ S 80+ 2 ug AV, w» O .

%1 R i e e (4.32)
+ v 7

where (XN , u) 1s the eigen vector of the trange

posed jacoblan correspouding t¢ gero eigen value.

65
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Le7 _oOvaentse
A1l ) 'e in equatiors 430 and 432 will pave the

sape ~ign.

If _.ly powers at two nodee 1 and § ere clanred by

Aaﬁl and A7 3 and other incresmental quantities do not undergo

any change;

\ L A ¢ « A PJ AJ - O
P A
—-,L "= e -‘_i (4Le331)

1t is intuitively expected for a power systen under
normal loadins that 1f power at one node increares, the
poy er 8t the other node decrsases, if &ll other powers remain

unchengeds Hence AP /AT { 0. This is possible if all

‘e have the s&me sign.

L.8 Cor elation tetwesn cOX tibille loss formuls

rolation

Throuzh the applicetion of tensor theory, the total

system lossee can e exprensed in terme of all plant outputs,

after a number of sssusptions sre made, as follows-> :

Lo 2 Pl
P = 2. i (4e3d)



7U

Incremencel chanr»s in gonerstion, with demand une

cban of will result in the followin~ inerczental chanse in

lomp?
5> AP e AP
G Ty B
a27- | Z by, ¥, ] ey
166 js¢ v J
2- {12 = B, PIAP w0 {%.35)
& €6 jec MO L

sexparinr equatione 4.32 and Ae35;

Ay = V-2 5%& 53 PJ (ko316
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ChiPTIR ¥

LCAD FLC. SCLUTICHS

In thir chapter, various load {iow progrsmmes are
lusped into very reneral citegories and compared. Sufficiency
conditions for converprence of iterative procedures are dia-
cursed through the fixed polnt principle end eppliec to

admittance metrix, impedence r trix and Newton's method for

load flow.

$e1 Claggiftcaulon

load flow hrogrammes oan be broken into the followine

broad catogorlosga

(a) Low aceurscy specisl purpose load flows: Such loed
flow programaes are needed where emphasis is not an
sccurate detélled modelling of power systems. Emphaais
{nstead le on simple criteria esuch as what variables
are out of limit and for what rsssons. Usually thie
is followad bty performing & series of input data cibanges
to simulste possible system contingencies. For eech
such contingency the operator will like to know if any
other cocponents will be affected which mdy cause ancther

systen fallure nnd eventually lead to » cascading system



(v)

{c}

Ve

breskdown. The continrencies studied are ususlly
in the foru of line outares, penerator outares, short

circuits and various othor effscteo.

Conventional load flows: Cluch load flows need &cou-
rate set of Ainput Jaté and are run to appropriately
small tolerance. The trade olfe include propracming

convenlence, ,speed 8nd wmenory requireuent.

Very accurate load flows: Kany applicationa such as
transient stabllity studies and static optimisation

need in cmany canes @ very accurate load flow programze.

£.2 Programming a;qgriggggg

These algorithms for load flow sclutions are almost

&s numeroua &rc ths number of authors who have written about

logd ficwae.

These can ‘roadly be lumped in the following

categories:

(a)

rduittance matrix wethod: These methods use Caume or
Causs Seidal iterative teclnique and systen admittance
matrix with ground as reference. Chief advantares

of this method are ease of programming and most effi.
elant utilization of core memory of any presently
known load flow methodss It 13 usually ueed when a
very large syrtem need be studied on 2 computer with
limited core memory. However it needs long ruaning

time and bLas poasible non-gonvergenos.



(b)

(c)

73

Impedence matrix method: This method aleo uses Cauns

or Causs “eicdal iterative techunlcue and system impe-
donce matrix with one ¢f the noder ge reference. Con-
vergence of this methoed ie better besheved than the
admittance matrix method but “.gatrix ¢ @ full matrix
while Y-zatrix spirse. The author has been able to
overcome the disadvantajes of the full matrix by making
use of L.U. factors, of the admittance vatrix formed

by teking slack bus s roferences Thias works much
fenter &nd needs much smaller storape Lf compact storere
{5 umed, compared tc conventional “ematrix. lany
authors have sur=ested the arplication of 'plece-wise
t.;hodg‘é’:z'zj‘QL vo overcome the disadvanta s of
excessive storage requirement. Tho real advanta~es of
this method are a&pparent when the user wishes to study
che effect of short circults, line and renerator outares

or changes in tie line flowe.

Kewton®s method: Thie technique Las the best conver-
gence characteristics of all the presently available
methodse CJolution accuracy is restricted only by the
round of f errors. This msthod if effielently programe
med and buses optinmally renuxbered and compact storage
used for the jacotian and admittance matrix, can be
made ap the fastest, This method Lle produbly best
aujited for optimal power flow studies bacaune of very
high scocuracy and the programme needs small nodifi-

catione for obtaining incromental coats of acjustable
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rarameters. ..ain disadventa-es of the mathod are

(4) the programming logic is considerably more complex
(12) ler-e memory requireuent even if compact storsge
is ured. Credit for meking this technigue practical

oes tO TinnoyB“ and Lis assoclates of Pl

(¢} lion-linear prorrasming methods: Load {low problem
is Lreated ac the problex of optimigation whers the
oLjeactive function 19 the sum of =quares of the total
real and reactive mismatche. OUptinisation is achieved
through sny of the pradient techninques. The author's
experience with pradient teciniques is that an accurate
solution is hard to obtsine. Fletchers Fowell's gra-
dient nothodkb mRy yleld & better convergence but needs
a very larpe storage and time for the non-asparse
Hessian matrix which is bullt iteratively. Chief
advantages of this mevhod appear to be only small
pocification needed for optimnl power flow solution
and less computer logic compared to Newton's swthod.

Credit for perfecting this method goes to Laaaon&"F"G,

Voat of the research work in the field of load flow
has heen concorned with variction on these methods, widoh
include better correction and scceleration methods, better
ways to utilire the matrix by tearlnp, triangular factorize-
tion, compact storage, fe8r optisal renumbering an¢ various
methods of representinz  the systex ar @ d.c. cdroul: ang
dealing only with real power flows to obtain approxinate soe

lutione.



£.) Coaverpence of Gauss &nd _name wiljul luorapive
techniques for iinear slmultaracus egnciorg

If 0 » n linear ol ultanecus equation under conside-

ration ir aps follows:

AX & O ‘5.1)
Let Awl +1L+1¥ (¢

where ., L and U are n x n matrices. L contain the diagonsl
elements, L the elements on the left side of the diaronal
sand U the elements on the right haond side of dieronal.

Zormulation of Causs iterative procedure ie as follows:
Dt ab - (o) x* (5.3)

if x£ = 2% v tq (5ek)

where n is n x 1 coluan vector and x* is the solution

of equation S.1

0 LT oA (2. £nl

-BI*"E.‘L*UJI‘_
xkb' - x’ - £ D-,(L + U) 'y ‘5.5)

If absolute value of any eigen valus of D"(L + U) i
pore than 1, the Gaues iterative method will not converge,

doee not matter how close the initial guess is to the actual

asolut ione.



ornulation of Ouuns “elcal iterative tecinique 1ig

e Togllowe?

lex i ug (5.6)

ecensnry and sufiiclent 2ondition for the technd que
converre ir that the absolute valus of no eipgen value of

(L » L J" U lLe rrektor than t.

Convergence &8y somstimes Le improved by the arpli~

cotion of ucceleration or damplng, as followe:

et L k,

x (modifted]) » x" s a(x""" - x (5.7)

whore o >C

o > 1 repressnts accelerstion snd o < 3 represent

damping.
Kot ern
1 w x¥ - B (5.8)
where B ie the principal catrix and is am follows:
Bw L"'(L. + U} for Gausy method
and B L+ D" U for Gause Seldal method
'V (modirted) = x + £[(1-ax) X - BIn (5,9

where 1 1= tu® icdentity matrix.

7b



sFor the modifisd =olutlo.. to conuverge:
1 ~ax(t + 8] < (£.10)

where /3 ie an eipgen value of B.

peed of convergeuce for unaccelercsted solution

depends uron /3 and for the acceleratad solution upen

[1 - att » Al
If N7, unaccelerated solution will not convergs,
Lut the damped solutlon satisfyin: equation (5.1C) will
CONVOree.
if f¢1, ao acgsleration or dazping can make it cone-

verge.

If A = =t +§ ; for smsll positive § ; convergence

ig poor Lut tie accelerated solution will have better con-

vorglnoo-
¢, Convergence of fterstion procegs for non-lineep
gz_n_c___mg—?’—f

I¢ the equations are written in the following form,
xg = Fihﬂ bl w1000, @ €.1%)
t
where X = (xp Ry 000 !m)

First fterstiov is 88 follows:

2 : 1
x° e Fox7) {5.12]



x, - xi - i x - :(x'}
, L]
- 5 -?— [l"i(x1 « (x -:c‘u] de
o
=y : : )
= ( Z it - (x + €{X =X “‘!j -x} . de
; J ‘)in o
(o] [y
y
.- P \x. - x ) 59—"" t:c' ' t‘.()"'-x’}ldt-
g o d
1?‘::1 1 . 1
Lev B, Ux o' =] = lal e Ble-nli e (5.13)
iJ 4 - o
~ % 1
Xi - Xl - %-‘xj — xd) gij ‘_’o"&)
‘ddinr equation Sath;
2 . 1 .
EI‘ (x; - xi) - 12— '%:(xj xj) Fy g (5.15)
= 2— (‘3 = ’3; %S‘J ‘5'0163
b
Considering only the absolute values
2 * . 1 .
2. |X; - ’JI & % |xd XJ\ % “14‘ {5e17)
d

5-|_zi&‘4 S <1 for ell 1 4n the repgion

s F“?"J

(x!, x°!



7Y
12y = %y (5.16)

.odn» relation holde rood for the first iteration. Fop
~ucocprive Sterati 12 almilarly

[ | - ,~}_ o
x - X ™ & = X -
1 J l J X

v 1 ¥
|7 =3 %I" - X (£.19)

1
i

If § 4s lens than 1; richt band sice of this inequality

can be va’e as small as desirable, by repesting the iteration

nrocans sufficient nuaber of timese.
Thue the iteration process converges if

o F
}:J%;f-\ < {5.20)

for all &.

5,8 Unigusness of solution

1 x end y satisly equation 5.13;

since Yy = ?1(Y)

Cic o F te) & Slix =
5,|xJ FJ(yl BJl'J YJI

" ?\’3"1' 45 l% =¥y

Thin ie & contraciction since § < 1.



£.6 s of odmittconac =atpix —ethod usin~
taur~ itorative cechnigue
1 g = J' 5 )
o 8 T R )'iJV.:
S i * N I J o
Jel

ror 211 i except =~lack bus.

i0t ‘1J * J "1.1 - ,1j/y11

a,~;= {.d
st ot S 3 2 . -
& =T, 2 - L (EIJ o, 44 IJJ
S ! J
JFL
L Cif_:ifi. (b, ,e,+g, , 8.}
f1 - "';""'-’ f‘ : 13 3 1J J
EE 34

1ge
OE — oF 1; k
= = J.—-—i-' Z_ |b_fL‘<‘ e
e ™ 1 ?f.ﬁ i K
1‘” 1“

(5e21)

{5.22)
(5.23)

(5e24)

{5e25)

(526)

‘,‘027;

(fe28)

09

are the right band side of squations %5.25 gnd



o |
- A g ' b ’ -
e 1 ;"H’ te ]
Lldr,s
. - 4 -~
£ 6 = 0% @ +20.f d 1+ =0, dof dele f d
A e R 2R _AkE (+99)
‘ - 2
(e ool |
¢ 3 '\/.— \J\_’.' v rl"
BET ¢ (LK :
{ph,o
2 - 5. .
- - - ¢« |o'c =fceC, = .:‘d.’
!'.. i x dk zrk‘.kcki | Ak & K “9.% k% (5+30)
v = ’.‘2
(o « 231
[ f’-

for & relialle convergence g' and § ¢ chould be

aufficiensly lesc then 1. However as we Lnow

' ¢ e
- T Vi3t Y Yy (5e31)
J

t shunt admittance at i node.
where yi {s the equivalen

this sugpest
5 z 1
4
g T

is nearly equel ©° e

o |" * [Pk &nd subpequently
Hence A i1k |

kel

Z ) ' RSL\

= o

81



may be on either slde of 1. Cwer and above it, there will
te contribution dus to additionsl termu derendinc on system
lo . $u~e 7his means thet the rufficlency con ition for

convergencs fp elthar not satisfied or satiefied by & low

wargin. _“hie explainre for pcor and less reliable conver-

ence of the method.

