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ABSTRACT

The purpose of the research described herein -was

to fnvestlgate the possibfllty of applying Parameter adaptive 
,.,,,,-,

eontrol techniques to the deslgn of polrer system conÈroll-er" 'l.'''-.',,'

in order to el-lmlnate some of the compromÍse normally invol-ved

in the design of these control-l-ers. Two dif f erent poúler sys- 
: ;

tem problems rtere consídered, and in each case a dif f erent 1.:,''.,,,

adaptive technique rùas suggesÈed. ,.:.:'.:
: ,:r,'ì'.t-

The first problem deals wÍth the design of adaptive

stabilizers to suppl-ement generator static excitation sysÈems

Eigen.va1uetechnÍqueswereusedtodeterminetheínf1uenceof
i

Èhe generator statíc excitation on íts smal1- perturbation

stabilíty f or a wíde range of l-oading. A variabl-e structure

poerer stabil-izer that wí11- adapt to changes in system dynamícs

causedby1oadchangesÏâ7aSthensynthesízeð'insuchavayaS

to uake the overall system optimum wiÈh respect to a prescribed 
.;:,;...1

críterion. A direct approach to the problem was taken, êEP1oy- '-'.."
_.-:...'

íng the state-space point of vfe¡¡ and an open-l-oop adaptÍve 
,,i,.,-',1

technique based on measuremerits of the systen operating

conditions. Analog computer Ëests sho¡.¡ed the ef f ectiveness

of the variable structure po!'ler stabilizer, .'.i.-:.-:

The second problen deals with the variation of

incremenÈa1 speed deviation with loadÍ-ng' A closed-1oop adap-

Èíve controller was introduced to comPensate for these variaËÍons '



1i

Computer slmulatLons showed that the adaptive loop ís capable

of maf.ntainÍng satlsf actory perf ormartce.
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chaPter one

INTRODUCTION

An eLectrlc power system consisËs basicall-y of a seË 
,.--.,r,:,,,''':':_

of generating units or sources with thel-r assocfated pri-me

movingr controlling and protectlve equipment' a set of energy

absorbing el-emenÈs or l-oads and the complex network of trans- 
1,,,,,.:

mf sSf On lines, transf OrmerS, Swl-ÈCheS neCeSSary tO inter- ¡""'"'''

r::::-,::

con1ecË the energy sources afid sinks satlsf actorily' The "',r'ì

prime f unction of the control- system 1n a Pov7er netr¡ork is

Èo automatically rnaÍntain a balance between the real- and re'

active porùer supplies and demands 1n such a lùay as to maln-

tain opti-mum sYstem Performance'
l

One of the pioblems assocíated with the control of 
i

PoIÍersystemsistbeoff.1ineana1ysis,designandoPtimiza-

tiou of settings of regulators and controllers. Due to the 
,

characteri stics of the Power system' which can be considered ':''"i"ì.j_: ì,'.;1

:.li:a:

a high order interacting multivariable process t basi'cally ,,.,.:,
,, ', 

i'

non-lÍnear ¡síth time varying coefficienËs, it ís not Possible '"

Ëospeclfyanoptimunsetofcontro]-lerparameters.Uptoa

few years ago' controllers $Iere desígned under Ëhe more or

less explicit assumptíon of consËant environmental conditions ' i";'1r'
,:.t-:.i:-i

In marked contrasË to thís assumption' power systems are

characterized by Èhe severe requirement that the system has

to operate in a more or less rapidly changíng environrnent '
,'-ç1'.âñ^ô nnr )focess to be cofitfolledt : '.'exerting an Ínf luence ûoË only on the 1 corlLrurrsqt 

:::.::.

't;i
-1.i



but in some instances al-so on Èhe controll-er f tself . Under

such circumstances, the concept of adapËation seems to be an

effecttve tool to el-fminate some of the compromises normally

required in controller desfgn and system analysis of po!üer

sysÈems.

In recent years, a great deal of effort has been de-

voted Èo the study of adapÉive control systems. The interest

in adaptive control systems has been. 1-arge1-y motivated by a

sizable class of problems for which conventional technÍques

for synthesizír-g the controller have proved inadequate.

specifíca1ly, a controller having fixed parameters may not

be capabl-e of achieving the desired system perf ormance ¡sith

a gíven plant. such a sltuatíon may occul when the ParaEeters

that describe the plant vary over a wiàe range of values dur-

ing the operatíon of the system (1.e., r¡hen the dynamic char-

acteristics of the plant change markedly). To make the prob-

1em more complex, the enËire system may be tlirectly affecEed

by an environment that varíes dras'tlcally over the range of

operation.

Essentially, there have been two disLincÈ apProaches

to the adaptive control problem; each ín turn, has given rise

to a nultiplfcity of techníques for the inplementation of the

adapÈaÈ1on procedure. In both aPproaches, ít ís assumed that

a perf ormance criterion can be def l-ned as a measure of the

quality of control. one approach, termed t'open-1oop" t¡ith

respect to the system performance, does noË dlrectly employ



..,'' ''

the performance criterion in determining the adjustments of

the adaptive conËro11er .parameËers. The f irst steP r r,rhích ls

generally referred Èo as the identffication problem, l-s Ëo

obtafn a description of the plant (e. g, , pole-zero conf igura- 
,.,'..;i

tÍon, oÌ dif ferenÈl-a1 equatíon). Based on the.d'escrÍption

of the plant, the adaptive controller is syntheslzed' ln such

a rüay as Ëo make the overall system optimum wfth resPect to 
,,,-,,.

a prescribed crlterlon. That ís, the adaptÍve parameters '':;:'::

axe set at those values aecording to some comPutaÈiona1 a1-- ¡a:r:,J,

gorithm, that provide the oPtimun system performance. In this

scheme, the adaptatÍon is based on measurements of the operat-

íng environment that are directly rel-ated Ëo the val-ues of

the plant Parameters.

