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propagation, careful study of system restoration procedures.
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CONTROL PROBLEMS IN ELECTRIC POWER SYSTEMS

INTRODUCTION

“

1.1 The main applicaticns of autem=iic c¢onirois co predultior, (rans'iissicr
and distribution of elsctric enercy, as it has besn ouite clearly shou»
by £2.Favez in his survey paper ! at Basel I9paC Coagress

the basiz :cquiremenis of quality of servite Z1d ezonomy o elaciric ;o

o €N T

wer supply. In the following, & br-ef acccurt ic et fgifiem L the pra-
cent trznds in eleciric power syr‘ern planmiug »nd operation, and it L
shown how the grewing demand icr hetter secu»inv and chatinuley ol sor

vice or one side, and isvestinem ~—~d operating c¢rst sedvition ap the
othe. side afieci the role of cortrols voth ir systern and in stiZion o -
raticn a2rd design. The receni progress in cach ot the naan areas !
coutrol technicnue applicationc is then outlined. more ewupnasis heing
on the use of comnuters and molers iactholds of y.amic anclysis, anti
mization and identification.

Yaid

1.2 Trencs in power system plannice : *he oroplem of service contdnvhy
Fig. 1h qualitatively shows how the 2ve.ail investiaen® and operéii.l.g
costs of large beilei-turbine geuerator units decriuse with arit capacio,
It erwvlains why ia the lac* yvecrs theve has Yecn o growing irond toarl,
larcer and larger unit sices. <he vate of unit £lize incre-=se has be:n
infact, umpiccsive, »+ Fig.lz indicates. Altiougn the installatic. ¢l a
targer unit in the s’etem calis for more reserve, detailed piaiming stu-
dies - which ¢re based apon highlv sophistice‘ed -igital .craputer - -
grams for calculating system ava.labilicy a* the neak l~~d wnd C:cidi.g
when to iratall a new unit - indicatc that w:it sizes of riore wua. 5% ot
wotal systemn cap:ccitv, for r.asonable values o. powar shostase riske
and good unil forced ocutage ratis, may £0ill be ccavenicnt, To othur
words, a 1500 MW unit may be econocmic fo. a 2(.C00 Mw systemn.
ndeed, units of more than 100N MVA i.ling are already in operation,
and turbine-gencrztor manulactc.ors do not 5c2, awer Laving swived
tlhe problems of rotor conductor cooling, any unsurmontatl: difficouies
in going fnrther, exzept for transp..tation limoits. :

However. all the above progress has one drawback : lavgur vaite shows
worse reliability, i.e. greater foiced outage ratz (F.D R, in Fig.1c)
Whv this can happen. it is open to question * but is may not l-ok sc
sirange, cven in the yecre of recknclorical matvritv, if it is noticeu
that the turhinc-generator desigi2r 1s frequeutlv faced with studving the

Giorgio Qua.za is with E.te Naz‘on.le Enerzia Llettric. - Uirezicue Svdi
e Ricerche - Centro Ficerca di Automacica, Milano
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.design of a much larger unit when the previons smaller muachins has
not yet undirgone encugh experimecntatica.

Furthermcre, improved materials and desizn methods have halved ma
chine weight per unit output power, or iucreased turbine Llade size by
50% in ~ few years; but ofien to the expense uf safcty margins, and

in anv case with consequent less inertia cf rntating parts, lower metal
capacity, lowcr water and steain voiumes. The effects of disturpbances
_ are much faster and call fox much more promp. action, to avoid scriae
faults and damages.

A rovgh idca of the role of unit F.QO.R. upun reserve requiceinents is
given by Fig. lc : and it shovld be added that realistic {igures for the
F.O.R. in the {irst year of operation of a iargc unit are in the order
of 8 to 12 %, -while eviderce is not yet available that aftes three yezrs
they may be better than 3 to 4%, Ior unit rating in excess =f 300 MW,
Neverth=less, the trend is tow=rds larger 2nd larger unit sizes.

Another good reason for this trend is the developraent cf interconneduions
between power companies : ‘ndeed, it is ohkvious that a pool armong se-
veral conipanies has 2 larger capacity than that c¢i a singlc member,
and as a conscquence the largest unit becomes o sinzller fraction of
the total capacity, so thot the cverall % rcserve requiremeats decrease.
The iavestment-plus-iperation-economy ‘r.proves.

However, going tco far ia increasing urnit size and duzcreasing overalil
resesve by pooling may be Zdanger.us.:' A problem of system security
may arise again, if the reserve is nui suitably aistributed in the pool.
Tripping of a larje power station wher tke available reserve is physi-
cally too far in the system may engender iastaiility. The transient mav
occui when there is an unexpecteu overload tor advcrse meteoroiogical
cituations, wkile many lines are on programmed inaintenance, etc. : a
risk of black-out appears. g

The propagation of a larg~ transient across iz cystem i3 a real pro -
blem, ae world-krown casec 2 have shown. While it is impossible

io have a reasonable estimate of black-out probability, ard consequentiy
design the power system with enough safely margins as i0 prevent
collapse in such situaticus, it is iiaperative to study and apply any con-
ceivable automatic control action that mzy save ithe system.

Just as the large and luw-inertia beiler-iurbine go2nera‘or unit reguires
faster controls, bettet protections, automaticn of the too complex start-
up and chut-down operations to reduce stresses through improved re -
peatability, pouwer sysiem securily calls for centrzlized autcmatic zon -
“‘role and protections, nre-planned corrective actious, cperator-guides
for manual emergency inierventions, contirurus monitoring of systein
~verload margins for poseible coxntingencies, load-shedding, =ystem
splitting, installation of suitable airect current transmission iines to
avoid transient propcgation, sysiem restoration procedures.



1.3 Role of automatic control techniques for system security and operating-
economy
In the preceding paragraph, emphasis has bLeen laid upon the need for
automatic controls as means to achieve the desired power system secu
rity. While security is certainly considered to be the most important
aspect of quality of service, it must be remembered that controls play
also a role in minimizing frequency and voltage var iations , and their
application to system operating cost reduction through centralized eco-
nomic dispatching and station unit performance monitoring is becoming
mare and more widespread.
Actually, the influence 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 conceived only as means to obtain better dperating performance
from a given system, the design of which was made independently of
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 con
trols may achieve : why not accounting for the existence and the perfor
mance of automatic controls in the system design stage, so as to remo
ve useless or economically unjustified constraints ?
The impact of modern control 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 systems poses, of course, heavy
and delicate problems : system size and need for simulation, analytical
vs.empirical models, need for statistical identification of system envi-
ronment and load changes, centralized vs.decentralized control, partial
automation and man-machine communication, predictive vs. feedback
action, reliability vs. manual reserve, etc.
How far this integrated view has gone until now, we will somehow try
to show in the next paragraphs. To be comsistent with it, we will start
with system problems, and ‘then proceed to plant controls having in
mind that the specifications of the single generating units should at
least conceptually be established as a result of system requirements.
Following Dy Liacco ° , we will distinguish three levels of power sy-
stem control, with increasing degree of operator intervention : direct
control, optimizing control, adaptive control; and for each level we will
list the automatic and manual functions, whether the system is in nor-
mal operating conditions or in emergency.
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"Direct Control" in normal operating conditions includes primary frequen-
cy control, tie-line power and secondary frequency control, generation
voltage regulation, transformer tap changing, condenser and reactor switch
ing, fault clearing and reclosing; while in emergency and restorative opera
tion includes governor emergency biasing, load shedding, network automatic
switching, out-of-step tripping, system splitting, automatic feeder restora-
tion, automatic load transfer.

To "Optimizing Control" in normal or preventive conditions belong active
power economic dispatching, voitage and reactive power centralized control
unit commitment, hydro rescurce economic allocation, economy interchan-
ges; while possible optimizing functions for emergency and restorative ope
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 emergency 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 generatin
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 an
distribution systems.

The relative roles of automatic and manual controls 'in system operation
and planning, with special reference to information processing and display

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

CENTRALIZED OPTIMAL CONTROL OF ACTIVE AND REACTIVE GENE -

RATING POWERS AND SYSTEM SECURITY MONITCRING

II.1 Optimum control of active and reactive powers in thermal production
systems
As it is well known l, 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 dispatching of active
powers were all based upon the coordination equations 5 and quadra-
tic formulas giving transmission losses as functions of the p generat-
ed active powers Pj.
Such formulas implied rather restrictive assumptions : constant volta-
ges E., Gj , 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. Furthermore, quadratic
loss formulas were not alﬂways suitable to describe the variation of
losses with load for non-compact networks.
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Tre advert of the Jigital computer kas trelv been a turning it in cn-
line and »~fi-linc econcmic dispatchirs, Mol ¢ iy beecacse it Las .nade r
pussible to remove il the above limiiations, hut also because w k
ed a satisfaciory sojutivn io the probler of irtegratin, the scarcr fur <ct-
nomic allocation ¢f gererated nower with the Lreveative assessmert of sy-
stem security i. troni of nessible line-cr g:reraisr ovlages.

In additiou, the more rigmous apnrezcl to th- ruuniial

at’on of productiu.

costs, where also reactive powere arc considereu as .arizelcs L optin
ed- and <onciraints on line fvansits are accounivn for, can be implereenied.
Appiication of Kuhn and 'Tuckeyr theciem to the peorloin of

minirzizing ¥ = Fj (Pi) L S

wham

1

cubject Lo the static aciive power balance equation

i
~

g(pl,...,pP,Ql.....Qp)= (i} L (

where :

‘o
=]
0
o

29
=M
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r

[¥8
i
-
n
—

with given load active powers CJ- and reactive powcis I'_;' and sunject
to inequolity ccastirainis, dve to eguipment limitaticas,.-suck as genzvotioc
plant caracities, line transit capacities, bas vollay2 tclerance=,-zm~ag
which wc list heve f{or simgplicity only tk2 conectraints on geunc.atea -ctive
powers
Nk y X ;

Pim-Pi‘-"PiM i21,2,0: 0 4D

1eads to zercving the derivatives of the function
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—
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yield the sclution, if the cxpressions of the derivatives of ‘ransmission
losses

PL = Z 3: i"'d; +QJ Jko ¥ P erQ IJk k]

yat i-.ﬂ e (7)
3 3 |k
T SO TR X —-——-—-—sm@_’k
cou e T A Pie* ISIE,]

can ba obtaincd, as functions of aciric and reactive powers P;, Q. ot
21l rodes, i.e, including both generator and load powers, witn proper
values for bus voltapes Ej and ‘ghisc angles 6;;.

fhe second equation in (6) shows that minimization of production ccsts
valls for minimizing *trans:nission less¢s 'us functions of reactive powers
Netice ihat the non-negative duzl variables, associated wiin each incqua
lity comstraint, such as v, ory-. . mcy be interpreted 8 as the incre
mental costs of the coﬂstraint or t 1& sensitivity of cost to the constraint
alde_. ;

Indc2d, notice that if the consirained opiimua ce -le for ‘B '= Dy 're-
iroving the constraint, i.ci lettiug B fiee to be muemvnted by +AE;
would yield a positive cost reducticu -AW¥ = J. AR,

The actuai solution to (6) carn be obtained by i.cration, with rzlaxation
betwcen active und reactive power allocation ¢, Reactive powcrs are
given by the reactive power optimizing subroutine, and enter the active
power program a3 inpute, Ry iterating on an 1attially estiinated value
for XA , the active powers-as defermined by the coordinatiun zquations
with estimated losses-are derived. A load flow is calcuiated on the
baris of such active pcwers, 60 as to obtain a corrected value for
transmissioca loss€s and pursue iterations'on lusses until convergen-
ce i3 aclieved. . sketch of an acrive power optimization fiow charc

ie given in Fig. 2, while Fig.3 shows the flow chart for .he reacti-
ve power part cf the prograr, as based on a gradient method 6

AQ = k(i) grad pﬁ) . (8)

where AQ is the p column-vector of manipulated reactive powers.

