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~ .- _5.!.h.l!!t!. 
tion include• load · protections, load .•... 

8th line 
-;;Optl~hing Control" in normal or preventive conditions 

includes active 

I lth and lZth line 
-g;.~-.;hl~-~-;~;rgency and reatorative operation induJ 

ea ma,;;imum load determination and dynamic reetoration 

procedure. 

.!.~h.lE~ 
"Adaptive Control" includee relay setting changes, con -
trollet· parameter 

£1l!ht...~.!.i!!L._2~.!!<!.l!!t!. 
The relative' rolea of auton1atic and manual controls, in-
cluding information processing and display, in eyatem 
operation and planning will be illustrated for each of the 
above functions in the next sections. 

~ - _?!_h_!_l}_d_~t,E-~!ll.e_ 
2u load-flow equations : 

.ltE_Ull.e_ 
or, in more compact form,; ..... 

lOth line 
;;ct~~-E (alternatively, the line transit vector) : 

tion includes governor emergency biasing, load ••... 

To "Optimizing Control" in normal or preventive conditions 
bebv active 

ges; while possible optimizing functions for emer"ency and 
restorative operatio~ are the determination of maximum 
acceptable load and the choice o£ an optimal dynamic reeto
ration procedure • 

As "Adaptive Control" fun~tions we . list here - besides eome 
of the above quoted direct conh:ol emergency action.-, which 
might also be called adaptive - relay setting cbangee, con
troller parameter 

The relative roles of automatic ani. ·manual controle in sy 
stem operation and planning, with special. ref~rence to infor 
mation processing and dieplily will be illustrated for each ~ 
the above iunctions in the next sectione. 

line 5 ie to be cancelled. 
However, t:'le zn· load-flow equations 

or, in equivalent but more compact form, ••. 

vector E (alternatively, the line tran.tt vector), the system 
of equation• ; . 

G (E, U) = 0 ( 10 ) 
need not neceeearUy be eolved directly for the optbnizing 
proKr&m • . 
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G. Q..:azzc. 

CONTROL PRO B L E M S IN ELECTRIC POWER SYSTEMS 

1. Tht !'Y'aiu ;:._ppl '.cL't·c ~s oi a-....:r:n1.,.dc C')!":! t ro.ls .:~ J--l''-4u ~ t iC;r . t '" 'll • S ' - - ~r. -~~ C L 

and dist :r1butiou of e!-'!~t:r i t. en~ r;::y, ~· !: it !·.u3 b e·:1; "l4i•:c c..l enrl:,r ~rl'"H' "" 

by .C. Fav.: ;c; in r.d survey 1 a p (; r 
th<: bas i~ :~::quii·em,'n\. 5 of qu:> tiry of s er\ ~---: ~ ·.t.. J r -:.:: ~ ... :·n:•' 0 , r·~ ·~ c tJ·i s , ? 
wer supply. b the foll•)v::n~ . ;~ i:>J -- e f art: C' .! l'~ i .:: ::~1·<> f gi-- ._, - ~· 1 t'•~ --:.·<> 

!tent tr:: ::-d:; i.n el c c>ric pow-:.'· r. y f'. el•1 ]:)k m ,;<:; -.r,~ l- jX: r at : ,m, ;•n e ~t · , ~ 
shown how the ~ .. :cwi•~e d<!l-n antl t<:r l; ,~ tte1· s<?.::u ~;._. a nd c--. · ;_~i.n ..~ : •. ~ ,., _- :··: ..: 

vire OP ·:me .;i<l...:, and ~.1vest~ncnL .~ -d Oj.'€ l' c1.: '.r._:; c !'t • ~d•·.:. t :r-ro '•r : h .: 

othe.· s i<ie afie c- ;; the rOLe oi cor·t r ols ;;- ::~th ~I" s ~r str. :m :.~.<i in s~ .: '. i. .. m c, :_-- -

raticn aPd cie£;gn . The recent ,_ :::-ogress i:1 .: ·ach 0i: ~h~ '1. . ~u~ "' 1·o;:.s J. 

co.1trol techr:.ic:ne appli.::at:on.: is ~h<::n outline, <.' . mJre , e'"Pi• <• 5;"> ht!i :~ ;:: 1 .<>: ~~ 

on !he '.lS"' of com~ute::-s. and 1i10..:er1: u1r:•ho.:~s o! ~' - t o.\~"!1;.: ,..,,J~r ~;s , "};1ti 
mizdt_io" and iilentificat i£•n. 

1. Z _I.re~cl, __ il1 po·.v~yf.:t ep< p_l,_ nr;~.-" : ;~:!!.!:.?.lcm d "E';~·,_:::e _s:.::·.·~~-~·i.!J•_ 
Fig. 1h -iUaU•ativ:ely sho•vs h:>v. tile '),_,. _ aJl :nve .:;tr.n~w .. nd UJ.- ~ .r ; · .1.5 
co_sts of la:cgc:: b"ile1-t·a'..J.:.-,e ge•.ero.t .. :>r v..."1it~ ~ ..::': ::- ; ... s..! -with uri• ~c. · m .:-!;· · . 

It e::'!)lctins why ia the iac~ ye:.~:; t .he-re haf l:et:l1 ;-_ !:{ :~o-..~.· in:; t:- -:. nd t ~ -- - · .-~ . :J 

lar~':!r and la:t:"g~r unit <~ i ... es. _."he ... ate o~ unit r: :7.e in=rP' .>e he..•; be~~ . , 
lnf.:;.ct, i:..npic::&~v r: , ; · t · Fig. 1.: J.n<iic~i.t:e&. A!li,oug;, tl~~-:: in:>.;:;'tlatic.., c: ;:-, 
large.~· :.~nit in the !l:"•tem cali& ior Jno:P reserv• !. dt., t ·! ~ 1 "'d .t-~:L,n ln[' it ~·- 

c:es - which ;:re bc.;;ed ,lpOn ;1 iChl~r ~ Jphistic:>'ed ·l~gital -C "1:!llll 0 l" r;-." -
grarr..o !o-:- c:ticulating systetn ava~labiU.y a• t~--~ !•eaK 1"- d <- •1<; L : cicli -1!. 

wlien to il''1taH a new unit - indi ccttc ·that '.!; •;t .;i.-..et. uf r 1ore •• , ;;. •. S'fc ·: •. 
~.ot?J syste:n cap: citv, for r~asonable values ;j_ pew. -~ r _sho.-td :>; ~ r 1d<. " 

c>nd goo<l u:::~-~ !orccL outage ~·at.:.z. rn:-..y ~ :.i~l be ccn\• ... ni .. ·nr. ~.~ o. :~ ·:r 

words, a lj(,Q W..W \ln~• :nay be "COnermk f-:-~ a ::<.. C ~~~ M~ sy~:::F<•n. 

Tndeed, units uf more than 100" MVJ\ ~ ... ~ -~ng dl"t alre::>'.ly m ...... prr :•t;o:1 , 
and turbine-gencrc:to.r m::~nt.:ach: .. ~rs do no! .3.::~. ai<:er t.a·.ing & ·)iv~rJ 

t!.e problP.mS of rotor <.vnductor COC'IliPJ, any unt••um :,•>t.ai::L: a:_:fic.-.~.dc!' 

in going f•1rthe~, ex ~e_r:.t for transf~- ~·tation :i·~"its. 
However. all the auove !Jl"Ogress nat> Ot:e rira~;rbc-_ck : lrt-:g..;r \' :1itf' shows 
worse rdi?"!-tility, i.e. greater !o:.-:ed'·outage rat.:: IF,') R. ih F '-!;.1C 1 

Whv this can ~appen. ;t \~; open to quP~t ie>n · but i£ may not; 1.-.)k se 
strange, ~ven \n tl,..• yec_r<; of •ec+.n-:-lc:-ic:::.l matl'-ritv , ii it is r," ·;ic..eu 
t!!at the tur"!1-ir.~-generato:~. ~tsig~.:!r 1s !!· .. q~e .. tlv iaced with st\Jd\- mg rhe 

I 
• I • 

Giorgio Qua.~ zo. is with Ede Na.:'.on:..le E-o-:er ~ia !:.:h:ttric .. - Direzi.:. .. e S ·t•di 
,. R icerche - r.entro f; icer(_,1. ..ii P. ~~to,r.:-.~ ica, M.\lano 
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. design of a ·much la~~.:!r un;f: wiu'!l"l ~he pr~.v i011s smallr.1· m.adun.- hac 
not yet und-.~gone e'lcngh e:~pP.rimcntaticn. 
Furthennvre, inllJroved mate.rials and d~s•.t;r• methods i1ave ha!~.-ed m~ 

chine ·.veight pe1· u!:it outt>ut power, or ii.-.crea .~ed tur~ine l;larle size hy 

501o ;n "'· (ev: years; ._,ut often to tne exp!!nse vi saf~ty 17targins , o. ~1d 
in an~· casP with co'lsequent les:; inertj;t c£ ~'"~tat~"'g f•artfi, lower mPto.l 
capa<..~ty, lower "vater and st~aw. voiumett. The effects of d~stu .. ·oances 
a:r'e much faster and call fu1; n:-...ch · more prom~ at::tion, to avoid s~ 
faults and dama~;es. 
A rol'.gh iaca of th-:. role of unit F. 0, R. npvo rest'rV'! requi£e.o.nent::; is 
given b} Fie;. le : an;:! it sho\•ld be .added that realistic Ggures for t~z 
F. 0. R. in tht:: Grst y"!a:r Cif operatin•, of a iar;:! u..nit are in thi'! order 
of . 8 to 1 i %, ·.vhile evi:!e1•ce is not yet availab!e that af !e .. · H,rec ye:.rs 
th~y may be bett~r t""an 3 t~ 41o, ior unit rating i."l excf'<JS ~f 300 MW. 
Nevt.r!h•less, the trend is tow,.::.-ds largP.r. :?.ne! lar~B" unit size11. 
A~ot~1er goO'i •:eao:on for this trend is the de,.elop!'.:l.ent cf interc.:.nneuion!ll 
betwee"'. power companies : '.ndeed, it is or.vious that a pool ar:.ong se
ver~! con.Lpanies ~a~ '1. larger capacity t:1an that et a. sbgl~ meober, 
and as a C01~s<>quPnrt. the largC:st wlit bec('mes ... sloc::..llt. r fr"lct:on of 
t~e tc-+'ll cap:>c1ty, so ::h::.t the c-.re::.-all '1- r::s~rve r~:;quireme.ltii decrease. 
Tht:: i.wt-stment-plus--.peration-economy •r .. pTO"V~S. 
H~wev"'r, :;oi:1g tco far ;a in.:re:~.s;'l:; u11it s i ze a!:d d-::.c ~·easu.g overc.ll 
rtse .. ·ve by pooH'lg 1-n.:.y be ~ang~r ... us. · A _oroblam of S)Sttm security 
mav arist. at;ai"l, it tht' :>"eserv~ i s :-.ut ~uitab!y 'li:;tr;b'.lted in the p~::>l. 

Tripping of a hrge ?ower stat:on wher. tl:a ~vai!able re:serve is physi-
... ally too far ih the ~yst£m r!'•af . engender i'nstaL.ilil:y. The t:ransi!'nt ~.av 

occu:;: when tbere ic; an unexpecteu overload tor c.Jvc.rse n:eteoro~ ogical 

cituat•.ons, while. many !ines :tre on pr,grammed 1n3.intena::ce, et.;. : a 
T isk vf bla ... k- out appears . 
The f.ropa~atior. of a larg~ tTansic:nt acro:>s ~;~~ ::;ystem !a a real pro -
blem, a., woTld-!cr·.own :::asec 2 .have al)own. While it is impo.&siole 
i.o have 3. ':'CasonaLle e!lt:iinate of black-out p-:-obability, an;l constquen~iy 
de~Jign the power system with enough ;;".fe::y :m~rgins a .. io pre\l~nt 
collapse in s..:cb Eituatio •• s, it i~~t U•lpe:rat.ive to sh.::iy a.:1d apply any con
reivable automatic cont~ol actio1. that :n=.y save i.h~ system. 
Just as the large and lvw-inertia br~iler-~u:rbiue g:mera.•or \ll1~t reql.Lb:es 
faster controls, bettet protections, automatic:1 of the tvo com}Jlex start
up and ohut-down ope:.-ation& to rP.duct stresse3 through imprc.ved ::-e -
pea!3.bil.ity, power s~·starr • . security calls for centrdizec aut:::matic :.on -
trol& and protectio'ls, pre-planned corrective actic~.s, .::perator-guid"'s 
for manual emer&Emcy il"l~c:r.ventions, cc•ntil"U"US n1onitoring o~ syste1·.1 
~.verloa.! Tllargins fo ... pos .. ible c.>::.tingencieo, · load-sl:~uding, .,.ystem 
split!ing, installation of 'luitable ·ah ~c~ current tr?.nsmissiva iines to 
avoid trans~t.nt pr.oF::.gahon, sv:>::em resto'.: :ttion procedures. 
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1. 3 Role of automatic control techniques for system security and operating
economy 
In the preceding paragraph, emphasis has Leen laid upon the need f or 
automatic controls as means to achieve the desired power system s~c~ 
rity. While security is certainly considered to be the mQst important 
aspect of quality of service, it must be remembered that controls play 
also a role in minimizing frequency and voltage variations , and their 
application to system operating cost reduction through centralized eco
nomic dispatching and station unit performance monitoring is becoming 
mere and more widespread. 
Actually, · the in~luence of automatic control techniques upon electric 
power systems is even broader. Indeed, as long as they were directed 
towards the improvement of the response of single feedback loops, they 
were conceiv~d only as means to obtain bett er operating performa nce 
from a given system, the design of which was made independently oi 
the existence of controls and was quite often based upon static stresses. 
Today, the · ~ total system" viewpoint is accepted. It is understood that 
system structure and general features may limit the results which CO!! 

trols may achieve : why not accounting for the existence and the perfor 
.mance of automat ic controls in the system design stage, so as to rem£ 
ve useless or economically unjustified constraints ? 
The impact of modern controi theory and methods, from multivariable 
system matrix analysis, optimization and identification, to computer pre
dictive, adaptive, non-interacting sampled-data controls, while still 
relatively small in actual realizations, is very relevant in the basic 
engineering approach to system analysis for design and operation. 
Accounting for network and plant dynamics, and adopting the total system 
viewpoint in the design of electric power systenll poses, of course, heavy 
and delicate problems : system size and need for simulation, analytical 
vs. empirical models, need for statistical i~entification of system envi
~onment and load changes, centralized vs. decentralized control, partial 
automation and man-machine communication, predictive vs. feedback 
action, reliability vs. manual reserve, et'c. 
How far this integrated vie.,v has gone until now, we will somehow try 
to show in the next paragraphs. To be .consistent w ith it, we will start 
with system problems, and. '.then proceed to plant controls having in 
mind that the specification$ of the single geneTating units should at 
least conceptualiy be established as a result of system r~quirements. 
Following Dy Liacco 3 , we will distinguish three levels of power sy
stem control, with increasing degree of operator intervention : direct 
control, optimizing control, adapth·e control; and for each level we w ill 
liet the automatic and manual functions, whether the. system is in nor
mal operating conditions or in emergency. 



· "Direct Control" in normal operating conditionH includes primary frequen ·
cy control, tie-line power a.nd secondary frequency control, generation 
voltage regulation, transformer tap changing, condenser and reactor switc!) 
ing, fault clearing and reclosing; while in emergency and restorative oper_!! 
tion includes governor emergency biasing, load shedding, network · automatic 
switching, out-of-step tripping, system splitting, automatic feeder ·1·estora
tion, automatic load transfer. 

To "Optimizing Control" in normal ' or preventive conditions belong active 
power economic dispatching, voltage and reactive power centralized control 
unit commitment , hydro resource economic allocation, economy interchan
ges; while possible optimizing functions for emergency and restorative op~ 
ration, are the determination of maximum acceptable load and the choice 
of an optimal dynamic restoration procedure. 

As "Adaptive Control" functions we list here - besides some of the above 
quoted direct control emerJZency actions, which might also be called adap
tive - relay setting changes, . controller parameter and set point variations, 
security assessment and consequent· network structure changes or generatinJ 
power reallocation, constraint modification, reliability evaluation and stabi-

' lity analysis, fault location, reserve requirements, diagnostic analysis and 
touble- shooting. 
A similar distinction could be made for controls of stations, substations a~ 
distribution systems. 
Tlre relativ.e roles of automatic and manual controls ·in system operation 
and plann~ng, wit!t special reference to information processing and display 

will be illustrated for each of the above functions in the next sections. 

·II. CENTRALIZED OPTIMAL CONTROL OF ACTIVE AND REACTIVE GENE -
RATING POWEFS AND SYSTEM SECURITY MONITORING 

11. 1 Optimum control of active and reactive powers in thermal production 
systems 
As it is well known 1, an on-line automatic solution to the problem 
of minimizing operating costs of a thermal system was already avai.;. 
lable more than ten years ago. The numerous applications of relati
vely simple analog computers to the economic di3patching of active 
power.s were all ·based upon the coordination equations 5 and quadra
tic formulas giving transmission losses as functions of the p generat
ed active powers Pi. 
Such formulas ·implied rather restrictive assumptions : constant volta· 
ges Ej• 9j , constant ·ratio · between individual loads and total load, 
constant ratio between reactive and active powers; and loss coeffi
cients had to be re-calculated for each network structure change, or 
pre-calculated for several network states, with consequent adjustment 
of analog computer potentiometer ·settings. F\!rthermore, quadratic 
loss formulas were not allways suitable to describe the variation of 
losses with load for non-compact networks. 
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'r'!:e adve:-t 0[ the ,_lig 1t..1: co•n!Jutcr 1':::!!; lr"h- he<' n ;:> '.urniug .vj _:, . ~ l!l c :. 
L!1c and "~!i-lin .: e .: OIJC,£11i.c cii s p :> t~.,.h i P :,: . - ~' : c.~ c- i. v l)(.. C r-. .:sc :t .. a s . u<\ ~1~ c 

pt.,..Sf:'ible t o "''"':::"10' '"" · d~ ~b. ab,)VC lint i~~.t iCJ!1::i, ~ ul al s 0 becau~e Jl }-. :-s r,:£-·- · 

ed c1 satisiaci'ory .soJ·.\~· iun io thc prohlc.r~ oi iP :ccraim, ~ he c;t:;=;. r~...r. :~ ::: ' : V-

non1ic i!il01...a:!.on ,.! gc '".t.rc.t<:d ~1ov. e-:- \v it!, tbe .... reve.1t:ve asSP'>smCI' ~ of sy

~tem securit y i.11. tron ~ cf. 'r: s. c;i~'llt» -!i1: ~ -cr ~ .. .: Per~:'~"'" ':l· ·: ~~es. 

In a,!ditloo~, t he rr:c::- t' r i:.:· n <' ·,,:; :• 1<- ::-c :, ,. !. to t'1 · rn; :;i .. l ::: <.: t ' r;n ..; ;· 1-r '>ri u.:- · lu. 

c•::.sts, \•.-:terc also i"e ?. <.~ive pc ,•l(~r!: c.r :::- c •: , si-:: cr e u i'!S .ari<: CI ·: s ._ , _ -~ t ;): ;::· '.' ' 

ed · and -:::m~~raint s on li:·. ~ ~-:?J• s its ?re acc: ~un ~ .. ·• t:>r, ··.:~ n ;>c :•·.-.pl,-· .. --: ,· v .i . 

Appiicatior. of K-.hn an.d ·T~6,P.l the•)L ern ~~ the p ... · n )~ .·~.: of 

rninir.-.izing '!<' ~ I 
j:l 

~ubjert ~0 t!:e static ac~ive r:-w··::- balance equatjon 

0 

where 

0 n-o 

~ = 1' pi - 2: ( 3 
i:: 1. j=l 

· with gi\len load ar.~:.,-~ po·.;.·ers (:j arad !'~activ~ po•·Jc.;.·s llj . am' n,:)j• c~ 
to inequolit)' c.:nsti:ain~d, d\•.e to t>quipmer.!: 1i:~l:t,.ti. vilS , - s•1cl; as t; er. ·~ -.· ;-t ' .• ·:: 

plar.! t::<!~acit~es, line transit capa.:itit:s, b~s vo1'.a~~ tc'. er ~ n~P", - ::.--:l".n~ 
which we Hst he:..·e £or s.:naiJlic~ty only U:e con~traints 01. gea ... ·:.tP.a : ctivP. 

p<'wera> 

'Pl.m ~ r: -? P.,., 
• . 1-n-.. 

r 
~=F+Ag+L 

i=l 

wjth respect to the va:dabl::s 

dF~ ) ~PL , 
<!Pi + • ( 1 - 0 pi I + 

3PL 

oQi 
() 

~:(Pim- P) 0 

i :· 1' 2.;. 0 • p 4 \ 

0 

!=! 