Thesecondapproachro[theoËherhand,is''c1osed-1-oop',,

r¡ith respect to the systen performance that Ís the perform-

ance criteríon Ís periodicall-y or contínuously monitored and,

usiug this informatíon, the adapË1ve controller Parameters , ;-,
i r:;,i

are adjusted to extremíze the performance measure' Among Ëhe 
:,,,.,:,,,,

techniques employing the phllosophy of performance feed.back, ::r':

Èhe ìfodel-Referenced adapËive conËro1 techníque is the mosÈ

popular. In such a scherne, the desirable dynamic characËer-

istics of the sysÈem are specified in a model and the control- ;'::t''.Ì-:.:,.;:

lable parameters of the plant aïe adjusted contínuously so

Èhat its response ¡vill duplicate that of the model as closeJ'y

as possibl-e. The identif ication of ah: plant dynarnic Per-

formance is rioÈ necessary and hence a fasÈ adapËation can be 
;,1..:,,.

achieved 
': '::'



ItlsthepurPoseofthtsËheslstofnvestlgatethe

applicatÍon of the adaptl-ve control concept, open-1oop and

cl-osed-loop to some problems Ln the polrer system a:tea. T¡'¡o

problems are consldered. The first problem deals with the

desÍgn of adaptive comPensators to supplement statlc exciÈa-

tion systems. The second problen deals wl-th the devfation

of incremental speed regulatLon wl-th load changes. In chap-

ter 2, the influence of a generaËor statlc excitatlon sysËer

uPollthesmall-perÈurbationstabtlityofasingl-emachine-

infinite systeE under widely varyÍng loading conditlons -

is closely òcrutinlzed in a new v¡ay: The doml-nanË eigen-

valuesofthesystemareplotÈedinthecomplexs-donaínfor

dífferent loading condítions and power facÈors. constanÈ

real powei and constant reactíve power contours are shown'

The tendency of an unsuPplemented static exclter to degrade

thesystemdarnpingformedlumandheavyloadingisnadeclear.

InchaPter3,thedesignofavariab]-e-structurePollef;

stabilizer(i.e.,varíableparaúeters)whichísalteredto

corDpensate for variatíons in the system acÈive and reactive

loading is discussed. An open-1oop adaptive technique is

adopÈed,andtheoPÈimumsettingsofthesÈabilizerparameters

associaÈed r¡ith a selected set of grid points 1n the real 
,

porùer-reactive porf er domaín, âIe compuËed of f -l-ine by mininiz-

ing a perf ormance criterion. I{hereas a stabil-izer wiÈh f ixed

parameters ís of necessity a conpromise' ít ís shown that one

with varÍab1e parameters can offer improved dynamlc performance



:.:':.:,:.::';:::-:: -;,:.:,:.:.*.;.:,; ;:ì:ì

under widely varying load conditions '

InChapter4,theMode]-Referenceadaptivecontrol

techniques are applied to a classical- one-area system' An

adaptive controller l-s introduced to compensaËe for variatíons

of the speed regulation parameter with loading. The results

denonsÈrate that the adaptive loop is capabl-e of maintaining

satisfacLorY Performance.



chapter tv¡o

EFFECT OF STATIC EXCITATION SYSTEM ON THE SMALL-

SIGNAL SYNCHRONOUS MACHINE DYNAMICS UNDER ,,, ,..

I{rDELy vARyrNG LoADTNG coNDrrroNs 'f i""t'

Modern generators on a poü7er system are invariabl_y
equipped with hígh speed coritinously acting excÍtation systems. ,,,,,,.',,ì:

These are feedback systems whích regulate the terminal voltage ".'"'.'
,a: a.:,.,1of the machine. such systems, using rotating oï nagnetíc ,','.,'.'

ampl-if iers, have been used f or a number of years in the control
of generator excitation, supplied by the rotating direct current
exciter usually monitored on the generator shaft. The princi- 

,

ipal functions of excitation systems aïe :

1. To preserve desired voltage at the termínals of
generators and synchronous condensers

2. To retain the load reactlve volt-ampere sharíng

betr,¡een the parall-eIed operating'generators
.,":..,,

3 - prevent excesqive reactíve volt-ampere loading -.,1',

: 
-.. 

'.:,. - 
.: i

and loss of synchrontsn/ay providing the suitabre ,-, .,,:.:,
r

. excÍÈation requirements

4. To increase the system darnpÍng and raise the stabílity
limits. 

:i..:;,.,
-.:: , ,1. ¡

An historícal review of the development of excitation
systems, Èhe criÈeria of excíter perform4nce, and the various
Ëypes of apparatus used. in excitation syst,ems is found else-

2
where 

,..,,., .,
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2.t Relation of Excitation Systern to the Stabllit Problen

Increased speed of exclter resþonse lùas one of the

flrst means suggested and appl-1ed for improving power system

stabffity. The excfÈation sysÈems have an influence on the

sËab11-ity of Polter sysÈems under both Ërarisient and steady'

state conditíons. Thf s inf luence ís cl-arif ied by recal-ling

that the polrrer transmitted in a tr,so-machine system is, accord-

ing Èo the approxínaÈe equation, proPortíona1 to the product

of the internal voltages of the two nachínes, dfvided by the

reactance. Theref ore, the PoI,Ter is increased íf eíther in-

ternal voltage is increased. These statements hold regarding

the porüer at any particul-ar value of anguLar separation be-

tueen the tlüo-internal voltagesr' and hence al-so for the max-

Ímun polfer. It ís also true on a mulËimachine system thaË

raising the internal voltages íncreases the Polüer that can be
3

trarrsmítted between any two machines or grouPs of machínes

Therefore, it is aPParent that raising the internal volÈages

increases the stabilitY liníts.

under transienÈ condiLions, poIüer ís calculated with

the use of, t.ransienÈ reaqÈances of the synchronous nachines

and the voltages behind transient reactance (which are ProPor-

tional to flux linkages). Upon the occurrence of a fau1t, the

flux linkages are initially the same as they üIeÎe just before

Èhe f ault occurred. During the f au1t, hor^rever, the f 1ux l-ínk-

ages decay at a rate described by the short-circuít time



consËanË Tt,, whích is least ín Ëhe event of. a three-phase
G

shorË-circuÍË at the terminal-s of Ëhe machine and is somewhaÈ
-3

greater for less severe types and locations of fault '

If the f ault is susËaÍned f or a 1-ong tfme, a machine

may survive the fírst swing of its rotorrbut, because of the

contÍnued decrease of íts field flux linkages, ít may pull ouË

of step on the second swing or on subsequent swings.