If voltage constraints are violated, k{i) is decreased :.if a reactive
power limit, siy Qjp, is exceeded, Q, is kept fixed at Q .. :
Computing timee of about 1.5 min on a 560/50 IBM digital computer
for » 176 buses, 262 lines, 25 regulated buses, 15 gnneratmg plants,
5-sezmoent cost curvis 2re reported ° .

Centralized centzol of reactive sower

Reduction of computiag time is essential, if such digital programs
are to be implemented on an ou-line computer. A reinarkable progress
has recentfly been m=de in cutting down.load-flow digital program



times, expecially 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 :

n
b 3
(Pk +ij) - (Cx "'jDk) = Ey Z (Yki Ei)
a=l : k& l,vaoin (9)

or, i equvalrt ht mare caned fam, wihat explicitly -mentioning load active
and reactive powers Cjp, Dy and . network admittances Yki' but
introducing the manipulated Pj, Qj vector U , and the bus voltage
vector E (alternatively, the line transit vector) the system o equations:

G(E, U)=0 (10 )
need not necessarily be solved directly for the optimizing program.
It is enough, more frequently - both for constraint equations and coordi-
nation equations - to obtain the derivatives of (10), i.e. the Jacobian ma-
trices Gg, Gy of G derivatives with respect to the components of
vectors E and U. For example, minimizing losses vs.reactive powers
should comply with the condition that bus ° voltages E remain close
to their reference values, within a narrow tolerance. The linearized
relationship is then searched between voltage variation AE and mani-
pulated variable variations AU :

AE = S AU ('11)
where :
-1
S = - GE GU (12)

is the sensitivity matrix. Calculation of G.1 is, by the way, greatly
speeded up by the above ordered factorization, the efficiency of which
is due to the sparse character of Gpg.

Sensitivity matrix and Newton-Raphson methods with the product form
of the inverse have greatly enhanced the possibilities of on-line fast
programs. Indeed, the rigorous approach to active and reactive econoc-
mic dispatching for thermal systems had already been stated by J.
Carpentier 7 in 1962 with his "method of injections', but convergence
difficulties and computing times had somewhat impaired its application.
An important progress towards efficient programs, along somewhat
different lines than in (1) ¢ (7), and more in accordance with the ori-
ginal injection method and the sensitivity concept, has been obtained
by several authors 8, 9, 10 ; see expecially the methods of differential
injections !! and of total injections 12,



Ii.3

In the practical applications of on-line computeis te cecntrol or voiiage
ana reactive powers, attention raust be giveun to the fact that the ele-
ments {9 be manipulated ir order tc effect the desired AU (cr Q)
are the following :
1)- Lead Ta, Changer Controilers, for varving transformer .ura-ratic
where tap positicas can onlv assume intcger values ;
2)- Static Condcaseis or Shunt Reactors, where ugain the number of
capacitors or reactors that can be switched on can only be intege:
5)- Rotating Conuamsers 0. Generatcrs with voitage or reactive power
control. B
The oniy item 3) can assume any value withia its maximum-mirimura
limite, and then be svitable to the straightiorward application of (1) =
(8) : actnallv, since 1) and 2) are quite efiective elements to be used,
the computer problein beccnies one of partially integer quadratic pro -
gramming.
Onc approach 13, 14 | vhich has been .. emploved for the Kyushu
Electvic Power Co. on-line computer ins'allation, splits tue optimiza-
tion problem into twe-phases : z) search for bus vollages which are
compatikle vrith constraints; b) minimizatirn of losses. While for phas¢
b) direct search methods are used. phase a) employs' a multi-siage
conjugat2 gradieat-method, with approximate discre:izaticu of synchrc-
nous machiue roactive powers, to minimize 3 (AE;)2, where AE s
given by (11) : the mirimizing piocedure is stopp=d whken all voltag=zs
have come within their tclerance range.
If it is nciiced that thc overzll ecuuumic ohjective does not call {or
frequen. controlling clement adjustineats, sav one everv morc than
15 min, it is understoud that the rcported 13 computing time of 8
sec ot IRM 7090 inay be adequate and aliow enough time for cther
compuvter functions.
Indeed, the interest in on-line centralizcd voltage control, which is
growing, in spite of ithc very small number of Zompuler iastailarions
operating to day in the world, is justified when voltage control is oniy
one more tusk tor o dispatching computer. b=sides active nower allo-
cation and security assessmznt. Savings from tr2nsmission loss re-
duction cannot certainly be sulstantial., One important 2spect of react:i
ve power optimisation by minimizing losses is tne fact that it oirers
a criterion for the establishment of a voltage pattern turoughout tne
network and for the ceost evaluation of voltage constraints.

Secu_ity assessment ard active pover dispatching

If the or-iinc digitai computer is capable to compute loss roefficients
by a load-flow program, it probahly car handle ca-line security ascess
mcnt checks. Indeed, miniunizing production costs subject to the con -
stioints of not overlozding lines and generators doces not always yield
a reasonavly safe situation. If the current in a line is close to its
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rated valive, an overloaa may resuit from tripping of another lue i
the s:me 2rez, wih possible relay switching ard a 7 ._quenc: ¢l in -
terruptions, much beifore the ~omput2r or the operator niay have h.’
a chaunce to modify generating power ailoca.ion £0 as (o suital 'y re -
duce the lnad on that liie. )

Timely acccunt must Le taken of possible singlc centingoneirs. s.
as trippinre of one line or one unit, or pecrhops <outle conurgencics ,
by checking thai no contingency can overload any line cr g.icraio:
An essertial task for the dispicching compute» ig thea the caiculadie:
on tne bzsis of telernetered bus voltages ar? .ajected or trans't powess,
of neiwcerk load flows for all roajor or cedible cent'ngenciz., to insu-
re that no »verload ruay ocrcur. Such calcuvlation may impiy nradreds

of load-flows : no wondzr ihat some user:s JZ prafer simplified 4.c. -
load flows, ard that sc¢ mnch work is done to oltair f{asler ~.c.'sad
flow prograras, If, as a result, uo evidence of urerroale a p zrs,the
coruputed economic allocation .f generating power~s is iudged ac saie
enough and confirmred : if some overload is shownr, hc uperat.r - or,
altern~tively, the compuier itself when prcperly irstructed - saitably
changes powcr allecerion and possibly introduces rcher spiming reseive.
Cextaiuly, if off-lire studies c¢ov'd discover an approxi.aate veiation-
chip hetweer ihe maximum oveylcad caus-d un one line dv he i1ipping
o ayue else and the iotal system: load - .r may be a 7.’ rthexr pa-~ -
raeters - 21! the abhove <hecks wcvld aot be reeled, aitn greaur saving..
This is the reacon why sorze utilicies are muakiny sysicmat.c invesri-
gations tu determine th: load increuse caused ~a ali other lizes b -

the trippine of any single line. The above r=lationaisp wouid allow
ucseribing sccurity by simgply introdicing, in cue ecunomy loading mi0
oraw). cransit power limits, which zre cuitable furdivns of total sysiem
lnad,

Even if drastic simplifications may be hopzd for, security a-sessmeun
is certainly one o fhe heaviert taslis of the dispatihing comaputer, which

is still coneidered by inany users as a powerful and scphisticated in-
fcrmation display miore than an optiriizing’ or cor‘ro! apperatus.

E.d.F. Centre National dv Dispatching !¢ ard CTEGE Natioral

Centre 15 a.e equipped with CRT displays showiig re"wnrk dlegrams.
with active and reactive power [lows, substation swilchirg, plus rn.ach
tabular informatior Tclemetering instrumecntation rea.onzdilily cCnecks
are performed by the computer. The emount of fast pici ‘up resesve,
which can be called ia within 5 minutes, is disrlayed by Niuie inuica-
tors in several exictirg dispatching computers lo, 17,

Most USA digital ~omputers still determine optima. aciive power a'lc-
cation on the basis of equzl penalty-factor-corrected incremeatal custo,
Dy usiny quadratic loss formulas and no. line-transit constra.nts 18,
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indeed, this approach may well be adequate for systems having ro line
pottienerks, exmecially if morc rigorous new loss expressions 20 are
used. Elsewheic '5, a merit order is enough to decide unit s:lectica,
but scheduling the econcmic loading on each of the not fully loaded
machines imglies recognizing the limitations on unit loading rate and
hence ucing the ccrnpurer to calcalare the expected demand for 1 h
ahead by a lioacd-forecast nrogram.

The increasing necd for coordinating the economic operation of the mem §
bers of 4 single large poc! has suvggested the installation of 2 central A
computer 19. 21 o determining inter-area transfers fcr minimura sver-
all cosi, with direct telecommunicatior link with area-computers : ite- |
rative %! solutions to the ninimization probleimn have been conceived,
whizli call for compu:er-io-comouter communicaticn.

’

iI.4 Variativnal probierus in oprimizing system operation
Other tasks, which arc irequently assigned tc t'ne_dxspafching cosapuier
witlin the scope of economic operation and security checks, are the
followving v )
a) unit cowun itment, usually in a predictive program, for the next day;
b) chort-term aydroeiectric resource allocation, on the basis of reser-

vuir reasonal schedule

cj tariff coraputatioms for energy inteichanges with neighbou.ing compa-
nies '; ;

d) perindic re-ording of measured and computed quantitiec.