5,7 convergsnce of ilupedence zatrix wmetliod

with Gauss iteretive technigue

The fixed point formulation ir as follows:

P, = §
i i
I = -y, (54.!2)
i v { i
i
Vi - Vs “ :L__ .’-J IJ (5023)
Jés

Thess equations may &leo Le writton ss follownt

?I -J . i
V; < V’ ' 2.;_ 31.’]: (v:)o YJ VJ] (5.3’*)
3o =
for all L except slack.
it oryy ity T (50355
w =% ° ‘s (5436)
€44 v J bij - %y yd {5.37)



Lev

(5.39)

<.
h
-]

2. ¢
(e, ° £,/ 8k ~ 20y °1;

2? -zik

{5.39)

(5.4C)
(St}
(5.42)

{5.43)



_._.:_-— {0‘2 ; f2}: ® blk (Sebd )
lpe
T f ./‘ - T’ Pax - 2Ly C1x
| i 0 f?jf b‘L
ign : ‘

Mo
'/ - 41 25"65‘
- (o « £2)° ES
A Kk
lpr
gtk and bik are =mall quantities dus to ssll shunt

Uther elements in S" and S¢ are

adnittance &t node ke
I | i 2 P -
b g loadi.nt is a;ﬂaall. 2\ : and l"f

proportionate €o loadinr.

will e leas than 1. Tihls ansurer the convergsnce. 7This

explains for better converceace of Z=-bus cethod over Y-bus

method .

3K
ce of lewton's mathod”

5.0 Converfen

Consider &8 set of n ecuations with o unknowns

fit.l" xz, LAl ] xn) - o

The fixed point formulation tirough lewton's msthod

is as follows’

x-x- L

84

1= V(x) £lx) = gl
{ St 6)



1 afy -

Wil re J() :_f-——'- avpevene __'
"X vl X

1 n

; {Se47)

('r Jf

I

easpove e
— 0y DX

cau~e of the presenc: of J{x); sualysis turouri S.i4

+11]l need & three di snsional [ e~=ian cmatrix; exnlanation

"

2
an.lysia, stterpted by !eicel and Darnard” al=20 u » the same

‘raw acke sinplifted aralysis is &8s follows.

xy}' -X = > - J"(xk) ix") -

- xk - B -J"(xk‘ [f(x‘: - f(xvﬂ (5.48)

whore x* iz nolution of the equation

ek} o Pix' ) = Olx'y ¥ (X~ X (5449)

where G i n x n matrix whone Ljch element is ~iven hy

equation 5.13

= LI K ox - 7 Vix®) olx ,xK) (afex )

& o J"(zk’ G(xk.xkif (xkox*} (£.50)

-1

Since

“1 (x ) alx"y i = 1 (5.51)

J

resulting expres-ion 1r uard to understand. 'ﬂtarovicb'g‘o



if x! is clore encuzh to x , zatrix 3-HxViolx ,x')

im ouite clows to I and I-3"'(x')0(x",x') ie quite close to
zero.

“f whe nors of a colusn victor y is defined as follows

”V” - ZJ: Y, (5.52)
and nore of watrix ar follows
il = max D |agyl (5.53)
3 4
wla S |5 ¢
(21 Z IJZ"‘:J v % ZJ agy| ||
< JZ”J’ ";’ ZJ“:J[
vl 1a] (5.50)
Thus _
I PRI I
|

since nors of & gero uatrix is gero and since

3
I - st o{x", x | is quite close to sero, there

]
therefore exicts £ > G such vhat if I - x| €€

Then 3
1 - 97" x) X x| 68 <

w  [Pem ] BE W



I - x°1 & 5 ix' - x"1 & BE <&
(5.55)

Therefore,

ka'1 - xﬁl o Sfux' - %

and 11 |l L SN [N
: x x| @ (5.56)
y -
5.9 Fxample

The valus of S obtained on AEP 30 bus systes for Y«

patrix wethod wes 1.126.
erged to @ voltage tolerance of 0.001 pu 4n

Thic indicates doubtful convergsnce

Howaver it conv

L. Steratione with the 4nitial voltages of 1 « jo for all

buses except 1.06 + Jo for the glack buse.

Tie asame valua for 7omatrix mothod wae 066G Tilow

CONVergence. The osolution converged 4n 11 ite-

Inticas.en BUNE
tolerance indicated ahove.

rations within the

ror Hewto

successive {perations wan an follows?

fer

fnigial start «3863 96199
i 12 5b 20980
) 0327 26968 x 10~
3 «0U&3 73812 x 1070
" - 0002 .53589 » 1C™°

n'e mathod the value of & and meximun mismateoh

(
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Apusr nismateh of fourta iteration 4r not considered
reliable since the word siae of IB. 1130 cozputer with stand-
specinton is about 649 cecimal digits. This should be

i

sush lower és Jjudred from the trend and alpo from the corres-

pondins S o

5,10 Conclusiop
{.ance followinf conclusione ars drewn through {ized polnt

~rinciplen tO which the experimental results also & Tee.

ry) “enverpence of Y-zotrix nethod is less reliable even if

tie initial polint ie close enough &nd loading is small.

(2) Convergence of T-zatriz method 1s more reliable if the

loadine and shunt sdsictance is small.

(3) Convergence of Newton's metho! ia very reliahble Lf the

initizl point {e sufficiently close to the final solution.

¢ hes been experimentally established in literature that

the convergence of lauton's method in poler forw is most reliatle
and fast. (onvergence® ©
1a as given in 7iz. Se1. A similer cherac-

paracteristics of load flow methods for

ATP 30 bus systex

also civen bY Dommel in correspondence for refle~

teristice 18

rence 33 for @ 17 bus aystem.

LD €
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CHAPTFR VI
R R A T L v e Py

CC._-UTER PRCORAMIT PCR LCAD PLcy

E.ZUTIC . 2Y [T TCN'S ' THCD

In thie chepter the losd flow programsme written by
the author is dimcussed. It Las not besn poesible for us to
compars the computationsl time per iteration with thet of
NP4 programnze because of avallability of a emall cozputer
and non-availability of EP/ aystem test date to us, Time

per iteration for "EP 30 bus system is about 1C meconds.

The progremxe 1s based on formulating ang trienrulary.

zing the enuation 6.1 node by node. This equation s not

stored in the computer. The notiation followed 1s that of

Vannees and Grlffinsc given in Chapter IV. If incremental
costs of maintaining the variables to the prescribed value
need not Le computed directly, L, and Hy, for 1 £ 5 are re-
placed by zeros. Oimilarly for decicedly PY node numbered k;
Lyy 8nd Uy, ere alsc replaced by zero. Since the prooracae
has been used for optimal power flow studies, this has not.
besn done since incremental coat of mainteioin; the voltape

to & particular valus 8130 need be computed.

6.1 Changing bus bar

In addition to the cooventional buses of Peq, DeV and
slack; the computer prograume provides for the following agd{.

tional types of buses:
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2P

(1 e ar uith arsirpec reactive power rrovided the
bus voltare ia within tue procoribed upper and lover

11“108.

(24/) ODus bar with as~izned voltape provided the reactive
power 1= within the prescribed uppar and lower limits.
[hir GLos been done as follows for kth bus in each
fteration:
Obtain iy g for J £ k froa equntions 4015, 417, &Le18

and h.ZG.

- -“; bkk b j%; Lkd ‘6-2’

2
ka - % - vk bkk (60?}

If the bup is with sesaipgned voltape magnitude, desired
chanye in voltage AV, 1s obtained.

With thie change {in voitage, expected change ip -, 1g

[ 8

approximately &= follows:

= AV Ly W% (6e4)

{Cy s AG,) 4p mow checked 1f this 1n within the prescribed
bounds, vhe bus is treatesd &a pv bus; if not 1t ¢ treateq as
p q bus with prescribed reactive power equal to the upper op

lower 1imit, depending uon wbicn llmlt is viclaved for that

{teration.



if Wt bus {s with pre-cribed reactive power, A . 1is

obtaine’ from the prescribed reactive power and the calculated

reactive powere

wproxizate value of AV, 18 obtained ap follows:

By = ka*tVka {6.5)

k

(v, + A V) is now checksd for the prescribed limits of bus

bar volta ®. If the limit ie violated, the bus ir treated

ue pv bus with prescribed volta e equal to the upper or lower

1imit, dernendin -~ upon which limit ie violated, otherwlise it

ip@a pa Dbus for that {teration.

Cbraining 1.“ doee not mcan additional computation time

for p¥ bus since by 4 will have to be computed snd Ly 4 = by 45

34 ke

Lonvergence with the above wethod hes been found very

aatisfactorys

sormation of working ros

6.2

In order to reduce the disensionality of the problem,

following notation has baen uosed.

1r the new puober of the bus s 1 and 1ts external

pugber 18 g1 ; for ith node, if it & pg;
A 921-1 - S Pt' {6.6)



(Lefore trian-ularisation)

and
« caei,

/_\l‘,, s L}Vi'/‘ii'

(aftar t-fan-ulari sation

= - b '
S anag ™ Ry SEAy T ROP

, o Hyvgr ™= OFyyge * SRty

where a = '0.1' -U'Jl SXIZ(G‘| = UJ'I

= T4 oJ. - 5 rj,

S - Vi. VJ' co.‘91' - éJ')
- 01' GJ' * :-‘, tJ'

2 i 1

8541 = Y18 %24

2 1

8y, = ligr T s

Equations 6.10 to 615 are valld for all

= 1
31

2 . e
“21-1 33; "23 L

4
v

34

(6.7)

(6.8)

{6.9)

(6e10)

(611}

{6.12)

{6.43)

{Aath)

{(6.15)

excapt J o 1.

(6.16)

(6e17}



- VE . a2 <

Fyn Ve Eqeyge 821-1 (6etd)
g0 - -V‘l Ogyqr * “1 )
L gr Mgy 241 (6.19)
1 U: F

g T Tl PR (6.20)
2 z

&y ° -VL' Dyoger * g (6e21)

Thene olemeiits are ol tained witbout makin~ use of

erizomstrical functions.
Hgeg and Jg1, 8Fe ROV raplaced by sero.

Nlew nupbers are uged ouly in Joraing and triengulari-
sin, equation 6.1, while sduittence watrix, voltares and powers
are recognised by the externsl nuxbers. iliowever a little time
per iteration cen be esaved by reforming the aduittance wmatrix

«ith the new nusbers and recognising all the bus bar quantities

(voltares, poWere, etc.) with the new numbers.

For @ pv bus; whether predecided or decided during
igeration} equation 6.7 is replaced by the following equation:

Vyo/Vg (6e22)

824

the second row for that node 1s as {ollows!

‘§$ - 1 ‘6.23)
.3 s Jm 1, seey 2n; JA2U =0 {6.28)



b

suls working now represented by equatione £.10 to

€£.17; 6.2 and 6.21 ir not represeited exnlicitly. The totel

nucher of non-gero element:s, column location of each element

and tos numorical value of thene eleuents are stored instend,

This cen be explained as followse.