An excitaËion sysËem control-l-ed by arl auËomatic vo1Ë-

age regulator causes the fl-ux 1-inkages first Ëo decrease more

slowly and Ëhen to íncrease. As a result, a machine which

does not go out of sËep on the first few swíngs wíll not go

o,rf of st,ep on subsequent swíngs of Ëhe same dÍsËurbance. On

a more severe dísturban.ce, however, ít may pul1 out of sËep

on one of the first few swings. Accordíng]-y, the action of

excítation system during a faulË ís an important factor ín

pohrer system stabtl-ity. The f aster the excitation system

responds to correcL lorn¡ voltage, the more ef f ectíve Ít is in

improving stabil-ity.

In the steady state, pohler ís calculat,ed with the use

of saturaËed synchronous reactances and the vo1Ëages behind

t.hese reactances (whích are proportÍona1 to the respective

f ield currents) . If the vol-tages are constant, the po\rer

IíÐít. Ís reached when the phase angle between the volLages

becomes îr l2.O radíans. An automatÍc vo1-tage regulator tends

Ëo preserve Ëhe termínal- volËage constant. If it slere entirely



successf uI 1n dolng so under al-l- conditÍons, the Pohter lirnf t

would depend uPon Èhe reactance of the circuits beËween rnach-

ines, instead of uPon this reactance plus the Ínternal

(synchronous) reactance. The power 1lnit would be greatly

raÍsed by such ideal- voltage regulaËion, Partícu1arly if. the

internal reactafice ÍIas the major Part of the total reactance'

unf ortunatel-y, voltage regul-ators cannot raise the

porfer llnit to anything freaÏ the theoretfcal value just dís-

cussed. Due to the delay ín the fÍeld círcuit, the desÍred

restoration of voltage can not always be obtained rapidly

enough to increase Èhe el-ectric power 1n a Iüay to match the

mechanical power and thus to prevent Power dífferentials that

pull Èhe rnachines ouË of synchronism '

It has been found by tests, however, that the use of

fast-acting excitation systems does raise the steàdy-state

stability 1Írnit a sub'stant ia1 arnount 4 
.

2.2 SemÍconducÈor Electronic Fast-actí Excitation SYsten

2
As early as L946 , a practÍcal experiment IiTas made in

the use of a high polrer el-ectronic device as a utility

generator exciter. The devíce was a mercury arc rectifier'

Because of Èhe trouble assgciaËed with the use of mercury arc

rectifiers (e.g. cooling systemsr êÌc backs, cost), they were

oot used on a large scale.

with the advent of rel-íable semiconductor high power



devices such as sllicon dlodes and controll-ed rectifiers

during the 1960rs, semiconductor electroníc excitatlon systems

have found a significant place in the industry. Consequently'

rotaÈfng excf Èers have been replaced by electronic exclters t .:,,...

in whlch the gefierator suPplfes its own excitatíon through

rectifiers supplied from a transformer connected to generafor

termina].s.Theexcit'er.voltageiscontro11-edbytheuSeof

coritrolled rectif iers using. a sÍgnal deríved f rom the genera- tt:l

tor potential transf orners. thís type of excltation is a ,,.'.,

slgnlficant advance over previously used excltation systemst

1n its possfble effects on Èransient and steady-sËate stability

limits, because of its ability to change gefieÏator field volt-

age almost instantaneously. In addition Èo the basic require-

ments of a voltage and reactive volÈ-ampere control on a

generator, electronic exciters have a fast speed of resPonse

and a higb ceiling voltage.

2.3 Types of Electronic Excitation SysËems 
:.,',:.,'
i,;,:,,j

....:.
Basically, tr¡o types of systems have been devel-oped ll 

'..

using seniconductor devÍces: the "brushless system" and the

trstaEic systemtt.

2.3.1 The Brushless Excitation System ::''',::;'
,..:.: i.t.,

The brushless system shown in Fígure 2 'L has

so far been confined to thermal turbine generator units ' It

consists of : (1) a small 3-phase pi1-ot exciter ¡síth a permanent

10

':\

':i:
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magnet roËor; (2)

and a stationarY f'

set which rotates

The alternator fle

rotor and diode rectifíer

pÍ1-oL exciter to the stat

current roËating exciter

verLer, therebY a1-lowing

age.

-;-: :,:: - a:: _j: :r

a rotaÈing exciter wíth a 3-phase rotor

ield structure; (3) a 3-phase diode rectl-fíer

wiËh the roËating exeiter structure'

l-d strucËure roËates wíth Ëhe exciter

assemblY. The Povler flow from the

ionary field of the a1-ternaËÍng

ís controll-ed bY a thYrístor con-

cont,rol of the alternator field vol-t-

L2

2.3.2 The SËatic ExcítaLíon System

sËatic exciËatLon systems of the Èype shown in

Tígure2.2areinserviceorunderdesignforthernajority

ofËhehydraulicturbínegeneraËorsunderdevel-opmentaËthe

presentËime.ThestaticexcitationsystemfsasLationary

controlledrectífiertoprovideËherequireddírectcurrent

energy for the alternat,or fíeld. A seLf-excÍted alÈernaËing

currenË generator or an alternating currenË poríer supply

tapped off the al-t.ernator terminals may be used Lo energíze

the a1Ëernator fÍeld.