Preograms for unit commitment do not pose any special difficulty whon
sclection is made on the Lasis of 2 piioriiy list : units are crdered A
for increesing average operating costs. However, if start-up time and
cost, which are functionsd both the time elapsec after the last shui-
down znd the unit lsad Befee gt dowr a2 accwsied for, the problems beconues
considerably n«ore coiaplicated. Minimization of the integral cost du -
1ing a 24 h period calls for a Euler coordination equation, whercby
the best time for starting up a unit is obtained when its incremeatal
start cost is eyual {o the incremental profit from shutting it down 23,
In cother wo.ds, keeping a unit at its technical minimum for a longer
time may cos. less than shutting it down earlier, due to the
higher -zost ot siarting it up later in tne follcwing day 22,

The shourt-term optimal scheduling of a hydrothermal svstem, expecial-
ly for the case of comaplex valleys, i.e. hydraulically cascaded glarts,
with given water volume to be drawn frum seasonal reservoirs in a
given period, say 1 day, or 1 week. is an even more typical variatio-
nal probiem. The objective is a functional, the integral cf the fuel
cost in steam stations, wiiile one of the constraints, on ine reservoir
water voiume, is also of the integral type un water rate of {iow : the
optitnal "trajeciory' is given by the steam and kvdio generator output
power cursves vs.time, which minimize the daily, or weekly, [u=l cost.
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Ceveral optunizaticn inethods 2nd digital computing p oredures na o
been tried to solve the probiem, f{rem the older dysamii prosramiuing
26 and Fuler coordinatiun equation =7, 29 apprcaches to constra.-:4
gradiert 28 and mose recently the maximum principle °Y and tirear
programming 1, g

for the highly ~iraplifigd cas~ of singie-rescrveir crascont head byl
elzcirical units and stcam units, *with no otrs* constriinc lnhan the re-
- quirements of copny I'.'ith tne demend and corsuidiag the given water
‘volume:z, the oroulem is c<ne of °

+
minimizing [F dt (15)
, g el :
subject to : 8 /.1';5, v.‘:‘ 5 -F_ - Qft) =0 (4
L P i i { Al
ahd;,"q..{l".v‘l:_ ;:';_‘...L L -

with C =3C, totai active lcad;” and \f.,,’s are cstopiished by the lo a-
term bydrothermal system optimizing precgram which determinia va kly
outputs of hydroelectric stations for most ezonomic ,2arly oseiation of
the syctemn, with due account for the random wnature of hydraicuizal pre
diction.,, load forecast, unit avaiicbility and ihe risis ol peak rovrer
deficiency associated with empt;ing reserveirs ~7¢ 7,

If siecam power DPj . and water rates of iiow 3j are ciarsen oe vorables,
Euler equations hecom= simply :

a.—‘ -_:O . .—-'=C )
a.", Te ( lo)
where -
= FiP) fde B v S
- R’ ’ A l’ . > Yy - . . | .
L = FULELS + Al ’!.:';1-* ‘f‘:f- ‘L CJ +_f;u‘? (e,

i.e., if X(‘.‘) is eliminated in the '"coordinating cquations' result’-g
from (1), the following rclationckips are obtained :

L G s e
1-3-3 dF, 1-3_: dFy )=42, .k
P 3T,
a—‘P" =0 L..-. 1,2,...05+h) {19)

R,
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When linear programming is used, the period T is subdivided into =z
suitable number of time intervais of duration T;. both cbjeciive ' rc-
tion. and volvme constraints are aiscretized, a linea:r approximation

for losses vs.active and reactive puwers is accepted, and Pigk-q'l\
relative to interval k arec treated as positive variables differen. irom
Pisws Qjwr W 7k. Dy this token, since Tj's are known constants, the
proulem: bccomes onc of.lirear programming, and ample opportunity
is given to intioduce inecuality constraints and exploit ¢he wealthy set
o1 elaborate techniques ond routines available {cr large-scaie optirnal
linear programs. :

However, if the number of time intervals in which T has lLeen sukdi-
vided iz high, 'he number of stations and hydraulically cascaded plants
is large and losees are taken into account, the overall number of egu--
tions, inequalities @nd variables may become excessive even for large
computers.

Siruplifications are then anecded. One of them 31 consiets in subytimiz-
ing cach '"'valley" separstely {roin the remainder of the systeni, say
maximizing its output energy for a given shape of ils lrad diagram ver-
sus ‘ime : hvdroelectri< units take up on themselves most of the varia-
ble part o: the load curve. The resulting optimization is not rigorous
but each vailey is dealt with to a greater detail, .allowing fcr waier
transpor* delavs in open-air canals, small intermeciate pondages, con-
straints Jn levels ond rates of flows, etc. Alternatively, the rigorous
approach is rollowed, but ''vallevs' are replaced by an “equivalert"
hydroelectric unn.with scme sacrifice in estabiishing the zguivzlence,
and need for . hecks or admissibility and consequent correc.ions.

A furthcr interesting but simpler example of varistional optiirization is
offered Ly pumped-ziurage station operation. Indeed, while such stations
are meani to gencrate elcciric powers at the daily poaks, and pump
water from the lower reservoir at night, the problem arises as to
choose time iutervals and water flows for generation and pumping sach
as tc minimize the overall cest of pumping.and masximize {uel saving
during generation.}t can easily be derived from (13) to-(19) that the condi-
tion ifor optirtawm is that pumping is scheduled such thai water ircre -
memal cost JF/dq is cmstant along all the durativn of pumping, and
likewise the incremental fuel saving dS/dq during generation is constant,
while of course the saving must exceed the cost :

(11) const = p ; (—S) const = V f}<v (. 20: )85
ahgvaprv ahgg:sa-nn

To solve (20), knowledge of incremental cost of steam pcwer & ﬂ? p.rrpad
stor2ge station ncde vs.time is needed, although the required time-
liness and accuracy are uot so critical as io impose an on-line auto-
matic solu:mn_./zrl,so hydrothermal and valley optimization probiems dec not
strictly belong tv the realm of on-line automatic ccntiols, since hydroeiec-
tric station scheduling is generally prepared once a day, for thc following
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day, on the bzsis of load torecast and unit availability reports. and

is oily exceptionally corrected duz irg woveration, as th: search for “1.:
true optimum woculd call for. Neveriheless it has beer felt that hrdvo-
therma. systeni optimuizatic. has tn be legitimately quoted here, Y“uacav.e
it may be thought ac an example of predictive control, wher=s mode:r
control methods and techniques aie wideiy employed.

At presert, valley suocortimization is genera Ybtainedu eit’ e ienvaliv
or - bv ofi-line compucers. Lat inay becorre the task of r=3i nal compn
ters, when the system size ic such as to auggeet the centrally cooud.-
nated regicnal organization. The central cormiputer, wnich wov'd of
course tzke care also ¢f security moniioring, wo=:ld then he recuonsi
bie for the "iastantancous' optimizzation o: the thermal zvstem, with
values of hydrceljectric station houriy outpuis given Ly taue regiuial
predictive scieduling. Noiice that "instantaceous' meaas thot the cem-
ruler repeats its caiculativns, on the bauis of the total generaied
powei plus the ''area rzquircmeni”, every 3 to 15 minute:.

. FREQUENCY CONTRUL OF INTERCONNECTED CYSTEMS AND DYNAMIC
SECURITY

III.1 Power system dynsinic models

The generation-dzmand balance squations (2), {2}, ~r. (14)aad likewise

powe1 -flow aquatiors (%), hold only whcen syste:n fiesguency 1s ‘r-ly
coastant. Such condition cannot be fulfil’ad in practice : indee: & ls
just ou the basis of {seanenry deviuztions {rom . refer-nce vai.e that

a measuremcnt of the unbalance between turbine power ouiputs and ze
nerateu ciectrical powcers - i.e. 2lso load demand - is obriined, and
seconda~y frequency controi and goverrirg actions are taken, t> main-
tain freguency ana generation-demand  lLalance.

A very accurate economic npiimization would then reguire corre :tious
to account for systein-and unit-dynamics. Under trensient cuaditions

it is no longer true that sieam™ unit heat consumiption is only a funcui.n
cof its instantaneous e'ectrical output power : dvnamics of boiler, tur
bine, cycle and their controls play « relcvant role. Secondary frequen-
cy control may in each ins.zat estavlish the amcunt of regulating pe
wer tc be added to the predictive unu schedule, <hich. was based oz
highly accurate load forecast. The desired values of such regulating
powers may be included in 3 Pj,_equation (3), and this is in fact
ugually done : but the achieveu economic operation is still not perfect,
due to the !imited szeeds of rcsponse of the regulating units, and tie
dispcrsion of their clharacteris.cics.

Orn the other hand, searching for such an ideally economic insranta-
nevus operaticn is not even realistic : transducer and t:lemetering crsors
inaccuracies in incievnental cost Fata, and their variaiious with plant
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conditions ,limit the attainavle overall accuracy. Therefore, cconoicic
centrol is intended -nly as a 'tertiary" control, i.c. rclatively slow,
as already peinted out at the end oi the preceding paragraph, and
ccasequently e based 1pon a quasi-static description of the generatiion-
cdemand situation.
£ 'Quasi-static' aescription of the systea: bEehaviour has already heern
‘comsidercd as acceptoonle in II.3, In connectica with ''static" security
assessment. Wrnile reailocating generation n.ay aiready be' roquiced
in a preventivc stage (v avoid overloads in rase nf single contingern -
cies, the actual cccurrence of a douhie-conting=ncy fauit mzay well
ewngender an overload or some lines, ard if so action mmnust be taken
before line temperatures become excessive. In the inrrunate situation,
wnen nuo protection has tripped yet, the line thermal time constaat zl-
lows at least a fcw minute time for effecting the correciion, miore or
less depending upun ambient teruperature and line load before the c¢mer
gency.
The reguired action is not likelyfc te e switching a new line on the net-
work : in general, if some lines are not in cperaiion. the cause 1s
maintenance outage. Tnere may be enough time to start up a hydrc -
eleciric unit, or a jet turbine; put in general reallocation of generating
powers is reeded. :
Clearly, lin. hcating phenomena are slow enough , as to ailow nsc of
a quasi static' . mathematical mocel, accourting for line thermal
time-constants, unit ioading rate limits, short-term nick-up.reczive
and the like : al most, load frequency respounse ‘imes.
On the other hand, a betier udescription of syster: dynamics, with a
reasonably good approximation in the frequency range uLelow C.5 cpe,—
is required w%“en ‘he behaviour of secsnda.ry frequercy an'* tie-line
nower control is studied.
2. further step, say by one dec.adm towarde higher Irﬂquenciﬂa iz need-
ed ir system dynamic modeiling for the analysis of electromechanical
oscillations ard stability, Fianally, the last stage in dichotoiny oi ey -
stem transients vs.time, or dynamic response vs.frequency, is thz
description of traveling waves of surge voltages alonz lines and tran-
formers : no accouut of it will be given here, in spite of the rele -
vant role of automatic protections, because the coztribution of mode.n
control technigue: in this field as yet is not very significant.