Cuppose the node 4 under consideration has non-moro

eleront in the aduittance matrix at columa 2, $§ and ..

The workine row formed are as follows.

Taile Bet

“ a0

A

lonez8ro element
of first working
row

Colunn location

~oluan locsation 9 G 15 16 T

Teble 6.2

" JHos 2 3 & 5 6 7 @

lLion-gero element 2 2 2 2 2 2 2 ,2

of second working &5 &, %7 %8 %9 %o "1s "6
L7 9 10 158 46

ion-zero elements in the first working row 3 - 8

Non-gerc elements in the second working row B w 8
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Table 6.7 need not e prepared if it i & pv node.

If it is & sleck node ncne of thess rows neeu Le prepared.

6.3 Trissgularization

.fter the workinr rows ere forzed; the first working
row ie trisuzularised with the help of tsble of factors. For

tile fourth nods under consideratian; the first column of non-

gerc elewent 1is 3. Assuxing that the nounegero elemente in the

vuird row of table of factors are in column 5, 6, 9 and 10;

the worklog ie now godified as follows.

PN 1S 1 2 9
L OL="eT0 a! a' al a' al ' g al a' '
oleront i b 7 8 9 10 1= 16

olulh J

Non-gero elesents @, = 10

rurther modifications will Le made to thie working row

while this i3 rriangularized with rouw 4, 5, 6, etc. or this
example no new non-serc elexentes will de added durin: srisn ule-

rigation with the Lth TOW.

After the vrieppularizetion is complete; contents of

arrey are vraneferred to the table of facters. Contente

thin

of necond workinr rov {Table 6.2} ers now transferred to the



firet workins row, and the trisngularisation is repeated for

the SthL rov correspondins to the node 4.

Thie procesn ie remeated for every node. Uorrections
in voltage magnitude and anprles are obtained throurh backward
substitution. The {eeration 1s repeatod till the maximum
mismateh ie lege than the prescrited error. If maxizu mig-
matel of onc iteration is found more than th:t of previous
{geration, divergence in the solution has been assumsd. The
jteration Ry then be repeatec with modified rensration and
tap settince. In the prorramze maximum mismatch 1s obtalmed
only after caelculation of JacoLlian elements and forwerd trian-

~ularization ia conplete.
culated powers] it was considered waste-

“{nce Jjecobian elemants &re obteined

wkile computing the cal

ful to check for nismateh before the trisngularizacvion atarts.

lion-gerc left subdiagonal elesents need not te atorer

{f only leoad £lov solution 1s needed, without skinping the

forpation of jacebian during sny iteration. However as will

-1
Le meen iater; LR offoct of TAD! is also to bLe obtained,

for which tne loft subdiaronal elementa are also nesded.

Compact ntcrégo nchere of table 2.} bae Leen used for the

table of factoroe

tre load flow golution can 'o made even faster if it

does mot have a bus with indefinite mode of operacion as

jained in ssction 6+1, by adopting the storége scheme of

oxp
o Toiob and exploiting vhe symmetricel pattern of noregero

tabl

2t



slecante of tue jacobien, which &re obtelned as follows:

Hij e aﬂ’-J = cbid
Hji - ~0gyy - cbid
N’.J - 081‘1 * ‘bld

gy = ©Byq - 80

This way computation time of obtaining Jacobian ele-

cents con be reduced practically to half, but trisnrularige-

tion vime rexalns the sane.
be left of diagonmal even if only load

However tile mschexe needs storage

for the elements ON t

riow solution {3 needed.
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CHLIT. R VII

e 5 (O Y RCCRLVTRG

1a tule chapter description of the ronliifesr prorrac-
win probler, criteris &nd techulques of identifyin the
optirmel point are dircussed. Initlaily the -lecuesion is
restricted to the unconstrained problem of miciamisin- the

caler £{x). ~Ifeat of consiraint ie lncludec lcter on.

7ol tercription of the nroblen

f{x) ts & scaler function of n-dimsnsionfl vector x.

“utject to the followiny constraints;
b(x) = © (2)
and glx} & 0 (7a2 ]
a2 pinimus of rix) s to be obtalned.

pere pix) and n{x} arc vector functions of x.

ruined solution

Te2 The unconst

1r £(x) ie & twice continuously di/ferential function

on B%; then

VI{x*) » © (7.3)

100



if » Lidulras £ over . and ti¢ ruadratie fore

-~
-

S b & a; =2 g
> %Bx@xd 18 (744}

for every polnt x in the neighbouriwod of xe,

Tus tecbniquoe for findins tie ainimum (if 1t exists)
sy be based upon solvinrs the c~et of simultaneous ecuations

7.)« _olution may be obtalued tbrourh iterative techuniques

auch a8 owtonu'a, Causs or GCuuss-_ eical methods Lf the equa~-

ticus are .oulinear. Iir order that such teclmiques work, it
i1s nec ssary that the zuess Le such that f{x) is convex eng

remaine $u conve: domain fros iteration to iterstion.

7.3 Sagond order gradieng method

101

The second order gradient method ir based upon obtaining

the rzolution of equation 7. throush Hewton's nethod. 7ixmed

nolnt forpulation ia as followss

-1
x = x« (£ 0=} <7o(x) (7.5)

In order that the algoritun converges to the ainivup,

fisnelan matrix rxx(x) must be positive definite aud norm of

(1 - £-V(x* fxx(’] } should be less than 1 i the £ nelphbour-

xx
hood of x* in which the initiel point liesn.

7.4 FArst arder gradient methode

n
Apsuping we are 8t a point x in L” and we wish to Bove



B s certain distance

alor ~cme uir-ction vector 173 dn
- » ot Jeotlive ir to successfully spprosach tus iuimui,
in ordsr to achieve ri~id converrence the direction d and

4i-vance r Eust e nroperly declide..

S \\" J —_— »5 o
ilx » ro: = fix) + !‘?— :j‘L a. =¥ o g nl G, d
Lo L J Sagd 3

X J

\Teb
If x in tihe previous iteration polut &ud we ‘Ash to

-ompute the new feoration point x+rd whick Ls necrer Lo tLhe

-fnlzus, we must then uave

flxsru, = fix, LT {7.7i

2
. inece the coefficlent of r in equation 7.6 ir rositive

semicefinite 1T f(x) i» convex; coe‘ficient of r should de

na-etive or 4 is such that

dg <0 (7.8)

o T
I

O

]
o

Cptimal value of r may Le obtalued by squating the

portizl derivetive of f{xsrd) with respasct to r tO serc or

> Al
r - - ——————‘ (7.9)
9 rxa g

W
cgeepest descent mathod

7%
In this pmethod
a ® «Sf{x)

102
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laus equation 7.. 1= satlsfiei. r i» obralned sueh
that flxeru) is minioum slons tie direction d. If f(x) 1s
quadratic, it mzay be obtalne from equation 7.9.

or & cuadratic convex funoction,
£ix) = a + b¥x o % £ x {7.1C)
It ¢ vroved in reference (4L/) thst
() (81 €2 (1 - LI Ty v

where x° 1z tie initlal peint and

m and ¥ are respectively the minimua and maximum of
nonesero eiren valuee of . CZince the function La coaver, C

is poritive semidefinite, which isplies that each eigen valus

1¢ aiso poritive semidefinite.

Thus,
e ¥ - x* (7.12)

k-
Another important conclusion drawn by author is thiy »
function with larger e/l will kave a detter convergence. Cne
nethod to improve thle ratio ie scalinge Thie mey be {llus-
trated with the nelp of following exsmple,

. % . 2
f(x) = x' L x,
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.esenian matrix for thies oxample i

for wileh /) e 2%,

If the initiasl pues: in \1.l:t. tis direction wector

| N -3)% for whioh
r = 1308
<! = (47304, =<0L6)®
r = 26

t
(,110, »1116)

L8]

1f the variables are scaled as foliows

Yy = %

- 23

N RS

: 4
fix) = flyl = ¥ °7%

for which toe corresponding initisl point fe (1, 2)%, the

t .
dipection vector (=2, -H41%, Heselan metrix is

2 0

Y 2

cor which w/¥ =1



0 42 - '5
iV - (C, C)"
‘theh e obviously the optinal polint.

7.{ onjupate —racient metbod“

Liie convergence of Btospest deacent mathod depencs

upon =/ .. the conjurate rradient method suarantees coavergence

¢c the exact ~olution, disrersrding the round off{ errors, in

n itar tion for ¢ qundrath function of equution 7.1U. In

this method, & =et of linesrly independent directors a°, al ,

g2, .+, 4 are genersted such that theee &re ¢ conjurate

(d Cc @, = O if & ¢4 §} and the 1teration is riven by
o

k}‘ !k ¥ rs d- ‘7.13'
r'k i for cinimus of f(xk 5 rdk).

wheore

The alporitbs ae piven in reference (43) ip ee lollows:

dk - -Vf(xkf' . o® dk“1 (714}
Lo o 'Vft(xki < f(x*)
: " - .
wher V:‘ 'k-‘ ’ _\Zf(x“-1] ‘70‘5’
P -7eix® (7.46)

d -

LV is obtained from equaticn 7.13.

105
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Tuls say be explained for the exazple of (7.5 a

follows:
£ix) = ,.2, ¢ :.,g
20(x°) = (2, 8)°%
d® - (-2, -0)°
!' & .'303
1 . 4
X - (0733‘5s -+0464)
1 t
Te{x) = (1.4768, - 372)
a' e (-1.505,, +.0968)%
!"l - 478

- (0, 0/*

7.7 Fletcher and Powell's sethod®¥

This gradient zethod hes been found more powerfyl than
other first order gradient methods, but need additional cope
puter time and wemory for the non-spearss inverse of lieselan,
h is not evsluated directly me ia done 1n the mecong

whic
order grudient method. instead it ia buil: iteratively, For
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a quadretic fuuctlon of equation 7.10, 4" i shown to COne

ver in o iteratione 8¢ i3 the cose with conjurate ;rracdlent
met Bod e
Tie alporithu is ag follows:
L. i—-r |
d T .'"(ka (717!

k
wuere il is the positive reni efiuite symmetricsl materix,
H° may be choser as icdentity matrix.
s k ’ k
x - @ e {7.18)
where the scaler rk 1: chozen to winimipe r{xk,rdk).
1 k k 1'%
' @ W osa e B (7.19)

k K
whore A and 5 &are square symustrical satrices as follows!

}k - r(ak) (dk)z -
(a¥ 1% (yk) e40
{:J‘)t‘ & yk (?.21)
. ke1 K

¥ & e = W) (7.22)

7.8 “in, 1o _dimensional mintmisation® 4h

The first order pradient methods mentioned atove need
the step length r along the direction af picp sinintees



f(xk %

rda’ e

procedurs or a symmetrical »earch such ar Fibonacel mthod1 .

105

Techniques uas are eitier &. interrolative

7.0.1 iarabolir extrarolstion

assuning y(r!

obtainine y(C/,

winre

yir) = r(x* + rd")

y' (v}

ylri

yt{r)

o
r

= (d"‘Qt Tr(x" - ra%)

2
= a1r * lzr ¢ GJ

- 2&1r +* 32

- -ﬂzlcﬁ‘

ag & guadratic function of =

Y

(7.23)

{724,

{7.25)

{7.26)

8, 8, and &, of equation 7.25 way be estizated by

yia)

Te

Y(OJ L “3

y'io) = &,

yla} - ylG) - ay'{0)
°£

- y'(0) &%

2(yia) - y{O} ~ay'(C)}

s the estimated volue of r*

y'(0) anc¢ y(a) for some r = & &= follows:

(727}
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or..nl an ‘lnney21 b ve uesed thi= =athod.