2,4 Adverse Effects AssociaËed wíth the use of Fast-actín

Electronic ExcitaËíon SYstem

It has been stated before that ít ís sometimes con-

venÍenË to treat the. excÍtation control system as effecËíve1-y

reducÍngthegener'aËorimpedance'Infact'âDidealexcíËatíon
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would be able to naintafn a constant gefierator terminal volt'

age at all tlmes and the aPParent generator impedance would

be effectively ze:ro. StabiJ-tty limfts would then normal-ly

be a f unction of system el-emenÈs external- to the generator.

under condltions of large transienË disturbances

(e. g. f aults) , f t is irnpractlcal or uneconomical- to provÍde

excitation systems of suf f icient po$ler to maintain voI-tage.

The functÍon of a practícal excitation system during major

transíenÈs is to provide maximum forcing action to damp ouË

generator polfer and angle swlngs as early as possíble. Thís

caLl-s for a system wiÈh high ceiling voltage and hígh speed

of response. Static excitaËion systems have the nost desÍr-

able characteristics in this resPect.

An excitation system' as trell as having the hlgh gain 
l

andhi.ghcei1ingvo1tagerequiredformaximumeffeetontraûs-

ient stability, must also operate satÍsfactoril-y durfng normal
- :....:.,-::..

steady-staËe or ttsmall oscillatíont' condltions on the system. i:',r¡¡:;,i

....: _. : :

A sÈatic exciÈer in f act, also has desírabl-e characteristics ,'.,,;,'.'.'.,','

.,: 
t,-, 

,, 
t.,

from thís point of view, ín that it has the abílíty Ëo main-

tain esseritially coftstant terminal vo1Ëage for snal1 pertur-

bations 5 . Perf ornance equivalent to an. ef f ectÍve generatot 
,....:¡,1¡,,,

Ímpedance of zeto, appears Èo be possible in the steady-state. " 
" 

''"

Hor¡ever, certain other problems arise under these conditions.

For a synchronous machine equipped with a hígh gain

fast-acting voltage regulaÈor, it has been shown6 that
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negative dampíng effects can be introðuced into the system

under certaln condíËíons of loading and generaËor angle'

ThÍs ís particularly the case when operatíng close to or wÍËhin

the ,,dynamic regiont' which is the region beyond the normal

steady-state stabilíty limit for an unregulated machÍne7 '

The negatÍve damping effect nay cancel- out the Ínherent damp-

ing of the machi-ne, and under such condiËions' contínuous

oscillaËions wil-1 result, often becomíng of such magnítude

as to be unaccepËabl-e in normal operation or to cause loss of

synchronism.

The

ves t igat ion

sysËem uPon

of 1-oading

remaínder of Ëhis chapter ís confined to Ëhe in-

of the ínfluence of a generator statíc excítation

íËs small-perturbatíon sËabi1-ity for a wide range

condiËÍons.

2.5 Power System Model- and Assumptions

TheanalysisofthephenomenaofstabiJ-ÍtyofaPoI^7er

system under, small perturbation in this section ís carried

out by examiníng Ëhe case of a síngtr-e machine connecËed to a

large system through exËernal reactance. The circuit in Fíg-

ure 2.3 ís considered the simplification.of a mulËígenerator

system from the viernr pol-nt of studying the stability perform-

ance of one machíne Ín the system. Thus the external ÏeacËance

and ínfinite bus represents Ëhe system as seen from Ëhe term-

inals of tire machine sËudied. In oËher words, the emphasís

is on describing the machine behaviour as affected by the
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L7

connecËed system, rather than atËempting a fu11 description

of the power system itself.

The foll-owing assumpËions are also made:

1. sínce in general-, the leacËíve PoT^7er - voltage 1-oop

ís much f as ter than the real- po\¡7er f requency :Loop '

due to the mechanical- inertía consËants and the larger

time constants of the hydraulics in the lattêr8, ít

can be assumed that Ëhe Ërafisients Ín the ieactive

por¡7er - voltage loop are essentÍa1-1y over before Ëhe

real porôrer - f.requency 1-oop reacts9. AccordínBlY, the

turbine-goveïnor system is not íncLuded ín the analysis'

2. The l0cal- 10ad is ze:ro. This is a t'worst case"
IO

assurDption since loca1 loads have a stabilizíng effect .

3. The excitation sysËem investigated is one typical of

thyristor-Ëype systems. It is characterízed by a small

Èime constanË (0.05 seconds) .

4.ThevoltagesdueËoËherateofchangeofdírectand

quadriËure axÍs fl-ux línkages and to the rate of change

of speed are neglígib1-e. Darnping caused by machine

amortisseuïs windings Ís neglected. The armaËure and

tíe-1ine resistances are neglected.