UL 2 Statisticai identification of power systems
Since the number of generating units in most existing systems is
very large, and reliavle inforn.ation on the rcsponse of their governors
is avzailable only for a few o them, there is little chance cf obtaining
the system injocted power-to-frequency transfer function by analytizal
means. Experimental measurements arc nocessary.
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Step responscs of an isolated system to disconnection of a large gene- -
tor - see 39,34 for the effect of reactive power on the equivalent ac-
tive pover step - or of a heavily loaded line, or to a command signal
from the central dispatcher to regulating stations,do not give a wholly
satisfactory answer. In order to obtain clearly interpretable responses,-
see the exceptionally good recording in Fig. 115 large steps are requir
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. 34,36,37,
The basic difficulty here is the impossibility of measuring load or,
more generally, injected power-variations, so as to obtain the transfer
function Gg = Af/ AP as a spectral ratio of input-output cross corre-
lation function to input autocorrelation 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 spectrum of load variations ¢p p : elimination of
¢Pcp yields an equation in Gg.

. With reierence to Fig.12, uihere P;‘.‘Pe.PR indicate variations in load,
exported power, secondary control power out of regulating stations,the
two conditions to be compared are : - T

a) interconnected system, measurement of f and P

b) isolated system, measurement of £;

both with disconnected load frequency controller, i.e. Pp = 0.

If f, is the frequency variation in case b), f in case a), one can write :

-1 --] --l
¢PcPc o ¢ X G ¢Pei f ¢£Pe ‘ ?PePe (21 )
do ettty : (22)
Pcc £ 1 iy {
hence :
Pes - P ¢
bb 3t Pef fPe
; = chf +G ; G (23)
QPePe g i ¢Pe F ¢1:; R
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Equatio.. (23) establishes a relationship between the real and the ima-
ginary parts of Gi(j{c) for zach ¢' ., If the structure of Gf is known

or assunmed, and contains n unknow: parameters, it is enougb to wri-
te (23) »n times, for n properly ckosen values of @ . Criteria for
finding rhe hesc estimate of such parameters, i.e. by maximing o
suitaple [uaciional, arc suggesteua by the thecry of estimation errors.
Ore obvious disadvaniage ~f tiie above method is thz necd for a swe -
cial operating condition, i.e. disconnection frum neighoours. Othexr
“methods >4.36 have beer proposed ir order t~ avcid this disadvantage,
such as the rece~dirg , under noimal operating conditions, ot intra-
change powers among the “wo or mcre regione in which the system has
been divided, then assuxming that load fiuctuativns in the various regions
are uncorrelated and solving the speciral equations vielded by such as-
sumption

Ly tris method one mighe fcel that the goal of obtaining a cortinuous
indic.tion of syvstom trausfer function aleng the day is achieved, provid-
ed tne rather heavy comaputations involved in scolving the above equations
are pirformed, However, some cshort-cominygs still prevent obtaining sa-
tisfactory results : a) the conirast between the need for long records,
cay several hours, to reduce truncation errors, and the non-staticunary
character of ihe power system; b) the existence of 1iany non-linearities,
such as aeac bands, voltage and frequencv-dependcnce of loads, while
the mair assumpiion o1 the above ctatistical analysis is that the system
must be lirear and siotionary; c) tne inaccuracies associated with sepa-
ration of very low frequency nor-stationary components; d) tue too smzll
amplitude of higher frequency components in the excitation signal, i.e.
in th2 load change sgectrwin: e) the heavy computaiicnal work required.
When the abov~ diilicuitiec wwill nave been overcome, or their eftects
qu=ntitatively evaiuated, it will be easier to ccllect experimeatal evi -
dence both on system responses and cn lcad change probability disiii
bution. At prcsent, a behaviour likz the one indicatad in Iig- 13 tor
frequeacy autocorrelation function, even if system transfer function i3
assumed to be kncwnr, dces pot allow a clear cut determauation of stati-
stical lond pattcrn vs.tirmme : indeed, ineasureinents do not distinguish
load chauges from zeneration programmed variations as effected by
operators. Ccnusequently , the basic exponential Toisson distribution

is heavily altcred.

IIT 3 Matriv analvsis of intorconnccted syztem cortrol
The g.owing size of interconnect:d cystems has greatly sin.plified the
task or secondary frequency and tie-line power control in norinal opera.-
ing conditiorns. Tnfaci; it is reasonable to assume that loads in different
areas are statistically uncoirelated, and as a consequence the owr:rall
lecad variance 15 proportional to (P, . if P, is the total system spinn-
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ing power. Sincc the geverring action is rough!v prepostioncl oo 1:‘
the standard dzviation of filqueacy decieases with incearing sv:itom
size, even 1f no secondary coarol is applied. In other termns, ‘here

is a '"'matural" compensation of load changes in imerconnected asess,
since they Jo nct occur simultanc-usly.

On the siher hand, no siringent reauir-ment o1 recponfe sroed is oo
sed cu exported power control, since iunler-memtiers nzg-iiations on. s
ask for complying to 1 hour -, or a! the lcast! few minutes, - ‘ure. -
clange-encrgy cbligations.

Neve:theless, the comtributio. of roderw coiwwrol approaches tc the

- multivariable systemn ctudy has been valusye. Fo1 example. ihe well
known auasi-static Darriens condition for non-iulerverntion has ceceivod
a more general and rigcrous refermulation Dy .icawe of  tran.ie. - -
matrix analysis 38, With refererce .o Fig. 9 ard !¢, the reyuive.ic:t
that each arca take care of its own load chaong=s has “orned uno the
"autcnomy' criterion

*
Cg. =G 24 )
Ry = OR; &, ()

relating exported powes controller transfer function (.x; tu irequencv
controiier transfer function Gy by the above-delined arex *ransfer
function Gfi (see [II.2). This slemred {rom the diageaatity of GF ,
¢ being the cont~oller {ra=msicr matrix, and P the .ransier mi‘~ix of
the '""process', i.e.the irlerconnected system wih primarv g-vernir.
Lik~wise, systematic trzusfer iuna.rix anzlysis c. the a-varicbie syscen:
uas ywwlled crileria ‘or equitcbie participation ot arcas in frecnercy
and tie-line comtred 37, Fer example. ench mewter shovid cheose s
centroller G;‘; such that the systsm fresueteyv davistion due a 'ond
change in his &rea is the same as that procuved ®y an >Qual l2.d chun-
ge in another area : the whole system would sufier from. e .c tive
‘'weakness' of oun: of it: weiabers. The resuliing conditioa is very
simple .

X X * % o
GRI;GR.’. =......'-'-C|Rn (AL')

Az to the choice of structure and prrameters of secoriary coutrailers,
analyti¢ optimization. methods, as Lased upor an asswaed Foisson di-
stribution for lnad variations and an evcluation ¢f frequcncy 2ad tie -
line power r.m.s. errors vs,controlier parametcrs, with constraints

3on contro! power, or control power rate, havz proven to be us:ful
4.4C, 41

III.4 Centralized adaptive coucrol and dvnewnic cacurity
While the cloice of secondary countroller narzmetiers is not at all criti-
cal vnder normal operating conattions -as a pronf of this statemernt, no-
tice the very good periormance oi existing large irterconrecied systerns,
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where several partners do not 'mow their Gy, well enough to cope
with (2¢4) -, insuring an effective aid Lo a member who is in serious
trouble for an emergency poses more difficult and iroportant problenis
to centralized cuatiol.

Logic-adaptive controlle-s incorporatine emergency actions, such as
starting and loading fast pick-up reserve, cailing for normally nmavai-
lable reserve as extraccion-cloging in stcamn units, coordinaiion of
load-shedding, have been advocated. and studied 42,45, ;

The; could also inhibit frequency and exported power eriors if =11
lincs are wér':ing far from security limws, while they wonld exercice
full control action if the load on 2 line is r:latively hizli, On the other
kand, they could introduce an automatic lirmtaticn of the assistauce
~cticn to an adjacent arca in case o large unbalance and conscquenily
great irequency deviation : this is to avoid tie-line overloziing ana
untirnely tripping. Finally, they could ircurporate the suitable logics
for tie-line cpening . and system sectioning.

The idea of aveiding - to the benefit of efficicncy and machine life -
unnecessary Secundary control nowcr variatiors vvhen frequency and
tie-line power errcrc are smali erougk and follow @ normal random
pattern has been rcalized ailro Ly means of suitzble rejection filters a4
Such filters, including rectificrs, comparators and ‘imers switch arez
coatrol error £ into the contioiler if and only if tne vclue of & i [odk
has exceede< a given threshold for morc than a giver time. Thoy may
reject short-duration deterministic signzis as duc to synchrornizing
oscillations, . periocdic ioad changes , start-up of large machines,
or Foisson-distributed random errurs with ''normal" average virne bat-
wesn zeru-crossings. lhey are also intsnded to recognize when valve
characteristics or dead zon2s have too much degraded the systern gain
by seeing when the 2yor remains coff longer than the exnected time :
in such case thiy increzse ccatrcller gain, for compensation.

Other seiective actions have bcen propnsad in ovider to increase over-
ali efficiency under transient conditions, cuch as discriminating ainong
secondary control uniis according to their dynarnic response auu efli-
ciency, by the introductioi of high- pass filters for high dyaamic ef-
ficiencv uaits, low-pass filters for high dynamic nost units 45.

III.5 Electromschanical .oscillations and stability

In the wreceding paragraph, thc possibilities of adaptive cont~ollers for
emergeacy corrective actions nave been birieflv recalled. it should be
here stressed that such actions are not genercily inteuded to controi
the first tenxths of a second of the electromechar.cal transient. but
rather intervene iater, when hopzfully synchronizing osciliations have
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dicd omt, and it 1s airecady reascnable to speak of - s¢ingle systenn
"frequency''.

Howevcer, the first swings after a tault may dz2trimine whathes (ae ~v
“stemn iz goirg to suavive, or al least wnether any unit will *ne svp
chionicu:, IDxpecially for networks inciuding long tcansmission !nes
this problem iz very imroriant,

it can be reddily recognized thal system r-:ponce (¢ such transicats
canact be descriled in tcrms of transfer funztiom Gy @ indeed, [ -an
no leugesr Le concidered ‘he same chroughcut the whcole sy-tem, 1 =
to the relative oscillaticns of cyachronous ir:cunires. A more comnle:
and detailed model is thewn rejuired, where zngular pesitions f ma:hi.
ne rotors are amony tht dependert variables.