( 6 ) 

= ) , ~ . . .. 'J.• 
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y.iPld th..: sclutiQn, ~f tr.~ expressions '>f t~e de!"iva.~ives of ·:ransrr.jssion 
los.;es 

( 7 ) 

caD bA obtain~d, as .funci.i.ons of ae!t•;.: and re;1.ctive powP.r~> .Pj, Qj a t 
:>IJ r.odes, i. e, inclurlu.'~- bQth ~enerator <>nd load powers, witll proper 
.,.alues." for bus volta_r.e_s Ej and- · ~;t,<..sc_ an.,;l .. s 9,ik· 

fhe ::i<!cond equatiofi ~n (6~ shows that mimmizatbn of prod~ctiun cc.::;ts 
... alls .Lor minimizing •rans:nission l(MJs.&~. ·· :.:s·· .fun..tions o.~ :react ive p~we,.s 
Ncti<;.e i.hat thf! nc:n-n~::&ative du~t v ; .. :r:iablez, associated wi~h each im:t;u.9-. 

. lity constraint, s1o1ch ~ \i~ or)!_. ~ · .: m:-,: t~ interpreted 8 as the incre 
mental costs of the cE>1'at-raint -or \h~ senSltivi~y of cnt to the cor.3traint 
vabe. 
L'"ld~~d. notice t~at if the -r.-ons~rained opdmm.1 c<.!~e for fi = ::-'iM• re
lr. . ovi:>~ thl< constraiDt . . i, ~ 1 .i.etth11;> . 11· H. ee to be inc-rerr..:.r~ted by ..:"J !·;, 
would yield a !lOSi.ti-vt :::ost · redu<;t.:ia.-.. -~T:' = ~· .6r~. 

The actuai _soJut!on t~ 1_6) can 1:-~ ob~ai:-. .ed by i • ..:ra~ion, with r~laxati(m 
betwc..en active ... nc;i reachve po•.Ver aHo..:ation c. Rt:active l?OW~ !" r. ar .. 
gi·.,en bv th.:: r""aCtive power optimiz.bg .;ubr:)ut.;ne, and er.~ er !~e act Jv e 
power _progr::o.n1 ·S.3 inpute, Ry iter4ting. on an l.l,tially es~.1:Y1at.ed valui! 
for A , th~ .-.ctjve power.s :.:as def e:!:tnined by the coord:nativn :?C!uations 
with estimated ~oases-cue. deri·.·ed , A load flow is r.alculat~.d o:-:. the 
baPi& of. such act~ve pcw~rs, fro 3..8 to. ~1:-tain a con·ectec value fo.,. 
tra:ns-miosio.l lol"s-e· ~ and purs~e iteration.<J ·on lvsses until -::oi,verge ~ -

..:e i3 ac!.ieved . ,'. skct E:h ~1 an active -power -:.> ptimi<.ation i:ow -:hare 
~ is giv::m in Fig. ·;:, while Fig. 3 Rhpws tho:: !'lClw c..hart fo :- che rf'a.: t :
\''J poweT pa:rt cf the prograrr, as "!:>ased on a gr.:.d i~nt method 6 

( 8 

whe£ e ~Q is tht> p eo~umn-vector of manipulated reactive powP.rs . 
If voltage consti :lints a::e violated, k(i) is decrea,::eu : . i.£ a reac~i,:e 
power iim.;.t , s.:..y QiM• is exceeded, Q

1 
is kept fix~d at Quvf· · 

Comp-.::ing· time~ of about 1 . 5 min on a j60/50 IBM digital . ..;omputer 
for ;a 176 b•:;.ses, 268 lines, 2:1:' regulated bt:3c~. 1.:, g•.!nerating plan:s, 
5-se;;m~nt -:oflt curv:.s. zre revorted ~ 

II. 2 _f_entrali:z.ed c<-nt:-ol of reactive ~ 
Reductio!: of comp-.t;.1g time is essential, jf such digital pr.ograms 
ar'.? to . he implemented on an ou-line computer . I~ re :..narkable t-Togress 
has recen!.fly beer~ rr. ;:.de in cutting down . load-flow -:iigital prog:- :un 
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times, expe cially by the use of the product form of the inverse system 
matrix 'with ordered triangularized factorization 10 : a complete load
flow for a 200 buses system may now take only a few seconds on an 
IBM 7040. 
However', the 2n load-flow equations : 

i=l . 
k;:: 1 , ••• , n 

{ 9 } 

or, i:l ~ h.t m:re CCl"l1fEd ~. Wihat explicitly · mentioning load active 
and rea<::tive powers Ck, Dk and network admittances Yki, but 
introducing the manipulated Pj• · Oj vector . tt , · and the bus voltage 
vector E (alternatively, the line transit vector l the sy*m (:{ equations: 

.G (E, U) = 0 ( 10 ) 
need not necessarily be solved dire·ctly for the opt;mizing program. 
It is enough, more fr·equently - both for constraint equations and coordi
nation equations - to obtain the derivatives of ( 1 0), i.e. the Jacobia:1 ma
trices GE• Gu of G derh·atives with respect to the components of 
vectors E and U. For example, minimizing losses vs. react:ve powers 
should comply with the condition that bus · voltages E remain chse 

-to their reference value•, within a narrow tolerance. The linearized 
relationship is' then searched between voltage variation o:1E and mani
pulated variable variations A U : 

/lE ·= 5 .6U ( 11 ) 

where 

( J 2 ) 

- 1 
is the sensitivity matrix. Calculation of G.E is, by the way, greatly 
speed~d up by the above ordered fac:torizatlon, the efficiency of which 
is due to the sparse character of GE. 
Sensitivity matrix and Newton-Raphson methods with the product form 
of the inverse have greatly enhanced the possi'Qilities of on-line fast 
programs. Indeed, the rigorous approach to active and rea;etive econc
mic dispatching for thermal systems had already been stated by J. 
Carpentier 7 in 1962 with his "met}:lod of injections". 'but convergence 
difficulties and computing times had somewhat impaired . its application. 
An important progress towards efficient programs, along &·omewhat 
different lines than in (I) ~ (7), and more in accorciance with t'he ori
ginal ir..jection . method and th'e sensitivity concept, has been obtained 
by several authors 8, 9, 10 ; see expecially the methods of differential 
injections 11 and of total injections 12 
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In t'te pra-::tlcal <!.pp1icatio!1E~ of on- liue compute1 s tc central oi voli- a .=:e 
anri rec;.ctiV'f: P'->W""!"S. atte~·,tiou r.-.ust be riveh to the fact that th~ el .. -
ments to:> be mam.pulu.~ed in order te effect the de~!.red .6 U (er L. Q) 
are t!:e following : 
1)- L0ad Tat- Cl1an ger Controllers, fo1· var~·'n~ t-.:ansformer LUr.l-rat iG 

who::re L«.p po;,;itio.-~s cc.n nniy a~sume int ..... ger v<.Jues ; 
2)- Stat ~ c Cond.Cil"e-.. s or Shu.nt React~rs, w!:ere ~gaia L~e numbf";r of 

cap?citors or reactors· that can. be sw;t c:i1t-i on can only be intcgeJ 
:;)- Rotatinc Cono~sen: .:>~ Generat crs with Y:.i:i.t ag~" -:>r rcactiv -~ po•,.,er 

control. 
The Olll\' item :; ) ca'l as5utne any value withi.1 its mc:o.ximum-minimur.>l 
l.imit-::, and then t-o:: sPit':l.hle to the straigi.t.(orward application 'Jf (1} -: 
(8) ; act.lallv, since 1) ct.nd 21 '\re quite effective etements to be used, 
the .;.OT!"'puter proble.n bec..::::l,es one of partially h:.tege1 qu<".drat!c prv -
&ramn,ing. 
On.: <tpproaci1 13 • l~ , ,vhich has berm ... . emplo,•ed for the l\yush\.1 

Elect·: ic Power C:>. on-Hne c,:,mputer ins• allati-:>n, split~ tile optimiza
ti.:>n pro~;l.::m inf.:o tw<.' - p!-!ases ; ~) search it'T bus · vol:.agt:.· ~- hicl-t are 
compati!::le \lith constra-mts; b) rr.inimizati"n of losf.:es. Whi!e for phl\s
h) jirect search :netnorls are U!led , phase a} employs · a m·.J.ti-s1age 
conjugat ~ gl-."tcHe.lt - methorl, with app:..·oxinlate 1;scre ::- izat ~~u '>f synchrc
nocs ma-.:~,;_ue r~ac~ive pc.werfj, i:-:> 'llinimize 2:"" (~Ei)l, ..vhere !lB is 
~iven 'hy ( 11) : the mir.i01i:>-!::1g P• ..:>cedul'e is ~topp~d when all volta~~s 
have c.(•nv• w~~hin tht i r tclerance •ange. 
If if: is nvi:iced that the. over:::.ll ecv.,vmic o'hjective does not cl\ll f::~.L· 

fre'!Uet:t i. controlllng clement adju.st;.-:"lents, say one every mor.:. than 
15 :ni"l, it is Wlc!et ot ovd 'hat thP. rc.port:e~ 13 computing time of 8 
sec 01 l~M 7090 .nay be a.lequate a11d aliow enou~h time fo• c!her 
Cl)mp,•.ter i11nct1ons. 
Indeed, the intcr~st in on-line cer.tru.lizcd volta~e control. which is 
JZrOV~~ing, in .. p~te of i.~e: •.·ery smal! m.~mber of ::om :eu~e:- i.nsta:Uarions 
oper;:.!ing to C<'.y in th~ w-:>rld, is jus':t!ied •;;~h~r.. voltal?e c-ontrol is only 
one 1110re tutik tor ::.. ii:.p::.~ching corn!)uter. ~ ~ sides a.:tive !)Owe:::- allo
catlOn ;..nd sec';.lrlty ~::~sessm::nt. Savings from tr:onsr::lit>ston loss re
duction ca::1not c!:ri:ail'll:• be suLst<~ntial. One imp.:>rtant ~ spect of .-eacl;l 
ve po~~: .r opt:misi'.tion by rnini.mi ?.ing l.:>~ses is toe fact tl-.at it otiers 
a crite:rion {.Jr the es;ab};s}:nu:!nt Ot a vo!tage pattern ti.roughout tne 
network an·i for the <:t)st o;:v?.luahon of voltage const::-si.nts. 

Ii. 3 Secu_·ity assessment ard artive po-;;er dispatching 
If the or.-lin:: dig.'taj, compu!:er is car'abl .. to comrute loss roefficients 
by l\ load-flo•y r:-.,.o~ram, it proba.!Jly caT' h'\ndle c:1-lhe security as.:ess 
mcnt :::hP.cks. Inceed, m~~li.,lizhg productiol' costs subje-:t to the. con -
.ot:r.,.ints of not overloc..Jing line::. and ~ener:ltors does not always yielrl 
a :oeasonauly s::.fe ~ituation. If the carrent in a li"le is clos~ tP its 
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r::.tt:d vc>h•e, an overlo.~a may r e iiul~ fron. t : lppi!lg .. ~f anothe:- l',H' ir 
the se. me .~:cec. , wi~;~ po:;s;J..,!e r"'l?i- s~ i":c!,inG ar-1 a -: _qut::r,,_ ·; c~ in -
ten·uptivns, much be ivre ~ilf' "Otr.pl:t :! r or the:: ~:.·~er a to':' n:c.:; h <•."e h ~· · 

a chauce to :nod::.fy generating pow£ r aEo:a:. ion so as ~ ·~ suita ;. ·y r ~~ -
duce :he l,.,ad c.n !~1at lLe. 
Tinv~ly ar.O:C'..lnt n1ust 1;,,, t~,ken cf poss i ble s i n;.;lc ::~.-nt~:le' ~r.r:i"S . S ol ·;· 

as t .. ippiP ~ of O"'"le l.ine or one · .. mit, or p.::rl:: ::> :,.>s ~~ -:.u~ 1 e ciJn.Jl' ge; ~i .·: , 

b)· c:.ec.king tha t :10 cor,ring~nC~' .::a11 ove!:'lo::td any line er g . 1 ~·r a :0:· 

.An esse~tial ta:3k for tr ... • diS!"> .. •Ch :ng cm;.1.pu~"'"- jc :hc:1 the C'l li" Ula.c ·,_, ,,, 

on tne basia of teler:'.ete1ed bus voltages af'.). ~:njec•: e--1 or tJ.·anf'i•t p r.·\•:<: J. S . 
of nPtw~..·nc load fl'.)WS for c>.l! T.: a jor or c .. e~i:)lc c( ·nt · r>g~ncl.; . • , t0 ~1< ::;-. .... 

re that no 'lV.:'rload !-:.ay ocr, ;,., Su-:h c;:..l :ulat.ir••1 ma.> · ir. • .~-·.i.,- twndred .; 
of lo;:..d-flows : no w.:-nd~r \.:1at som~ user:- J.: p-:-<> ::er si,.nplif:"ori. -l. c .. 
load flows, ar.::l tha~ 3c, rr.•tch worl:: is t'one to ..>~ tah• far.~er ' . c.' ,ac 
fL~w progra.r:-1s. H, :1.s a :ce'iult. ••.:> e••id·:nce of ·.:.·. <:~J" " :> <• .~f . 2-:s, f!. ~ 
(.Ort•F:lted economic allocation J~ gena:cat:,~; f-:wer-; is i11dgtd a o: s<tie 
e;:10ugh and C\.nfinY•ed: if sOlnf' oveTloac is show.:-., .he vpE'rat ··r- or, 
aJ•ern~.tively, the compu~er itse~f when prc.;->.::rly i!':;t::-llr.tf'd - ·h•itab~,. 

che>r•12 es. J?Owcr a~!cc2tion and possi-..,ly i. t~roduce ,, r o: t1er sr~·"''.1ing rPS'! ~·· · · = · 

Ce:"tai .• ly, if .;ff-~i.."t. st.•1dies 1.-')"l'li d5~;cov~r an .1ppr..,JCi •• l.:.t..- ':'<::lati.on
:::hlp h<.:lt,qf':ef' ~nt:: n1ax~n~: .. nn ov~:..· lcad caus · J vn •.n•! hne ~ .. ,lH! i: ~ i:;:>p:n g 
cf. <Jo"l-j.J.£ ~>lse and the l.vtal syl'lt.~ n-:. load .. ~r •:r.o.f be .... r~ ·;.· rl·iler pa· :- -

:o:-.1etero - :.1! the ahove ~her:~s · ·.vc:+:i .10t be r~e..:Pr:l, ..:. :.tn g:rPo:~.L sa · .. .:.ngJ. 
'i'lti::. ;_s thl.. reaoon w!-:.y 1110t.:e ~.:~il~ : ies art> P1. <: :dn'~ sy.:n..:nl,._t".c :r.vesr :. 

gatiom. tv C:<:ie:-mine t':: loa<! :.n~ -.:ot.:..s~ caused ~.1. <!E vther L-.e~ i) : 

thP t::i?pm~. of any -:; i.nglt! line. 'Tht: a!:>ov.! r~la~~onai. J.p 11\'oujd aJ.l:)w 
ucsrribing s-:c .. rity . by . si.nply .introd·1cir.g, in ""~ ec .... norr.y 1 :><>t1ir..g ..... o 
?:ra:.-.1· &:rc>'lsit powe:r- lilT'i.ts, which c:.re .::uitable fuJ:-:tivna:; ,.,f tiJtaL SYH ~P.m 

!'>ad. 
:C:ven if drc:~.st.ic . sin,J?lifh:'"l.tious ll"':lY bt: hoF::d •o~, :Jerx .. :rity :1.- -;P<:sm ·.:- ·. ,~ 
is certainly on<" cf.~ lY>a.v :eFf: tas!:s of. the d;!J}' ·ltl..:1hg co::.1puter, \lrl->irh 
ia st.ill -:o11.Fide1ect '">y ~·•1any us.<>rs as a· ·p:>werf·..ll ~ncl "'"?hist:.cat..:-d i.!
fc~·mati . .:>n .jispl~y n.ore than an optir.•~zing' ~r c-or•.rol appc.ratus. 
E.. d. F. Cent!'e !'lational du Dispatch in:; H: .-~. r:d Cc:03B ~ .... t.cral 
Centre 15 a.·e ectulppe6 with f':~T dis:t.ola.ys tonowi;..3 l!t::~W'Jrk d:r.g!'ams , 
•vith active and reactiv:.- power :lows, s ... bstadon svvi:•:hir.g, r lus r •• ·-...c h 
tabular informati.or 'f clemetering !nstru.-n-:.t,t. .. tio;;. Tt" ~J ">nc.,.:)lii: ~- l-Ilt: C KS 

are perfonned by th~:: c0mputer. '!"he <•.mount of fast pc~· ."up resc .. ·ve , 
which c:m be called i.1 witl.~n 5 ."'linutt:a, is . d:s!',layed by Ni: .. ie in~:ca
tor~ in several exictir·g dispatching cori.puters lo. 17, 
Mo&: USA digit?.l ~omr•.1ters t:till determine optima ... ac.dve power a'.:c
cadon on the ba:-.is of er~u<:..~. pe".alty -fa.:tor -cor1 ~;::ted incremc""1t~ i c .... .;t:, 
~y usil.; quadratic J.oss . !'}rm;..lQ.s and no . l~uc-t:cansit cunstra:nts 18 
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I.1dec<.l, this 'llJproacn may- wdl oe a.::equa.te for ~yste.rrB !1avii.g no line 
oott:ener:ks, ex!-'er:ial1~- if more ri!;)orous new loss exyrtssions 2.0 art. 
us~d. E!sewhe 1 c .l.S, a merit order is enough to decide ,mit sd~ctic::1. 
but scl-teduling tht• ~concrr.ic loading on e a o:h of t~t! · not fully loacied 
machine~ imJ:.lies recognizing the limitations on unit loading rat~: and 
he net:· u o i.1g ~he cc ~!:?'.:.' er t~ calc-..1lal: e the ex~ected tlemand £·:n· 1 h 
ahead by a ioa2-£or e ~a ~ t ~ro5 ram. 

Tne incr~ asing ne e d for coordinating the ec:on.J:mi::: o?eration of the me1!2. 
btrS c.f ci. single idrgc: ro<-1 has s.t•gg o::: sted the- inSt<1lhtion . Of ::>. ce fit~·al 
computer l9 . 21 (o~· detPrrnining inter-area transiers fer m.i.:1ilnurn' .:;ver
all l:OS~, with direct telec.ommuuic-ation link \':~th a:.:ea-computers : itc
_rative 21 solutirms to the .n.in;:nizat~on proble.n have been cvnc•-;veci, 
.vhicl. call for compu·: er-:.o-comouter communicaticn. 

!I. 4 '~iati..mal probien.s in .:>oc~:rAzing system ~p<>rat'.on 

Oth<:>r tasks, wh;-:h ar<. · !:requently assigned J;c th~ . d1spatching COhlputer 
witl,in the scope n~ economic operation ant! sec\~rity .:he<:ks, art: . the. 
follo·"ing : 
a) unit cmun itment, usually in a predictive. pr0gra-rn, for th~ next day;_ 
b) E~ort-terM :'1yd,.oe.i.ect.rit: res .'>UrCE' alloc:-.tion, 0n the tasi!: o1 .· ~3E.r

vuir F'eas.;:,na 1 schedule 
c) t::~. riff -.:or.~p•.:t?tio..,s for .::nergy inte:i:changes wit!1 n~igh~ou. ing compd-

nies ; ' 
d) ~ri:'Jdic re-:ot·ding oi measureci and co:npuf; t:o.i C!Uant itie:;. 