5. The l_inear Lzed model of the machine gíven by llef f ron

7
and Phil1-íps' is adopted in the analysís'

A common method for analyzing the smal-l-signal per-



formance of a single -machine ínfinite bus system is Ëo r'rrite

the general equaËíons describing the system' A PartícuLar

operatingpoÍntÍsthenassigned.Theequatíonsarethen

re\,sriÈten to consider Ëhe effect of small changes in differ-

ent varÍabIes about ËheÍr values aË this poínt. The resulË

Ís a set of 1ínear differential- equatíons'

Thelineardifferentialequationsdescribingthe

steady sÈate operation of a synchronous machine connected Ëo

an infinite bus through an external reactance ate6'7 i

(up2+op)¡ô = ar* - ar.g Q'L)

):.:::.tl::r:ì í,:Ì;;: ' ::.: l: : :.. i... : :::,:-:-t-':::, : L::-:a: :

18

variables with subscript o are val-ues of Ëhe

evaluated at Èhe pre-disturbance steady state operat-

Prefix A indicates deviations of the variables

val-ues at the sËeady state operating poÍnt '

i':: :.1 :;r'

^T =**e,0

^Er 
=q

Av t
and

Tr.oz

Al-1

variables

íng point.

from their

E sinô x -xl E E cos6-
r-o - or ^-r ,- 1--9.--d U sin6- i_-+ -9-9?, ---9-1¡6 (Z.Z),q*". JArl' . '*¿+*. !oe¡rauo 'qo' *"**q

,*å**. r= .[0" r"u,"å =.ä- sin6 ]¡o e.3)t"¡= L+pry;' ^of d- 'x.*x. l-+rrl , '""" o'

{ 
*q tuo 

u e^-^ - "å k u sínô- }Aô+{+-= 
tqo}A:

-x"*xo rro o 
:o s ô o- 4ft ;ro o o +t; +;T üt 

onr¿

x'-tx Q ' 4)
d ê .¡r (2.5)

x.*x -do
cle

Eqn. 2,2 to eqn r 2,5 nay be re\^Iritten Ín the f orm:
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AEr
q

AT
e)c

Tl'dz

where l( =
I

I\
2

K=

ff
I\

4

I\
5

and

^E: 
,rcr

otr¿ -

AEr
zq,

KK
3 4 

^^l*pT I 
ð., 

""

(2.6)

(2.7)

(2.8)

(2.e)

(2. r0)

(2.1r_)

(2.L2)

(2. 13)

(2.L4)

(2.ls)

Àv. =( Aô+
E5

K

K

=......a-l+DT'.'az

=KA6*K
I

=KTr.3do
x -xt-q d--_-:- f,x' .fx ode

E

EE
sinô + 4E cos6qo o *.t*q

tu+= sinôo

xr ,+xde

"J"de

x,-xl .o CI-
x txl. "o

eo

x v.qdo
x*x v.eqËo

sinô
o

E cosôoo
xt. vdqo

x.*xrd vto E sinôoo

eqoK6 = Gî;*

The constants Kr., *r. . . *a represent the inËeractÍon

between the load and voltage conÈrol- 1-oops of the synehronous

generator. These constants, with the exception of *, which

is only a function of Èhe ratio of Ëhe reactances ' change

with the actual real and reactive po$|er loading as well as

the exciËation l-eve1s in the machíne, making the dynamíc be-

haviour of the machine quite different at differenË oPerating

points.
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The steady sËaÈe oPerating val-ues of the variables

requl-red to calculate the values of the constants K rK- '. . 'l2
K aïe evaluated fron known val-ues of v. , P and a- asto' o -o

given by the following equations:

,oo = Po r.o {rf x2 + (v2ro+Q o*r)2}-4 (2'L6)

v. =i x Q.L7)do qoq

tqo = {*r2.o-*r2uo)% (2 ' 1-s)

(Q_+x_i2_.ì)
f- =--.o'q_ilA- Q.tg)dov qo

Eo = {(tdo**. iqo)z + (voo-x e ído)2}u (€-zo)

v-*x i
-l '(1o e Qo'o=Ean-l-)o -v -x a.qoe(ro

(2.2L)

The above equat,ions rüere derived from the standard

machine vector diagram.

Figure 2.4 represents the block'diagram for the single-

machine inf iuÍte bus sysËem. The addf tlonal- rel-atÍon:
K

(2.22)

represents the effects of the vol-Ëage regulator excitation

system. The load loop, the excitatíon l-oop and the ínter-

actfon coeffÍcients are indicated. A1-Èhough the excitation

J-oop itself will not go unstable for high values of exciter

gain R. (assuming no changes in rotor angl-es), the negatíve

danping effect in the load l-oop ís important at high gaÍn.

^E 
, = - =-9= Ae-"fd l+dl --t-e
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2T

LOAD LOOP

Fig.2.4 Block diagram of the singl-e machine lnfinlte
bus system includlng the effects of voltage
regulâtor excitation system (*stablLízfng
lnout to be fntroduced later)
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2.6 E i q err-va

Machine Dynamic Stabilitv

Theeffectsofathyristor-tyPeexcitationsystemoft

thestabilityofasinglemachineconnectedto.anl-nfinite
6

bus have been investigated . In this section, a small--

perturbationstabfl-ÍtyanalysisÍsperforrnedusingeigen-

valuetechniques,forawiderangeofsystemrealandreactive

por¡ler loading.
10

InarecentPaPer,theeffectofchangingenvirorrment

on.the commonly named Heffron-Philllps parameters Kr'Kr" "

*U is reco grtlzed with the assumption that changing real and

reactfve po¡fer leve1s are the rnost signÍficant environmenËa1

changes.ItisshownherethattheconceptofchangÍngP

andaenvÍronrnentaswe]-lasitsdirecteffectonthesnall-

signal stability of the sy.stem can be usefully displayed in

the cornPlex-f requencY Plane '

22

The bl-oek dÍagran relations

be expressed as a set of dtfferent

(Âô) = tr:o ÀPô

ATK
(^pô) =n|-*oo

sho¡¡n in Figure 2.4 nay

ia1 equatíons:

D.*n-MPo- M

d
dr

d
dt

d
dt

^Er q

(2.23)

(2.24)

(2.2s)(^E'q)=-ú^ou - ¡E'e fr; otru
K.

r+ l_

Tlæ
do
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Ã KK KK^ 1 K

åã 
(Ær¿) =lao *1-eor'o -touru*{o"r.r (2.26)

Tor the set of sËate variables

A' = [¡0, apô, au'oo nnrul Q.27)

and dÍsturbance vecËor

U'=F^1.A., I Q.28)