White synchronous inachmme liyaamics is well krown - although it is
ofien difficuit to obtain a jvanticative evalvation of the efect of damier
windings ant of the g-lid rotor - its comuplete duscription iurnl.2e a
system of non-irrear equatiors. Even if *he oralysis is limited to
""'steady-state stability'', so tnot small periarbation tinearizing is acoeni
ed, transicr functions appear to be relatively complicated. The case
of the single machine connected ¢o an infinire bws, or to z re.c'ie
loag, ir. still reasonably sinrle, sce Fig. 9.2, and cen ke wves.agared
by conv.ntional frequency response methods or Rouk critc~ion @ b
ithe two-machin~ situation, see Fig. 9.b, is alreazdy diffi~nlt.

Tae r~=al network, :winch is certuinly a mutri- machine syete r inciwirg
lossy iramsmiissicn iines, transicrmers, vclta e and freqo.acy ser«iti
ve loads, induct'on motors, governovs, volizue regulacors and pictactl
ve devices, con only he stulied by digiual or araleg-hy “rid coraputers.
Powe.ful digital programe 16, 47,48,49 1 ,0e been 'Ievelu,.»eri 101 the
study of multiinachine sysicm electromechani~al trunsicents, with sue-
cial reierence io short-circuit faults, circuit b:caker opcrning ani fas:
reclosinz, Some of them 47 can inrclnde protection relav cperaiisa

and may accept several types ol per.arbations. like periodic loud v=-
riations, loss of lines, genera*ars, loads : th_.y are t.om suitable io
simulate emcrgencies, o:x "black-outs', ané study svst.um sectioning.
protection ccoraination, lcad shedding, system res.oration.

How ever, such digital programs are - ery heav;, impiy the use of lar_e
and costlyco'ﬁpme‘s, are not tc: adequate for covering relatively long
transients as it may be reeded when steady-state stauility is ..  «rly
mareinal. Therefore, otues ways --e being searchod to obtain a ryn-
thet: answer to the guestion vhetner the sysicm is stabl: or n.*
without s.mnlating the whcle transient . or o the question &; to what
reclosing tine is necessary to maintain stability.

Liaprnov-criteria for st2pslity have becu appiied 50,51,12,53,b4 o

this purpose. Tne cace of the single synchronauis inachine connected

to an inflaite bus has been extensively studied, and a Liapuaov iunctien

©

f
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has been fcund for the 6th ord:r machine including two damper win-
dings and - first lincarized approximarion of th.: sveed governor.
Quadratic terms due to ‘'relative' kinetic energy and flux linkzge
encergy with respect to the steady-ctate situation, plus elasiic energy
integrai terms, appear in the Liapuncv function : which can find an
explanatior. in terms o1 the early ‘'energy integral' approach =5, put
is nnt exactly , however, an expression of total systern energy.

The problem ic one of finding *he regions of eguilibrium, and checking
whether ithe sysiem point at the instart of atter-faali-recloscing is
within {hc borders of one among the seveinl stabilitv regioas. Even
ir the simnle case of a single machine, however, Liapuncv stability
regioaus do n.t include all existing stability regicas. Such limitation
exists, a fortiori, for thke muiti-machine problem, which is far from
having obtained a satisfactory solilion. Most stvdies arz barced upon
the assumptions of a lossless networli and non-regulated seccaa-order
p synchronous machines : Liapunov funciions and sufficiem cy conditions
for the lincarized systein - i.e. the Jaccbiaa matrix of machine elec-
tricai ouiput powers vs.relative angular displaceun.ents mnsi be positi-
ve definite - can be found 33, and the stability reginnc for ihs non-
linear system determined, for any n . Other authors ] have inciud
ed viscous damping and a crude lineariz~d descriptio. of speea gover-
rors, while voltage regrlatcrs have rot been considered, pushing the
geraralization, wiiui sume =acrifi-e in rigour, to the casc or 4 ma -
chines.

Altogether, much more research is still needed before digital pro -
grams based uvpon Liapuncv criteria become rzally nuseful tools for
multimachine system stability studies. Even wnea regulators, gover-
noxs. saturation, lossy lines will be included in Liapunov funciions,
there will still be a chance that the gtability region determination
will not be complete and that the complexity of ithe required digital
computer progranis will discourage on-line investigations and meke
transieant simulation programs siill preierable. Hcwever. the cubject
iz a clhallenging one and interesting countributiors are exgected :rom
further research.

While practical results from the applicatiou of ILlapunov methods have
still been scarce so for, conventional criteria have been applied

with success in many cases to describe small perturbation stability

in the parameter space, i.e. for variable working point 59,60,
Consideratica to sophisticaied rmachine dynamic rnodels, tc the vol-
tage-dependence of load 61‘, to several means to wider stabiliiy
mazrgins - such as exciiaiion forcing by suiable feedback from angle.
electrical power, speed, acceleration, currenr and vcltage and their
derivauives, or electric recistance braking, hydrauiic turtine supply
pressurc variations, etc. - to  asynchro.nous operation, to excitation

imade.
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control of synchronous motors 62 _ has boen gircen in analog- hybric-
ana digital-computer stadies. We will nct try here to des :ribe the
outcome of suclh investigations. which often gel 10 very accuvzi. 2l
valuavle resuiis in rarticuiar and relatively simnle cases, bul .z
to achieve .nough gererality in the mult:mauchine situation. Tertainle
the time when it will bLe possible Lo use an on-ine compiier + * o-
dict the transient behaviour of ine syctem after = Inast inmoa (LY@ i
faster-than-rcal scale and then follew a svitable logics to coni.ol tre
system so as (o avoid instalility 64, is still fur to orme.

On the other hand, cimulation of the transient r2smonse. Of a o v-"52-
chine syster, when pecusturbations 2re smali encugh as not to ecxcec’
the linear range, is well within .eaech of presen digita. ccrapnterc
even if Loiler controls, noi only governnws ar-< veoitag® reguiliers,
are acccunted for. An application of state-space analycis ') multi
level controi of a trree-inachine systein, using lirearv.e. syrchionon.
mechine Park's egvacions, aigh-or-er matvix r2presentai-on for bho'l-
lers, ond decownnosition into optimally; controlied subsysiein: wiih

a ceniral controiler fcr optimizing ihc integ.ated overall rcntr ol has
becn reporied 65. However, wher the systei. in:luvdes o ic:ge romober
of Ziachines, which iz the usuzl case with tuday 3 pools, it. deiailed
Ceecrintiocn far 2xceeds tlie capacity of exisiing compric.: May 1 Gui
re unvailable data ou machine dyrasmics or conrrol perlows:ianc., ac
it is well possible that the study becomes ¢ coiar.e: ond dejendent
cn the numerical vziue:s of mary oaremeto.s. that s rosul's ore
difficult to be intzgrated and -~eneralized, and are wno. accura'e ero. h.
Therefore, the development of appreximaie dyramic eguvaients'or
laige sections of the rnewwork is advocaied, £7 as to reduce the whoe
gyster ‘o very few, and poussibly jus* oae or wwe, equivas cnl raa -
chircs with respect tu ihe poinl of iault 66, Furthcr. tne cinoice ot

a suitavle type of perturbation, e.g. a three phase sliort.circut

with subsequent circuit-breaer opening and recls inp, is sugges:ied
for the convenicnce of the controlled ~uuchine Jdesigner.

Ii.6 Direct current trancrnission control

As alre2dy noted above, clcar assessment or the ~uestion wh2ther
trerc is any technical or economical 1imit to the size of a.c net -

work poc's, or convers.ly what the dimenzions should e of tho .. ngie
regions in which & svsiem is to be splilted unde. c.nesgenc’ nes

not been reachzd yet. However the danger of coidsszal 'bluck-cats"

as ™ay be caused L propagation of large !-unsieni: along intsrciu-
neciing tie-lines has. spuarr atienticrn oa the use of direct-cu~rent

liaks instead of «.c.transraission wires for connection -f largc s7-tems.
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A seccond reason for favour towasds d.c. is tie need for .imiting
the natural growth of short circuit power level with growing size

of thc pool.

Whether d.~.links are reclly comapsecitive with a.c.lines to day is
stil! a controversial matter - inde2d very few d.c.transmission
lines are operating as yet in the world - and authoritative experts
66 see no other limit to the increase in a.c.poeol sizes than natural
barriers Letween conrinents However, at least it kas bec.. proven
that an improvenienc in system transient stability czn he obtained
by cuntrol of a d.c.lire in parailei with the 2.c.line 6%,

If the differ:nces betwzen the instantacecus frequencies >nd puases
at the a c.lire tern:inals are su.tably usel fo contro! _he d.c.tran-
smission, satisfactory and adjustable damping of a.c line swiwugs
can be accompiished. ancd the . c.circuit breaker reclosing time ai-
ter a fault can pe made ccnsicerably longer. Amnalog, hyhrid and di-
gital computer studies 69,70. 71,72 conficem the above d.c.liine bene-
ficial effect on stability.

As an indication to the achievapie performance, notice that the con-
stent-current firing-angle conirci loop in the trunsinitting converter
has usually a very rapid resporre, e.g. 10 cps bondwidth, and the
inverter constant-extinction angie contrel loop 79, though it requirzs:
the corapuiation ui o firing angle ca *he basis of i.c.current its
rate, commu*ation voltage aand reactance, s l:kewise ~ery f.st.
Further p:ogress, in terms o reliability by use of digital ccuurci
72, harmonic suppression 74, cquipment simplificatien 75, and inte -
gration witl, the converior protective sysiecm "6, has rccently been
made, so that the d.c.link availability, although still lower than the
one shown by the z.c.line, is row approaching acceptatle values.
When the coutrol' system calls [or re.note action or ieedbac™, ovor-
all availabifflity becomes of course dependent upon fist and reliable
telemetering.

So far, d.c.links have buiit only with one transmitting and one re -
ceiving station., Considerable attention i= being given, in view of
future expansion of the us2 of d.c.trancmission, tu muiti-terminzl
system modelling and conirol 77,78, Both for this case and tor thc

two-trerminal link, basic studies cover balanced aund unbalanced stcady-

state situations, dynamic stability and fauit conditions, low znd high
frequercy transients; while there is still justification for network
analyzers, anaiog models, simulators, there is a growing .rend, as
elsewhere, towards the us# of powerful digit=l computers. Digital
coruputers are also advocated for on-lire control oi firing angle and
expecially for some centralized covtrol of multi-terminal systems.