P,-cgr<.ms for ~.mit c..:.mmitment cio no~ pose ~ny S?ecial :lifn~ul~y wh'!:" 
s.:.ledior. is m a de on the :...;:~.sis cf a p:;. io.,.~~y list : units are C'rcered 
for · j_ncrec>sii·5 average operat ine cosh. Howv.rer, if start-up tjme and 
cc:,:;t, wh1ch are. fl''lction3 a both the tlme elavsec! after t1.e la:;t sltut
down <.n~ the unit l0ad lEIO:~ rh:t <DM: cu~ ac,a_,..;,.i;erl i:r , Li1e prc..b~ems · _oecorues 

C'lnsic!eraoly n.orc .;m.1pli.cateci. Minirniza.tior. nf the int€.gra1 COf;t rlu -
t ~ng a 24 h pP.riod . .;al!s !or a Eu:!.er coordinat~on eq•-~ation, whereby 
the best time for sta.rti.ng up a unit is obth;aed ""-~.en its in ... remc:.::lt<..l 
start cost i!! e'-ill::tl :.n thP- increm~ntai profit from abutting 1t down 23. 
!..'1 ot~er wo. ds, !<eepiniS a unit at itd technical mini.rnum for a longer 
time may t:OSL leSS than 3huttin& i~ down earlier, d:le tO the 
higher ·-::)st ot e~:.~.,.ting it '·'1- later i"l tne iollcwing nay 22. 
The shvrt-tt~rm 01-tiinal schedding of a hydrc..lb.ermal system, expPcial
ly for the case of \..or.-q>lex valley~:~, i.e. hydraul;cally cascaded ~larf:s, 
with give.n water voJ.ume to be drawn. fruiT' s easona.l reservo~rs in a 
given pedorl, say -1 day, or 1 week. is c..n even more typi,..al var~atio
•lal probiem. The objective is a functional, the integra.! <'f. the fuel 
cost iu steam sta<;ions, vvi:ile one of the constraints, on ~ile rest::--.-oir 
wate:- voiun.P., .is also :)£ the integral' type \:n water rate of flow . : the 
optimal "trajec~.:>ry" is given by the steam and l:y~.-o generator output 
power cu.-ves vs. time, which minimize the daily, or weekly. ;u~l cost. 
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Cevf· ~·al optl:.flizati..:n .neth\lois :>nd -ii!!:.tal C '.lffi!'~Utir :g ;:· or;!Jures ;1..1 '" 

bet'" tr~eu to s~"'lv~ the prohiem, irl">:n the olC.:..!r dy•~ami ·.:. p:o.·"~· .... ;.n'J•, ; " :: 
26 and F.ult:r coe>:~dinat;_vn e<iuation ::?, :!.9 apprc.~ ch-:s to '-?nstr.H- :J 

gradic~_ t ' l8 and mo.e rer.enU;·. ~h ~: max:mu:n rrindpli' :J and J:· · t;,r 

!_)rog::aron;ir:::; 31 • ' 
J!~or the high:y '1ir.-..plH~rd cas'' of sing~'!-res<~ ,4vci!' :::'"' 1~ , ' nt "~ad 1-· ~· : . ~ 

ebctrical unjts anc.! steam units, ·:.~tl~ no ot1·-;·.,. c•>'4i'i'.:':" :. in~ :.,an thP r e· 
. q\•h'e"llc:~t:s of cop.•ng ".'itl"'. •.rie demc.n<.l and cor<~u!ili.q ti,e gi·r~n , ..., ;-tet' 
·vu!ume·_.,, !h~ Pl'Oulem

1 i~o <.ne of · 
T 

t" 
j F dt . 

, ~-. ~~ 
"' t. ,. n - f ·- (l't) ~ 0 

T · - L!> f- · " • -r • "1 .. ·:, J.. . 

minirr1i z ing 

t1ubjc.::t to ; 

a"'c:l : J q . ..! t -: \1~ _ :': f ? •.... L • '", ) 
with C = ~C~<. tota.i act1~'..: !c3.d;" 'and \;'T's "'.r .. est~. o~Jsheci l-,y the le·· .,_ 
terl'!'. hydrotherm<.l system optimi~ir.g prcg.,.am whic" dttern.in~!- v.-;. td ·~ 

outputs o.L hydroe.l.ectr;c ·station~! for most e::onomic ,~ariy O;?•:.a <: io•• of 
th~ syctfan, with due :u .. ~~unt for the ranC:om Latu .. 4 e of h-ydr'l}:l!_:-:al pr,: 
diction .. , luad forecat:t, unit a:v.:~.ii. .. bility and i;l.a_J"it.:-:s o..:. peal-: ;;, ... . _ .. 
-ie!id.ency a&4cdated wi:-•, E:r.:pt]ing :est:rvcirs · :..." 3:;. 
If st~am :'<-w~r ::?is and w~ter rd.tes e>f J:.i\}w ·:U arf' c;l"'·SP.>:1 • .. Y~· i"lc.b!r __ ,, 
E·.:.le1· equations ~e<.<>Il'1':! si:nply: 

~J: :C 
dtJ• .. 

where · 

( ) • J 

i.e., if A.. (t) is elitnbated ~n the •·coo,·dmating t'~uations" result.'-g 
from (1":.), the i\ll:owin~ rc:latit::-ncl,i}J.J ar.e obta1ned 

~ .. 'i,Z, .. :. ( it> ) 
j: i, z, . . . l:t 

l':: 'f
1 

Z, , , , I $ + C, ) 19 ' 
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When linear pr ;:,gra"'nming is use~. the period 'f 
.;uit<>.bl ~. nun:bt::r of time •ntt.~vz..ls 'lf dllration Ti · 

is auhdivirl~d int;:, ::. 
both .-:bjeci.ive -.c-

tior. ancl vobnlf: r:onstra i nt !:. ar.! o.lsc1·etize.:!, a linea ... · ayproximatwn 
fer losses v::.. c.ct1ve c.nd re <J. ctive p ... wers is accepted, and I\sk· qj ~, 

relativ e to int ervJ.l I: ::>.re. treated ac; posi ~ ive •: a !' .lables differen. 'fron-. 

Pisw• lljw• w / k . "oy thi::; token, since Ti's are known constar.~s. thi.! 
prou: en: b<..::o m es or.'- of . lirear pr ogrammir.~, and ample opportun!ty 
·i s g ive n t o m L: o::!uc e. ine~ual~~y cons.t::-aints ~J'Id exploit t !1e wealthy set. 
oi e laborate t e chn1que~ ,'.nd routines available Icr !arge-sca.ie optir.nal 
lj,ne a r pJ.·ogr a n1s. · 1 

!1uwev <::r, i.l t ~ e nt!~be:r o[ time intervals in which T has ~een Ful::di
vidt d i.:; high, ~ !t e numbe:- oi stativns and hyc!raulicaliy cascaded plants 
is la:r ge 3. nd l oseec; ar·~ tai<en into c.ccount, ti.e overall numl>er of equ;- 
t ion&, inequ ,dlties crud v ..:. r i ables may become exc~r.sive even for large 
t:ompute:rs. 
SirupliGcat'ions c1.re then .ae~ded. One of them 31 consists in 3ub;.pimiz

ing ~ach "va~~')y" sepa:o-c;tely from the rem.dr.der of the systP.n ... , say 
max:irnizing its o ul:put energy for a given :;ha!>'l of iia lnad diagram •!eT · 
S\lS ~ ime : hvdr~elect:- i -: units take up on themselves m-:>st 0f · ll"te varia
ble part 0 1 , ~he load curve. · J.'h~ r'!S•.llting nptirrization is not ri'-!orous : 
but each vaJl.ey is dealt w:th to a greater 1etaE, . allowir.g fer wa~e.r 

transpor+- dc::.av-; in ope11-ah: canals, small in!erme(.·iate ~:.nrla':':e s , con
str <> ints .>n ~e·: e ls ;:nd rat '::s of £10ws, etc. Alterr.atb•cly, th~ r1gorous 
appr::-ar.~ is iolh-.wed, but "valley::." are rep!ar:ed hy an " e•Juivale.-.t" 
hyuroe !e<:t-ric ~nu:. wi::h some sacr1£ice in est.:::.biisl-.ing the ~quivc.lenc.::, 

and need !:.:>r ... hec~s or. acimi.;sibility and consequent co•· rec ~ i<;>ns. 
A f,lrth.:.r intere s tin[!: b•1t sim-pler e:{a:nj:>1e of vari<tional optit.dzation 1s 
offe~ed lq t-~m~e-:1- :~u--:a~c. ,:;~c1tion Oileratirm, Indetd, whi::.e such stations 
are m~::ani. to gerre:rat~:: ebc~ ric powe.· at i.he daily p~aks, anrl ~ump 
w~.ter from the lower reservoir at ni~;ht, the Ilrohlem arise::; as to 
choose ti;.ne L.t~ J.·vals an<;! water flow::; fo~ generation and .. rnmping bt.lC.:il 

as tc mir.imize · the o;, P.raJl cC'st cf puMping ,and mru_,~.i7.e -Iuel sc1ving 
dudn;; generaf; ior •. l can easi.ly be derived.from (13) to · (l9) t hat the condi

tion .lvr opt :.l.1tHn is that p:1mping is .:.chedulerl such that w<~ter i".cre -
mental cost l~E" / dq ia ccnst:::.nt aloug all the durat;u.1 of pumping, and 
likewise the increment<>! fud saving dS/dq durinb gener==~.tion is c.onstant, 
while of cour<Je the saying .nuo;t exceed the cost 

d-· 
(__!_) = const = p 

dq ~lrrv. . 
~-5~ 

d.S 
(-- J = COr>'Jt = V 

dq ~Jr.ry.,. • 
----5 ~1 

To solve (20), knowledf.!c of incremental ~ost of steam pcw"'!r et -~ .~ 
.Jtor :?.ge station ncde vs.time is need~d. although the ::-eq1.:ired time
liness and ::.cr:ur;;~cy are u-:>t so critir.ai as ~o impose an on-line :-..;.;.to
rnati~ solucio~Al.so hydrothermal and valley ortimization prob.iems d<:- nut 
strktly belong lu the realm of on-line aHtomatic ccn!1 ols, since hydroelec
tric stativn scheduling is generally prepared· once a day, forth.:. follo,.>.ring 
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::lay, .:m ~h~ . b ~ sis vf load torec:u:t an'l 'lnit :~.·•ailab>:,ty 1."eports . dnd 
is o • .Jy ,"!xccpt:onally corrected dtu ir0 •_, oe ,.ation, as th ' se;o.rc ~·. for ·. L~ 

tn1e optimum wc·..1lci c a ll fo'". N,~, - erti1~ltss it h:ls beer ft;~t th :.f ~ h:•ci ,· C'

therma~ systcn~ O!)tim •zatic . . h a s t "'> b .: le giti rn;otely quoted i1e::-e, ~: .!l.at ~t 
i.t n::J.y be t h:.ugh t a~ an example vf i:Jr~dict ~ve cor.t r...,l, wher" :nod e~· r.. 

contr o) met~vds "-••d ter.hniques <.. 'i €. .v.:. ~le~y empbj e t.:. 
At pres t::r.t, vall ':!y s~~o;tir:lizat io;. is ,:" r. r.ra.~:y 'Jbta) noe._. eit ~ <',. : •. c.r:" al • : 

C'r · by o:fi -line ~ ompt: .. e rs. Lut .na}l be~orr: c: thc3 task of r~ Ji ·n, l r.:.~n:r;·.r 

ters, w~,en the ;:;y .;ten1 siz'?' i:: such ::.. s t o t-'J.ggc!:'t tho:. cent;: all~ c oo .· o , 
nated re g ior.al org_a!: i ?ation. The centrrtl c01: •pul.e i·, \\-nlct.. wou'ci of 
courF>e t ake care a 1so 0: secur:t: · rrl•Jni .. or ing, wo·.- 1.::1 thr. ~ '~-f:' r(. ::.:;,.oo n!> i 
ble _{0r the " iLl St a ntan:::ous" optilni -:ttiu :-. 01 tl-:e tht:.rm.aJ :::•· -~ e:n, ': i ! l t 

':alues of '1rdr~eJectJ ) c stativn honrly outpu . ;; gi" f.n ~y t., .e regi ~:.:;.l 

pr ~d: .;tive sci .eduling. Nc.~ i~e that " inste>.nt aneou& ·' rr.~a.1 5 th.., l: t ·. ~ Cl """'1-

J-Uter .:t::peats its caJ r•1la~ i-.ns, Olt the b< ~ i-; ':>f tl.~ total ge-.F-rat cd 
powe 1 p!us the "a:ea r3quir c me:1t' ' ,_ ever~· 3 to 15 minute : . 

U. FH .~Qu;NC :1 COl'- ':'· l~ UL OF INTERCO.f:\'NBCTED :':Y S':'EM~ _.A!-TD DY !' 'Af-,u': 
Si:CU~ l':'Y ------

T~e gencration_.c!~ma~d ba!an ~ e ~uat :.o:"'3 (2), ~~ ;, "r . ( 14), a.·h-l likev·; !r; (· 

powe1 -flow "! qu:t ~ior:s (<1); holu '.mly "''hen s v stt. .n h ·~q'l<'nC" 1& ' r -- l.y 
.::o.~stant. s~..ch condition cc...n.not be ful! .;.: '::ld i n ::-:-:-a c~~ce : i!l<iee : :( :~. 

just o,; tile t.a1. is of f.-:- e~·1e nr-_,· dt-;kt~ons f ro1n ~ refer- ne<' vai~e tl: a t 

a mea:>arem.:nt of the unba.Je1nce br->tween turbiut powe::- output::: a.nd :~r 

neTateu .:- ~e ctric:d pow..;;: .;; - i.e . .::leo 1oad deman1 - it. ubr · .. il.e-1 , a r .. ; 
seconda-:y fr e f!uer. c y ::c:1t:-ol '1.nu goverP!rg , acti0~s a<·t t:> ken, t.:o m1.in
tain £:-e~uen.::y ana ~~neration- tlemand , !.Ja:ance. 
l1 v-=:r} al-. curat. r. E>.:::mor~i.:: nplimb;atlon ~.ou.tc1 ';!.en re c;uire l.:Jrrt .:tio .. ~ 

to accot:.."1t for sys~e~:•-and ul1it-dynamic.s. UndE-r tr c. nsient ~ .... ~1dit1one 
it i l:l no longf'!' t:::-ue that s·.ea~ unit heat consun1ftic:1 is only a fnpc.:. . n 
cf its instantaneous t- 1 ectri-::~.l output pow~ , . : d~rnam ' cs of ooilc !' , tuJ· 
bine, cycle and the~.:- co:"lt:>:"ols plcy .. rebvant :.-ole. Secondary irP.quen
cy ~nntr0i IP:ay in tac~ ins ~ e; .. 1t estaulish the amc·.:,t ·of regulat ing pc .. 
wer tc be at!ded to the prt::iictive unu s'chedule, ·:;hich. wa!> based o .. 
highly accurate l0ad fo::'!cast. The ueaired values of such regu~at i ng 

.PO'"ers in"~Y be incJ·~dcci in 2: Pi,.._equa.tic-n (3 ), a !ld f·his is ; .. fac.~ 
uguall·y done : t>·~t the achie•:et.. P.conomic operation is still n;)f perfecl, 
due to the ~;_mited sr:~eds of r-:-sponse of tht.' -:agulQtln-5 units, and t ;:e 
dispersion ~f *:heir <..!.ar::ct£ris .. ics. 
Or. tl,e other l-tand, searchi:1g for b ... ch an ideallt econoT"l!;; i::s r. nnf:'i-
nevus op?rati:::.n is not even rea~istic : t1"<~ns.:l.ucer a-n.d tde met<!rii"[, .::r.·or :.. 

inaccur a.Cies in inC l' t.'~nental CO:it r'ita, . c.n~ tneir V:>riaUm.:s with J:'la~.t 



, .. 
cc.nd~tio~s ,lie1it the attai.la~le overall C:. ':'..:\l•acy. T hc r efo e , cc o '1ol .: H: 
ccntrol is ·in~ .: nde•i " !1ly as a " tP r t ia::.-y" -:ontrol , i . c . r -:la.tb:e l·; c;~ o,•:, 
as alre -~dy p0inted ou~ .1t tPP. end Ol tJ-.e p r .;) ctding par agraph , and 
cc6lsequently •'c baseC: . lfD1 a '"!'.L a. si-s ~ ..Ltic. desc r ;_pt i.on of the ge n~ r <.~ion-

c!emand sii:uatior.. ' 
l. 'qaasi-sta t i c " aesc r •Dtil"\n of tl.e syste ·. l~ l::<:: h?.vio•..l J" h a s a lrPad )' r,ee r. 

· consid~ r•'d a s a c~.:ept ·•ole in II. 1, :n ..::onne -:.ti~ ~1 with ' ' stat~c" s e·::·ur ity 
assessment. \"{r. i l(> re a~~ocatin~ gE: ner ;ttion r •• ay a~rea rlv be" ~ ._, q,; :J·ed 
in a pr~vcntivc. tlt ~ ~ c i. v a~· '>id ove rload!> in rase '"~f s hgle contlllger. -
cies, t!le actuc.l c.•:cur :·ence of a do\.ohe ·· conting•!ncv fault m::.y w t- 1.1 
e&.gender an ~·;erloe~d on some lines, an-'~ ! f so act ion m 1:s t be t ::; kcn 
bc!fore lint~ t emperatu:-es be c .:>me e...cce::~sivc.. In the f o_ -,..;.:la t e ::;it• l·,tion, 
WOc:D !iO p::otection ha~ tripped yet, the lin<:! the:-mal t im e cons tc. .lt d
}t)WS a• 1east a few minute !: irr.e !OJ.' effectinr.t the correc t ion, ;.·,ore o: 
less der••mdi~g upun ambient tentp-:>r".ture aad ·line load Defo:-e the _.;m"!.! 
gency. 
The required ::.ctiou is not iikelytc l:e !!~t~w .:.tchmg a nt:w Hne or. th e r.et- · 
work : in general. if some lines are not i n c;:>er;:~don , the cause 1s 
.. nail"ter.ance outage. Tnere may be enough tirroe t..., start up a hydro -
e!r.ci.ri\.! unit, or a j~t turbine; ou• ir. general real!o~at1on o! generatin; 
po~rs is ·r.P-eded. 
Clearl) , l_in .. h~a~i~.g phel-.O!T!I'4la a1·e sll'lW enough , ='~:.i to aiJuw ~ ~ s.:. oi 
a qu·asi static· · . matherr.c..ti.:al mo~el, ;:. cco•.1r.t.in~ f,.,r li!le thermal 
time-ronsta~ts, unit load be rat«:: li:ni~s , short-te:-:1"!' !>ick-'Jp ·1' c:.:•; .. :ve 
anci the like : es.t moRt, loaci fr~qt:.e:lC)" J .::spOHSC ~ imes . 

On the othel' !lami, a bettet d escription o£ :oyster:::. dynam;=~». · wit h 'i 

Y'e2.sonably good approximation i1~ t~1e frequency ran~e i.Jelow C. 5 ·cpe, 
is r .equired w ... ei1 ~!1~ beh :>.vio::r of seco~dary frequer:cy and tie-line 
:>eWer cc·!ltrol is· s t ucii~ci • 
.1. further step, say ty ' one dec.ad.~, toward~.: higher fr~quenci'!.:l b nec-d,
ed w system dyna:rnic ntcxleaing f..:>r the ana!yE:i'l of elec~ rome-chaili..:a1 

oc=illations ar.•i stabtlity. Fi.ta~ly , t~e last stage in dichoto.ny oi ~y -
~t-=rn tra.1eients vs. ti~e. er dtnamic resron~e vs. frequency, is tl:-:: 
d~;;cription of travelh.g wav•!S of surge vo:•lta.gr:s alor.g lines an~ tr?n
s!ormers : no accouut of ii will be given here, in !llpite of the re~e -
vant role oi auto'"llatic prott:ctions, because the eo.:-.! Tibution of mode .. n 
ciJntrol techmq.uE.:. in ~his field as yet is not v~ry significant. 

UI. 2 St4tistical identtJic .. tion of pow~r systerr.~ 

Since the nu'"llbe:r cf gene·rat i-."1~ units in most ex1stmg . system~>. is 
very !ar1,;e, and relia_L>le inforn.ation on t h e r:ll:iponse ~f their g-:;,vernors 
is av~ilable only for a few ~~ them, there is little c~<.lnce cf obt a iuit.g 
t~ system inj.:-cted power-t.:>-frt;quency tr::msfe:- functior. by aa'\!yti-:al 
means. Experiment~l ~1easurements ar~ n~cess.-.ry. 