The linearízed smal1-perturbation equations can be

wriËten in the sËaËe equatíons formaË:

X = A X *Iu (2 .2e)

(2.30)

The sysËem matrix A and the disturbance distribution

mat rix f, def ined as f ol-lows :

o(l)00
o

KK
- 1 -u - 2 oMl"lM

Kll
-Tt:. -rt; -tr;

'do r

KK KK 1qe o 6e r
TTTeee

oo

I;o
I"I

OO[=

K
eoT-
e

The four eigen-values of the system matríx A' deter-

míne the character of Èhe time response and hence Ëhe stabil-ify

of the sysËem. IË is clear that the eigen-values of the system

are functions of the constant" *r, *r, *u, and therefore

depend on Ëhe sysËem real and reactive po\^7er loading. In Ëhe

analysis to come after, the following numerical--daÈa for Èhe
b

single machine ínfinite bus system wíl1 be used :



. .-l:-'.- i.',

,t.

Svnchronous Machine xr = 1.6 xt., = Q'32

x = 1.55 T. = 6,0 sec
qdo

v = 1.0 t,l = 377 rad/secto o

D = 0.0 ![ = 10.0

x = 0.4 r = 0.0

Exciter K = 50.0 T = 0.05

Lo ad ing

By varying the real Po\Àler and/ox the reacËive po\rer

loading, to cover a Large number of operating poinËs, ít is

possíb1e to cal-culate the values of the consËanË" Kr, Kr,

*, (as given by eqns. 2.L0 - 2.L5) '' Ëhen f or every real po\¡ter-

reactive po\^Ier combination, to determine the eígen-values of

the system matrix A. The locatiorr3of the eigen-values in

the complex-frequency domain determine Ëhe stabil-ity of the

system.

The values of the Hef f ron-phÍl-lips constanËs, f or the 
.;..;:.),.:..'1;.;,,.

entire 1-oadíng range consídered, are p1-otted in Figure 2.5a '1.ji.:li::':::,:.ì
'.. ....r'... . :1. .:. .:

through e, for K_, K^, K., K and K ïespectively. K is ::..;..1.''
1' 2' t+' S 6 ^ - 3 ":1'::1'':':1':'

excluded because ít does noË depend on the system loading.

One can observe from these figures that all- Heffron-Phill1ps

constanËs , with the excePtÍon of K- r¿hich becomes negaË j-ve -':..-.:.:..i,:
J

. - . . 1.".ì. 
j. 

.:. 
j

for high loading andfor leading power facËor, do noË change

signs as the real Pohter andf ot the reacÈive poI,Jer Íncrease.

'rl-e Ll_ne
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Resuf ts

A comPuteï Program $ras writÈen to compute the eigen'

val-ues of the system matríx A as the loadíng changes ' It hras

: found thaÈ t!,ro of the four eígen-values of the sysËem I'Iere

. negaËive real and ,brere located in the complex f requency plane t

to the lefË of a líne s = -3.0 for the loading range

- examíned, and therefore have a minor effecË on Ëhe system

dynarnics. The tr^to remaining eigêrtrvalues are complex con-

jugate and located on both sides of Èhe imagÍnary axis and

cl-ose Ëo it, and hence are considered the dominant eígen-

values of the system. Figure 2.6 shows the locatÍon of the

dominant eígen-value (with posiËive imagínary part) ín the

complexfrequencydomainfora11combínatÍonsofP=Q.]-to
p = 1.0, and a = -0.3 Èo a = 1.0, as deËermíned by computer

solution for sËeps 1n P and a of 0.1; in other words 140

combÍnations. Constant real- po\¡rer l-Ínes and constant reactive

porrèr l-ines are also shown, gÍving a more compleËe plant

portraiË.

such curves displ-ay the dynamic stability character-

istics for the system without Ëhe need of repeatedly perturb-

ing the sysLem wíth step-1íke disturbances in the mechanical

torque andf or the voltage reference. Instabílity of the

system is easily perceived fox moderate and high loadÍng.

This result is in agreemeflt with the qualitatíve resulËs ob-
6

Ëained previouslY

30
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. STABLE.-
j7 uHttartE ,

+o.5

FÍg. 2,6 Constant real-Power
reactfve-Power lines
frequency plane (Te

1ínes and constant
in the complex
= 0.05 secs)



As a matter of interest, the effect of a slor¿er

excfter (Te = 2'O sec) on the locaÈ1on of the domlnant

elgen-values in Ëhe complex-frequency plane fs shown fn Ffg-

ure 2.7 . Only the 
.boundary 

1ínes of constant real-power and

reactive Power are shown. Tht domínant eigen<'values are

located in a narro!Íer axea compared to the fast exciter case

(t = .05 . sec) . The system is sÈable although highly-e
oscíl-latory.

Themethodofeigen.valueanalysls-besidesdevelop-

íng insight into effects of static excítation sysÈem - heLps

to establish an understandíng of Ëhe stabíLíztot,requiremefits

for such systems. The method can easlly be extended to

excitaÈion systems lsith dÍf ferent dynaníc charac'teristics '

2.7

6

The concept of synchronizing and damping torques ís

used in this section. The results obtained are shown to

agree ¡rith the results obtained through eigen-va1ue ànal-ysís'

At any given oscillation frequency' braking torques

are developed in phase wíth nachine rotor angl-e ô (synchroníz-

lng torques) and in phase with machíne rotor speed pô (danp-

íng torques). The torque devel-oped by any means can be

broken down into these comPonents for stabil-1ty determination'

Sufficientandnecessarycond.ítlonsforthesystemtobe

32

Correlation Between the Eigen'Value Techni



STABLE

P=l.O

Q=l.O

Q = -O.3

P =O.l

Boundary constant real-power lines and
coûstant reactíve-power lines 1n the
complex frequency plane (Te = 2.O secs)

:::-)

,' ,i

Tlg. 2,7

UNSTABLE
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stabl-e are Ëhat both synchronizing torque and damping torque

coefficients be greaËer than zero.