7.8.2 . avindon’s cubicel 1utcr*cl&t10n‘7ok&

'n this mathod y'{r! obtaine. frow (7e24: is mxemined
for r = O, Ly, 2h, bi, eeeyp &, d where r 1s doubled each
cime and b 1s the firet of these values at which either y!

4. non nopative or y bas not decrensed. .t then followr

aér 4D,
Lefining
- y(b)
g = 3 giai - ¥ + y'(a} + y*{b) (7.28)
b - a
and
wes /52 - YQ(-, Y"hl (7-29)
FEIB] ¥ WX o s (7,30}

l'. w b e ‘Y' b = yl‘a},z“

1¢ neither yla&) per ylb/ 1is less than y(rl, r,

ies an estimate of r‘, otherwlze the interpolatiou naeds be

repeated over the sutinterval ta, r.J oy (r.. b. according to

as y’{r.) fg V0 OFr =¥€e

tvion under equality constraints

7.9 Cprimizd

1f some of the elements of x could be considered as

1; dppendcent variebles u, the probles way be restoted as follows:



1iu

min f{x, u) = 0 (731}

subjest to h{x, u. « O {7.32}

- =ot of dependent variablee x xay be obtained from

quation 7.32 for a set o li.dependent veriables u.

Of{x,ul _ LIir,u Z‘af(‘gu) x4 5 3
0w o W Yo o®g T, (7423,

0 Ex'u) hc‘)hitx ul P { Nl iy

__hi [ :'_"'"—’_ - l_ — ’ \_i e 17.:’.’
o Yy o % § © 5y %

<rou equation 7.34 followin; matrix equatioel results

.
- 3 Jhe (xou ahg tx,u)
::‘1 - S / d '
("“b;l = ( > x; o Uy (735,
wiare '
(5%4.’ {r o column vector whone
X
Jth element = \—;,:1 {7.36)
ul
(3;;“" — ) iz A sguare watrix wnose
X4
b, hi(X|u}
1jth element o ")—-;;—- {7.37)
(’& hy (:'"_..') i~ & column vector whoge
T, ™
1 Fahi(x.u)
ith eletent = -~ (738)

™



of (xyul

11i
X columi voctor whose
itn olzment = FL{;J»UJ
‘rom (733 to {7.29) followin equations presult
20 %l _ DLk, ul Of(xu).t  igixgu =t L
S X8t , DENX, R ps i ) CHelxyu
D U, > EEN Sy & e
(Zebi
“Lain- the dual variables \ ,
-1
, an, ( £,u 5P ik
(A} = -("'j','_-f"";':'—.t ((-._ )‘::". ¢
- J = xg &7.&1}
quation 7.40 1 as lollows
2f {x.u} I f(x4ul N
) U"_- - >

R
—

-~ W
- 8

—— ¢ liglx W4
7 _..i
AR ‘5."—' J

(742
ofinin- the ia;rangian

L(x,ﬂ’ w f£{x,u) "’Z A

J ?J (7.43)
J
where A may be obtained rom equation 7.41 or from equation

7.4 in which cese the resultin- expression will be

similar
“o0L(x,u)
0 XJ G2 (7.1“)
Thus 4f the dual variedles are

obtained frop ®quntion
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7.4L%, the partial cerivative of ilacranglan with resvect to
u ie iz .ot toe partial derivative of the objective {unc-
tion .itu resnect to u, under tie constraint ‘omain of 732

feer obtaining the partisl derivatives in this way, any of

the rredlent technl ues desoribed in sectione 7.5, 7.6 and 7.7

me - be urede

iryson 8nd lonhamka, and Commel and Tinnoyz' bave ueed

¢rile techaique.

sufficlency condition for thie minima may be stated es

follows
x ,Aug'-”z - d ;-— ]
LT |5 eTETS Lx
2 =B 20 (7.5
) L J y 4
—.)u-.)x s u: Au
L I
Under the conecralnt apace of 7.32, or
“he lxoul) =1 Thy L2y u
i ’
{Ax] = -(—57;]-—-) p= vy NV (7446
o ul .
M!‘O (M—_; has itﬁ
3, ud (
oh
1jth element = .__f_x_'lfi
o g (7.7}

Y10 . ull Tucker's heores

for the ponlinear programming problen steted in 7.1, let
s
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Le flx) » /.i Xy gifx.- 025._ /\ hi(x) {7.48)

» optimal solution satisfiesz followin equations:

& b

T - . (7:49)
7" (7.50)
s | siixl - O _——
hix) « © "
f:’_(xf £ 0 ey

x, and fil cre th? dual variables aseoclated with

che insquality conptrainte and squality constraints respace

quatione 7.50 Bnd 7.
¢ resched and o> O in the alternative.

o 54 mply thet oy = O 1 the

~onrtraint 7.%3 42 no

er zr.at-.hodsi_i

7.1% enslty and narri
Tpese wetiods seek the solutiou of following nonlinear
programt;z; rrobles

min Lix} ot

cubject to glz) &0 5. 58)

Te110e1 frenulty xnpgnod

pefining 8 continucus function P(x) termed as the
bh that

penalty runctiofs puc



Pixl « 0 & x EF (7.26)
P(x)>0 1 x £F (7.57)
where | represent: the fessible dusali of 7.35.

Cne commonly usec penalty functlon ir &» follows:®
— 2
J{x) w 2. RaX (0, s-i(x)) CRT
1 . PR |

Let
..(x' g;) = f(x) * % k(,ﬂ) (70593

Tus penalty method ures & sequUENCe &k, k= %,... such

k i b+l
ehat O > O R >R and

1im Rk « O
k>0

refining xk as "o x that winiaice

C(X: Rk’ - r“’ * ;:;k- PlX’ ('?.60)

vis the penalty method is obtained

The optismal point
1

1
a= foliowse For & cortuin R > 0 aolve for x' using the
2
uncongtrained zinisisstion recknique. x° is obtalned for
snother R < ), and the proceas is repeated.

Ffollowinf resulte csn be easily obtalined -

ok, w0 6 ot 2 h

k) 2 REeD

111
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r(x® & 215V

x = liz x
[l > o)

: 16
7.11.2 P0ell's penslty method i

'ith the penalty functlon approic. mentioned earlisr,
tLere is & tendency to involve very larse number: as R.—>(C,

sakins the optimisation cifficuls.

Fowell's wodification is ae follows:

(x, sl =0 if xEF

- (gy (x) + 8,)°

o » - L

(xs 8/ t [g(x) >0 ) Af x & F
(7.61)

Cix, s} = flxi+ '(x, 0) (7.62)

5, {~ yoried frow iteration to lterstion as followe

¥ k,_=»

a:f' - '1 * r‘i\x ’ ‘7.63)
kel k
Thue & > L

pllowing resulte can bs easily obtained

: e ke ke1.
c(xk. 9L’ Lotm T, e (7.64)
. kot
X \ (x )
g1 = &
 §



11b

f(xE) & f(xb’ii
xn - JMn 3Ir'
k—

7.11.3 Darrier method

function P{x! ir introduced such that it becomss
infinity 8f rix) = 0. This method needs that the initial

rupss be strictly im the conatraint reglon which may be very

diff'icult to obtain. The method forces the solution in the

conatreint rezion from fteration to iteration.

1!
Pincco hocornie ~ bas suggested the followins function

Blxl w = Z "
X ] g’,.(X’ (7065)

Lootm&'s16 function is a8 [0llows:

J(x) - = 2;'.: Log ‘- ai‘x,) (706‘6)

vue transformation 1s as follows:

Dix, k) = £{x/ ¢ R 3{xi (7467

. k
The method uses B sequenced A , Kk = 1,400 muol that
Rk >C for all k and

rK > gk*? and

Jim Rk « O

K > 0



rollowio~ re=ults can Le easlly obtained:

L(x? ) 2 D(xk". uk")

S(ka & Wy

£(x") s eixt

% = iz xk
k00
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Vi s WETIL L ¥ i 7108 T-C) qT
Y P EEXS

Tide chapter oriticaelly reviews the published work

on optimal power rlow studies. The convergence of some of

the tochidques is coprared tbrough {ixed polnt analysic.

o1 (hiective function

The cost £ §n rupees per unit time of operating the

r systec. de;ends upon the active powers P; , the resctive

G
powerse { hains free of cost cnce the equipmsnt for their

1018

ca; ucitore etie Lag bee:, inetallede Tuurs

s
f = z _. fi("ﬂ (e

1E£G

{ rO"bctiOK- Pee

gptimisabion of equation Ce1 ip subject to the cons-

treinte described later.

;13,9[1'1(-:-’..100

The tachniques for finding the optizal polnt can be

broadly classifien 8¢ followe:

(1) Loss fornulé formulation

() sgpmulation with full d.c. simulation of

natworke
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lom. fornuls o :thod

In tLi- matiod optimtsetion of equation o1 is acLl ved
o

turou kb the followlin< coen~trufint:
47 - 7-1 - L, (”.:j

yaten los=e Fy i¢ exprersed ur & guadratic function
of power renerations. Thic wethod thouph mo=t videly in us
. & e
bocoues of sicplicity in application 1s bared on the followi
' wing

g ~~umrtions, none of wbiel really hold mood in practice

(a) Dbum voltares remain conetént in marnftudees &nd anr-l
CA@B.

{b) Individusl joad: remain 2 constant complex froction

of the totsal load.

{c) ratios of reactive to real powsr gsneratione remain

conrtant.

Thir method optimizes for real poweres only.

Ancause oi the 1imitations mentioned atove & need for

a more accurate method wBa folt.

tagglﬁnd Tatconlaa method ‘1262)

Bl - 0raniy K3tein,

Thie method, esBse
-au lose®? as 8
follows:

ntially & modification of lose formuls

quadratic function of active and

rethod, =X T®
reactive bus oar powirs as



ey ket

.‘.:};- .%}- . , = J
~—S=2 L bog, § =0y By
Bl K=

‘urmenting the obJjective function of equation 8,1 with

{0ehd

(8.5)

(C.6)

{8.7)

‘8.81

the con~traint equation of 8.2 throush dual varisble the

lagrancien is as follows:

&
o 2. £ (Pg) ¢ AtPp = Z P}
. T . j Y

le~ulting optinization equations are -

’ P _
Or ,\ A L - k to:- 1 & G
, .'.’; e 51

ol i

-l'\ i:! - o fol. 1 6 R

(3.10)

‘\.11,

120
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Tie sugrested alporith: i: as follows.

{ai stizrte o penerstion =chedule for resl and reactive

poveres &hu obtelin atjk and A"k throu~h load {low

solution.

{b! {tc the active renerations unchanged, obtain new
recctive power echedule, making use ol steeper® de-cent
mothod (rection 7.5 withk the sradients obtained from

equation 8ec. This step needs repeated lond flow

solution and computetion of & 5 and /'lJ‘ .

(e} ~'Ath the reactive power schedule computed above; obtein

and syster losses.

% 0 Py
{d) stinste A and obtain the new power ranerations from
equetion .10 and the incremenval Lows equaiion.

(a) Chueck if equation o.2 ip satisfled, if not repesat

step (¢/ with snother 7,

(f} Zepeat frcm step (b) till solution converges.

S.be1 Author's commentg

The algoritiz is bared on equations 8.7 and 8.8, “wvi.

dently though nob aépitted ln the paper thene esquetions are

oLtained ON the
chanrad for the {ncremental chanre in generation, wilch amounts

apsumption that o and ['Jh remain un-

to asauming the bus bar voltare remains conotant iu marnitude

gnd anrle.
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Tue reactive pover optisisction is achutov i turouri.
the ~tespe~t de-ce t wethou, with the rradients obtained
from equation ve8. Tule does not appesar reuronable since
tf~ =laéck bus resctive powar ir a dependent variable. If

-

tie incre: ».tal chirge in tue re‘ctive power losses is Lrnored;

- 2 F, R - X ' - - ] B \ :
{ { Sk b (‘ﬁil VA ¥y (2e12)

sradient method base: On equation 5.32 should Le more
reasonable. & more accurate re resentation tacine incrsmental

chanze in the resctive power loen into &ccount will however

need additional coefficlents (xij con bld/vlvjj and

‘xid sin elJ/vivJ).