15 

Step responses of an isolated system to disconnection of a large gene- -
tor - see 35 • 34 {or the efi ect of r-eactive power on the equivalent ac
tive po.ver step - or of a heavily loaded line, or to a command signal 
from the central dispatcher to regulatillg stations, do not give a wholly 
satisfactory answer. In order to obtain clearly interpretable responses,
see the exceptior.ally good recording in Fig. 11; large steps are requi!. 
ed, and consequently frequency deviations during the test far exceed 
normal operating deviations. Therefore, much more control action than 
governor dead bands normally allow is evidenced : conclusions on 
"available ' regulating energy" are optimistic. Furthermore, the measu
red step response corresponds only to the specific network structure 
at the moment of the test, and no information on the continuously vary
ing system response is given. No quantitative indication is offered on . 
the load disturbances which act on the system. 
Therefore, statistical identification methods have been tried. 14, 36, 37. 
The basic difficulty here is the impossibility of measuring load or, 
more generally, injected power-variations, so as to obtain the transfer 
function Gf = ~f/ AP as a spectral ratio of input-output cross corre
lationfmction to input autocor·relation function. Several methods have 
been proposed to circumvent this problem. A simple one consists in 
comparing system responses in two different conditions but presumably 
with the same spectru~ of load variations <)Sp p · : elimination of 
<)S~c~c yields an equation in G:. · c, c 

With reierence to Fig. 12., '.J!here P~~. -p e• PR indicate variationtt in loa-d, 
exported· power, secondary control power out of regulating stations, the 
two c9nditions to be compared are : · 
a) interconnected system, measurement of f and Pe 
b) isolated syste,m, measurement of f; 
both with disconnected load frequency controller, i.e. PR = 0. 
If fb is the frequency variation in case b), f in case a), one can write 

rl. - 1 - - 1 rl. - 1 rl. ._ - 1 
Y'PcPc = Gf G f Y'ff + Gf Y'pef + G f (/JfPe + ~PePe (21 ) 

( 22 ) 

hence 

( 23 ) 
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Equat io •. (2:\) establi:>hes a rcla.tionshi? ~.;tween t!--e real and i.he i~1:..

gina1 y p::.rt::. uf G11j c·:l for ~ach (• ~ . If the st::ucture of Gf is known 
or assur.-.ed, anu contc>.ins n unknO\\i!' parar..cters, it is t:nougb to wri-
te (23) ,, times, for r. ~.>roperly cr.osen •: alues 01. c1> • Criteria for 
finding rh~ he:-.: e<;tlmate of sucil p::~.ran-:t..:ters, i.e. by maximir.6 .:t 

:..uit c>.Dle ~U;'lCL~onal , a:c:. sug15e:;teu by the t~ec::-y nf e !;timation errors . 
OPe obviv· 1s disad,•:tmcl;e ro£ tl;e above me!hocl is tl>e need fur a S ?C -

cial oper ?t ing condition, i.e . disconnection t·rvm r.eighoours. Othe:;: 
· :nt: t:1od 3 > L 36 have bt:cc }o .~:>poseci ir order t ..... c?vcid this disa:-lvant ;~ge, 
such as the l'E' .::f'- cl.i :-.;_1; . UJder no;·mal operatir.~ couditi0ns, :>1 inn·,-. · 
ch a n~;e powers among the ':wo or rnvre regionE: in which the syste m h~s 

been rhviJ~d. the'1 ?ssu·~-:.ing tl::-.t loclJ fiuctuatiuns in the varioul'l reg!on-: 
are Uhcor.,. elated 2.nd o;olv.ng th e sp~c!:ral equation~> ·,·ielcJ.ed by such as
sumptior. 
E t wis metl-.od ol!e mighL fc.d that th.._ goal of cbt3.miug 3. cor';int.ous 
indi:::.tion of :;:•o;t~m tr.-::.;.:;fer b .ndion along thz d2.y is achieve<i, prvvid
e d tne rather heav~- co;nputatio:1s involved •n. svlving ~he ab::>ve equations 
:;.rt r.::r£o::-r:1erl. t-1ov.:ev.'!:o:-, some ehort-cominvs still prev':!nt obt.Jining sa
tisfactory re:.•.1lts : a) th*" c on :: ::.-ast b~tween the TJ.eed for long records, 
.:ay 3everal !-:ours, to rf"'iu;e tr\.•ncat!.Oil er:-:>rs, i:.nd. the non-sto.t icuary 
cha l' a cter of i.he t-ower syot"\m; b) the exist.~nce of 1.1any :10n-l ine arities, 
sur.h as o~~r: 1:-a!~ds, volta~e a11d f"!:'equ.:ncv-de.pendcncP. of loo.Js, while 
tht m3.i,.. assurr.p• i.on 01 !he a'Jove ~La tistical <1n.alysis is d1a.t the S~'stem 

must be; i;Pea-r and s•~nm:.,_ry; c) t~e inaccura•.:io:::s assuciat~d with sepa
rat ion of ' ' ..:ry low Ireqt:cnc:y 110r -stati::>na!'y t.Ontponents; d) tue too S!"" 3.ll 
~mpl i.tudc of highe 1· frec:uency con1ponents in th,~ excitation sig,~al, i.e. 
in th~ loa~ c rtan,;e s:;:.ectrmn : e) the ~eavy computa1.ic.nal -.;- ,:>rk ::-eq•Jired. 
'Nhen the .:1bov~ di1;icuif- ie: -.-:ill nave bt-en ovf"rcome, 0r thei.,. .. fiecb 
qu".ntit?_ti·:elv evaluateu, :.t will be eaf:!er 'to cc~lect t>xpedmt.ltal evi -
dence hoth on syst~m responses ru:~r. en lcaci chanf:_e probab;lity dist1 i ·_ 
butior •. At present, a :'ehcvi01~;: lik3 tlte one ip-l-..catP.d in l~ig: 13 .tor 
freq\.~ e.!cy autocl')rrelation £ur.t:tion, ev.,n if syEtem transfer function i.:: 
ass-umed to Lt icncwr., rice& not c..:!.low a clear <:ut determ:..uat:jon of stati
stical lo:::d patt.:rn v::;. cirne : indeed, weasureHlents Jo not distinguish 
load cha:1ges from ,sene:o-ation r-1·ogrammed variat:.")ns as effected !:-y 
operators; Cc'lsegu.ently , ti:1e L'l~<'ic ex!JOnential I'oisson d~stribut: .. m 
is heavily alt(.red. 

Ill 3 Matr'~ andysi:J d in!~r.conuected s ·r;;tem COT'':rol 
lfhe g.·owing size of intPrcoPnect.::d :::ystems har1 greatly sir •• plifieci the 
task or secun::!.ary frequency and tie-1~ne power control in norlnal operaL
ing conditior.s . r...,~aci: l it is reasOP'l.bl~ to a~>sume ~hat loads in different 
a.,.ec1.s ~r*" st.<Lt:isti-::ally unco-. relc>i:e~, and as a \:onsequence the o••.! rall 
lc.a~ ''arian-:-e 1r. 'propor!:ional to ._J Pn . if Pn is the total sys'.:em spinn-
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tng !'O'·:e1. Sine.:. 1 he gcv-:: rn;ng a ~t.ion i.!' ::-.:>u~h ~ ~- pr ~,r, .. : ~.". o r. . .: l • -:> ::, , , 

the stanc~rd d~viat . iot. ()( L . •. qu" ·.lc") der:1ec..e:es w i .h ir..; · tc~ ~>i.M. :; ~r:u .• n 
sizf:, ever. ti no secohdary coJ..rol is .:..pr>l; ~d . In other ~ e n:-1s , •:;h,-!'f' 
is a ' '=:.tural" CC"Tl!"ensation of load changes ;n iaL ~ rr-on ::: ecterl :1. • e <•s , 
since they Jo ne.~ occur simultant:;~usly. 

On t.he ',i.h~r hand, no stril!gent ~·ef!t' '.rr "llent C'T rc :: ponP e .;r ..: .:. ci i.:::- ;::._:::: 

sed C•> ex!J:~ t Pci po..ver c;:ontrol, s in;::e h., P- !' - n:..cm t. c: :: n~g- :: i "ti or.s .... r •. : 

aP ~ for c omplying to 1 hour · , or a! the l o..! a~~ fe ·~.- mi;lUte s , ; .. H l' •

cl.ange- ent!r gy l.' l.Jliga~ ions. 
Nev€- : thel~Es, th..: contribut.io •• of r:1 o·~~ ::-·• cot ... r ol a .l-'p:r oachcs tc the 
m'l!l~ivariable syste.n c!:udy nas beE>n valu: ~le. Fot e,a.-r pl e , fhe \•·<:ll 
known :~_uas \-stat ic Darrie11s .:;.;,ud ~'.:ion fo r non- h .: crven' i.on h :H. • e c -= ·...-~·d 

a. morP gener:tl. and :--igcrou~ ?efl)r!U\IJ.at!on ~')' •• ' " ~h .. of t. r a r ... ;~ .. -
ma.1:rix analysis 58. With rtfere;· ce .o F ig . 9 ::1r. -:i !~. lhft. !'e~ .. : "'e •• l<: : •t 

that ec>ch ar.:-a tc:ke carP of :..ts c-.wn load ch::nc, ~s !1a :: .. . J ·t.c=.i uzu• the 
''autononty" cr i~ericn : 

( ~4 ) 

rela.l.i.n£' eYpOrted pOWt..;' .:0ntroJle1 tral"<Sfer funct;On u.;: ~v .:. rertuenC V 
contrCJ.i.:er t rculSfer function G.~ by the :tbvv.-::- de:in'"d J a .-e:. ·~ ar.:.fe-r 
fundio~ Cif. '.see ill. 2i. Thi~ . &lemn eu <rCJn. the dia~r -.atity of r.p , 
( ! being t;u,

1 cont~olltor !.1a::.s::: r ·.-nat.rlX, an<! P t11~ · . r c;.as i er ~-n ~ ~ - ix of 
the "process", Le.thc ir.:.erco:--..ne-:-.te-:'. systc, ;-: w::·h primar y g - ·.rer n ir..;. 
Lik-wiAe, systematic tn,hsfer w .a.:ix an;.J ys i !'l c .. the n- ··:.ri<:.b:i. e ,;: y ~_ c £ :--: 

il &S y u · Lcled c~·i'.~:- ia ~ or equit .:..uie p~rticj.pat~='ll 01 ar c a s i :n L ec- ue ,.. c~ 
'\Jld Ce-lifle c.O!t!~ 3.=1. 6• •1 11 fliP , e~>.~h metr.l:·.a• ·~~·: l-ci ~h ~-''t>e ;. s 
c~ntrollcr (j~: ; sue~. fha.t t~ s~· at,aD1 f.......a~ ...._Mt~n d1..e a 'c;-.tt 
cnangc: in h11; ts.rea is the same a~ t}.at pr~ "' • ~1 ~-~ eh .... n· 
ge in anot'!:er 3.rea : the whole system wo-:.~1:1 s<.&fier fr.m. 4ft 1 ~ : .tM 
"wE-akness" of oru of it ;• hle .. •bel"s. The resulcinr conditio n i~:: ::. r v 
Pimple 

G :i: G~ 
R 2 = •.•.. . = Rn ( ~· ~. ) 

A;; to thP. choice of st:::-ucture and p:orc ·:nete~s c•f s e coT' ~:~.r:r cc-:...': rr,~ l. er s, 

analytic optimizatinx: rr.ethods, as !.. .::.sed up .. :a~ an ;u:su.:1ed F,..,;s ., .:>n d i 
stributio'l for l0ad 'vat ht ~ ons and an evduatiou c.f fre~uen...:y z·.1d t ie -
lirie power ;:, m. s. errors vs. cont:.·oller paramet.:.. !'t , •,.r:•h const .-aims 
on r: ontro1 pov•er, OJ' cont rol power ra~e. 1-,a,·:; pr:>v~n to be us ~ ful 
34 . 4C , 41 

Ill. 4 Centra;. ~..:;ed :tdaot h e cOl •• !'ol andj_::nc.."J."'~.:: :: 3curity 
While the c!.oice of :.econdarv rvntroller _::>a r :.met ers is not ·.1t all cr it l
cal '.'nder nor:U'il op .. r atin~ cc:-. .l, t lons -a~ a pr:-nf of this stat emer.•, n o 
tice •ht: very good per ! orm auc P of ex:ac: ~: ing lar;;: <> i T"terconr.e r.:·eci "fStern !:: , 
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wher~ severul pat'tl!ers do not ":now !.he:r Gfi we!l enougl- •o cop•! 
with (l"!:j -, !nt'uring un eff~ctive :ud ~o a. member who is in seri':>u~ 

trouble for a11 emer~ency p"lses tr.<>re dif!ic,Alt and ir.)portant nroblen,3 
!o central~Ler'l cvn!"i.·Ol. 
Logic-adaptive r.ontro.lle.·s incorpnratin': erne '"ge•1cv 'lct i ons, sue!. ~· 
starting and lo~d.ing !ast pi~k--.;p .:eserve, caili:lg for norm.>tlly •mavai
lable reser·.·e as <"Xtrac-cion-cJot:ing in steam unit'3, c:1ordi11.:.i.ion of 
load- shedding, ha"e bt:t:n c:ivocatcd. and stucEed 4 ~. 4:>. 
Thej could al&o iilhibit frequency aru~ exported power e!' A: Or.1 if ~11 
lbcS are WOr 1dng · f;o.r fr'Jm SeCUrity lirr.•:c , while i:hey ""O"ld e~erciCe 
full control actior. if the loacl on a line is r ..: lat iv~ly hi~~ •• On tl:t: other 
};;;.;-,d, thej• CC'Uld introduce an automatic lirr:.1taticn o! t'"'e assist-=..uce 
:-ctico. to an adjacent area b. t-aEe oi lar~e unba h nce ani conc..,quently 
grea.t frP.quency <icviati.or~ : this H! tn avoid tie-line overloc.·.:ing anci 
untimely tripping. F111al!y, tney could iT"ct.~·porate the suit able logics 
·for tie-!ine cpenin& • and s~·ste"ll S""ctioning. 
Th~ ide~ of avr.~d~ng - to the bPneiit of effici;:;nc~r and machinE' J ife -
annecessary 8t:-conciary control !_:.'OY{cr va~: i<.tio!'s , ·:hen frequ~nry and 
tie-!in.c po,~r errcr~ are sm::~.h f',...o-ugt: ;onu follow c; norm::tl random 
pattern h~V' l>een rea!i7.t:d :~.la;o uy mP.ans of sdt aLle reject;on filte .. ~ -~~ 
Such fi!t£rs, ir.d'.l.!in& rectifiers, ..:o,nr:uators <H: d ~;.~n~r:o svitc 11 ar~~ 

CCJ.;-J.trol er.to-r f into the cont.i.·ol!e,. 1£ c:..nd v"lly 1£ tae v :Jue o£ ;:. ,.. ! ~ f:; ,/ o. ~ 
has eJI'ceed<--:: a ~ive·n thrPshc:>ld ior m.:>rc tran :t ~iY '!r'. tur.~· . 'Tn.:t rr.ay 
rejt.ct sl>ort-du~·ation determinh1ti~ sign:·.J.S :u dl.L:: to synch ,.onizir.g 
oscillC".tio!ls, periociir. loc..l chan~es ,· start-up of lar&.! .nac~in~s, 

or Foisson-d1stributed random e&rvrs with "norma.!" ave:o-ag:e dn~ l:::!t
we~n zero-cr'lssmgs. 1'hP.y al"e a.lso int~~.:ied · to rc..:.>gniz~ when valv~ 
chao:aC"te .. isticc; or dec~.d zon~f\ ha".: too .!nuch de~raclerl tht: sy,·tem gatn 
by seeing when thP. . • ·n·D r rc::ma~nr. · cff Jongel" than the P.x~ectc~ ti~ne : 
in such case th:..y 1ncrea se cc:ltrclle,. P.a;n, fo-r. ~on:pens.:..tio!l. 

Other se·ie~tiv~ actiofls ~.ave b::en p~· .,p'>s~d in .>;. der to increas.e over
d.ll pffici.:mcy ·.1n<ier t:-:.~.nsient c.ondit1ons, PUch as discriminating al•'C'ng 
s~coudo:.ry control ~nii.$ acc<'rding to their dynal;"\ic r~s!'onsP. auu e!.a
ci.ency, by ~he introauctio•, of high- pass filters fo~ high dy.tamic e!
fic:!.enc;r 4nits, l<'w-pas1:1 filters for high dynamir- ~c.ot units 45 

lll. 5 Electrore<!chanic.:al_.oscillations and st~bility 

In tlte preceding paragraph, th~: poss~l:>ilit:es of :.rld.ptive cont-ollero for 
emerge.1cy corre.:tive acti~ns na;·e been bdefly rec<J.Jl~d. lt sho1.1ld be 
here stressed that ·&ur.h acth>ns are n.:>t geuerdly intP-ud "':d to contr.:>i 
the first te1:~hs o{ a sec;:ond of the l'!lectr .c:..n ~ chat:.cal t r ::tn!' ~e nt , iJut 
rather intervene iater, when hor:!fully synch,.onidng os rili '\tions h.:!ve 
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di~ ·:i out, a::->.d it lfl ai_r(';uty re·u,;cJ::1a"h!e to Fp"'ak of ,' !.: :1gle sys t c: ."l. 

"freql.lenc>' ". 
HowevLr, the fi!·st sw• n6s dfter a tault TT1ay c:i:tr~· 1nine .... + c- th.:::. ~ ·.w 

· stem h: gnil'i; to scn v iv~. Ol" at least wneth~! any unit •.vii.l ·,,, f" .• s :•!.:· 

ch:;.·;on'.:1.1. :Sxpe c:-:.11~ · for :lPtW~i l-. s inc!udin2 ~o ::1 g transmis •, i. L''1 ! ·. r,e ~ 

thi.,; problcrr. :.:; ve:;..·:, UJ''T'Or ~:wt. 

~t can he rcdd1iy rec·· ~.:1i zed t i1a i. sy.;tern r :. . ~ j:'">n~e ;.:; sue;. trarl ~;.!,.t:, 

~z.nitot Je descri"!:.e<.l in :~rn1s oi rr:-~nsier il:n:·ic••t Gf: iudc•·d, ~ · a··· 
no lc .. gt r' :..e com:i•iered :·he sa:-:ne Lhrougf>cur th~ .vhc:l·~ Sj"L.m, i• '-
to ~he relativ~ oscillatic'1s uf :;y.tchronouo rr •. ci,ir.~:.. A rr . . .)rc~ .:'. t·;,-::-J~ : o: 

and det a iled model is •he£. r"'·1uin .. .. ,., whc::-e ~ngular pf"'~itio~-.s l f m, : !-i. 
ne :.: otors a.·e anwrq th=: de ]J1""' !1dert variables. 
Wh1.!.e synchronou::: ;nc>.,:h 11: P. .iy.tan1i~s is ·.vell k ''"'Wl1 - o.lth ,);.; ~):. it if, 

ofi.~n ~iffi~uit t u vbtai:::1 a :u<:I'.ti.:ativ".! eval~·at.hn Ji the <:C:ccr oi :lam!-t: l· 

wi-:iings an~. of the f!"~ .ld rvto:: - its comj.Jl"'te c!..:sc.:riptio!l :i,r~·l. ~e :1. 

sy.;tern of non-.L ~ I'ea:r equatiors. Even if <·:!-le :> 1"' alys ~.:1 is li>n1~e.: t.o 
11 st.--J.dy-s t: at.E: Rt.abilitv'· zo tn:!.t small perturbation linear : z.ia!: '.s ;• X"" :l:_ 
ed, tra.n&; ~ t' fUnctior.s appeeir t -o b£' relc:.tively Cf •. mplicat.":d, ~h<. c <'.se 

of the single ma-:hihe coP.nect~'l eo an infir,ire b•,s, or ro a re~ c.->e 
loau, iF - st:..~.l :rea.sonab!t Fi•nrle, o(· e Fig. 9. a, <..r:.1 <.. .... n he m .·-eG. •JcHc d 
uy COO'Ir · .. :"lt i-:>:naJ fr~quenc~~ respC>nBe :nethOdC: or .~oud·. C'"'itc~io., : b.: ·~ 

the twcJ-Jnachih~: sih-citioh, ~5ee Fi&. 9. b, ;~~; alrec>dy 'il!:i " 11lt. 