The system block díagram given in Figure

reduced to Ëhe form shown in Figure 2 ' 8 where

2.4 may be

34

AT.&= H(s) Aô (2.31)

(2.33)

(2..3s)

and

AT ^=e)¿

Takíng inËo c

Aô = Ap6 .

2 .34

AT
u)

___)l 
^ô 

+ +- rM[H(jro"")] ap6
osq'' to"a

KKK +KK(l+sT^)
H(s) = K - '5 e ^ 4 e 

ì (2.32)!¡\s/ I s2T,, T + s(Te + T,,^) + K K- + ?- do-e -'K^ do' 6 e rt3
J

It ís possibl-e to rewriËe eqn. (2.3L) in Ëhe form:

AT.[= Ot" Aô + ATa APô

where AT and AT, are the synchronj-zífr¡g and danpíng torque
scl

coef f icients. They are obtained by replacing the l-ap1-ace

operaËor s ín the transfer function H(s) with the frequen-

cy of oscillaËion jro"". Thís substitutíon reduces H(s)

inËo a compJ-ex quantity. Interpretíng imagínary coefficient

of 
^ô 

as real coeffícienË of p6 , íË ís possÍbl-e to write

down expressions f or ÀT" and ATU. Een' 2'31 may be rer¡rrítten

as:
(l)üJ

I + ' osc . -g- rMfH(jo-- )ll¡o Q.34)r , ü) UJ OSC' ,
o osc

that:

(jt':o"")

erat ion
UJ

o

{n lue'

ons id

becomes:

eg,= 
n. In (i ur

i trl- osc

Eqn.

(2 .36)
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From eqn$. 2.32 ar.d 2.36, 1t f ollor¿s that:

^T 
=K

""'. T
(*r*u*"**r*u ) (K6 K"+-tå 

" "Tåor" 
) +tå 

".KrKur. 
(råoq )

36

cF*
3

*^*" - ,å""råor 
")r* 

13"",þ . ,åo),
3.

(2.3

K, r^ (r-r^#-r3".tåor.)
4 e 6 eoa

7)

(rI
I

t

KK+K25 e 2

T
*u ) (tå.*Ei) -Kz

^T, 
= ü)co

tF * *.*. u2 f t- T .12+ u2osc clo e- osc

Ttt' * råo)'
c

(2.38)

The torque-ang1-e 1-oop def lnfng the synchroni'zing

and darnpi¡g torque coef f icíents is shorsn Ín Figure 2.g.

One ínportant point remains to be clarifíed. It must

be noted that the oscíl1-ation frequency ü)--- , which isosc
needed as an input parameter to obtaln values of ÁT¿ and

^T- , ís in fact an unknonrn quantity. However¡ û)-^- coulds' - -osc

be obtained directly from Figure 2.6 for the entire loading

range considered. Thís is possÍbIe because the dynamÍcs of

the systen are dominated by the two compLex conjugate efgen-

values. Under the circumstances, 6os. is equal to the

imaglnary part of any one of the Èwo dominant complex eigen<

values.

Fl.gure 2.10 and Figure 2.LL give the synchronizíng

and damping torque coefficlents for the wÍde range of system

1-oading exarnlned. It is clear that ÂT" rernains al-ways



37

Fig, 2.9 The load-loop showing
damplng torque

synchronizing and



38

o.o
o.l
o.2
o.3
o.4
o.5
o.6
o7
o.8
o.9
Q=l.O

o.80 o.90 t.oo

¡:.:;::,::ì:;;i:ì:: l
l::i'r..:l

o.70

osgb. o.lo õã o.Eo o.qo o.5o o'Ð orc

REAL POWER ( P)

Variations of synchronl zl'f. g torque coefficient
wit.h real and reactive loadingFig. 2.10



1'.,1---r.. -.... j" .t

-o.

::Ì: ì;i-:'::::aì'f .:ìíj^l:l;if :li:i'i::Ë ::..':1:r

o9
\

i(f
(

o9

o.30 0.40 0.50 0.60 0.70

REAL POWER ( P)

-3.50

-6.50

t2.50

t5.50 o.80 090o.oo o.lo o.20

Fig, 2.11 . Variation
with real

of danping torque coefficÍent
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posltlve, whll-e ÂTA becomes negatfve, indicatfng instabll-lty

f or hf gher loadi.ng and f or lower Posler f actors . The results

obtained by thís method are in full- agreement with that of

the eigen-value analysÍs.



chapter three

VARTABLE.STRUCTURE POT,üER STABILIZER TO SUPPLEMENT

STATTC EXCITATION SYSTEM

.:.:,..1

3.1 Revíer¡ of Stabilizing Signals

In Chapter 2, it has been shown vrlth the aíd of eigen
':

value analysís, how a sËatic excÍtation sysËem can desÈroy the .,"."

damping componenË of the electrical torque under certain 1,,.:,.

condÍtions of J-oadíng and generator angle. It can be easily 
t'¡.':;'

concluded that, Èo gain any real advantage from static excíters'

it ís necessary to introduce special control- signals to íncrease

the system dynamic stabílity and to damp ouË machine swíngs. 
:

t,

Significant advances have been made which íncrease 
,

sËabilÍty through Ëhe use of sÈabLl-izíng signals derived from

speed, frequencyr. real polüer andlot reactive po$Ier' rate of 
j

change of Èerminal voltâBê, acceleratíon and mechanical pornrer 
,..::.:::.;