23

1.7 On-imne digital computecs for power svstem aispatching coatrel

in Chapter 7l the use of on-lice cowrputers. for cutomatiz disnz® hing
and :tecuril;y monitoring lLis been rcpeated!y mentioned. While ..ost
of the earl-er avopl!ication. of digital comprteis to power sveter di-
spatching iuciudud ouly a verv limitcd contingency z.alysis 18, 84 o
reccat inctallations zr: more sccuritv-orieated 15 o4, 82,93
Soraetimes, =2nd expecially iu kurope, security monito-.r_, has beau
the main scopz, and automctic ecouomic cispatching hzs bHeer con-
fined to inter-a.ea tlow .ransfer seiting.in th- case of a2 cential rom
puter coordinating arec-controllers 15,80 or arcm sateilit- cora.utesre.
On the othe. hand, U.3.A. systems heve ~etain:d amtomatic dispatol-
ing among the essential tasks for the compute-.

Twe soluticns have been ziven to the provlem of iatcgrating  zoncmiic
loading with lcad-fiequency coutroir @ the digitailv-dirccted analoy cor
“hybrid" controi 19,15,82,83,¢4,87 ,ng tpe ail-digital c.aurol 81, 2%,
see Fig. 10 and 1l ;

In boih cases lead-frequency cormimand signols are issued <t 2 quite
Ligher rate - say every 2 sec in the case of all digital! cortral. con
tirvously in the hybrid czse - than eccnomi: dicpotching orless,
whici. are updated every few mirutes, While m-ried ad-aniapes fo
not appear today in favour of the zll-digital sciution. Fecause if.
load-irequency program does not yot include zny claberats acticn:
more than th> convcntional comiroller, ard an aual~g Lack-up is re-
commendcd, u is safe te sav tha: technological feasibiliy Is Low
well proven and the furthcr steps to zdaptive control wil. certainly
be e=2sier {ur the digital computers. IL 18 envisaged ti.at sorue Ore-
rator-guide fu.ctions, such as i2st pickip recerve displav. or Jlnc-
uverload monitoring, czn be beiler turned into auioraatic correc..v:
actizne by digital computer conirol.

As far as hydrerlectric system antornatic <ispatching s concerned,
it is perhaps worthwh:lc mentioning that several compute: systems
Lave been iuctalled for pumped sturage stption scheduling, hydrauli-
cally intercunnected plant operation optiinizing, and ~ntimum power
dispaich of two rigialy ~ascadsd stations where water lev~l coatrul
was req\.\ired.s.8

A lor more is cxpected from future on-line cumputers in ter.wis o
emergency - and system restoration - controcl. Whather the on-line
cowaputer will actrally analyze a izrge transient, predict its beha -
vicur and command suitable corrective actions, or it will s:tore the
results of previous off-line studies, and havi accesc at them on the
basis of key events ; whetker it will coordirate prutective reiay set-
tings, command system splitting, tiip tie-linesin dzagerous situstioas,
it is still tou e=rly to say. A! leasi, it is very likely that it wuli be
used to offer the Jiipatcher a better guide for dynamic scqurity
control.
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iv., STATION CONTROLS

IV.1 The influence of system security and service continuity :equirec-
ments on unit control specifications

We have aiready pcinted out in the Introcdacticn, sec 1.2, that along
with the 1icreace in tucrbine-generator ratings there has appeared

a deterioration in forced outage raies, while the improvement in
mach:ne maizrials and design has caused 2 mairked reducticn in
unit rclative ireriia. At the same time, the nered has been felt for
better scrvice continuity, and consequently befter unit availakbility
ard flezib‘lity. Thereiore, all possible mecans have btcen searched
to reduce irnstantaneous and integral material stresses. increase
unit sta.t-up speed and loading rate, avoid unneé..ssary unit tripp-
ing.

Most Gevelopmenis in boiler and turbine cont:ol equipment and in-
strumenrtation criginate from the above requirements. S ophisticated
sequence of events recorcders, with mevaory of what happened just
betore the accident, are empioyvea .n order to analvze faults and
studv appropriate remczdial actions. Complete monitoriag of single
urit performarnce is intended tc advise +when a dangerous sicuation
arises, or meterial dcierioration siarts ard maianienance is needed.
Wired logic or cormputer sequence control insvres good :epeatibili-
ty of uiit operations, which iiply reievant material stresses, such
as lighting burners, bringing tur'ine up io spced, gencrator loadiny,
unit hot-restariing and shutting down. FKast and optimized hoiler-tuc-
bine electronic controls and better prctections enhance unit speed
resporse to dispatcher command signals and filiecring of iniearnal di-
sturbances.

On the oiher hand, the improvement of operating efficiency calls
for iaster and inore accuratc controls, to keep controlled variable
transient deviations as small as possible. For example, if maxi -
mum superheated stecam temperature iransient deviation can be re-
duced by !°C, temperature set point can be increaced by i®C, with
conazquernt considerable increase in unit efficiency.

Notice here that ‘ransient deviations may be due to unevpected
accidents, as loss of a fan, or a ccal mill, and ir thesz conditions
a high response sneed of the feedhack loop is the only answer

but may also be caused by a2 programmed input comumand variatiun,
such as start-up or ioading, and then a suitablc choice of the input
variation vs.tiine and an adequate fcedforward acticn would substan-
tially raduce the stress on the feedpback control loop and ccnsequen-
tly. controlled variable dcviations.,

Therefore predictive fecdforward 2nd coordinated boilsr-turbine
controls are emnloved. Their design impliecs a good knowledge of
unit dynamic respouse : experimental ideniification znd araiytic
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maikematical mulelling hecosne 2 necessary prerequisiie.

At the sume time, it is reolized thal the steam- boiler <r nucleas
reacto. turbine-generator urit is 2 naulti-varizble system, ‘> whilh
mcdera ceatral methcds of analyris and syrthesis can ve applied
inr view of improving vron thc results of =1ap’rical a;proz-hes,
avoiding intcractions, trying som: degiz2e i variance, opiimiziag
coatroller parameters, imroducing adaptive features. Broodesing
unit operating range, by m=zkine jow-lcad operalilor more stcble, is
possibie if -~ontrcller parameters are ar‘ciaaiinally adjusted as
functions of loaa. 'n this ccunection, 2na oot rnerely as eguivalent
alterratives of analog ccrirsllars, comjpuiers and direct mgital
conirollers r.ay fird their justification in the next futvre.

At present, aboul 50C digital cemputors are oa order or insta'led
i electric nower stations, and .he rate of grovwth in “h2 pust six
yearc has heen about 30 % por year 2%, I'owevew, very fzw of
them inc'ude d.d.c. or any control task <uring aorn.al over:ting
con”itions . less than 10% have heen given the *ack of aulon.otic
start-up and s'wtdown; while the vast majority has supcrvision aad
periormauce morniinring functicns. The reasons ioci tue rcoarce and
as yei not growihg dcvelopment of com.uuter comroi apnlicaiioas
wiil ke given in a following puragr2ph : the gencral (celing Is that
moye rcscarch on m-~thematical models is 3till ncelec. o thas
purpose existent on-iine compulers may well provade a good source
of ope.ating data for identiliczticn of unit dyramnics.

TLe computer tasi's of clarm monitoriag. *read vecording, pevioriniu-
ce ralculatiuns, event recording and posi mortem review fault
auniysis, load ruvnback, operator gnide display directly originate
trem thc search for bettei system security, i.e.unit a.ailability.
Siuce the time for completely automatic opez:aticxn is far tr~ rome,
operatnrs and control jarels are still required. The in

creaee in unil size and combplexity woula cz2ll for vevy b:g cearraiiz-
ed cuntrol! ard aunurciator panels, with great difnicuit; for a singlc
operator tc watch so many instruments at tuc same tiia=. The coia-
puter and .ts peripherale, ench as clectiic tynewriters, wuisnle indi-
cators, cathode-ray-‘ube screens, is Intended to »'mplify mar-ua-
chine communicrtioa by displayirg omy ‘Le essential infori..ation -
after proper prccessing and rewconability checking - and in a2 iaore
readable form. ’ ;

The other obviouc steps to ennance security and ceatraliized coutrcl,
such =s lettingy automatic contro] replace manual interventior as
much as techmnically zad ecoromically possible, are effected by higl
reliability wired logic sequeutiel controis and proiections- sae zuto-
rn.atic buruer lighting transictorizead subloop 133,134,125 10ad run-
back moteciive devices for ioss of av-iliaries, combustion system
grotactions - or Ly jeeiavack loops, such as coordinatzd boiter-tur-
bine controi system, hydrcgen croling and Ivve oil temp:raiure loca
controls, air-heater and water-hea*zr conrtirrliers.
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On the other hand, unit promjt recsponse and becter availability
both in normal conditions and under lead-frequency cintivl, with
Lroadered operating range, i.e.wider rcactive power limits or
higher active powor maximum loading rate, are the main motiva-
tions for developing - with the help of retined design rmethods and
better components - more :elicuvle, flexikble, accurnte and faster
automartic voltage regulators and speed goverrors,

o2

IV.2 Maihematizal modelling and identification of stiam power plants

Whiie the most ambitious studiec of couventional stecam and ruclear
power plaat dynaiaics ait. at calculating transient streszes in pipes,
waterwalls, superheaters, reheaters,turbin:, the usval sccpe of
power unit dynamic arnalysis is limited to providing an zpproaimate
mathema2tical mcdel as 2 basis for predictive contrc! cystem syn-
thecis. Actually, transient stresses, and perkars their timc-inte -
grali, should be the main concern during stari-ups, shut-downs

and fast lvad variations and corsequently be entered the controllex
design at least ir constraint equations. However, their detailed
caiculation is toc complex tc be accounted for in conrre! scudies.
Trerefore they aire entered as admisrible start-up prncedures and
maximum loading rates, to be estatlished on the bucis of off-line
computar transient scress evaluaticns and direct measurements on
the unic. i

The need for simpler modzls for control prrposcs is dictated .ot
only by the size, accuracy and setting-up time of available analog
~omputers or by the programming effot and coruputing time of
digitzl computers, hut also by the Inherent difficuity in applying
Eoth conventional transieat rcsponse simulation methods and analy-
tic optimization procedures t> a too large system. Sensit’vi‘y anz-
lysis becomes too co.nplex, state vaiiakle approachcs may suggest
too zlaborate controllers, with consequent heavy problems of para-
metier search : and understanding of physical phenomcna in the
plant is made less intuitive. Furtberrmore, {itting a high order n.o-
del to an exp:rimental resronse, «t the final phase of ideutification,
poses another anncying difficulty in the multidimensional parsmeter
optimization.