T~te l":a l net•• o.· k, :.v~1.ch is c<!rt ... i.nly <.. n1uH ~· :nad·.L .. ~ s:•<>i: t ·r hci. u.!:·.5 
lossy •r~·'1sr.!~ssi::.n .1.ines, tr=.nc:.::crm·~ rs, ., ,~!tc.,E. anJ fr~'. q.:_ .1c r ser ·· it.i · 
'\le loa0::s. induc!:~On motOl' S, go·.-er'lO ... S, VC'1 c<;.::e p ; gula .. O l :,; :~'lc2 f.• C.t, •<! 
ve devic~s. c:-n OI'ly ~"le zt~.:!iea by digl1<! l or ar.alc·c;-h~ ·• ... iJ uJt1.pl:tc-r::. 
PO\"Ie .. : fui. di zital ;>roe;rarne -~c. 47. 4fl, 49 !·ave been -tevelv_..oerl :·. (• J.' tr.. ~ 
study <'f mu.tth.:1achh:.-e :r<ys ·~ (;. :n clc.:trr>mechaai-:al tr ... n"i'-n~~; . wit !~ sv~

cial reH.renc,: ~o sh,.,rt-circuit :aultr;, cir..:uit b::. -::aker Of..:>:ing an~ 1;;.,., ._ 

rec!l')s in;! . S~me oi t '1em 47 ·;an il"clndE: pl.:>te,:t!OJl .·F-lav r}X'rai.~-:. .. 
and 'Tlay accept se.,eral types o! per~\lrbati.ous. lik~ per:o<hc load ,-:.
riaC.:.ns, l0.:;:. uf li7l<:<s. g~nera•,.,rs, loadr:; : th...:y art' t: .. ' n sl:iL.:•.ble t. .J 

shHulaH: em::..,.g~nc~~:>, o~ "l:>lacl-:-vu~s", an6 study o;vst'"m se.ctior.ir:g. 
protect-ion cool·nination, lc:~.d ~hedding, system ... es~o.-ation. 
How ev(..r, s••cl .. digitc1l pr...:ira!-•15 are 'ery ·heav:·. imp; y t!1e usf' of 1.-, r_;"e 
an:l costly co:r:lpulerfl, :are Pnt tc ~ aJequat P for covtrin:; r .elativel: lonr 
transie ,~ts as it may be r:~edeC:. wh~n s te:1.dy-state c;tc.."Jility is ·-'- •.rly 
marP" inal. Thr-r~fore, ~t~~c· wavs :. ·e be:.•g seo.u·cll .... ·l to obtain a ~ >·n
tbet:; answer to tJle qt·Psticon \''!H:t••er tht: s~·$~.;.m is stab]·. or n.• 
with.:..ut s~.nnla.tL: g ~he whet':! trans:~nt . or ~o the questi01. <·.; to what. 
reclosing t.i.ne is :1~cessa.,.y · to maintain stabilit~·· 

Liapnnov-crlterja . for s t::o_ b~lity h'l·/e beL• ap:: ... ~ie~. 50, :)1, ~ 2, 53,~''* LO 

tl:~s p~rpose. Tile ca"e of the single sym:hrvncu s •. 'la.chi'le •"'JJmected 
t-:- c.n inE.1ite l:>us ~as been extensi•·~:y studied, and a Liap·.4..1ov .~.u~,-t;,":-1 
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has been fcu.nd !or the 6th ord~ r ma.:.hine including t\11:.> c.lc.::n~r win 
clings C!".d .,, first lin.:!ariz<>rj approxiina•~o:-. v!: t}:. ; s9ecd ' gov~.::-nor. 

Quadro.tic- ~e"='ms due ~o 'relative " kinetic ~::er gy and !lux linJ.-; ... 5e 
ener~y vrith re!lpec:t to the stearit-:::tate situi\t io1~ , p.l•.1s eh.s i. ic energ y 
inteJlral terms, appea:r m the Li~punc.v iun-=ti0n : "' ·hich ca:1 f ind a.n 
explanatior, in terms 01 the early "Pnerg~· inte g'=' "'i" ap!J:''Ja-:h ~. s , bt~t 
is n"t exactly , howevf:.r, <>..:1 expre.;sion of total sy .. tern en-:-rgy. 
1'he problem i.: on£; of fihding •he zegions of er.;u~hbr ium , and che•: b ::.,; 
whe~her 'i:he sys ~em ,ooir.t at the instar.! of attc" 'l'· ic.uh-reclo$i:l.f::. is 
w1thin :.t-• .;; border~ of one:: a!""long the seve1 ~J ~tabilitv re g:0~~ s . Eve n 
in the aim!"IE' case of a .; ing!e n'laC'hine . however, Liapt~:'\c·• stability 
regio-.e, do n-t inclutie all oxisti.lg ,;tability r~ ~ ic.u;. Suci, limitation 
exists, a i>rtind, f'>r tl-_e multi-n'la..::hine proolPm., whi.ct> ~ s f.J.r f'•·om 
h"lvi.ng obtameJ a satiofactory sol•-_!.ion. Most studies ,.J. r -; b? ~>e-i upon 
the asRumptions of a J.ossle::ss 'letwor l~ and non-regulateu sec<.:1a-orclE-,.. 
n sync'llronou~ machine!> : Liap~ov func~io,,s and :. uffit:im cy c -:ndit i ons 
for the lin.:;arized syatel•l - i.e . the Jacobia.1 matrix of m <J chhe elPr
tr.i.ca! al;·~put powP.ra -,..s, relative:: an~ub.:- d~aplace.r .. t:nts m•t3L b~ positi
ve d .e!i.nite - ::an be found 53, and the stability regi,..,nc for i. h'~ non- . 
Jinear l!y&tem deterl'l"inP.d, !or al'ly n Other c...'.lt1lors :: l h'l.V'e incill£ 
ec! viscous ~amping :md a crude li"earu·-..1 deo;cript:.o.: of ::peea g ove:-
't'!Ors, ,~·hile voltage re!lr.iatcr~o have r.ot be::en ~ons id•: red, p•.1sl':ir.g tl-oe 
t;"!r.~raliza: ion, wi~; ~ Rvme ~acri.fi-.e in ri g o-y.r , to ~hE: CclS~ 01 4 ma -
chine&. 
Alto~etht.1· , muc.!1 :!'lore researc~ is stilJ neede-d bebre digital ;>ro -
grarus . based '.~pon Liapun ... •v c:iteria become r.~al!y •tseful too~s for 
mu!f:i,r.'lachine system stab~lity stl;d]es-. Even wnE".'l regula.~ors, gover
no:.:s. s~t".lTation, lossy lineA v1ill be induded in Liapuno·,, func'l.bns, 
~here will s!ill be a chan.::e that tht:: et ability region det~rr:1inat :un 
w:.U not be complete ancl that the complE-x i ty '>f t he reqt.•ired cli~ital 

c:om!>uter progr'lr..s wHl dit~~courage ~r.-lir.e inv est .igc...tiono~ ar.d · :-nc:.ke 
tJ'ansif'nt simulati.,T'! programs sdll P"'eie~able. H v-.. •.;ever , the :;ubject 
i= a cl.allenging one cmd interesting c~nt:r i buti<•J'Itl arc e:xt:.ected !ram 
further rese~rch. 
While .pt"acti..:al results from th~ e&ppJic<>tioH ~! !"':apnnov methods mve 
still been scarce so f<!.r, conventional c.rite't'~a have bPen ~~l"lie<! 

with success in n'lan)' cases to dP~cribe sm:olJ. pt:rtu:-i:dtlon :>tabili.ty 
in the· !>a1·ameter spac-e, i. oe. for var:..able wo1:idt.g pou~! 59, 60, 
Conaideratic.1 to sophist!cai..ed r:-• .:..chine d}nc:..nic r:~oc!e~!l;, tC' the vol.
tagl;"-dependence of load 61, to oeveral means to .,.._~de!' stabilii.y 
margins - such :\d .ex.cii::: t jon forci-ng b ·y su1table feedbdck fr'>rr. ang~e. 
electr>.cal power, speed, acc"'!l"!T'ition, cu:-:-enr a nd vc.ltag e <:.nd the:.r 
derivau•.res, or electric re"it>tan..:e b"."'\King , hydraulic tur ~ ir • .! supply 
pressure •: ar!ation~ . et..:. - t<.> , asynchro,, ous o~ration, t u excit"lt io r. 
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control o!: S) nchrunous motors 62 - h<..s b . . ~r. g;·•t:.n in ".lna 1.o 1;- hy.nr;-:' · 
.::o.na digital-cvmouter et..~cli.!s. We \•,H! ne.'. try 1-.tr'" tr. Jer : r i~·e rl-( 

outcome of ouc!·, investiga~i.ons. '.':hie~\ often ge~ ~o V(• ':Y ~ . ..:cu- "·c. ::-:1.: 

valuaule resuii:s in :·artic ... lar an..: rr!lativel-.,· r:i.m~~c C (!S~" !'<, l·.>.~ .12. 1! 

to d.Chie-\•e .-.nougl:- ~er::eral.1ty in th'". in~tlt~rr.::...chine stt ua'.i on. ':n ta~::: •· · 
th-e t;_me wh en it will ;;e poss;.b:c ~ () ~:se ".r. on- ;.11\f ..;,~r.1p1 :~·-r +. - n 

diet the trans~,~nt b~;l? ·,ric.·tr nf tne ~y .;;tem e1£tt:r ·.:. ;-.llJt ir.;,. .: lnl : .. 

fast~r-t.:han-r-.! " 1 scale ?.nd t~en follcw :.. suit :tble lo2it:.s u ... coil( . ol 1 t. 

system so as tv avoi,_;_ instal.i.iity 64 .. is s~ ; a i ... r tc; .:t:>n _.. 

On th ~ other hand, c; im•llcttion ;:_,f th'! trans ;ent r-!~:~')01'1.3• . of ?. f•. V·-:>· 

ch1r,E'. sy.3te!T', v;•hcn pc..:turbat :.or..s ::>.re smali ,.nc ... g~ ar; n ::• t" ~:xccL · 
the li."lear rang .. , is well within .. e~ci · oi i'):"es~n dir :.t:...: . ..:r· upd.e:r~ 

even.;.! !.oiler controls , !"Oi only govern"~":!> ar-: "t<'~tag~ r.: :;;'.l~.'. tL"·s . 

o.!'e acccunted for . . An ar:;::iication of s!at.::-spacE. aua l y::i s · ' n.u:t: .. 
level cuntroi oi a t!'.::ee-ntachint. syste .. ~ •• t:si:1:; l ;r·ec.r t;. e ~ ,:;yr.ch~ ~·· ,•~ ; ; 

rr.;,chiac: Park's cqn::u:i<>ns, :1ig~.-· 0r·ter mat;·ix r:2prt:5ent al ·0:1 .!.c;- b.~ .. l ·· 

lers, c.nd d~COltll_)Ositinr.. h;.to Opti::'11all~ c .... ntru:! ier1 s-...·::>svstnrn; . \-.'ii r. 

a cen-.:ral COI!!::.-oller fc:· optim i :z.i:-l~ ~h<' i':lte&• ate-i ove::- ... )1 ~ c ntJ ~!.has 
be-.:n r~poneci 65. However, wner. the syste:.! in :h1des ... i- 1 ;!. <- ~·· · 7"1~' er 
of :~1achines, '\:.:hich i:. th,_ usual ~as"' wi·;}-, tudo) · .;; por:>ls , iL cl~;. .. iie<. 

t".eecr:_rytic;,n f1r ::lxcec 1E> t::e c:apa.l..ity ~f exisl:!ng cnn!f'" l t= ~ .. m;:..y 1 ·c ..... i 
r£: unvailc..Lle 1.ata OH :;:n::t.ch i ne cly::><:unicF or conrrol p·~ r.::~:.. .. -:. ;a:1 ~ · ,, ne 
it ir: well possiole .that tn.• ~';udy be:o1ne~ ::c ~..:o~·.q: . • v; ... ~1-i deJ. ·l~ •:.J ~.. :·.~ 

c.n !he nuner~cal ve:.iuer. of ma~y ~1ar''.n1et.:- ~s . tl.at ~ · ,; r~.::u:- " :-rt~ 

difficult tu be int~& :·at~u and :~n~ral12e•l , and <o.rt· 1.0: acct:r .. · e PP<' .·~: h . 

T~~refvt'e, tl'"'· dev'-lopmen~ c.; apprcxi..-r • .:>.i.t:: .:i~·r,.mi<.: ·'•:"i'l 2Vct1 ~'··ts".'L'r 

laJ. ge sect: . .)r.S of tht~ r. e1.w':'ri< i .. c:~.dvocaced, £' :11: to 1 ednc€' r' .... .,. , ·;'·t:>;P. 

F.:"/Ster-. ~o very few, ~r..d pu.;.;iblr j~z:;+ 0.1e or ewe, er:u;v c, i c'1t : •• a -
chin·=~> with respect tl the P'-'i"'.~ vf 1au~t 66. Fur~hc: T . the <:i1o i ~e ut 
a !':u.ta;.,}e ty:lle: ·"! perturhat!~n. e. g • .:o. t:1ree pna"e :.l.crt· c:;.r-.::~ . t 

wi.th subsec;,ue~.t '-hcui~-brea''.P.r •)P"'n:n.g an..: rf>d ·-. · i.t ,l! , is <;ngg"'5 ~ ~c1 

for the ~onvenicnce of tne :::onfrolltd :: .... chmt ..ie:n~ncr . 

IH. 6 .!?irect current tran::.rr:.:sdion cent_:~ 

As ~lre:-.dy l'lOted abo·.re, clc....ar assessment ox t.h.:: -:uesti'.Jn w;1~lhe:r 
tnere :s any technical or economical J.imit to the 21izc of .::. .. c "\Ct -

W.OTk PC..'C1S, or t:.onvers .... ly what the dimen<oions s~ou!d 1·e of n . .: - ~rt!;l~ 

rf'~ion~ .:_,. whi~!1 ~ sys r~m is to be spE~';ed unrle:. c .. ne.·gen ·:. .' .os, i1<:~ 

not been· reach-.::C. yet. Howr.ver the danger of cc.:ii:>ssal "bl:...,~i<. -ol!ts" 

as ""la)- be c a used 1:. ;" propaga:;.on of large : · .... nsieut: ::olong lr.~-"rccu · 

nec·~~ng tie -lhes ha .. &f'.Jrl' attenti"n o•• the use of di:·ect ·c-·rrent 
E.1k.::~ instead of c.. c.transr.,issj,...n ~l~~s f0r connection ·· .f l<1rE• .ii:· .·ter::~s. 
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A ~t:.c\:.nd r .; <>son for favour towa:ds ~1. c. is ti te- need '~Jr ... im!•ing 
!he natural growth of short ci:-cuit po· • .-er level w~th gro wing s !.¥e 
of th.:- pool. 
Wh.ether d. r:.links :,re re::ll_y co;·.1pedtivc wit~ a. c. !ines to day is 
still a cunt-:-ovt:r :.ial matter - l~cif'~d very few cl .• ;:: . t'"3.nsmis&ion 
liues are ope:ra t ing ::; s yet in tr"' wor l.ci - <>nd authoritative expe r t s 
66 see no otl1er lir:1it to t~1e inLrear;e ir. a. c. pool size& t h an natural 
barriers ::.etw~··H~ connnents Howev~r. at least it !:'ir; bP-.: ,. p ·.-over. 
that an impruve:-.&e m m :>ystem trans ient &~ability cz..n l-,e obtaineC. 
by c~.~ntrol oi a d. c.liP~ in par?.lle i w ith the :.J.. c. line 6A. 
Ii the di!ier ·mces betw~en the inst.:>nt?...·.ecus freq;.tenc ie~ ""nd p~~ases 
at the a c. line terr.: inals a re su.tably use.: t:o c.ontrol ~he ci. c . tran
sm'';siot., satisfactort <:.nd adjustable darr.ping of a. c line f!wh~ s 

ca~a 1:.-e accompl~shcd. .:-.ne the .:.. c. circ1;,it breai-:.er reclosing time a .f 
t.P. r a !ault LcJ.n oe n :a-ie · ccnsioe:..·a~ly lon~er. Analog, hyl-.·id and c!i
gital computer ;:;tud1es 69, 70. 71, 7l CO"fi•'t:? tr..e above d.~. ii.ne bene
ficial effect on <~tability. 
Ata an indicativn to the achiev'l.ole performa:-.ce, notjce that the co.•.
st.-nt-current iirmg-:-mgle con~ rc.i. hop ~n the t!"c..ns;.nitting cc»wert.6r 
haa USIJaJly a ve1·y rapid !'e3pOr.:"e, e. e. 10 cps b;::ndwidth , :lnd the 
inverter cnnstant .. extincticm angle rontrol loop 79, thoug!, it requi!"~~ 
the COUlpu;.ati.Jr. vf ::. firi~g c1.ngle C•'l •;e baS1S of . .1 . C. C\lrr~nt . itoi 
-rate, commu~ation '-'Oltage a.;.d reacta~.ce, >.s !:kewise ·; ery f~st. 
Further f:. ogress, m t,.rrns oj rt.lia.bility . by use nf digjta! cc~1~rci 

73_, ha:monk suppresf!ion 74 , c.q'..!ipm•! nt lliln}Jlif.icaticn 75, and inte . 
g:-"l6on. w;t:, the conve . .c1 01 l'rotect.ive s~·s t ~nl -;", has re cc.ntly been 
made, so that the n .• c.lir.k avall~biHty, altho11gh fltill lower tb::m t~e 
~Jne shown !>y the .-.. c.line, is I"OW :.~proaching a<...:epta!:-le values . 
Whe, the c·~l:t.,.ol· SfStern C:J.lls ;,or re.nute activn ~r fee~bac·:, ov~r
all availabi):flit{ l-,c.e;omes of <:0'-':'Se dependf>nt ·upon fut and reliable 
tel~metering. 

So !ar, d. c. link:.~ :-.avE bui.lt ~nly ·:fit~ one tr<A.:.smitting and one :;.-e -
ceiving stat~on •. Co:-.siderablt attention i" being given, in view of 
future: expansion of ~he us~ of d. c. tran::mi.s1.iun, tv· mu1ti-te1·.nin:.l 
oystem rr.-,delling and clJnirol 77,io. Both for thi!' case ar.J tor th:; 
two-rertnm ... l li..-lk, basic studies cover balanc,.d a.1d unbalancP.d st<:cld~-· 

state situatiom,, dyna~ic stability and fault c0nditions, low :.!ld ~~ igh 
frequet:cy transients; while there ~s still justificc~.tion for netwcr~ 
aualy?:ert., .::maiog models, si:nulators, i:here ~'3 <1 ~rowing .rend, :..s 
elsewhere, towards the us~' of powPrful di:;:it~.l c<'mputers.. Digital 
coruputers are also advocateu for on-line control oi. £!ring an_sle and 
exp~cially for some ceutrQ!ized c.-,TJ•rol of mult.i-ter"llin.-.1 .,;·stems. 
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!P. Ch?.pter TI t l-Je ..tSP. of <'n-li.:E' cotrputers . fo:;: ;::.utornat'.. ·; di;·~•:.: • - ~ .: '1 !7 

and :...~curi:.>· :nortito:.- mg l. .;.s bee" r(;pea~edJ y m~ntioned. W~i~<. •• 1o.s t 

<>f the earl·er ao}JEca ~ ion.:. of di10itc.~ ~ o:·.•p• ·.te..: ~ to .1-·ower s~· .. te .i-. dl
soa~ching i:. clud\.<1 o:;l~r a very lirr.itt:.rl con~ingr.r •• :y c> .•• a ys;., :8 , 8-t . f<~ 
r~c r:; :Jt i :l= :: r.o.ll ~tions ar ~ more s-.:cu:ri•:'· or;c1t ~: :l 1!> tn. , 82, ~.) . 