“ixed polnt gnoiysia

fixed point analysis to teot tue converpence for resl

power optimigation pas teen made as followp:

Lasuming the incresentéal comst of ceneration a streigat

iine;
+kq a1 » a° @ : L EQ
3 = % YELK ‘ (oa13)
-?:']"

In the guggOQQGd alroritim, tikis i wade equal to

n

%61 = 23
ely (Gat4}

L)



ixm 4.t r rr- fc 1lr ap follount
! - —i & .'.1
- ) {
.,1
- @ ‘ '.151
u‘
!
- 1‘0 L ().1‘;

A o-tain~* from equ-zione Jes and _off ie ar fol ount

1
> = ]
- Z D - *
LS f‘]{"‘ [ ' rl;
"
)\ [+ = - = R it
= { - diL/ZJ'},4
A__ i
<8 2.
I

s J\Z — ¥ 1—'1'
5 .'.C'_ "‘-, :
a .:L - . EE o .
Nis n > CREe A & § T
LA 1 2: . A g
W s
a
i
0 Bk 2Pl J
R (.' ‘ 1-— ‘:\ o A * »_-'—:-’—- (1 - 3 / ( .'4:‘
1 — - 2 '1 o 1
= a
% . 1 i

ik . fficiency condition for tue Gauan tyne iteration

Lo converoe® (anotion 5.5) is
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——— .
! (C2G)

1

—_— s p
: o ¢
g

T.13 coacicvio. will ( ¢t be -~uti(li» 1{f any of the
v ration unltr car @ ne r flot incre-antsl co v L pecteri-

b
tic .hi- ~-talli L-~ tue unraliable cocaver-~nce of the

ratinode

. botter ¢ -thod will e to ol'taln tae reil powers 2leo

tarou~u tu® wadiert ¢ chn’.(}\lﬂ of -=»ction ‘7.9‘ with the
rollowin- ia-rantian,.

L a?ri\‘i' y Ait‘l = 12;1: ’}\2("1 = ;1 “1} (u.?!:

[ popine the incremental cban'e of i ;jx‘ end A _

are as follows:

Ay o= T (Le22)
(9 - \-—f—-—-—
.,l."
oV
Ay = Ay B {8.23)
) 2
_\ll"v
S @ : el ¢
2 o —f o ATy - (Jaz4)
G & '
l‘-i 1 1
. -di‘j_ A
it e Ay = -7 (6.25)
.._{ 1 < -1

ulle the convergence with Cause iterative w tuod was

found douhtf“Qs a firat order gracdient setuod ia stitle aince
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t.li ew urer the cbjoctive functicn reduce fror step to atep.

riti—@uo-‘l ‘-ré'd‘: Ck Of m metM( 1!“ 1arr'e 830:\}“ '

Cor none:nar=ea "-aatrlx and xXgy0 Vi) coslici=nt s,

Je

rogquirement

orrulation with full S.c. rimulation of
19,26,.9,00,47

e ¥

untirork

“pec0 zethode optialze equation 5.1 under the equality

con-train o of equations 4.1 aod oo whiciu are restated as

fellows:

: : ok o o m Ve 2 ¥V, Yo coBl6, =~ 8, = ‘Y, ,.
P, = Py - ’y pg iV, & SRR IR 1~ 12

{(Le2bet)

n g (Vs 6) = v, ?E: vy Y34 sin{é - ij = #1J;

S T |
{3.274)

Inequality conetraints on reneration nodes are as

follows:

2, (8P - (T Lo (8.28)
(?g) s o) =8y! Ce
374
f“: - 71 “: o (0301
i
7 - -'\-;.1

¢ ($.32)
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onstraints- .20 to 8.32 are determin:¢ by current
mi~nitude, Loller insvatlility, turbine output, -suaratopr

excitation limits anc ~enerator instabllity reepectively

Adcitional conrtrainte determined primaril: by insula
tlien and transformer tap ranres for cousuzption ar well as
anera ion noder ars &+ fcllows!

Vi -V 40 {8.23)

Vi -V PA (8.3%)

1. addition to tkese, upper limit of the line currents

also noe Le fixed.

Vg /vy - Y5 /8y ‘
Bey

‘1,’

where Ig is the current and zij the impedence of line connec-

ta- bLotween nodes 1 and J»

o i ol (*1‘CJ) M-yt
2 Vg ni 2 / > v (V) - vy /‘él

uiJ

al differe.ces in line voltares &nd phase an-les.

for norn
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Thus prescribin- twe uprer iimit of line current slmost

to nrescribinr the urper limit of [ei.ej!. Thir consg=

T b B ~
e Whid b 4

traint can be cercribd ag foliows:

Iﬁi-aal - Tj,gx - ¢ {2.35)

where o 1» the adjecent node.

4.6 “ubclomaifizetion

ethods makines uce of @.c. recresentation of petuerk can

be Jurtuer classifiel as follows:

(1, Veriecional equations and linear propramcing

formulation2a
(2 ‘ubn Tuckers formulatton‘t""'('“ﬁ
(3’ Penalty functlion formulation“"5a’6
(L) Iixed formulation, nakiﬁg ure of both Hubn Tucker'e
vhecres or equivalent ferwulation and pensliy functiona"'a‘,

cein-old _apg ‘pobnts rethod<® (19672}

8.7 L& uphiBs
Ipha wmetbod caken ure of variationsal equatione and
linear progreaming vecinique, for which the objective function

ig¢ &8 follows?

- ( b, /G
. 1%0 5 R (8.36)
At e L bybRy (8.37)
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eTIAT ul cO ’tibility rﬂlat}ion ot equati(\n L!B?

e
1 ollo m:

R T Tl 1 p# ¢ 2 qah e 3508
Ay b s & e&nd 1 arec a defined ip poction LePe

“ pe 2bL.d gor ks Tho pinimisation of enuation 5.37

of enuatl ns Ge. v @NG ¢ ec'” O Be3he

unc sr co.-traiot
i R offact 2 ~~pond order terme irs ipnored, thi.
tp ~anert 1 zaw or [\}JT' !\{G and Avi to f&ll to B‘tiﬁf}' the
rTherefore Lhe distribution ir recileu~

power [low equatidt.me
--gfficlente of copnaLitilivy

. .0 L8

late: after aytoinks
banpibility i AE yalue- .f the objective functicn
ecuatlicl e tonoduiad
e rravion” vrlue LAF .1-0 been edmitted, in which
-'."@.';Lex' Vil 38y -
ti.o - boke cf wnlf the correction bas been

cé se recal ~,larionr on

rﬂconmandod-

e bﬂ{ii ) ‘,‘ i = :)-—- M {: . L
A = 2. 08T 5, 4T pen A
§& G A
O
i ul Dy sV, {3.39)

T 3ER B
in- ~Le {equslity constraints of rlock bus not
P maul - 4¥ : b :

cnr minlrud o3 o rollowlns erustlons pold good
violated fer ¥ '



a r‘c g b_,.

e P B
As

[\ 4 o - ; S(* Jn ,‘J‘ < \
— . s
- Uy b

Ay, =V =T ir "‘“‘—';\ > €
u; b,

AV, -V, =¥y Af < o

Ag
cul= caount: to ~ub-citutin- for cither maxirum velue
or (inicusm value of incopendent veriable= for moat buce. in the

next iteration. Thi idnclcate thst Jamuin~ .f ¢ alroriths
is quite llikely to cccur.

8.t _arpentier's metnodz6'37’b6"7 (1962-19563 )

Tuds pothod 1s based upon the followins Lagrangian:

L Z !'H’;,‘o Z/\ - v ] =

l ! ) l)—— ) 6,2
: 21 uglqg(V,mi = ) PRPTN LY

o - -
&«

N (i) - —;.\ . Z ml‘ii - :Llll
y Lally
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{cetC)

Lacep-ary conditions for £ to be minimum are given

1“ Sﬁction ‘7.10) .

_a..; e D lvee
Cti
. ;fl ) a
Ay = —=-2 5-1 Py » . for L £ G. (Colstut)
Ll
i
2L _ B Fiven
Y
o e fori & & (8.42-1)
5 3 . @ = e
P‘. - & 4 1 -.1 1 1 or
oL o b rives
)61
~ ,ap = :ﬂf!‘ » > (r - T } - 0 (s.ka-i’
% i ___il » £ /PJ s - é; i ax
J o ""1 J i
PL o € gives
oV
:.;- '/\ -E)_EJ -;: ‘_?I_(\LJ o IV - Tr' - 0 ‘d’hl“'")
J J ~ V . - PJ ~ V 1 1
) ‘ J < 1
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Lan 4801 Dus volte e and angle 1ig fixed; equationg

ikl &1 okl do not apply for tuie bus.

part fros these equations; power flow equations of

).2" and :027 uurt rte = tiafied.

ree! Yerification of nucher of eguations and ynknown =

(4, Jonsuzption nodes: Ihe unknowns are QL'Vi' Ai’ uw and

the non-serc ual variables correspondin- to the inequali
¢ ty

conctralnts of equations J.2C to 3.35.

Tus equitione are 8.26, 4.27, Co43 ard Jdebls plus one

equation eack arising from the active inequalitr cons-

tralata.

Tue unknowne

Production nodes (exeludingy slack node ) :

=aE ?? , £ SCTEN Ag oo Py 8nd the non-gero gua}

varisbles of inequality conetraintp.
8.41, 8-&2, 8.43, acb&a B+26 and 8427 plus one equatingp

(54,

The squatione are

euch ariein~ from the corresponding active inaqualicy

con=trainte.

-

s 0
4+ Ay And n ang

(114) &Slack node: The unknowne are P, ,
the nonegero ducl varisbles of the ineguality constraingy,
The equations &re 8.41, J,42, .26 and 8.27 plus one S

tion eack from the active inequulity constraint,

issume & set of unknown F, ., V, O, nand 2. These nay

(1}
not eatlsfy the power flow equations.



132
(2) csusine 08, &0 aad AVy = (} obtain A sy
and A Vyq from the varietior cquations of ,26~1 ang

e27-1 respectively ss {cllows:

PY . py - pylV, €)

AN - -
58y - . (8u45-1)
..-r'i\-, ©i/f 8
_; - § - qlV, €l
HVy = (6461
26417, 81/2 8
Copeck &f &, +o®; and Vg ¢+ AV, doss not violate the

inequality conctraiotee 1f theee constreints are violated,

fix -y and V; to the constraint value.

Tf constreinte in (2) are not &ctlve, ry ., 1., ,

(3
s 7l .
7T ¢ @nd 77? are equal to azero, obtain A g sme

respectively from equatione J.43-1 &nd Cebh-i, L€ 1 i,
not @ slack node.

-r sopatrainte in (2/ are vot active and it is not a

(o) 5
glsck node, obtaln Pg and 7, from equations 8.41-1
and B.42-1 respectively, il it 1g a rroduction node.