For these reacons, mogt analug-computer-oriented s‘udies of drumn-
typc boilers 98103 3ng of once-through. boilers 105,106,110 ;e
limited to linearized descriptions of the unit arnund a given operat-
ing roint, and accept lumped-parameter approximations of the di-
stributed sysiem, even when - as in sugerheater temperature tran-
sientz - many cascadad celis are required to have a reasonable
fitting to actual response. Y
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4 wide wvariety of analoe mc-zls, ewmnlojing fiorn 5C to over
opcrational amplifieres, have been propused. %o fur, the ev.oer
of 2 satisiectory check Letwecn caiculated and measuice refvousces
of arum-ivpe bLzilers is still scairce 181 g1ile doubts exiat whether
neglecting not weil understood phenomcna in drum swam \\.."jf‘"s"‘
tton is legitimate 103 Drum ievel behzviour i« anall
ed, but quaniitative .he-~ks are oftew unsaiisiacicry 102 :
Better resulte have baen cotained with once-through :ouers 107

even when the esseniialiv ucn-line=» flul: beuaviov. in the cvapora-
tion zone 1Y% nas been disrsyarded 106,107, ky chnos.ng < stuainy
and pressure s variables, wirth no reference .o changes of scate
in the flun.

Digital computers hive been preferred for mcthema “':-‘-. modelling
when farther detail was sought in plant description. IZxe ples of
the state variable apvrroach, with due considera*ion "« . :ae-tel,
water-heaters, economizer, evtractions, are repcrted 73,96, 97,
However, since cvidence of agrocemont with experumentcl 1csuhs is
still missin, and boller circuiztion loop eguations are not an- more
elaberate than in analog mecaels. while lun.ped approximoilons ore
accented to avoid solution of partizl differentiii equations, the im-
prcovement with respect to the above studies mey hove t-en 10t o
relevant, Onec definite advartag: lies, anyway, ir the more .ccv-ate
cermputztion of steady-st2ie heat-balances ara pres.us z-1low relatic
ships.

Resorting tc digitcl or anal.z comprters - and sometimes °vorid
compitess *rnen partial ailferential equationz zre reta.ned, ‘or heor
excnanger or parallel ¢honnel tnermohydrau’l: instabititv ane'vsic -
is n.eded for any nmmerical investigat.on of speciiic <awcc.
Ncvertheless, it is perhaps worth mantioning tha the nropleia of
determining drum boiler-turbine trunsfer martri~ has also been .
tackied by purelv analyticz! means 102 4ith 22 parameters keing
kept ia their literal symtols. Retaiuiug closed form exyi~ssicas of
transfer functious, whei. gains, poles aund' z:res are lite-al alge
oraic functions of toiler and turbine dirensions and flu.l avcrage
properties and conditiuns gives a better incight into plaw. behaviour
and encbles desi deiermination ¢f the :o:ivoo o of p'-at desiyn on
dvnemic performance. This may not be im-uediate, however, sirce
th: ahove algeoraic funciions are .iten cumuversome. On the other
hand it kas beeu proven 103 that ro appreciable loss of accuracy
is iutroduced by the simplifring apprcximaticus introduced hy tie
“anulytical" transfer funcrivn moael, i. spitz o1 the severul reline-
ments of the reference mcde! with respect to conventional descripe-
ions of the' ci:culation locp.

The check with exp.rimental ‘riels 18 sometunes imnai~ed by un
satisfactory behasiour of exi.ting transducers or by di‘liculties iun
aSse-sing plant steady-state peior:.. impressing th2 pertarbing -ignel,
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or in deteccing response out of internally produced noise.

Several methods have been used frr experimertal identificaiion;
conventioual opeu-loop step 103,108 or singie-or doubls nulce re-
sponses, frejuency response with suitable noise rejcction by cor-
relation or 1.m.s.computation, ranliom pulse response with inoput-
outpnt correlation analysis 112, While ne relevast probiem cf in-
terpretation exists with oil-fired units, and ctep responses cre
quite satisfactery, coal irregular supply zenerates a neavy low- ‘
frequency noise which makes step response aimost uninterpretablc.
Double-pulse iests are not very good either, sincc perfect symme-
try is difficuit to achicve, and clow plant drifts mayv be presant,
Frequencv response would be the best, should it noc require too
long time for exploring the low frequency rangc. Multi-level noise
gererators ha.e been used for random signal testing : ydentification
hus heen achieved by fitting the coeificients of a transicvr function
of a given form ito we ciput autocorrclatioa functicn by mcans of
multiple linear-regression una.ysis.

GCther deterministic methods imply the numericai inversion of the
ipput-outpuc convolution integrai, where the input i. plant noise
plus a superizrposeld ramp, or a suitably shaned pulse The shape
cf such pulse is chcsen snch that its amplitude-sscctrum is nearly
fiat in a widc encugh frequenrcy rarze : notice that the s.en function
spectrum amplitude is inversely proportionul to frequencv 2nd arn-
pears therefore less adequate for a unifcrm accuracy in de*eimin-
ing frequency response.

Statistical identification has heen tried also by usirg spontaneous {
ranaom plant variatiions 111 with reference to the analysis of y
combustior behaviour. Asf an interesting by-nroduc:, this apprcoach |
determines plant- dishrhences, ir the torm of noise swoectral distribu-
tion characterisiics.

The above remarks apply to conventional steam plants. s it .is
well known, the interest in an accurate description of their dyra-
mic response is rz2cent, perhaps because empiriral solutiors for
boiler controls had proven to be satisiactory enough in the past.
On the contrary, ruclear reactor dynamics has been the suuject
of deep concern and thorough studies much before actual irstalla-
tion in power plants. Analog ana digita! computer models hzve 3
been deveioped through several years, and comprehcnsive books
anu surveys published to describe them (see, for exampi:, 115,
116, 117), Parall=]l channel tlow instability, steam void aynamics
in boilirg -water .eac‘ors, burn-out transient and many other ghe-
nomena, which have received little attention in stean. plunts, have
been extensively treated 118,119,120  Pyblished oviceiics is still
scarce, however, on experimental ideutiticat’or of nuclear plant
dynamics.
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iV.2 Coordinated bouiler tusbine coitrel

Nuclear eungiueering rec2arch has iaken a leaa alsc in the 2ppii-
cation of imodcrn ‘heory apprcaches to nucloar power plant controi
system synthecis. State space runalvysis and contrel optimization
for nuclear reactors are al:eacy the mbiect of textr~oks 116" wiite
integiated reactor-t.rli’me and non-iatcracting cownirel schemes o~
Leing considered for new plants 121,122 a4 gat cont:sliability ana
optimal neutren {lux distripution rcontroi =re peing stvaicd (- term:s
of inultivariable svstem: theo.ies 123,124

Cr the other lLand, siynificeat new ideas have also proncsed tor
coordinated boiler-turbine contiol in conventional steaiu-olanrts,

By using piant direct cnd inve:rse modals anl surtarle Jcacdhack
luops an ~2pproximate "nvaviance'" of controlled variable s wuh
respect to unmeasarabie disturbances is achieved a2, Lead-
adaptive multivariabie contrcles sre opiimized by mirin.izing an -
tegral perfermance *n 12s 1

and pressure contrcls 1s searined 127, sccondary wvariad.es are
used to improve control 128, A more gern.rat approach i7 opiirice
iag control of the .on-lmear briler-turbine modeci has heew prorceced
122

<X

noninteractior hetwaen t~mperature

The concept of coordinzted corirol hzs been widzly» accepted in
prz<tice for once-thrcocuyk boilers. Major manulaciurcis have acop®
ed it, with suitable < namic ''characterization' ci feeiforvaid cow -
mand signals, su:th as to 2-nieve simuitaneous and well belanced
cnergy supriv to Jhe bouner-turoinc unit when the c¢isg2tzhe» demana.
an elect.icai power outzt vuariation izy, B- +his means, ar? oy
suitnble transient decoupiiug ©r precsure and tempereiuse <OLirols -
thc disturbance on _egulated variables duec to dispatcner cor.rmaads
is niinimized, -and the tack of feedlnck leops is made ecasie.,

The real moris of the aboyve feediorward-feadbick. wnonirnteracting
invariant conirol scheme: have not “.en ciearly assessed yet ;
some authors 3! credi* to rncdel-pased-corirols us:ng hcat {lux
coraputers a sever.~’-de.ree decrease 1" superheatcd stcam tran
sient deviations, wich consequent possible raise in .emp:rature
sei-point and ccrsiderzble efficicucy imprevermnent.

IV.4 Computer control of .tart-up -1l diroci aigital control.

As 1t has been pointed cut earlier, culy powe:ful and fas. digua!
comrol compuiers can fully oxploit the snphisticated adapiive
tcchuiques as proposed bv inodern theory There iz a widespreaa
b.:lief, Lowever, .hat the aavant~ges to be gained by su~h techui-
ques are rot worth the coffort to cpply them.
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Indeed, th: rather frustrating experisnce of the zariy p..ojects of
full start-up and shut-down <cmputer automation has somewhai
cooled down the enthusiasm of picneers. Trasducer, limit ctop
and elcctronic hardware malfrnctions are no lenger a proulem as
they were a few years ago, nor is noise filtering : but the need
for substantial flow-chart changes 1:10.2 design to comm:issioning
stage, the i1ime for program developing and on-line debugging, the
scarce availability of the new verv effici»nt plant for tinal testing
the size of the pruoject with its ana’'og and on-off impuais by the
hurdreds or thousanas, and .he assoclated dispersion of e2nergies
are still cources of difficulties.

Four or five years, or even miore, are required to go from the
initfal preiiminary stuc, tc the first meaningful operating results:
only very few appiications have already Leen completed at present
and most of them have included turbine run-up and loading, but
not boiler start-up i35-14V, The iime will soon come, however,
when enougl. experieance wili be avzilable (0 judge zabout the validi-
tv of such coraputer applicaticn and say a final word on the cimrpa-
rison between wired logic sequon*icl systems and computer control.
On the other hand , alcnongh with less optimism on the break-even
point of eccnomic justification, ail the anticipoted veasons for using
the computer still hold to day. The needs for a high number of
chiecks before cach siagle ovzration is cifected, i[or fast and almoct
simultanecuc actions, for p.rfect reocatibility of start-up and shut-
down pruceZurss, for mewmnorizing maay programs to suit the diffe-
rent normal and emergcncy situations, appea: truly to he beyond
ope.ator'a capabiiity when the nsiant is large ana 'cemplex. The re-
duction in maierial atresses, which can be achieved by autcomatical-
ly fotlowing optimal procedures, with consequent improvemen: in
plant safety, availahility a2d life is certainly a goal worth being
pursued ;

.
Thercfore, the digital ¢computer - or suirable wired logic equipmtexn.-
as a means {or aci.ieving such objectives through automatic contral
of normal and emergency start-vn and shut-down, nas so sound mo-
tivations as te justify further imcnegive eficrts to overcome all
tecnnical and organisational difficulties. !