Scrtl~tlmes, ~n<l e:-..pe c in.ll;·· ;_. .!:..urore, &ecurity monito- : r
0 

I ta ~ be ~~ .. 
the m!iin scop::: , a1~d '\utom.:- ~ i :: e c o·,omic r.ispc.•chillf h ? ::: :-,~ er con
fined to inter-c> . .:.ec>. tlow :.:-ansf .. r setting. it. th·:' .:c.•;c: of 'i ce~t ::;· :-.1 rvr.? 
puLe:t coordinail.!1g a:e :- -cont,.'Jllers i5, 80 or art::\ Fatell.it -::. cor;>,Jute j·r. 
Or. the othe . · hanc, 1J • .3.A. syst t: >:r.s 1l ... ,t; -etait.:d <' llt~~ -<ti::: aicpc. t ·~: •.. 
ir..g a:no,g the P.ssc.,;tial t~::.ks {c.·~· the corr.p-.:.te-. 
'i w e sol..t!. ic•.l:$ have bee r. 3iv~n to. the prCJi.>lem o! i.1tcg-rati-~ c. ;onc :·1i c 
lo;..Ji .• g wit h lcad-f:;. "qu~n .:: y <..outroi : tr.e J ~ g;ta~ly-dirc , , : tf'-! analo~ c-::
''hy"!n:.j" cont rol 19, lfl , 82, R3, <: 4. ~-; and : he all-digital c• . . nrol ol. ::;~. 
see Fig. 10 anc -H 
In bo ~h case.:~. lo:'ld-frf"r-iuc."l-:y cc:o·r~ m::.nd sign::- ls ::tre iss~ed c.t c. oui:F.: 
Li3her rat~ - s~.y e·•ery Z sec in the Ci:I.Se d a!t di~ita~ cC"rtr .:-1. c.:m. 
ti:o· ,•ously in th~ hybr;d c z se ·· tha.n ecLnomi.; d : :: p :: t:ching o.· ' e; r, 
whjcj, arr: updated eve· ~·y ~e·,.; m:::!te", While rr.- r l,erf ?.~ ·: :Hl~~~es ~0 

not appear toda} i~ favou.r of the :..11-dl~~ital sciutiC"n. r~ ·-:l<43C it _ 
loaci-frequ~nc)' p .. ·ogram ;;lv.; s ~ot y~t :.1~durl.e <.:1~· .:l:•':>C'-at .:. < .. ...t ic• : 
more than tb·'> conv~nt inn<:~.l con~r.:>ller, ar~ an ~ .. aJ--g :.,c"k-n)- is rc
com!nendc .l, u is FO.f"- :. c SC.'' tha.: ct:chnc. l ogical f ... .._~ibil i .f ~ ~ •• ow 
well p.:.-ovE-n a .'"!d the !u!"th.:.r :'!':eiJS to ::.d'\f. ~ 1•: e , :,1ntroJ. y· ;. l ~ C.!rt e> in.l y 
be e:>.si~r :vr t.he cl . .'git al l;omp•.:te::"'s. I~ 1S envJSagt:a t;.c.>.t sor.1e .>r·e-
rator-guine f\4~.-:tio~s. sucl- '\S i::~:~t pjck·1p re.:-'.!rv~ disf- !. '~~-. c; 1· J:::· .... -
vve-:-loaa rr. .. mitorin~, c::.n be br!.~er t urned into aui. orac..t.l.; corr"C• ~" ~ 

acti: ·n~ by •lig ital comp'.4t(;r comrol. 
As far as hyc'l .. ·c- ~ 1c ctric sy-stem a•1tcraatic ~·. ispatc'tki :s concerned, 
it is perhaps worthwh!l c mt:ntionir.6 th3~ sc:v~ ·~ :ll <.Ompate. syst.-rr-~ 

!.ave bec:n h.otallE'd fo p•Jm~d st"ra.,se strtion PC~- ~duling, hyd:rduJi
c~lly iutercunnected plant operation optuni~ing, and "~tirr.•1m pov1'- :: 
dispa~ch of two rigialy ~a:.cad~d stationlii wh,•rc wat•n· -lev< co!ltr -..1 
was re«;•1i:ed. ~8 
J. loo more is e xpected horn future on-line c ,;1nputers in te: . -.-.s oi 
emergen~y - iUd. system restoratio, - contrc.l. ~n.~ther the- .o.'l-h ne 
COlllpU!I.!l will act•·~lly analyze a l ;."r~~ transient, precitct it:. beha -
viour an~ cr.mmand suitable c . . :~rrective ~ction£, or it will s;ore the 
results of ?revious off-line !!~uuies . and h<iv:... acc..~s !: at th-:m 01 the 
bas1a -,f key events ; v.-'le-tl::er it will -::o . ..,rd~r.ate pr;.o'h .. tive reiay set
tin{;.> , commi:l.nd system sp~.itting, ~:;.ip t•e-line&in dc;.lger(JUS si t:uC'ti0 .>S , 
it is still tou e".rly to say. A' .. leas;., it is ve::"'y li!,ely th?.L it WJ..tj ~e 

used to offer the :l~. o:.. ratcher a better gltic;e for dynamic !t.:c;urity 
control. 
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IV. STATION CONTROLS 

IV.l } 'he: iniluenc~__£f system secn:·ity an~ servi.:"' c;:ontinuity ~~guir""
~nts :>n Uflit .:ontrul specifirat.l~ 

We hav? ai.ready £1Cbt-:.o..i ·out. in the Introc!udi..)n, sec l.l. , that along 
with the l•lC:t"eaee in tu:t" hine ·gen~rator ratin~;~s tr.~re has appeared 
a deterioration in. for ~ed ontag~ ratee, while the improvement in 
;:nach!.le ma~~rials a:>.d dt!sigr.. has rauseci :l. 'lll<!A.· k~:::l reducti::;n in -
unit r~!ative ir.et-i:ia. At the same t.ir•le . t!'.<! nP.ecl has b.~en fe-lt for 
better s~rvice cont im~i.ty, and .~ onsequt.ntly b~tter unit av'l.i.lability 
ar.r.l fle ::;.; il:> ' lity. There1ore, all_ }JO<tsiole means ·have b::en searched 
to reciuce ir..dtantaneous and intE'g ral material st~· esses . -increase 
unit ata:. t-·..:.r speed and loading rate, avoid unnec-ssary un:t tripp
:.ng. 
tv!o1:1 t o e velopment s in boilc :· and tUl o7nc cont :o: ~l equi?IT•P.I:t and in
strument: atior. c.:d~inete from the above require1nents. S ophisticate•l 
St.f!Ue:lce of eventc; recorc!e ::: 3, wi~h mer.-1ory o! what ha:r--pened just 
betore the accident, are empio~ea :n order to analyze fa•.llt s and 
st\..ld"· afpr •.>priatc rem·:dial actions. Com~lete mo:1itorL1~ of single 
UT"it perfr.rmar.ce is imended to adv~se ·,;then a daf'~erous s1~uation 

ansP.s, or mc>.ter~al rl.::teri~ratiOJl r. ~a:-t :1 a r..d mai:o1~ en'!.nc~ is needed~ 
Wire-1 logic or ::or~puter sequPnce co!lt:-ol ins1•res ~ood :. e..,eat ibili
ty of u ;·.it ' Oper:..tior.~ . V.'hkh il-·l_pl~r :-e.LP.vaz.t mat erial stresses, such 
as li~r.t::1g b•1rners, bring ing t•lr ! ine up i.o speed, g"' n~rator loa1in~ . 

c:1i! hot-refitari.~ng and sht••-ting down. ~· ::.st anti optimized hoaer-h • .L'· 

biJ.,·e electronic controh and - beit<:!r prc.te~ti:..n.~ er.ilauce nnit s.peec! 
r«>sporse to dispat~her comman~ signals c:1.nd fil t ::!ring of in;.~rnal di
sturbanr.Ps. 
On the oi.her hand, the improvement of nperati,lg efficienc-y calls 
for iaste~ and :.lore ~ccurat:: co.,t ro.:.s. to ktPF cont:-olled . v~:-iable 
transient de-v-ir~.tions as smal!. as possibl~. For E':lr.ample, if maxi -
mu!"'!'l superheated atcam temperatu1 e ira:::1sient de·.·ir~tinr. can be re
duced by !':'C, tempP.rature set point ::an lie increa::ad br i°C, with 
con<.<!que:::t considerable increa::;e in unit P.ffid•mcy. 
No~1ce here tl.at ~ r;:~_nsient deviations may be due to u.1e"(pect~d 
acci<ients, as los~ of a fan, or a cc.al mill, and ir. ti1ese condit:.:ms 
a higt. response s!>eed of the feedl•ack loop is the: O'lly answer : 
but may :\lso be c-au~<ed by <> pro~ra.m:ne-1 in:t:ut con~mand -v ~ria.ti~n, 

such as start-up or ioading, and then a suitable choic~ of the input 
variation vs . ti:rie c.r.d an adequate fcedfu ... ·wa rd acti~n woul<i subtStan
tially r~duce the stres~ on the feed.o:lc-1<: control lo'>p and c<:'n&eC!uen
t~y-_ controlled variable deviations . 
Theref<'re p:--edictive fec:::lf.:•rward ".nd .:oordin<:.'.: ed boil::r-turbine 
co'ltrols a.re emntoyed. T!lelr de&ign i:npli~s a good knowledge of 
unit Jynamk respoue>e : experL'"':lerttal id~ndfic'1tion ::..nd al"aiytic 
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mai hern.::.tical mv...l.,lhng l-e coul(O' :.t n~·re:;sa.,.y !'T P. r., ..List ~ ... 
. o\t th~ s ... me tim'!, ~t i& rP:-Hzc.d tha: tile .;te::.tn - boiler er nuclea1· 
reC~ctc·. t ·u:bint-gene::rator uDit is 2 ruu~~~-var : < hle s ~ stem, ·· > wh i - io 
mcJer.1 ccnt1·:>l methc..is of ar~ alyt·is ;;., ,:d s;·y·the !;is r; a'"l Lle applied 
in vi~w o~ impro•.rinf) v;-on t:h::- reRUlt s o~ -:! Llf ' r : t.a l a ;,·;>:r CJF -:h'!S, 
av'iidin~ !ntc·r'\c F ons, t r ying so:r. :. ~Pg -.. ::-:: ')i ; . . v a :. ian<-.:. , cp. : r 'liz i.r • .; 
cv.1troller pa1· c~.meter:>, intrr •d1.1ci.1:i <>n:: ·pti\·~ fea t ure&. ljr ; J.~ d e . :ln~ 

unit Oi"~erati.ll~ range, 'ly m::.h.:n >! jow .. Jca ci •:.':)·~,··~- :.o:: more R t~ ?ie, i:.: 
pc.ssibl e if .-.::mtr~llP.r pa.,.ametcrR <•I a ar~o:.lc..t ~-:ally adJuster! as 
fu.Yictl::>n::; of loa:.. Tr, thiF. .;:C',mect;on, ? n~ .: ot Jll ai·•:Jy as c~ .. iv<llent 
altE>rr· a~i .- ~:. of anc:.!og cc- ~, .. )]l~r.s, cc.1:r-·ut E:rq : .. md ~ir<a.: t l,lgit al 
cor.~ rollers t •• ay find th('i.· justiD.:at ion '.:: t~, n<-:ct !ut,.re. 
At present, abou~ 50C l!;_gitaJ cc::lput .-·rs are o .& o .. ce:c Ol' ; ·.nt; ;: •·.e~ 

i:.-.. electr;t:. ?')Wer station~· , and Lhe rate of g r·~·::th b ~ ··-. -:: r~ <- :> ~ s1x 
ye ... r::: has loeen about 30 '7o .I:'~T year Q! . I ! .)we·: ~·:, ,.~ry f-:w of. 
therr. inc- 1 u<~e ri . c. c. OT any control task ,_:.1rin5 .1o.c :r •.• u O?er ? Ling 
coYI:'it~ons . lec;s than lO~t hav e l-,een gi·¥t.;l~ the •ac!t of a;::l. o ... :>Uc . 
!'tart-up aud s'.utc">wn; while the vast majority 1·::o.s suf.:: :.-visivn a~1 , : 

?eri.:>rmac ct: rro~i~'•r:ng fun'-ti')YIS. The t"easons ;o. \.i~ t- c ,' :ncc and 
as 7ei.. not growing d.:velopMc:n: of con~ ~-~ter r:omrot a?ryLca.1oa~ 
wii.l 'be given ia a following · l;~rayr:!F~• : i:he g~ncral .=-eHng :s t' ·"'.t 
mo~·e research on rr.~-.b~n.at~:::a! ::nocl-;ls ~s 'it::l n(; .:: ..:ec. ' . .i: o tL1s 
pllrpose ~xist.>nt or • . ·l.ine _onlput~rs mc:.y wt!l ~ .)V:..Jc a good &OUTC<: 

of ope~at~ng data fo:- :.denti:!c;:t.io :l of unit Jyr..a!. i'!i~s. 

The co!Y'put .. r tato~!7s of ...:.lar :.n rnunit~ri.JE· .. re.:d ;.· --~o::-ll;.ng , pe .. fr.n· ·· r. ;..l.
CP. r.alculc:.:ivns, (<'lent r.::~.:>rJ.ing . ar~ri pos ~ rr.Lrtc:m revie\" fa\: l t 
au?'iysis, !oad r•mba~k. operator g•li::!e di.spla) -ii1·ectly t~ri&·iu<>tc 

tr-:-m t!tc search for bctte:.. syntem .:; ect.rity, i. £..unit a . .:dl:t'!">;l~ty. 
Siuce the: time fo~· coMpletE-ly automatic ope~:ttion ~~ i ar t- ~'~"me, 
O~rati')'!'S anc'l control 'a~els a.re still l't: 'lU) t'E.d. 't h C in 
cr~ae~ in uni:. s:~e .:..nd c .. nn:::-lexity wo•Jlu c~ll for •r~y b:~ cen1ra;~ :t. · 
ed c.:nt~o! aPrl c1.11nur•~iator panels, .•dtn ~:;c-eat difu~uJ.tj fur a dng!~ 

operator tc ""atch so mitny instrum.•-.t;s ;:. t f .. ... san'le dl.l'". T~H~ co •. l
puter and .tilt r-el'ipheraJ'l, ew~h as .::lect:.· ~c ty.r-.. wr!\..~r .. , hi>.:e indi
cators, cathode-ray-·':ube scr~;;ens, is ~ntende<i to : • .'.mpl:fy mar. - ~La
chine communicrtio.'l by display·r.g oru.y :i,f': es ... ent;c.: in!Qr•. ·.1.thn. -
after proper prc::ess~.!'lg and rc .. -:onc.bility ;ht-cking. - <-:ld in a :.•1ore 
read~blE' form. . 
The other obviou.: fteJ.>s to. enuc:.nce secur1 ty ~.•.d ct~ltra~ i zeCI cc..:-.trcl, 
such :>c& lettir.J -,uto~atic controJ replace manual int~rventiQr as 
much as tC'chr.~cally .:.:ad eco,...om:call~ p?s:.ib:e, are effected t y }, lg~. 

reliah:1.ity wired !ogic 3eqt...:J.t~c!l controi.~:~ ar.d :frc,~e~tion_:s · SP.t: :::.llto 
r •• atic b•1rucr ligl-.ting trG.nsi~t:o:::i~eu subloop 1 3 , .L3-t,l2 :> ,Ioad run
back }rUtt~ dive ~.:vices for :.:>ss of a.u• . .:.:.iaries, combustion sytttem 

' fl'C•tl!ctions . or ~~ - jee::Ojack loo.!:' ·'~• such ~s coordin; .. L ~d boiler-tur
bine cootroJ system, hyr'Tcgen C"O] ing Cl.!'lti ·ll•'Jt: .:>il tem~:-..:ra.:ure lo.: a l 
controls, air-he<>ter and w".ter · :-.~::a• ·..:r co~tr"llers. 



26 

On the other hanJ, unit pr<='mi"-t rP.&;>onse <uld beLter avcdlc.b~li!~· 

both in normal cnr.·:lltions ,c.nd '.lnd<lr lC'ar:l-frP~uency C'-n!l vl, with 
Lroader..ed orerati"g r~nge, i.e. wid.::r rc.active pow~r limitc; · or 
h1~her active }IOW.::r maxirnul!\ loadin~ 1·~::e, e>:-e ~he main rnotiv~ ·· 

tio~s f:>r developing - Y.' ith the help uf t·etmed design method& and 
better ::omponent!" IT' . .:.re 1 eli.:-.ule, flexi!::lE., J.ccu1·;-.te a!ld faster 
auto:nati<; voltage regu!atorli anrl spec.i 60vcrr.Or"!. 

IV. 2 Mat!lemati';al mod~11in15 a11cl identHicat~ot"l v.f <::t~ ::>.rr. _EOW!!!" plants 

Whii~ the most ambitiou.; Fltudie:; of f.Ouventional steam ;.'.nd Puclear 
poV~<P.r :t-lc:..lt dyna111ics a:tr. at C4lcul4tl.og tr:a.naient stres:::es in pii-·es, 
\.vaterwalls, superheaters, rehe~:: ers, tu:-bin~, the '.JSl'al sc::pe of 
power unit dynamic ar.alysi~ is limit:ed to pro>vi~ir.g an <>.:-pro ..... ima.te 
mathem'!tir.a l mcdel as ~ ba s ia. fo... predictiv{, .:ont:-c~. cy ~t ~·1':1 syr~

tl.e:::is. Artually, transient cltresses, a.-.d perh~:'S their tim-:-inte -
gra~. s~oHld be the main concern durin~ start· ups, shut-dcwns 
an:l fast lvad variations and cor>sequent!y be entered tht: CliJltrollc::.· 
design at lea.;.t ir. cor..strc'.int eq•1atio.'l8. Howev-:! ... , the.iL· detailed 
calculation is toe., complex tc be ~ccounted ior in C(•nrrrl scudies. 
T}-.erP.!ore they a1e c:ntere-1 at. adm!s11~ble st'l.rt-up pr,ct:dllres and 
maximum loading rates, to be es<:al;L.ah-:!d on the t.LA.tis of off-li!'le· 
compu!:n transi~nt ~tTei"S eval•Ja.tlons l\nd di~·E"ct rr.<!a3ure:nentR on 
the uniL. 
Th~ ueE:J f.)r simph:- moJ::!lo fur control pt·r}loscs is dictated .-.vt 
u.nly b~' the size, accl.iracy and setting-up Cme .;Jf available 3.nalog 
-:e>!llpute:.·s or by. the prc.grarnmilig effo_·t aml coruputing tirne of 
J;_gitd compute-o:"s, l,ut also bv the- ~nherent ci~fkult~· in applying 
r.~th .:vnventiona~ tumsie.{i rcsponee simltlation metho<ls anr1 anc:.i;
tic optimization proc~dures t·:> :o. too la•:ge system. Sensit:-.ri~ ·y an.::..
l)'sis becom~8 too cv .. nplex, state va:.iaUt al'p~o.,.chcs may &uggest 
to>o el:o.bnratc c~ntr.:>ller.:., with cons•quent he"\vy problems ot para
metar scarcl-t : .1nd understanding of physic;~.l phenomena in the 
plant is oa<le less intuitive. Furti~~rr~lvr<l, Iittin~ a hig!1 orcier n~o
del to an e·~p~rimental res!"nnse, c;.t thE: final phast"! c-f ideutification. 
poses another ant1c;•ing diffkulty ~n i.he multidimensional par:-rr.eter 
optimization. 
For these rP.a£ons, l:noft _analug-C\)mputer-orientec:! s•udi.es of drutn
typc bniler.s 98.; 1 C3 imci.. of o~ce -through . b;Ji!ers 105 • 106. 110 ~:-e . 
limited to. linea:dzed descriptions of the unit ar">ui&J a givet"l O.tJC!''lt
~ng roint, a~d acc~pt lurnped-pl\r~.Tlleter approximations of the r!i
stributed 'lysi.em, · even whe!'l - as in &'.lyerheater temperatu.,.e tran
sient: - many ca.scac:!~d celi.s are Te'!~ired to ha ·•e a rec:.3onable 
.!itting t;o actual .response. 
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A ·..vi--le , -a:;:iety o f a n alo<r mc-l::),, e :wr.l o lil:g Lc;,.r. 5C to O." ' r ?0" 
O}:'<::r.:>.: iona1 O!.Mpli:ie r c- , 1-,ave betr. p r:::>p .... sed. ~o r .• r , tier. ev .<';or--:: •· 
of ?. satis Z L~ ct-..ry c h c c }· '..etW"'C'"l c aic 11 latecl a1: d rr:e ?~u :· • : c. ~·c.:-tJ .J u5~'f 

of 01 um- rv p e l:.:;ile rs i s .;till s-- : r c e i.lil, ~·:>ilt• dc.u bts ?:~i "<t ~vr.et h:.>,. 
~eglect:ng not ·;Jtil :.Inde:rc;tood p~2nnm:::na in dr;11.1 s t •'!ar.l •. .:-.-.jPT!S".· 
~'. ~•t: i s lc:gitirr.a te 103 . D:r urr. i.~'v"l bt ~'c< .. ·.ou- : r '• ua•;_ a t·:.·cl•; ~· :·. : :.:-. : •2 
ed, b·.;t q~antitativ t _hf--ks -?. r e o ;'ttt . c.."' Sci t l<;.La..:..c:y iC ::J , :cs . 
B~ttc:r resu! t ~ ha, ·e =:!en ::.otained wi~r. once - tl:r ouR~ ::.::>~ .~.er s l07 

e v •!n when the -es:.ent iaE, !lOP-line : - flu~. · be 1aavie>l. i. ' t;·c .. · · <J D!';":t

tior. z one ll.i4 ha:,; ')een dis:r~ ~:;3 rdF":i i. 06, ~ 01 . 'f-y CP"'O.:. . ng ' .'L,;i.;- ~
a:ld pressure ~ s v;>.rio.bles, w irh :10 re ier~n-: c.' ,., ch~ r. g•~:: o: s cate 
in t~e HUl l'!.. 