1f these powers &re within limite, Ly, By, 6, and o] are

gero. II power constriaints ére violated, these are
equated t¢ the conptraint velue and corresponding dual

varigblee obtained from equatione 8.47-4 and B-42-1

respectively.
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(5. If =~n:~traint in (I, ar  active anc tids ir & pro uyetion
noie, nerations or obtalued "rom equations 1,264
el ¥k A wnd L, re obtalnec froc equations

L /L
olt=1 spn ob2-% ranr~ctively. If it ie not a procuc-

g |

arc obtailned

2
-
L)

tion node, A, or r
4 i o

fros. - juatiun- -.43«1 ond

and X or
J
olib~1 resmectively.
sated from {2, ti.. the molution

a® lteretion 1r 1

CONVOrreste

Lelel author's com .ents

Tie zothod turne out to "¢ the Jauss _eldal ifterative

- e

ucecernlon. Tus converpence

othiod & '1l1ied to eunch no e i
fixed neint

of ~rie fterative technique ir not relietle.

analyeis of the method algo sprears difficult. The metbod

a rumes that 8 solution in sihe feanible domain satlsfylnr all

quality and inequality constraint~ exinct -hich zay not rlway-

he A0

The solution does not remain in the feasible domein Tron
lience final values are of little use

{teration to iterétion.
Investigations on this wethod

if =olution failr to converge.
by Ferchon'’ et al mhow divergence in molutions where the ini-
tial puessz is not close enouch to the optimal solution. op

systems with unusually birh or low reactive powers, the mathod

falled to -ive the solution avon if the initial ruees 15 very

eslose to the optimal eolution.
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iple "aper cen b recarced ds @ Ldetorical bresk tircuri.
iter on nunber of other pe erp making use of .arpontier's for-

suscrical techninye sdopled te solve

-

muiation ..ve ernrarod,
sy=t- . of equatione are bised on citier “aues 3sidal or gradient

mothods In meny caces not 4ll tiv inequality conrtraint- are

considered.

3.9 lesiblad andJaimes’: siothod | (1969)

In this paper inequality constraints are exclude:,
i artial derivative of the lagranjian with respect to the slack
bue voltc e iz &lsc equated to 20ro, which evidently semns that

tbis volta ® ir alro adjustable. — quations 81 to Uubh thue

reduce t. the following:

. afy
NEg ™ o= tEN (C.47-1)
ol 1

B - 0 ; 1 £ER (Sefy8-1}
= & AP Rk
.3’ Ai ?T:i v ? Py :).;f wU; 148 (BelkO-1)

1 c
oP 5 1Q ¢

Z }J ___J. = 7— PJ (iﬂ_ o U (8.56-1,
3 oVy J avy

7rom equations 8.45, B.49 and equstions of J.50 for

nodes with no reactive power generation resulting equttions 1is

851,



< F 1'; :
.'E’l1 - « o . = = é . 1 0P
1. e l\‘ ;‘-1 IJ JJ ~ :’T
) J
eri or {pei JB- J =y 2 J pm B
- B n
- \.p 4 “ d(“ 2 = ‘p
o | P - ——: a - -_-“. )"_, b & a o
id \'U' 1 i.’ \ Y i v | J ol '.'J
. (d |
14 5 JB2 L&, Jg«":o X “% __l L Jg R

{4051)

Jacobian on wue rirbt hand side of aguation 8.51 is the
grans=fer of Jacoblan needed for load flow solution by lLewton's

~sthod with voliare e&s indepencent variable for resctive power

production noles.

The algoritam ie as follows!:

Assuming & set of feasible Zenerations &nd voltares and

(1)
a value of ';\P; A and M @re obtained from equations

.51 and 8.48. Teal generaticns ars obtained from

equation 8.47 in terms of & multiplier N\ ' {ncluded to
sgaure a proper level of generation. Feor the incremeatal
costn given by equation Gel13 the value of ' such that
generations are equal to the pre-estimated lossas ang

demund is piven by 8.%2

v P ¥ ): B;/Rf

E  4&6
A - gi& (8.52)
i 'Glaz {
i
d
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(2 .dtein voltage of the noces dth reactive powsr r~enera-

tion from the equationr Ue&0=4, 17‘1{., which after re-

o

srrancing is e follows?

. L e 5k)

where . is 8 square motrix wbose 1jth element is ae

followsa:

& = 3

834 " Aj 713 conley - 3 11!

o "
[ )

v By Yig sin{ty - GJ - Ytjl for 4 4 Ji !

A F. 0@ - ¥ - j
L T R Al 'ty g

v

- J%__’_ YRERZY ein{€é, - €; - Yy for LER

ie a column vyector of voltages of nodas with resctive

power ganoration.

CeDel s uthor's comizents

axact fixed point anslysis
b hés bean mRde as follows.

Thoagh the appears difficult,

an snalysis for real powor diepotc

rramultiplylof poth sides of equation veXt by & row

1 £ 85 AV y #1) ; following relstion is

yector (A 8¢ 1
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obtriied

2/{ Aid i Z U, - - '
T S T2 M ’ (8.55)

Taur tae ducl variables obtained in chis method are 4
: e in

Tact coefficients of tae coupatibllity relation of equagi
belis The-e coefficients are releted to the loas fopuwl ”
34> 7 a

expre~=~ion of equation 8.4 as follows:

¢

Ag = AT - ==
t ”ri‘ {0.56}
of .
Sy A -5 (B.59)

tep 1 of the salroritiv thus amountr to

21,

i

("1 x . 5 3 §
o A - {4 - ——

(""T' - 1 [ /\ (1 " (i / ‘8.583

This step is slmllsr to that of equation 8.13 and 8e1e,

Hence the fixed point anslysie of 8.4.1 is valid for thie zethod
too. Thaue converrence of the method is doubtful if any of the
reneration unit has & near flat locrexental cost charocteristicy

Poor convergence and need of acceleration techrique hap been

admitted for ihe five node problem riven in the paper.

8.1C Shen and Laugnton'se method" (1969)

This mothiod alec utilizes the Carpentier®s formulation

and uses Oaups ‘eidal type lteretive techniqus. (ptimal



Jutiont for puase sniftin transforuor An. a tap sstting

ir ulro Licludec. part fros che constant loed dewand, &

vari.lle onest f load decsnc preportionste to the voltare

i itude has been included, however objective funetion in

~o~t of real rover peneration. . xcludin: gows of these addi-

tional features, the syster Lajranglan ir ee followse:

: L > c—‘ -- ‘ 0._ "—-!
Ly = bl Sie by o

'-
°

)

O
-~

3 By By TH - By

wopere L ie ~iven by equation 8.4C.

‘quatione obtained are Selaty, -ah2, 3443 and Sobk.
quations &.43 and Jelly 8re initially written for &1l the

nodes including the slack node. Additional equations for

the transformers= are &n follour:

et I WL i L i Py —
-_-\": - ’ i O (8.60,
. )‘J __;’_ 1 (.‘h C
htb

0y (#ab1)
% )‘J -,—-li + /’h"’ ﬁ; - ¢
’agh



where 1 apd J ar two modes to wilch the utj transforme
r

4
48 COL..OCCEL.

In rucu iteration the computetion ig divided in four

ete ¢ Lwolving in turn oomnut tion of
‘1, sctive rensration and voltépe phose anple
(2. pisare shiftin transformer tap settings
{3/ redactive r~enmersti. n &and voltére magnitude

(L1 noueph&ne shifting transformer tap se-ting

«10.1 Leterminaticn of active geioratlol and voltare phage

angles

In this step, &n estimete of power generationa, voltape

pugee angles snd dual variables A 1p wade, assusing cher

variatles as fixed.

let
¢ L 2
= g - P P L 2 H
e,y = P Vs ©) =P o Py (662
O i e m l.b.ne of equation 8.43-1 {L.63)
61 &
i
) ‘_-)pil\',!:l

ne . 48P, w 2 — A8 Ty
pt LT 3 e, J Beftd

135
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-
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.65

- itbout any exnlanation, the rooer indicate ti
L&} @ " ﬂf.

'\ ( o ) 01\, TP
Py .d

i »» follown:

2}

(2)

Je10.2

8.9 in the followln” respect.
as functions of }\’
ponerations.

thir met

the reneration unie hese

L Ceqg = ;Bi 2
J -:_::"1 J ‘ '6‘\}

-~

The wetuod ie aa follown:

fnce the atrix & roclatod with 8.66 g sinpulary A A
i <
are obtalnec from thirs equation in terms of AQ  whi h '
. c

ie to .e adjusted for prover level of penerations obtained
ne
from equztion C.41.

. hise anrles sre obtolined from B.64.

suthor!s coumsntg

s similar to the real power optimizatiocn of

Tote step 31
Soth obtein the dual variablee

el is chonen for proper level of

Thus fixed point anklyeis of 8.9.1 18 valid for

hed too for resl power optimiaation.

doubtful if any of

»1is indlcatas that convergence is
a near [lst {ncrezantal cost characteri-
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tic~.  &and £ in thins methoc Lave bean obteined by Ssruming

yu and € respretively sr conotautes LOnVergence of & parti

tione ! i-er.tive smatlcl nam beeu founc poorer than convergence

witbout partitioning (well a~tablished for Z-matrix load flow)

Cbtaining poase shifeins vreansforper settings

celbel
austion 7.61 written explicitly is 2s followe:
ci 3

§ /lj Ji 'l'J yid ‘1“{3.1 - 61 ‘H"Al: - !nl

© B vy \'J Vs 4 cos(€, - GJ - ¥

- PJ Vi \’J Y’-J co’(ed - 81 - \fiJ = ):hu

. /3h - A (U.67)

—

ip ot a lieit ﬂn or 9_5& with ,jﬁ or /:"h

Thus ﬂh
pocitive o
(}\1 “RJ; sln ‘f}ij * ‘Pl-}_"'-‘_ p.or'vi.j

- -1
(6, = € v B0 = B0 = .
1~ 9 8 (3g *Ag) TP YLy T (ppepg w0 ¥y
{260

¢ voltare phase anglen and phase shifts sre

Hew values o
6 and fOllO\!fm

£ variationsl eguation

gined fro® equation

obt
o - < apl f {'3!069}
; 7 oFl A £ ’h
/-\?1’ = Y _‘:—-——’"_. A e'l ub/b
0 -



re.ctive poer ~eneration and voltare

« 1L -l. t‘idi...lk;,

aognltudes
et
G‘Lu" R i .‘. {ce7C |
€yt = —=- = left Lead side of equation G.bi (Ce?1)
¥y
: LN | )
- _- et AN N "
& -1 e 4 S %-J ‘u 72)
~ o
- o & ; —'_ Nd ( '] TT,
e - T Bt ’J_ T € 4 £ :n" o L -r‘ -
Vl J‘ o 4 1 o K | _.vJ Vi £ J ~ ¢ i
(Ca73)
G

..aglzzctin_' _:t ‘Qvi} for i f ;& ‘J o O ,u and
1_'“."-

sV sre obtained from equations 72, 8.73 and .42, remesbering

q w for loed buses

A -4
J

w 0 for buses with reactive power

By ®= 4

saneration not violating V¥

or conmtraints.

8.10.5 £h aining cptimal tranafOragt geteingo

setting ¢, ia either st ¢, or fh with

The transformer
relation obtained from equation

ropitive or followiny

&, or cr;‘
3 .60 Bold pood
o ) » o ‘B.7lf)
Gpy ty = “n2
whare GOpt = 2R1 VL Yy B4R ¥l
(5.78)

-2 py Yy V1 PR Y 0
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5 2 vy '.‘J Y2 COfﬂﬁJ - &1 -y

b 'TLd

Fi ’0'1 VJ yhz ﬂi“(ei ~ GJ - Sl,/hz)

o

v 5, = Bp =y )
* ‘u, i VJ yhz ﬂin{bi e.: th.' (/076.‘

(o)

o . 2
yii /Lrii * Yii /?11 ' tL yb? /9i11 ( o77)

¢ Q & Y.