Another chance for the digital con.puter is direcr digital conirci of
botk mincr and rmajor slow-responze loops in the steam piant. When
{ast responsc is needed,as in some counventional control 'oop and
expecially in turbine governors, multiplexec d.d.c.becomzs in. -
practical, cdue to the toc heavy requirements in computer time and
scanning rate : analog suoloops ~re still pretsrable.

After the preliminazry experience at Sterlington Station, Louisiana
Light & Power ("o., where ligitai compuler direct contrcl was ap -
plied to three minor cooling loups of the turbine-generator, scveral
other applicaticns have been reported 142,143,145,
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Cases of d.d.c. 1or 20 mirdr slow femperature cortrot b~ps '12,

and for the thrce n.ajor fet‘:dwatev, temperarire aud co Ugilon
icops 143,145 a5 back-ups of enalog comirols, are quoted.,

White coiaputer remarkablz lcgisc-hardling cepabiuities a.e 'arge:s
expioitcd to effect on-off or adaptive acricns, as swirchinz on & ¢
pump o= a fan, o: chauging the sampling pevi.od, wlen iczed or
temperature sredients cxceed praset ilnits ', dynamic cor'rel
actica does not rtsually go bayond trarsposing FID controiie: inte

o digital forim.

Here, choice c¢f conirul algor.hms, .sh»tihcr of tre posiiional ortile
velocity type , of scarning rate. of dezd zone toc avoid Limuit cyclirg
due to gur-atization, is often <douc on tle basis of a iybrid simula-
tion study. Practical implementation cf mor. =laborate cecitrol alyo- -
ritnms, such as flz* reeponse optimal correctorc 4%, has not b .ci.
~tazied yet : ana liitle has been done to design arnd :caiize Jigita®
versions of adaptive feedfe: ward and nern-interzating coutrol! scholies
altnough it is olier staf‘ed thzi the best justilication lor disital culn
puters stcam' powar staticn contrcl liee in their zbility ‘o enbody
sophisticated control scutures. FKEver if this will not be cun’.rmed
by experimental resultz, it is likely that more ard more in‘crest
will be aroused bv the adawiive logic aciions, the ‘rirmmanyg cor-
rections to optimice ~ombustion, the compntation of non-lirear coo-
racterizing sunctiore, the indirect measarements, the int gravcd
proiective systcm which can b incorpor:teu in digital co.aputer
contrnl,

Cn the other haad, digital ~omputers lrave =lr=adv been ac:epteca

in many power scations {or sSupesvision Lad pusfooriance monitoriag .
as it bas already been puinied out. While there are st1ll duoabs as
to their objective justification for conventional meaium-size gplanic.
acceptance is general Ior nuclear reactor pover statiors. Sccurlty
checks awnd the uLeavy calculations of neutron .lux dictribution in the
core cail for use of digitalrprograms.

Nucizar plant security has aiso suggesied’ ' rarortiug to _omp cers fo-
operator *raining. Digital simulators '47.143 have b:en deveioped,
whici: include a detailed repreczntation <f the nuclear unii, with
spatial models, dynamics and comirc' iogics, both jor cff-jine stndy
of transients and for preiiminary and perm=zacnt operete. trainirj.
Finaliy, it is worth imentioning th=t a grea‘ aid tc epeed up dimital
compuier programming has come from d-velopment of standard scb
routines and programs for s_anning, alarming, logzing, et:.., of
specializea languages for start-up and shut-down avtomatiou .ard of
more general process-criented languagee.
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& DProgroess in voltage regulators «nd 3peed goverr-rs

Thkough surprisingly laie, clectrohydraulic speed govcrnors are
finally winning cunsumers' ana turbine-manufacturers' favour not
only {2r hydroelectric statio»s, but aiso for stecm units.

The combired merits of electric transducers plus solid -state
elecrronics for the coniroller-ampiificr and high-pressure oil
nydraulics 149,150  for actuators, with respect to conventional
mechanical or bydraulic solitions, viela much smaller governor
dead-bands - witi: beftter primary frequency controal -, easier re-
mote conitro! frorm tne dispatcher, improved dynamic response,
taster and sufer prote~tions, netter integration with digital compu-
ter or analog ccurdinaced boiler-turbine control. Use of electric
pover output feedback - or impulse chamber pressure teedback -
allows eliminating the effects of governor valv: non-lineaiities

on the response to dispatcher's commands. The more than 10
years expericnce with electrounic governcvs in hydroelectric stations
stands for their reiiability and remarkably small drift in perfor-
maiuce.,

Automatic voltzge regulators hLave alsc largely profited from the
iniprovements in solia-state technolozy. Power sewicoaductor pro-
gress has made static coxcitation of a.c.generators possible 133
Zield current is supplied [rom the generate» ovfput terminals
througl: a saturable (ransfoimer ard a silicon diode bridge recti-
fier, or allernacively from a shzft-drivena.c.gere rator through
silicon cornirclled rectifiers. By fast semiconductor contrcl all
lags except main geneiator field time con.tant are practically eli-
misaied. Faster overall response in voltage control both for small
perturbations and 1or large transients is then achieved.

No -eference will here be made ic the problems of negative volta-
ge forcing ano uanderexcitation, field winding overvoltages, unba
lanced fault harmonics, limits in supply wvoltage transient varia -
tions, which are certaialv relevant in determinyag the dusign cf
the excitation system aund the choice of rectifier bridge cornection
154, 155,

Attention will ke limited to the Juestion how to improve the sm-=ll
perturbations 'steady- state" stability limiis by introducing suita-
ble actions or feedback signals into the voltage regulator. The
stzhility region in the active vs.reactive power plane oucht to be
widened such as to includc the wait inhermal-limii region

Lead-lag networks on the vultage feedback sigral, field curreat
minor feeaback loop. propzrtional-integral actions on an eleciric
rower vutput feedback signal, speed and acceleration feedback
loops, generator current devivatives feedback siznals have been
employed with some success 5963, 156,157,158,
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No general conclusion has teea reached yei on wha: is th= pest
among such additioual signals for imnproving smal! perfvr.ation ¥
siahility without hindering voltage ragulaton,

An interesting application of Xa'man'’s owpiima’ coniral is roportc”
159, fer the simplifizd -ase of a cirgle macrine conuecic? to an
infite bus. The machine is rtudied as a two-contrull=zd var-able
lJinearized system, with machine angic and genersztor voltage as
variables. By proper choice of state variabl: weights in the per-
formance indax to be minimizea, the optira: conivcller r.ctrix X -
which satisfies Rlccati equation - is deeiriined, Goverwor and
voltage regulator are treated as a sinpie two-variable ccnroller.
where the '"adaitional' feedback signals enter .3 ‘“'sta‘cs',ic be
multiplied by ma.rix K consiant elements.

The above approack must, of course, be chesked against velidity
~f performance index wceignring coefficients, sawural’un n Taenipe-
lated variables, measurability of stuccs, variaticn in operating
point,resronse ‘o dispotcher’s cummands and piimary comrol requi-
remerts, possible contrast vith lirge signal tUinsient sizbility.
Al]l solutions, indeed, should be verified against transient siabilaty:
but herc sietic excitation is generally preferahle just becoure it
forces the excitat‘on voltage to reach sts ceiling snoncr.

In the above, cnlv the highlichis of the impact or modern antemulic
control methoeds and techniquces on operatior and design of clactiric fo-
wer systems have been ziven. Mot all ti,e asrects and the recent deve-
lopments of automatic countrol applicaticns in this field have been

quot eu. For example, no mention has oeen mzde ol the progres: in
measuring instrvvnentation, in spite of the findamental role cf the mo-
re accurate ond iaster digital-computer comnmatible senesors cow oavaiila-
ble and of ‘the new mn.eans to obtain a airect >r indirect measurements
of pasic quantities like quality of service, neat Gw: combustion effi-
ciency, therma! siresses. Nothing has been sa2id atout su'nerous inte-
resting tasks for the ccmputer in a power station or 'n z dispatcihing
center," like indirec' iraprovement ~{ sensor -~ccuracy by hcat »na
mass balances, mulliple. path comparison, reasonability clecks, or run-
ning of iastrument maintenance rcutines. No dctail has being givea on
the developments in w»i-ea-logic equipmeat for measvre.nenis ard con -
tro!, like sequeriia! evcnt recorders. with or without post-mortem rc-
view facilities, computer- coiapatible digital tupe recorders of analog
quantitie: ,,. statistical ccrrelators, alarm scauners .na data loggers,
sequential coniral systems for kurner tichtirg, ccal handling, soot
blowing, ash handlink, water deinineratiziny, iubricating cil or coaden-
ser circulating pump stavt-up. steain turbinc avtomatic siart-up and
shut-down 16C7- 163 rump and generator stari-ap, shut-aown and
switching in a pump=d-storage mui.iple -unit Lycroelectric station.
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Entirc ctapters have been ignored, as eclectronic protoctions, re -
mote coutrols, data transmissinn, automatic reading aund processing
of energy meter data, con.puter stoca contro! and manageraent infor
mation sysienis.

Finclly, no z2cccuni has beca given of progrcss in substatien coatrol
equipment and use of dizital ccmruters for comntro! of distribution
networks, although this type of application, which includes roaitor-
ing and remcte-c ntrolling °f many subsiacions {rom a cen'ril statios,
has already proven to be economically cninpetitive with ccnventional
wirec-iogic oolitions, and is encouriering wider and wider acceptance.
164, 165,91

In spite of ali ihese omissionz, i* is hoped thai eroush evidence has
becr offered of the wide range of prob!2ms where advanced control
theory anl practice play a relevant role in the electrical suppiy indu-
stry. The power system is a tvpical large-scale distributed system,
where the operation of individual suktsvstems must be ceparately or-
timized {5r maximuru efficiency and fast, accurate, stabls response,
but must also be integratcd for optimum econoruy, bect quality of
scrvice and highest cecurity of the wrole system. No wonder then
that retined optimizaiion methods, identification techniques, rult'-va-
riable coordinated control apprcachas {ini here wide applicction and
irlegrated control has been pushed =o far as tu suggest hisrarchical
contro! computer <ystems. where a centra! on-line computzr auvtora-
tically .coordinate: regional dispatching computers, and each of these
remoiely coutrols power stations and substetions and is possitly lirk-
ed to station computers, - ‘
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