Dipta! c omputers irwe l:>een pr e ferred irn· rr.d h.:ma i ::;; 1. :"'TJ() dt-11 i;. -::: 

w!.t~~1 furtr~l' detail ,.,;a£ so'l..ght i n pL11t (;.escrivti.or •. .Zx a q/.e s oi 
t~1 e state va.riabl£. .. pt:::-oc. ch , v.it}• due c.n.sidera•'.Oll · r , • , ;1r. :.te1, 
water-heat~r~ , .;:-on.:>rn i ze .-:, ~Y~r :t ct : ::m.s, are repc.l'teci ~~ . ~6. :.: 7 
HowE:ver, ~'>inC'~ cvid"r.ct of agr.:e:n~nt :vit~ •: x:;:er~.-ncnt.-1 1·ceuhs is 
stili n1issir.,; anci. bo:ler circul;, t 1on lo0p e~..tat i ons a.-e n 0t ?!1 ·· m on· 
tlabc rate than in analog mooe !s , while lur •• pe<1 a:>rrox ~m .... ; :on :; .. •:-e 
a.:.ce~ted to avoid solut i.J'1 of pa:rt;:..J. rii!feren+i; ... .~. ~qt''l.tio•,s, ~he i"'ll· 
pl' C';"! rnent wit~1 re::.l">ec ~ eo the c. !:love studies m.•:: h.:- o~e ven ·lOt : c. 
relev ?..nt. o~c def;.nit~ arivar.+ag ·:.. lies, anyway I ir. tile ::nure _ .: Cl ' ' "l', 
crrr.put r·.tion of srec.dy-st ~i. E> heat-balance£ ar, .~:-rf; SJUl ~ -t10w . rclai.H' 

sUps. 
r.eso:-ting tc di,;;it ..:.l or ;.naL.; cornp"t:f'. rG - and c:ome t irnes , , .. ..,_irl 

;::oMp•·~e~;; ... neu p<~rtial a i;£erP.nt•.al ect..:at:on.:> ~, re r<> ~;..~:lf· C , ror l·. e:o ~ 

exc.:C.angel' or parallel cr. ~"lr.e.i. tnerrnohydrau'.:: in&till:.i1itv an,• •· .. si.: 
is n :.e.:led for any n"meril:al invt;,;ti 6 aLon of spec ifi= -:. .... '1 l.. . 

Ne •ert.heless, it is perh.J.p~ ·:. orth m~ntioning tha . the ~>roolf'Ll of 
cetel'minin~ cir ·.lm boiler -t':.l>:"bine tr ... '"l!:!er rnatri·· has alz.o bec'l . 
t;~clcled Cf r-u.relv an .. lytic,c:..l mea:r:~ 102, v.ith a!'. p.::tramc ~. PrS 1-eir.:; 
kept L-. their litera l ~tyrnl:.ols. Retaiu i••g C"los~d !nrm P.:-.:l.:.. ~ssi ..... 1, "' 

trans f~r fur.ctio •• s, whe:;.. "air.s, poie;.; aaJ· z .: r ... s, ar£; lit<:-al edg e.. 
·o!'a~-: functiot::> of t :-iier and turbine dtrens ions anr.: flu.~ a·.·t r<s.g .= 
properties and cnnci~ti~=-~ give& a bettet" in.7i~ht i:-.co pla ••• bP:lav!o•n 
anu en.-.bles des }· deierm inJ.t i on c./ ~ ~:e ; •· : !•·· . .. . · 0 [ ;-' . 1t . d!>S :Jl~ O"l 

cyr.omic perforrnan'-e. ~'his may r.ot be im"l~("diate, hcwevci' sir.re 
t:u a'>ove algeoraic fun..: t ions arf' ¥ften cu:nuet·so,..le, On the ~t~~r 
hanrl it 1-.:-.s beeu pl' 'Wen 103 that !'.v appreciable loss of <'l.ccurar.y 
;s ihtroduo.:ed 'coy the sirnplif:·ing c>. pprc.:.!rnatic~u. it:•roduce:i f1y t i.e 
"~n.:.iytical" t:.·ansfer functivn mocic::l, i •• spit ~ 01 tl-.c- se·.·e :·~l rf :ire· 
ment& of th~ referr.nce rr.c.d~ 1• with r.!s~ct to conY !"tional des c:- i;.r

ions of ~~.e · ci::. cuh.tion lo<..-p. 
The check wiCJ exr ... rirnental •.rials 18 SN"'let~l!'leS irn!'a~- ed by ll-'· 
satis fac tory oeh<>• wur oi exi .. ~ing traYls~u ..... er:: or b:· ~F ~ i:oultie~ i &, 

.. s se:- sing plant ste.:tdy- state oe :0: ...1r t. impressing .. ~ .. ~ Pf!r : ..trbin2 "' ign.:l , 
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o>r in det~cciug response out of irte:"'<lally p1 O<!"Jced l'lOisl!. 
Sevf.ral rr.dhods J::we been m;e~ t"r expe~-i~er.~al ~dent ific aL cn; 

~.-on~·entio •• al opeh-loop step lOj, lll8 or f'i.n~ie-or doubl·~ ;.. c:l~e re
sponses, fre;uf'ncy response wi~;l suitable noise rej::ction 'Jy c::>r 
relation r.r 1. m. s. <.0mputation, ran·.lorr.. pulse ::-<::::.p::>nse w-ith Jn_?ut
c-utp,lt corrtl.:ltion analy&is 112, "N"h1le m' releva:-.t pr0b; e m c! in
terpret::.tic:1 exists •:; ith oil-fired units, :tnd ::t~p r csponr-:es ::re 
quilc satisfactcry, ~o?l irreg:.1lar oiJpply g e nerate~ 3. i1eaT{ !OW ·· 

ft'equency '10~se which makes stP._? ~· i!sponse a~T:Jost uninterpret a ol.: .. 
Doublt::-pube ~ests are not very goorl eithe.r, s;.ncc pe"dect r-yr.lme
try is difiicult to achkve-, and dew p: ;~.:nt dr~fts ma~r be ;:.res"!nt. 
F:.~o·equencv responsP would be the best, .::.bould it no~ require too 
lon~ time for ex;::.lorin~ the low freq·uer • .:j' range.. :v1ulti-levc! no ise 
get:erators hr.::e !Jeeu u;;ecl f ~·.r random .>ignal testi.n e, : Jdentific a tior. 
h"us 1-)een achieved by fittiog the coeffirit..!r>ts of a transi..:r functiu1: 
of a give•• form iD:> u-e C'.ipuL autocorr:::btio.1 iundic1: !:-y n~ :: ~ns of 
multiple lin~"l.!"-regression ::..na.ysi-s. 
C.th0r detE'::-mir.istic methods iwply the numeric a;_ ~nversion :::.£ the 
!npv.t-outpu.c cot.volution integrai, wh~.o.rf' t he inout i .. pla.nt noise 
plue a superi:'I'pose.! ra!:"l}.l, O:'" a suit:J.bly sha!";~d pulse . The shar>P 
of such pul.,e ;5 chcsPn SllCh t~al: its ampJituci.~-s .:."'ct":"u:r• is n!'cLl'1y 
fiat in a wiJc enough freq•te!'cy rac~e : noL..:e ~l , "lt the s ·. e;' functiun 
sp.!ctrum amphtu~e is in"~rsel:r pru~ortionul t.o frequen c v :n~ a!".
pears thcre~vre less ad~quate for ;a. • .miic:!"rr> ac~.-ur acy !:-. de•e.~. min
ing frequ~ncy responEe. 
Statlsti_cal icientificati.on has hee~ tried also by usir.g spuntaneous 
ranao:n plan~ variations 111, ,-,ith reference to the anal ys 1s of 
combustioT' be~1a,•:ov.r. A.F an interesting by-.:-rod'.lc, ~his a:t-_t>r<"•ach 
det~rmin~S !'lan~· disturl:tures, in the iorm Of noise SO.:!Ctral cistribu·
t~OU c;laracter;_.,~ics. 

The above rem:u·ks ~pp!y to corwenti~nal sl:earn pla nts. ~;s it .;s 
well known., ~.he intere::.t i:-. an .::.ccurate rlescri"tltion of their dy>::a
mir response is =-~cent, perhaps beca~t~e empiri,..al solut iors for 
boiler controls i.ad p!":)-:en to be satisiactory enough in the pa~>t. 

On th~ cnntrary, n•1clear reactor dynamic~ ha..:; been the suuject 
vf :ieep <.oncPrn and thvrough stuaies much before actual iPstalla
tion ir. powe:r plants . . Analog ana digita! computer models h;::.re 
been dPveloF~d t~rough several years, and comp:reh~nsiv" books 
an~ surveys published to ut:scribe them (see, for exampi~ . 115 , 
116, 117). Paral!~l channel tlow instabiEty, stt:a::-> void aynamic.> 
.ii". bvilit:g ·Nater .eac~orc;, . uurn-out transient and n.cLny other F~e
no>mena, v•hich r.ave re.ceivP.d li.ttle -'t:tention in ste ? n. pl.:..n~s. "hc.. ·.- e 
been ~xte1~.;ively t::--f!ated 1 i3, 119, 120 . . Fublisi1ed ~vit:e•i · ·~ i.s s~ill 
sca:.·-ce, howeve1 .. , on experin1e~tal ici.eutiiicac ·: r)f' of n'..lcl car pi<ult 
dy:1amics. 
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Nurlear e,:ei,.eering re£~arcll ';a s le~.ken <> leaa als._· i:" chP. :> pf-~ i 

cahun of 1nodc.rn ~heory apprca. :h~ s to m.:. c~.'ar power :;>l.apt c on!!"" ' 
syste~ sy-nth~:;is. State space ;-ualy3i::; c..nd cor:.trr-1 r,ptinl~ :..:v:on 
f.Jr nuclear re:! actor -, a re al:· e;:JC/ th; ~Jb3 ec t. oi tF x ct rokh ! 1>-., v, · - ~1e 
integ:.ated r~c·a cto::-t .-. r ~. · ..... e :1.!:1<1 no~-L-~t::.r ac ting .::c.Lt r 0! s .... l:tn ! ?. S ~ -: 

b~in;; cons irl·::>!'ed fo-.: M!W _2lant5 1?1, lL.2 ,a,.::l p a:t c:o'1tl ..; l~c..b ili ; { an•l 

optimal neutrC'TJ. flux. di::.tr io•.lt ion rnntro~ ,_re ·oein~ .'lt · .. :tii..::. 

of •nultivar :lai>le &:·, st.err~ thPo ... i.es 123, 12-i. 

Cn tht otl:<:!r !1a :ad~ si~: nific<-..1t ne .. : ideas !1a,·e c:~.!Ev pr~r,.::;;e 2 t~r 

c.:.o"':'dinat<>d l:-0iler-turb'ne cont. ... o l i, c<'rn·e:z: tio .1al -: t c<...n,-ol& P~ :;. 

By us~:1g piant dil'E'Ct ,· ~1_ci inve: se mocl -:: ls ar . ..: su1'.at lt _;r.~c.:.· ·· a-:-

luo_rs an :>.pproximate "::wc. -:- ~an-::e" of cc-ntrolle d YJ.r:'l.bl· ; w ~ch 

respP.ct to unm~c:;.~..1rablt:: distu!'b".nce;:; i.s acb ~~ v r·J 1; . . : . 1... • .:- .:!. d
aciaptive IY'Ultiva:riaLie c011trdc: _.~re op~:rnizcd by :.nir:in · ' 7..ing ::.n , .1-

tegral pc::-{orroar.ce ;::d.:::.x ~2. ,_ , :1on~:.t e 1· actlor•. heh.een t ~m~ ·~ rac~..:~·e 
and pressu:.:e contr<..~s is se :u: , neu !27, ~ .. -::on-:lc1ry va.,.ia·, .es ar :t: 
used to impr~..re ::ontrol 12c! . l . more ger:-ral a.!:lproa.<..n :-_ o ·pi:. ·:-1.:-

~-~g control of the .• on- :l'1ear b -:- ile-::--turhiTJ.~ rnvd.;. has ':le e. ,. fr ')'C<- e:i 
13£. 

The r.oncep~ oi coorJi11cted -:or.~-rul he:.:~ been w i.d-.:1:· c...-::c:t~tec: . in 

p··:;;>-:;tic~ for once-t.hrcut:l-· l_)oile r:: . .rvlajor w ·'l.n-....:act ... r ... l s h;tv!: a t.o p
e:::! it, '':ith S\l~.~ abl'e C/nalnic "chara('ter ::t.ati0n ' • r:i. iee...:.:o~: .. ;• ; L r] CG'tT

man0 Sl!Znals, 3\,;.:h a.:> to <. · nieve · Firr.uitaneous ;cud weu l:.c:.~a :, r t: rl 

energy .::.'.lp;':y to .. he bouF.r- b u o ··.nc. :.!~~it · . .-h ?r. th e 6is .l:'~t :he ... de 1n 2. :1 ·.:0. 
c:~.n elect...ica.i. pow£.r out::; ·,t · .r;,.~·ic.tion iZ':. B~ '.his m~anc;, ::..:r 1 '-'Y 
SUit~LC!e t,..an::slent d~coup::Hg OL _prt::: St:..re anu teu!p'?l'<··:·..t-· •.! ':OL!.rOJ' • 
th:: Jisturbance on _ egu:atecl vc1.r ia ol:.>s due to disp<>.tcnt·r cor-~-:-r~a.1 ·..: s 

:.s. n.inimi:c.;~U. •. an.ri the tack of feeC.~·::-.c\.:. l o ops ic: rthl.Je t..a ~ H~ -.. . 

The real m~r.i.1..s of !:l1e at--.-te .£t:Pri; .. nwar..:-fe~d:> : c.t<. t.on :r.ter,.::tir:_:: 
invariant con:.rol scheme: have not '->·.en ciec1rly assPSSt!l; yet ; 
some authors J ·1! crcd:· to r:-:odel-o.::sed-<;:or.'.r;..Ho us:ng 1--~c;t .i lu: ; 

cor.-:F·.lters a ~ever.·.' -de"'ree de ere (;l.Se 1'' :;uoerheatr.-2 st-3.m t .ran 
sient deviations, w~~h consequ~nt pos~ib:e raise ~n. .em1-.:r zt•1.re 
se~.-po:nt and cc:"'siderable effici:- ·.1c ·~· imprC'vell'ent. 

I\1. 4 ComJ!uter control of ~tart-up • L1 dir~c ~ Ol!?:ita: control . 

As 1t :r.as bet::n ~ointe::l out ~arlier, c .. ly powe:. O:ul ar.J fa~. dig uc. 1• 

comrol ('OmF,ll.ers can fu~ly 'eXploit the Sr')phistir.ated arla;_,Li~ .. e 
tc-::haiqu~.; as prc..~-'os~d bv ·-..1odern theo:..4 ) There :..: a widef';.>reau 
bdief, !~ov..ever, .hat th•! aavant:> '?'eb to be g"'-ined l:>y r :l-h techul· 
ques are r:~ .. t wor~h the ,•£for~ to ~?Ply ::.em. 
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Indeed, th ·~ r'lther f:-us ~ rating exEJer ience of the :.:ar.1y p.·ojerts Cl!. 

full start-up and snut-d.;wn -:-::::noutt! .. automation h<'ls somewl-tat 
cooled down the e•1thusiasm oi ?icnee:o-~. T:.·asducer , limit !:.top 
and el::ctronic !-lard.vare malf,nc1 iot'S art: no long".)r ~ pro~!~m a!' 
i.hey were a tew ye<Lrs ago, r.f"•r ~s n::>ise filte!"i:n.g : but ~he r.~t:l 

for substantl3.1 flow-ch?:-t change:; n o:.J. desigr. to ' comrr.issioning 
stagt:., the t im~ !or r-rogra.m developing a11d or.-lin., clebuggin~, t!-le 
scarce avaihbility of the new ver~' · effici~nt plant ior dr.al t~sting, 

the size of the pr ••ject ·,,rith iLs a::a · 0g and on-oi.i: mpu~s b'; tl.e 
h.1r:dr~ds ;;r tl1ousanlls, and .he a:.soc;ated disper;,ior. of ~ne!'gies 
are still cour..:es of dif+icul!:ies. 
Four ur five year;. or even n;ore, are requirea to go !:-om the 
init~al preliminary stuc.'.1 to the first meaningful opez:ating results : 
only very few ?ppl.ications nave "'~lrec..dy been c::-:npl~:·tec! at preser.t 
and n"lost 0£ t:htm. have incluuc.>d <:ur~ine ·run-up and loar1ing, but 
not ooiler sta!"t-up i3S-. 14U, T!le ~:tne will s0on come, b(,'wever, 
when enoug~. experi(a1ce will b. ~ av<.ilable lO jt•.dge c.._bo•1t the valiui
t~' of such comput er applicat.icn and say a final 'YOrd on t~1 e c.;..rrpa
r 1son betwPen wh·eci lo~;c sf'qu;:n• : .:-J sy~tems anci comp,1ter control. 