.f o 4ir the value of lef't usnd side of equation el

L4
-

3351 %

re = —_— AV, « 3 S
T b P-'v'i 1 h1 £ th
-_’;_BE.AVl o e B {£e79)
ay &V J
1 [~
—y -4
na, = odav . Sdoav o Zdae (#.80)
0 1 ’,avi av; J ) ‘h h
o1 :_lq i7q‘
e | = _Ji l‘.\:; ¥ _-Al & VJ » —t L th ( 061’
¢ J -;" vi 1 5 .;J <o tl:

and AV, are obtained from equationm .79,
v

& th' Vl

9,80 and 8.81 with sgy = D qJ G 4if voltage constrainte

are not violated.
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e 1L‘¢6 a'.uﬂlor' g comoants

JLhior han VETY exter 51vely te-"ec the cethod af to
- dd H '_: r

. ae
m2jurtyapt @ eribed in _.10.% o0 « t4 bue snd 2C bue my=te
'y 4]
and Cind= tiat tilas doen not orl Insc
- ' .. ‘\38 a8 @ -
maest canes A th b X rOund

of the smaze sirn 88 Lue ~radient obtalned fror equation . .6C

Thie indicstes th t the oLjective function will in fact increase
{10 tule adjustzent {s made, snd optimal solution will not be

oLualied sven sith dampinr or scealeration.

“fedler tO Carpenticr'e gethod, the method 2lr0 turns

out to be the Cause _eldal iterative method, with tee iteration
fup in feunible domalie.

art ‘Lr. cRnen whste tle f(‘;utirn

v, 3t remalin The method alru asaumesn that

3 [eusildo eolution exint-e

fails to conver-e Por real power seheduling and transformer

aattinre Lave Leen polnted oule ror active and reactive power

~eduding the method urnr out
chacrolven ouve colrnterd out poor

. artitlone’ ver:fon ¢ .9

tn which c&=e the a.ticra
convergencet.

ams pointed out earller, tne load includes @ variable

porsionate to the
n ia coet of real power gonerailon.
+ith chsnge in

copnonent pro voltage magnitude whtille the
objective functio To the
hor tuis doee not #ou
revenue also cha

ce @ more ret consble

nd very reagonable.

aud
nree bacduse of thle component of

voltage,
objactive function ie cost

d.mﬁnd. weh
or ~eneratlon minus reverue {or the variatle co:gonent of load

demand.
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x6

o¥1 . ““cuon, .4 rey, inney, Tveit and ‘ueno 's aﬂthod'g'-

;,7ﬂ'1

Thlr  ctwoc 1s An fect & aintorical development of the

recsareh carrled out for the ©° oystem. The r stem has 1CO

bycroe- tnerction. Thur ot jective function is systex lesa.

"tho. provides for re~cvive poser opticleation. Use hug —

made of the arrsn ian of equation .40 with objective function

As elick bus powsr end conrtralnte on active power, apparent

powsr anc &n-les lrnored. .esulting equations are as follows:

Py = @ -5 {8.83)
> A P = Vo

6 ] vy - R, e o .

) J Lfi J /J ?)Ui ] # n ( .(h'
L g =8 E It ~Hly = @ (8.8

in view nf e obviour fact that sefficlent transmis«ion
of power izplies high voltage levele throughout the grid, it 4,
initially guessed that at the optimal point nodes with reactive

power generation, except where the upper limit of generation

i« violated, will be st the maximum voltage. The alporithm ie

npe follows:
ith Vv = ; at the reactive production node=, all remaining

(1)
primary variasblee ', , & &ud V are obtained fro& power

flow equstions.
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« . 1s imposed and primary

i or NOJdes Vi.are 7 s

verisbles rocorputed.

ptain dusl vorisbies from equutions -..2 to © 3¢ end

(3.
check for the values. If =7 ie 6. IfV, = ;1;
qri yCe For no.ef whare 0, or 711 are ne-ative;
“ ; o ' ]
~orrecspondin or V§{ ip decreased to zake these
dual vaerisbles 8z zerod. =« linear relationehlp Le
ameumeé beotween ¥y and Ty o <. and e, as follows:
] kr.-TA-J ‘r.-;l
V. (k) = Vg lke1s I AU DUSIM. , goY v 22 1
i i 1 (k=117 (k=2 ) o 18,00
i i
() = (Kol ) = ommem——————uy e (-1} 3.
i - e (k=1i~8 (z-2) 1 e
i i
Setled ruthor's conment s
._.-—-4—""—-‘-———-——-—
~nla mgt,hod Curns out to le & firsat or. er rrodient catiiod
with & <&t of dependent variables udjunted t.rourh iinear
extra-polatioii. Convergance jerends ~n=entlelly upon the
(1.« Too fterstion in

cicica of Vl(?. - Viu, and i\'f} -
or flow equaticns.

are [ew reactive

ef It is ndemitted

jo consin vif
pood shere toere

el voltage not 8t
fFuear ir sulficlently

in “une Fonpil

LAY ¢ convergence na- toepn

«dth the Opti

the maximum,

productlon nodes

slly means LhEL o initlal

which essenti

clione 4O wie optimal solutions

ow solutions nave bedl sugrested 1in

Two separate lcad fl
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rel # - - \
(1) and (€. {th the ~uthors load flow progra
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A ph ’ A'tJL
A L v‘] I'fo Ave
jth AP = C anén * = 0O,
a?‘ ol o
if= - © <q & {.e91)
;'h" L - l“‘
— § ’ T ;_
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M. s [ = C C—1J ] ; (£.92)
' ' 2, 2] |a¥V |
e =)

I'lements of Jjacobian in equation 8.92 are the partial

derivatives of the generatlon with respect vo the voltage phaseé

angles and mégnitudes of peneration buses in the domain of

power {low equations.

of  yoafg g L5 L1
'ﬁez 3 ‘aej a:f_ 4 ?DCJ Dey (8.93)
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1nis chrrter describes algorithms developed by the
puthor for opt’wum scheduling of combired hydrothermal systen

mokin _se ol system variecbles in discretc form, Jecause of

the linite. smount o. water aveilicble for hydrogenorstion 4n
& ~ivaer perioc of tine, th~ problem is tnat of dynsmic optimi-

zotion., It appears convenient to bresk the problem to that of

lei.: term plencin  and snort tera planning.

10.1 Longz terr plsnning:

«nis involves pleannines for the whole year which ia

d‘vided into 12 or 52 subintervels. It is sssu.ned that the

wrter inflow anc load demand is known with complete certsinty,

T.ia problem hss been trsnsformed into -stage decision process,

Superscript m denotea the steége or subinterval number,

The fuel cost of the thermal plents is as follows

T 5 ES 8 45 (10, 1)
1€3 m

where P;n {# the sverage power output durlin; the sublaterva]

m. T is the time of @ach subianterval.

Disregnrding the water overilow the water continuity

relation is ass follows



0 P 4] o
for 1 €i | (10.2)
wilere
v " . water stors- at tac end of mth suoint-rval

= water infiow i1to the reservolir during ath
aubintervsl

{
-

-« water discharge throu'n turbine durins =ath
subintervel.

q
.ne average nhydro power mcy be exprossed es follows

4

P - p AL, ik, ™ (10.3)

udfita‘g et al. have ziven the followin expression for

a conventional hydro plant

@ - i m =1 (g M
P, = Hy [1e = (Y& « ¥y )] I - q,)/'f {10.4)

Power {low relstion is 83 follows

19

— m m m
= Pl - P =P =0 (10.5)

m
whera Pﬁ" 15 the tots)l average loed power and PL is toe

average loss expressed as functions of P;’ as follows

s M -— . M , @ 2
r:‘ -%21_ ti 'JiJFJ (1006)

Additionsl constreints include upper and lower limits

on I;“, !?‘ and Pi“. For hydro plents initiel and final

velues of water atoreag: Y? and Y,"” 1is also prescrioed.

1
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10.1.1 Varisoles

Unknown varicbles have been classified #3 follows

Independent vorisvles. These verisbles incle le therua}

7enorations o. sll nodes exce; t thst of sinck nade and wuter

dfschorges tarough turbines ol hydro plionts in a1l sublatervels
excopt of first which mey De obteined es follows.

& =2 1
e (10.7)

Uependent varisvles. These varisuies inciude thermn)

~gnaeration of slack dus, water diaschar-es of the hydro piants

durin: the first subinterval, nydrogenerations and wetop

storages.

10.1,2 Nonlinear prorramring formulation

The problem has been solvel by the method of section

an initiel sct of independent variables nave begen 8s3umed

?7.9.
The dus)

from whicii the dependent veriables calculated.
varisbles sre obtsined by equatin: the psrrisl derivetives of

the Legrangian with respect to the dependent verisbles to zerog,
Inequality constrsaints on the dependent variasbles sre handled

through penalty function spprosch making use of Fowell's

functions.

e 3
¥ —_— 0, = m -~ M n
" SEQ{'“‘Ii ) L By (R PRy =
- o] 1 oo-1 m m
. %% ?E; z { (Yi - Yi - Ji N I1 )
2 Dg.om i A0 nel z .
S S I T TR b ]| RUPLY
1.



185

i ubserd ¢ s r fars w b slack bu. witn tu.r. =l
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The dusl verisoles for afy subintervei moy be obtalued

az follows.

;| S ,'-"l)

(1) Cbgaln z?' from equation

(12) Jbrain z?i; jed fronm equation (166 10eumi;e.

(111) sor m = 13 zfi is obtained from equatlsn {1C.11=4),
-
2nc for otner values fro.. eq.:tion 10, TzeiE=1)=1.

[ne oradient vector 12 as follows.



‘ext set . inde.enuvent v ri bl. usy be oOtr ned by uny
of “h. first order grodient teci.. iques describeu in sec:s .n
7.5, 7.6 and 7.7. .onjugate -redient method 1. bast suite.,
etiod iu expactad to D stsble 5., fasL enou h ss is

i@

true for ta first order “r~dient t chniques. Jtrc. : st

source of diver 'ence i3 ective penulity functions. 1hia

diff culty cuon b mininized by 1nitially choosing ¢ larre

vaeluo of | end small s.

inis technique nowever has the disadvantayg  of lsrpe
mexory regquiremsnt since th: independent verisbles and
pradients necd be simultanecusly storel for all subiutervols,

Deconpoaition technique uacld by in refersnc: 6 can be sppl!ed

to thls problem as follows.

10.1.3 Dscomposition technigue

It e pssumsd thet the woter discherge of ell th
subintervsls and the thormal generations of ail buses aexcept

tnat of slock are decision verindles, The Lagrangisn is es

follows.



15/

. (LR ~Y—
1cH P ArH e | TPy = By = Ryl
— m -1
¢ P L z (Y‘m - {. - J. * :.'\J
1€H <1 . i - i
i e m oo} T~ 1
T PN
1€4 )1) SRS g 1 J
,Yl YO " | m
e 2 \ == - :>.:J - S 1 3
L4 i i w i ‘ﬁflif (10.15)
5
wnere ri {5 the preacribod velu« of storage st ti end of

‘th suoin'ervvl.

vy le proved ii reference Lz that for the optimal
solution in the 1easidir domain the Lagrangian is minimum
s snd marimua for the dusl varisbleg

tne unknown variable
git!{ n technique is

for
L is minimised

The decompoO pased on this,
for all tn®

Other duri varisoi

other veriables snd maximised tor 2, 4. 1eH.

obtained by the technique of sociiun

en are

(Y 8
with respect %o the dependent

{vatives
10.10 snd equation 10.1%.

i-n 10.7,

partial der

verisoles yleld equat
s with raspect Lo the independent

tartinl derivntlvc
following aquations.

varinolL=s yleld
m o met m.
1 ’ i
T 1€H = 2.4 34 J I owd )
]
1 <o
dfy(Ps i1 oP;
e M = 9F; ) (10, 17-meq)

—_d;‘_ . 5.-.
dP"”ies'i“ d Py
3



ug w8t d slroritha ic @8 follows.

1
(1) et 2z . O for eac. storége t. pe hydro plent since

esuatiol soo0Cioted with this duc. veriedle is I dundant

~tion nssocinte wit!
LR &

{(2) . ssume @ velue of Z,4 for ch storage type hydro plant.

als vcolue will be later on modified by cradient meéihod

tc maxi ise L of equ~tion (10.5).

{(3) set me 1.

m
1

m
fron equstion (10.10-m=1).

(5) Cbtain 2
24

(4) Gbtoin 32 from equation (1G.9-m) .

m
(6) For m 1 obtein Z-4 from equation 1C. tam(n V=1,

(7) Adjust If‘ and P;", by the grndient technique with the
obtnin.d
, till the grad

conditlions of equstions 9.1, J.2 and 2,3

from squstions 10.16-m=1 38nd 1Ce17-uai;
' ]

gradientb
jents of the above ®quatio. s

and repest £¥oF

sotisfy the optimal

(8) 1f m< y, set mowm ) and repest from k.

¢s obtsined from the following equation;

(g) wWith tae gradien

AL £ .o s 4d L EZ I
A o Y g Z.-J ¢ 2"'! 1
dg4 % L e * m 1 Vg8

adjust 2,4 by tn€ grsdient gechnique and proceed from 3,

10.1.4 Comperisel

tion tecnnique needscomparatively less

(1) The decomposl

storasze.
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(11) . qurdr.tic functic . necd ta. nucoer of iterations
eq.al to tn numoer o. dec si... varienl s Oy conjugate
radisnt mothod. sou {r. tue qu . dr tic behav! Lur of
ti oojoctive functic:; the nu .ber o) itorati s for g
singls valus of 2,1 for the Jecom,osition tacanique
wlill De sl ost equal to thnt without decComposition,
iince L 1s to be opti .ised with res; ¢t to 2,44 this
sat of dteration will have to b« repeated tws to three

times tihe nunoer of stors-e ty,* hydro-plonts.

10.2 Short Term Planning

inis involves planning for 8 comparstively short periog

g8y one day. During this period, total amcuni of water Ki

to bs uged for each reservoir hes boen preestimsted. Head

variation could be ignored. Ihe period is agsin aubdivided

into say 24) subl.itervals, durin; which the losd denang may

be assuned constant. Assuning thet ths hydrog nerstisn could

be expresced as follows

P = pglIy) 1¢€H (10,19

For s sinmplified model this could bs expraessed ss

follows.
P{n - Hi(Iim - qi)/T (10.20)

If losses sre expressed in terms of loss formulg the

analysis is similar to that of section 10.1. If busbgr Powers

are expresved in terms of bus bar voltege megnitudes gn4 ang g,
]

the Lagrangicn is as followz.
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- 3:1 %g Ly \r;nJ . %: li'g Py (v®, o7 . *;“ ~z
51: by 1' PERIEAIE 1.n 'f
. fg "1m “’11 * ‘_1' ' E Yy Lt - Ly!
,z:: 1-1‘"', . (:) . 12_;3' (Pim; . uil;/é
, ;:.él IOREE I § A
. %g; 2,y (K, - %; I;n) (10, . 1)

varisobles have besn clas: fleu similer to the on s

-,
P |

descrihel in section 9.« 8nd 10.1. 1,

The dusi variables lm, u", nt during asny subintervals
sre determined by the method of section 9.4. vther equationa

to obtain duasl vsriables sre ss follows.

m

(o B9 m ; m "

S gm v T mmkg x WU By (10, z2)
. 1
dp, (L, )

gL 1 i*™1 ' 1
—-__.’ iﬁH = 0 o -z i - : ' . * (Ii ) (10. n,3

2" moy be obtained from equation 10.2: and L

from 10.23.
gradient

Independent veripbles can be adjusted by th

techniques with gradients obtsined as follows.
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g | g L, (¢
_""_; 1»; i # B = - 2 - - K . (1
J . d ;ﬁﬁ | i QOLQ]
8 9 pa LI
'—-{——?—g mp 1 4€ - - 2, - .'.m, i1 : ( a
J i ‘e B 2t ., M “C.‘S)
‘q ® |
Yoo . BB -]
—-——-——_ = h b X Y e - 1]1 ‘1(_.;‘”
7
wher set {8 defined 1. &8 cti Jolse

apsdient for trensformer tr; s:ttinss is {ven dy

equation #.29.

10.2.1 Deconposition tecnuigue

{th the sdvanteges and diJadvents ‘es mentioned i

sectio: 10.1.4, the decomposition technique for th:e above

problem may be as follows.

Tne Lagrangisn s minisisod with respuct to the unknown

variasbles and magximi sed wit. respect to the dusl variadles

2.4 1€4.
di c= B
- K, -2 1 (10.
) z}‘i b - i <7)
1(11') {s excluded from the Legrangisn of eguation 10, 29

The value of z?i obtained from equation 10.22 135 used to

optain the gradisnt vactor during thae subinterval m in

equations 10. 24, 10.25 (including for m = 1), 10.26 anu 4,2,

oendent variables are pdjusted during the sublnteryg;

The inde

to make the gr

and 9-3.

gdients satisfy the set of squstions 3.1, 5 -
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secinnique of t..ls section is garsllel to thnot of

reference o. dowever tac decision vorisobles and th. Lerrenpian

i=2 a'fleren..

10.3 Lxomple
‘ne problem considersd nes two thermsl generstors with

the followins fiacremental costs,

df, , i
?—r— .vb‘ .3 2

represented by equetion 10.4 wita

~

and two hydro generators

following data

= 1.0, C, - 01' q1 - -1

H,. - 1.2’ cz - 012' q—‘- L .05

Totel water avellable in the 12 subintervals of one

unit tine esch 13 12 an3d 15 rospectively. Initisil 3torsges

gre 10 and 12 raspectively., The loss formula metrix ig

sz follows.

0.05 ~-0.02 -0.01 0.0
~-0.02 0.06 ~-0.02 -0, 0t
-0,.01 -0,02 +0.0L -0.005

0.0 -0.01 -0.,005 +0.02

ver input during tie 12 subintervels 1s 83 followg,
. B a
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@ 1 < v A 5 7 J 1 11 1

J, 0 .6 1.. 1.. 10‘ 10 (.z& 1.‘0‘0 104 2 P O
m ~

J ( 1.5 3-\4 .Oob 0-5 105 O 0 0

Irftial an finel values =r giv“n ‘r Tebl. 10.3. 1 snd

1..3.2c resgectively.

1 .4 Comients

|C§

,rlicﬁuon ol discrete nexium prisciple sscentt ly

will ziv  tho sam 38 of equitions silicc the relations of this

principle hove b n obtalned In ref rence 25 mskin: use of

Le~rangion formulstion., Applicition of discrete maximum

priaciple as attempted in relerence g7 turns out to be the
epprorci of 10.1.3 except the dual vuriabl: associated with
tho storege equslity expression is not adjuated by gradient

tochniqua, for & syatem with one hydro and on: thermal

genoration. for a system of multihydro-plants this reforince
(27) sugrests an iterstive technique of Gsuss Jeidal type,

convergence of which is doubtiul.

Anplysis given by Kirchmayer52 5l8so mokes usa of

tecanique similar to decomposition technique except no defip;. .

method 13 given to adjuat the dual variable of tne storage

expresaion.
Tha spprosch of section 10.% macing use of a.c,

simulation of network does not sp_esr to be very prOmising
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becruse i tn. need for repesated lo . flow solutiosn Jurd

e ¢ a.viterver. of each iter-tion o. ache uis ... The sutaor

fecls t. t ¢ gropose. mutio.s of sectioca 1.1 ¢ waic: tae

expressaed 1. terms ol los. foraule =2r2 nore
It mi.at be betier to

locses are
roe ‘cel for shourt torm plek.in: too.

us of difierent los formuls matrix for light sad neavy

mak
at tne ti.e of actual dispasten t:i: thermsi

lo-ds. dowever,
ranareti ., reactive pow.r snd tep s tt'nzs may 09 cotained

m kir use oif the COBpUL I pro-ran e of Chapter 9, wit. tne

hydrogencrrtions 8s plenned.
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Chapter XX

T\ [

W

CC..CLU 'I

The autaor is very stronly convinced abo.t the need
of s raity progras inz for systems involving lerge ap rse

natr ces, abzanc of which, apart from the huge additional

comp .ter time, —ay 7ean failure of an eigoritn. due to builit

up round off arrors. flecewise mathods have besn used by

meny suthors for large network probleus such as .-matrix load
1;ow";3"“ ani optimal power systom Operationu“'sz. The

power asystem is subdivided into » nuaber of interconnectes

subsyatems, Z-matrix or other now sparse metrix of each sub.

system is forued seperately anu every subsysten is solved
independently, makling use of th: veriables obteinad for other

subsystems. /8ny such tecnnigques nesd Gauss-Seidsl type block

jteratisn, convergence of which masy De hard in the absence of

af ficient sudbdivision. If 7-metrix 1s replaced by the table

of factors of nodsl sdmittance matrix,
deconposition in meny ¢s88s mey ngt

with compsct storage

anc optimsal renunbering,

pe needed.
application of compact stornge, makes the cozputer

logic c:apilcoted. If & compiler could be written such tpaq
t‘; prozremune written 1o cauventionnl way could with little
50 & 44 e, 4

tion uss ComjpRCL storage, this will De of grent ——

modifics 2
s auch = programng .

BPA prooably ha
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fiiciency of &n iterstive tecanique 1. 7 nerally
Jud "eC DY sctur lly trying the tecaniue over the systes. inis
usucily needs months ol programsiil affort. Tnrou n the
spplice“ic. of fixed moint anslysis, 1t is sumetinas possible
t. jJud-e the sigorithm. The suthor hes de nstrated the
srplicetion of thisz anulysis for losu flow methods and 8o07e

of * optimal power flo. methods. For the optimal power

flow athods makin- jauss-Seidsl tyre iterstio:s with

Carpentier's La -rangisn, suca analysis is restricted for real

powers only. /.dditional work needs be done in thia direction

Tie author's conputer progremne for losd flow Dy

Newton's iethod makes use of all sparsity techniques and

obtains the non zera elements of both rows snuy sctive ana

resctive powers in one sst of calculstions. The method

suggested in section 6.1 for chsnglrg bus ber types works ver
b4

well.

The optimal power flow programme degcriped in Chspter

1% works of  iciontly with nardly eny convergence difficulties
for any objective function end ANy assuned set of initisl

The soluti

s for object

or. needs abiul z0 to 30 osolutions of

condictions.
{ve functions without penclry

Jacobish equstion
30 wo SO aucn soluti

AS painted esrlier, apsrt from thae

functions &% ons for objective functicng

with ponality functions.

o fuel cost minimis tne method is found to work

ation,

routin
or requirements as well,

snning adad’ tion “V

well for pl
1ikely &3 more experience is obtaineg
@

ents 8r8
practicsl systom.

Further improvea
on-line spplicatign

while working over &
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of t.e couputer programie will need th system dats

tel-netired asn. processed tarcuzh 'state esti. - tion' for

whici additio -1 work is neaded.

iCpuse of computer menory limitations, our study was

restricted t¢ 30 buses only. The solution needs sbout 4,500

wordc of storage for t.u voriabi s and 10,200 for tae prozramnce

witn two lin<s snd 13 local subroutines., .hile menory

requirenent for ti: f rmer will be approximetely proportiocnste

to the bus bar nu.bers, for the later it will remain unchangzed,

The suthor expects to be able to run s problem of about 150
buses on an I3, 1130 couputer with 32 X words of storage.

/dditionsl work needs be done for simulating lerger systems

on small computers. Jeconposition does not sppesr to be very

useful slong with optimal renumbering and compact storgge.

In Chapter X algorithms for optimal hydrothermsl

scheduling with and without, a.c. simulation of th. network,

and decomposition for multithormal snd multihydro pléntas (with

and without head veristion) are presented for deterministic
load densnds and wWater {nflows. Feasibility studies need he
made for the algorithms with the trsde offs of computer time,

Additionsl

weter infllow.

ry snd accurscy work needs be done {or
nemo .

stochastic losd denends eni

PPPPRPSReE 2
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