·.on the other i1and , al.no,.gh w~th less optimis .m o.-.. the break-e•!en 
point of eccnom!c JUStifi':at:-:>n, aJ.l tn...: anticip=>ted ':'easons for t:. <Jing 
t "e computer still hold to day. 1"·!-le neec!s for a h~gl• number oi 
ci.ecks ~efore ;::ach s ~ .:1gle OJ.-::!ra.tion is t:tfe,..ted, ior fa.:ot <l.!'.c! almo"- t 
.;imultam•ou;: a...:ti.)ns, fnr p-rfect rE>ocatibility of. start-up ,.._ .ne! shu~

Jown prvce~u:-~s. for melilo:r.iz ir.g mady frC':;:-ams to suit t~e diffe
rent normal and E.rr.ergc~-:y situations, appc.:;.: truly to be bc~ron~ 

ope .. ator';:: capabiJ.it;· when the ?lant is large ar.a · ccrr.plc ~{. 'l"i.e te
ductlon in !"'"laterial atre3ses, which can be achie•: eci by autOl:.J.atical
!y fo•lowing or-titnal procedures, v.~!h cor.s.equeTtt 1mpro..remem in 
rtaTtt !ia!etyl availability <:. '1Q life it> certainly a go?.! wort"h b~ing 
pursuc:::d 
Therefore, the d1gital c .;mputcr - or suhabk vnl'ed lo!Zic equipr.:e::.
as d. means f .)r aci.:.evin~ such objectiv"'CJ through au.torr.atic contr~1 
of no.;rrr.al and e....,..erg<alcy start-''!' a.nd shut-dowr., nas so flnund mo
tivations as to j:.:3tify further im:;;nsive ef£0rts to overcome "lll 
t~cnnical ::~.nd organisat:.'1nal diffic:.:.l.ties . 
• ;.1.otber chance for th~ digital c~tupute:- is direcr digital con~rc'~ of 
botl:. minr.: ant;! r."lajc:· slow-respon:t: loops in the steam oiant. When 
fast response is needed, as :.n sor.ie c~nventiond.l :.ontrol loop c..nd 
ex1-~cially in turbine governo:a, multiFlexec d. rl, c. becorr.::s in. -
practical, C:ue to t.he ~oc hc:.vy req•.~oireme:lts in C.jmputer time o.:1d 
SC'annin~ rate : analog su.:>loops :>re st~ll pre!erable. 
After the :Preiiminc:..:-y experi,.nce at St-erlington Station, .i..ouisial•d 
Light & Power · ,··o., where ~igita! co"'X'?~:t~er direct cont..rd was ap -
pliec! to three minor cooling lovpF of the turb.in~-gene.-ator, ~;:::ver<'.l 

ot~er aj>plicaticns i.1ave been repo!'ted "142, 143, l'i3. 
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(;c..s e:. of rl. d. c. 10r lO mir ">:r slo·.7 ~ ~~mp~ r u.L•1re l:OJ .tr' l h"' ::·:: 1 1 ~ 
and for the thr..:. ~ r •. ci. ior fec.:~wc.~E' 't , : e n1.p~ ':'a1· · . r e '-: •c c,•:-. •;Js <i9r.. 
lc.o;-s 143, 145 . as ba~ !;. -ups' of .malCll_; com:-ol;.;, ar t? quot ed. 
While co .. ~p,,ter remarkab1 ~ l~ g'r: -hardlinJ c rr,c '.l i.itles a. e ':ll'g e ! ~ · 

e.:~p~-:> it..:d to effect 01:-of<' or acic.pt i·re actic·n 3 , .:.:~. ;, "'"'ll'Lh'r:.;; 0:1 • • 

p:1mp o ·~ a .far. , o . ..::-. ? ~.g i n~ the t:a ,upl iag p .. ·; . 'Jd , ,..•: . .. r, tr · r: or 
temrcra.rure ~· r adien• ·i ~x ce ed 1pr ~ set L . :·.:•s 1· :h . uyl .. . r.-. i C' CO" ' !' C l 

actic.J does not •..: !:'~all ·,- go b~yo~d trato sposiP::o; Fill com rollP-l int0 
~ dig :~al for.-.1. 
Her,, ..::hoice c~ ~.on~ r.,l a lgor.thms, . : J:~t :::,~_ :;: nr tr:e p.:H• : i>.c"'.Ll i o ;- ; ; t 
velocit y !ype , of scaronin~ rat"' of cl~ < -:.1 ZO"'l .. to avoH l;:-r. it ·~. y::lu.r; 

du .. to .;u;",lt,_zaticn. is oft en ·l m.c on t!.e l~ 1.F. i-, of a i:j ·cr ld .> hnul :. 
tion study. ~racrical inlplc rn\!nt==t': ion of mor•. "\·l ... ~ol <>.t ':'. e r~ ·.t: · ·)l a l ~_~ o 
rifr ms, 3U ':: ~ as fl c..• rec;pon.:;e r:-ptima l corrt.C'torr l. <: ! , '>)e>s n oi o·.<.. . . 
~ t az;.ed yet: anci E <.tle !: as betn drone to desig"'l .u . .: : c a i.iz"' .. : i git:> ' 
Vt..J:o ious of adaptive feedfc : .V'ird an~ n c r< -inte l ;.·~ ·. ing C'O .t~ :-.) ) sch r ·. •e ~ 

altnough it. is o.:te , · s• a./~· eci. t'h: .. • the hest .~ustil:ic "t tia'.n ~or d ; P .:'..al C' '"' ·t 
pv~P.rl' steam· pow,,r . stati.;n cont!'C! Ee~· in t}, .,: :- c oilit·v ~ 0 e'Tlbor!y 
sophisticated cor.trol &:=uiure_s. l<:v~ c ii this will no~ be c,•n ·· • .:: rr.~c 
by >eJ\.p e rimental result:, it ~s likely that more a~d morP ; ...,. r. 1:c ::" 

wPl oe a-oused b,. the ad:\~..tdve logic e>c.ions, ~i1c • .. ri.:::Jrnln l' cor
rections 'o optim.:..:e -:~~nTb~.:CJt;on, Ha.: .:cn1F- ~tatic::: vf ».0::-li~ea :- c :: .. -
racteri·dng .run :: ~ ior. "', the indi:r~ct me:..r. ,lrenltm•s . tl.e ir.':~ t ··at ':.d 

pr0tec:ti·.·e syste m ~.- l:u.:h can b .. · !~coo:-~: o :r ·, t.ec:.. m l 1;gital cv .. 1p-~ti:' r 

contr"'~l. 

0::-l t he Othe r r.c:s..h_:, dig : taJ ·:om,;uters r·. a ; .t . "' !r~aC'" bte:-, a c. ~ e,...: t:a 

in many power z:.r.ation::- for .8\'])c.LVi&:ot .. ~~c: I>< .• ·fn _·ro·.c..nce n! ::n i~ or~ -.~ . 

af: it has already been puint eri o•.tt. 1.'.fl,il..:. then~ -:..:r .:: st 1.~l o •J.!-...,s d.t. 
to their l"bjectiv'! justi!ic=>tion £-::>~· conventional mP.n .. um- 3 iz~ F~an-. ::. 

accepta.lc.~ i~ gene.·al Ior nuclea1· reacto:- po·: e1· statior .... s~.:ur:ty 

'hec.t>:s a~·.d the ~.eavy ::alculo.: ion:- of n~utron .. 'bx dict:il'·-t:on i.n th ·~ 

core ca:<l fc1 nse o! digital• F:ograms. 
Nucl:ear plant secunl..y has a~so su~g~z:; t~c · !'iH' O l· ~ i..6 to .:':lmp ~ers fo .. 
operator t>-c..ir.;.i ~g. Digital simu!.,._tors 141 , 1~3 hd.vt: ~.!en uf'vtiol'ed, 
whici~ include a detaaed repre~::ntation d the nuclear un:i., whh 
sp~tial models·, Oj"n?.mics and Lvntrc' ior,5cs, both ior c;- :.4:-Jin~ filt·~dy 
of trculsients anC: !:>r preiiminat'y an.:! perrn-~•lent nrr:rc.tt .• trainir-.::;. 
Finc..lJ.y, it is wort'>) mentioning til <. t a g'rea• =1:.-i tc. f':>eeci ·up :~;":ita: 
compu~er program'Tii"g ~ae C'"!lle !rcrr: d :> v'!lupment >Jf Rtar . .:~rd :o.,;.b 
routines and progran.s for s _anning, alarming, !og2ing, et .:: ., of. 
specialize'Q 1"'-r._;;uag~& f.Or start-up a:-.~ S!1·.1t-down a · ... ~tomat;011 .aN~ of 
more general process -c:iented lan:;~gf"a, 
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Tr.'Y.lgh sn:-prisin~ly late, clectrohydrauli.c spf'ed gov.:;rnore are 
fin.::tlly winnins rvnsumers' anci turbi:-:.e -manuf.-:.cturers 1 fa,:our not 
only {'>r hydruelectric statio~s. bu: also for ste::..m units. 
The combir-:d mer 1ts o f eh~ctnc tr'l.nsducers plt•s .:.oliu -statt:: 
elecrronics for the co~:rc!lcr -ar.>pliiit. r and h 1g!1 -p:.:e ssure 0il 
nydraulics 149, i 50 for d.Ctuator.:l, with respe ct t0 conventinnal 
TnP<:han~cal o;: hydraulic sol·1tions, yiela •nuch sma~l.::r go•:ernor 
dead-ba nds - wit; , bet-ter ; r1mar y ;:requenc-y .;ontr:.>l -, e a .;ier '-'*'
rr.ote conLro 1 fror.1 tne dispatchtr, improved aynamic respons e, 
ia~t~r ar.d s ... fer prote-:tion3, tJ"!tte:: i.-:.tegrat1un w.i.th dig ital -:on<pu
ter or analog co ~;:dina.ced boiler-turbine conli'ol. use o; ele.-:tric 
po·.ver Ot:tput fe edbac k - o: irr.pulse Cl- :tmber rreosn·re !eerlback -
aJ.lo·.-,s elirTlinatwg the effect'> o f governor v<!lv.;; no•~ -lit1ea1 itiel': 
0 n the re.:lp ·:ms e t~ dispc>tcher's cc..nmands. The more ::,an 10 
year s ex;::ericr.ce w.:.th ele-:trouic g,wernc:: s ir. h~·droelt: ctr~c stations 
stands for their reLiab;.lity an:l re1narkab1y s ~nall d rift i:1 pF.rfor
:nailce. 
Automatic volt ·:1 ;;;e re g-ulato:o-s l.av~:: c..l.sc largely prr•{itec from t !:e 
in1vrovernents in :.:>lici-st :1t e te:::hnolo-;y. P ower se.nico,,duct'.:> r pro
gress has made static -::xc:::a ti.on of d. c . gene::- atv-r .> po~:;iblE: 15 ·~ · 
;:"idd current is S:lppliccl {:::-om the t;enel·at<'• O'l~put terminRlS 
\.hrougl! a s?.t;..ra h ie Lran!'!:Olmt"r ar.::i a sil i -:on :hod"! l::.ricig~ .recti.
fier, Or al~P.r,laL ~Vely .fr orr. a r;haft - rlriven a, C, g-::r:e rat Or th~· ot:.;;h 

s Hic:>n c or.t r clled rectifiers. By fast senli.::Jaciuctc:- co'ltro! all 
lags excPpt. mair. bene ~c::.t qr field time con ... ~a.nt ar~ pr:'ctically .:-li . 
mi. •ai..ed. F?ster o·.-e~all response i.n v oltage contrvl both for sm:::~.ll 

pt:!rt, , rbations an~ tor large transier;ts is th~n a-::hieved. 
No ~efe-rence will here bf> made t.: t!le proble:ns of negative volta
ge fe>l'cing ano .. mchrexcit..:.tion, field winding u.-ervoltag.:-s, t:.nba 
lanced fault harrl'lomcs, limits in St!pply v.oltag~ transif'r:.f: var"ia -
tion:; , which are ce rta~.1lv relevant in deter.nJm·.•g the d.; sign c f 
t he t:!Xcitatlu.l sys i.c.m and the choice o! rectifier . bridge cor>nectiv~ 

154, 155. 
Attention will t...: limited to the '-lucstion l::>w to improve th~ :nn.<>ll 
pe.rturb<!tions "s taady- :~tate" stat.:lity limits by introducing suite:
ule actions or fe edhacK signals into th e voltag~ regulato r . 7hr. 
stc::.':•ility reeion in ~!1e active vs. reactive power olan.e oual,.t to be 
wi-tened suc.l1 as to includ..-:: the :...1it tnermal-limi.~ regior, 
Ltad-la~ networks on the v.:-ltage feecibcd< sigr:al, field ...:urre.1t 
rniPor fee6.back lt:>op. prop :: rtional- -~ntegrc.l action:. -:>n a n elect-ric. 
!'ower vutput feedbac k ~ngnal, e_2eed and acceleration .feerl.back 
loops , gen.erator ~ ·Jrrent dE:.:·ivatives fee-\back s i rrnat s ~ave been 
em;'loyed with ~nrne succes:. 59.;63 , 156; 157, 15S~ -
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l>lo g<:::-.e:"'al conrlu3)"'1n has 1 e<..1 r<:>.-.hecl ye ~ :)n w i-> a: i s t r:.. 1 "'.,t 
among such ad~~t;o,..:J signa. ls ~:):- i: .!p,.o•;i•lg ;m::J. L~ per :- ... ,, .. aeon 

&i.al-, ilit y wi~rrmt h;nde::-inh voltc:.~e r<: gul2t:>on • 
. An int.erc..:::ting ap~:-:ication . of !.~ a 1 man''; O!:;(im::>'. c .. n t r')l ir, r <" ?Ortv' 
l'i9 , fc.r the si1nplifi.:; d -:ase o( ;. ~iLgle m?.ct: i:Jc r nn·.l::!C1C~ to : .:1 

ir.fite: b·.1s. The n · .. t;:!:inv is t· tu~i.td aS a h/" ·~·::. nt-r.d>r:i ,. ~.r·able 

Jine a.rizeci s :rstem, wit!: rn.-chinE' angi.t. .:,. .~-! .,t. r e~· :. to.· '.'vlt.agf' a:; 
vari;:..oles. Ry p:roper .:-.hoice of c;tatt! vc:.ria.bl "! 'v eight s in the ~<~r

.!:ormc..~:ce in~~x to be :ni1. ~.ni7. eci, t"e opt:L""a~ c.· or •• -:c.!le:o: .- .... ~rix !< 
whid1 .; atisfies R:ccat ~ eouatiuu - i:. ~<:- ·E' ·"::--linP-1. G~v·~T 1 . 0:r and 
volt c-.ge -:-egulator are i::::e?t:ed a..= a sir.~ ie two- ·.ratic:.h1~> c. <.·:-1-•l·oEcr. 
wh·~"'e i:~1e "c>.dciitional' . £eedb2-:k :.ignalr. er:.+er _.3 · ' s to. •..:s ", i. <- be 
multiplieci bj- ma. rix K cor."'tant elen:cnts. 
Tht: abo·;e ::L_!)proac!-. muEt t, c.f rourse. be -:hl!-:ked .:-..g-'i.r. Ft vdirlit)' 
0{ }'..::rform;,nce i~.d.;;x w.::.ig.n r.ing co"'fficients, sa..uro.~.' :.:: 1n .-.-~ .. nip.;. 
lc..:.e.: '\iciriables, measurabi! :t ~r of st .... .:-: s, varia~ .; ~n in op~.:- a~hg 

point,:resr-onse ~o d~:>p::-tct:.~r : s .;~lmmands c;.:.d p.irr.ary ... onu·0l requ •.
remer.ls, possihle cont!'abt \" ith l;:_r~•.! ::; :,gna.l _- :. ::-~~i~nt r::.:.oility. 
A1l solutions, inciee.:, should b<:' verified ag<~inst. ~rt>'ldtr.~ .• abiht:·· 
bUI. ·}.er.; stz.tic- excitat:o:. i s generc:.!ly p:;:~ferarl.e j u s i: he:c- ,...•; Fl'; it 
fo-.:ces th~ exc~tat'~n vulta~e to .:-eac.::1 •to c-eiling s r•on:.!'. 

v. C Q l.; C L U S I 0 .N S 

!n the C..bOV'!, C:t]~r thoo. highli!;h:.3 of the in1r"' .:t v~· mr,dern antcm ... ~ic 
cor1tT')l methv.is and techniques on O!)e.·atior. a nd desigi' of ~-~~-·'.r~.: -;J·· 
v·er s~·ste:ns have 1:-".)en Jiven. Not u.ll ti.e aFnects ami t~ ·.! l"ec.: nt d'""E' 
lvpm~~1ts Ji automatic cuntrol applic:'l.ti.:n.~ m +~1i& iield l•av.., bac·1 

GUOt e<.i.. For example, no mention h?.!3 oeen m:::ie o~ ~.h£ pr ·.>r:2·e s: in 
.!!?:e:asut'1ng instrt••nentat:_or., :n sp~te of the f .:~::une:,tal ro.le cf \.he tn':l

rt accur:ltP. i'.!ld .ias::::r uigitc..l-c ·•mputer CJtnna~~.bl~ E ~TIB?rS ;.-_;)W ~n· a i}a 

bl<: and vf ~he nPW' n .. e'l.t':'i to obtajn a airec~ .>r imlirect nltaSUl"E!n lent .. 
of t>asic quant~ties like qua1ity nf servi:::, I•<: <it ~.i.u;: c-on\bus tio'l effi
ciency, therrrul.~ s!rt.sses. l'~oth; ::6 has Jeen s~ id a;.;out ~1 \!·ne:ro-...s inte
resting tasks for the ~c..nputer in a p<.•wc:: statiOT, or ·.n ' di.,;>atc~ ~ •. g 
center, · like indirec- ' improvement . -~ ~~.£L..2.!::.£!::';_:..:_.~ ~;,- · h ~ at •no 
mass balr~'lces, mu~~iple · path coml'c:lris•m, re ..... sonabilnv c. ~. ecks, or run
ning of :.1st•ument maintenance rc :1tines. No d..t::-.\1 h~s beinl; gi7.L• 011 

the ::lev~lopments in ,.,,-:-ea-logic e~eat fo,. mP:ls-..:re.nems a~:J c..Jr. -
t::.-01., like sequer.~ i ::.. ' · ev:.nt 'l"ecorde \·s . with or without po~t-mo!'tf'm · r ~

''i.ew facilitjes, ccr,1puter- .·o •• 'lpaLble di ~it<>.l ~<.pe recorders of an:-!og 
<-tUantitie~ , ,. Ftatistic.-=tl cv:relai: ur:.., al;>r:>l ::;r:allners ,nci data 1. ogge:-~, 

se<p:.t ntial con~r:-1 sy~terr •. 'l fur l:·.!r!,er .l .;!!htir. ~ , co .. l handling, soot. 
blowing, a sn ho.ndlin", water (l.-, ,ninera!i:r.!:.~, :Lubricat ing Oil or C•):1den
ser .: h··:uhtir.g .t-um:p ~. t"-rt -~p . st:ea~ •• turbi~~ '1.\'tomatic s ~ a:rt:-up and 
shut-down 160 .. -: 163 :-•um? 3.nd g_-:nt>l"ato,.· ~ta:-t-oJp, shut-aown a~d 
switching in a pu::npc.d-s:.orage m""~.iplc -unit ~.yc-oelect:"'ic -:t;,t ion. 
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Entire c,_apt~rs hav e been ignored, as .:'! ! Pc~roni.c p!"ot . .: ctions , .·e -
mote co!.troJs, d :.>t a tra"l.srr.i&sinn, a utoc1a t i c re .:..d 1n ::; a 1.d pr oc._ssin.: 
of energy meter dat a , cor.. :,mter .;toe;_, cont:ol "' tlli :n ? n:! ge t-.lt: nt i ::i iJ!., 
mation syu;:en•s. 
Fim:.!ly, no :. cc:::.nnL ha~ be .:: .1 ;::; i·.-en of pro!_<r c ss i ;; ~ubs : adc- :1 c 0 ,1trol 
equipme"lt and use of ~!lta l _c-:.m::-u.~e rs f,n ~or.::rn' of dist r ibution 
networks, · altho•.1gh this type of applic::.. b on, v.·;1ich inducie = ~nOH ltor

ing an~ n~·mcte - c ntrolling -:f :nany .sub:> l a.Li.:>•:s f" ·'r-1 a c e r.•.:-;:. l stat io.:, 
has alr e ad:r l'roven t 0 be:: ~t:.:.>nomic'illy -;nmpeti.ti·re with :c v ent i onal 
wirei-~ogic .,o! ·ltionu , <>.nd '.s er.cot•r.tering wid~r and wiue r a-:c:eptance. 
164, 165,91 

Iti St>it~ of cil~ L.hcse "'"Tlis~ 1or..~, !t; is hoped tha~ er:o'l:!h cvider .. c~ has 
bet:r. o!fered .->f the wide range of probl ~1ns where <'-d . .r;:nced control 
theory an..: practic*'. play a r~:!evant role iJ, the electr i cal suppiy ind·.\ 
st:r-y. The powe-r sy~·tem is '\ tvpical lar ge - scale Jistrib~:. ed syster.1, 
whe::i the operation of individucl~ sut.;~·stems mus t 'oe .;eparate :y oz:
timiz:::d !?r maY.lffil.lru ~f!icien~y a.nd fast, accu.:ate, st4b!~ .: esponae , 
but m1tst also be i.nt<::~rat::d {'-'!" optim'l' tn er..,nomy, bc!:t ttuali~ j- of 
scrvi.:e and highest c:ecudty of tht.. wr'Jle system. N'J woncier t"~,en 

that re!lned opt~.m;7.a~ion methods, identifi.::ation tec!;mques. nult ' -va
dc.ble coo,.dir ... lte~ cont.1·vl ap?rc.ar.l-.as fjn ·.i :1erf' ·,..·ide app!ic;:.tion .a::ci 
ir.: egrated control has been pusht:i ~o f<>.r a!' tv suggest hierarrhical 
.:ontrol COlT.l'Ul c 'L" Q·;~tems . ,vhere a centr4~ on-line compu! ~ r a u t o::-.~ a

tically ·. coordinate:: ::egional ·dispatr::1-!in!; compute:-~. "< :1c! e a '-h oi t ht.ie 
remotely controls power steo.tio"ls an:i substc::.t ion~ and it. :r;ossi:-ly ll!'k · 
ed to station computers.-
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