A number of published reports document both studies and field i': 
'r;

tests. '.-:, .,

it
ülatson5 and Dandeno et al- have reported that analog

computer studies shor¿ed that the most effectÍve darnpÍng of

geneïator swings coul-d be obtained by introducing an addi.tion- 
.,,¡,;,,.,

al signal Ëo the excítatíon control-, proportional to the rate

of change of generator ang1. C$¡01. ConsideraÈíon was gíven

t,o varÍous methods of obËaÍning a signal proportional to

changes in generator speed, íncluding the derivaËíon of the 
:

t, 1
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signal from the measurement of electrical- quanËÍtíes at the

generator Eerminals. However as a result of certaín límíta-

Ëíons, development work was subsequently concentrated on a

method of dírect measuremenË from the generaËor roËor' Studies

have shovrn Ëhat the speed signal should be derived directly

from the generator shaft itself. stabí1-íty tests made on a

special radial system arrangement showed an increase in boËh

sËeady-state sËability l-imits (up to 97 per cefit of Lhat

theoretically possible with generaËors oÍ. zero inËernal imped-

ance) arid transíent stability limits.

Thepossibílityofobtainínggeneratorspeedsignals

by measurement of varíous electrical quantities on the machíne

and appl-ying appropriate transfer functions, as alËernatives

to dÍrect measurement of the mechanical quantíties, vlas in-
l2

vestigated by Ontario Hydro . An angJ-e transducer I^tas devel-

oped Ëo provlde a d.c. sígna1- approxímately proportional to

phase angle beËween generator inÉeroal volËage and remote

system vo1-tage. (These voltages T,vere obtaíned f rom simulaËíng

networks. ) Thís signal r^7as then dif f erentiated Ëo provide the

requíred darnping sígnal (pô ) . Unavoidabl-e time lags in the

measurement, and the instability of the devÍce when actual

sysËem ímpedance \^7as much lower than the preset val-ue utilLzed

ín the simil-ariËy network, \¡7ere the mainreasons behind abandon-

ing this method. A signal based upon Ëhe íntegral- of aceelerat-

ing por,rer r47as then util ízed. Under the assumption

mechanical porder ínputr variaËíon in machine speed

AS:

of

l:,:'l'f; -'l
i. :l') i:'

a d -e;r4+-e-s-s-ed
OF AôA¡{¡TOBA

..'f-........æ
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(3.1-)

ound Ëo functíon saÈisfactorfl-Y

ed to change the I-oading on the

ate posiË1on (for a hydraulic unit).

d Ëo be dfsconnected to preverit ex-

1d current and reactive polter during

generator, which led to the lmmediate

the machine. ConsequenÈly, this

in favour of direcÈ measuremerit of

13 r
Ellis et aL have reporËed thà results of an investi-

gation made to find a suitabl-e signal for stabllizíng nachine

swings. Df f f ererit stabil-izíng signals rüere considered lncl-ud-

ing the rate of change of termínal vo1-tage, speed error'

acceleratfon, rate of change of fíel-d current, subËransient

direct axís fíeld cuÌrent, subtransient quadraËure axis field

crrrrent and rate of change of armature current. The signal-s 
,; 

':,;;,::.:;,,:,.,,;:¡
-: :. .' :.'-:.' 1,' : a' :r: :

were eval-uated using a sírnplif ied system ïePresentatíon on 
i,:,,:...:,.:,,:',
. .. 

....' 
.'.'.' ...' 

' .' .. .' 
..':

an electronic dif f erentÍa1 analyzer, with the excitation f ul-ly ':r..:.'1 ì:"

represented and f ixed Ínput shaf t PoI,ler. Several of the sig-

nals considered showed a stabilizÍng ínfluence and the most
'.:. ---,_.: a.. 'a., . a

promisÍng of these r¡ere the raËe of change of f iel-d current .',':,',':,',,...,,,

and the speed error. The latËer gave particularly good results,

índicatÍng that it could produce any degree of dampfng desíred.

The rate of change of fteld currerit signal exhibited signs of

instability because of a closed posítfve f eedback loop Ín the 
,;-:...:,::;.,f
¡t ,ì,;.r.r: : ril '

t

^(pô) 
=-# I ÂP. dt

Such an arrangemefit rüas f.

except when it üras requir

nachine by changíng the g

The stabflízing signal ha

cessÍve excursfons of fie

real porÀrer changes on the

l-oss of Èhe stabí1-Íty of

method was also abandoned

shaft speed.
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. :.1.-.,: r.:

exciËaÈion sysËem' so the signal was abandoned'

TheuseofasignalproportionalËotherateofchange

of voltage to supplement t.he control of excitation has been

14
shown Ëo.produce either positive or negatíve damping, de-

pendingupontherelaLivegaínsandtÍmeconstants.The

maximum positíve damping it can yleld is much less Ëhan Ëhat

obtainabl-e from a frecluency deviaËion funcËion. It $Ias further

s.hown that a control signal offeríng Ëhe most promise for

improvingthestabil.ityisacomplexfuncËíonoffrequency

amounting Èo frequency devíaÈions for slow raËes of swíng and

rate-of -change of f requency f or high rates of swings. IÈ I¡Ias

poínted out that the second derívative of frequency may also

be needed to achíeve effícÍent dampíng at very high swíng

frequencíes.

Excitatíon voltage conËro1 by ÏeactiVe po\¡Ier stabíLíz'

íng signalsr excitation current sígnals, speed sígnals and

integral of the acceleratíon povler have been considered for

stab L11zi,.g the Hydro Québec sy"te*o. computer tests and

fiel-d Ëests have clearly shor,rn thaË any rel-ation between

generator speed and react ive po\¡Ier is sub j ect to too many

contíngencies f.ot Ëhis control signal to be effectíve and re-

liable. It \ô7as even shor"rn, that, in some cases ' a sÍgna1.

proportÍona1 to the rate of change of reactive pouer coul-d

cause .a f urther reducËion of the darnping coef f ícient.

1q

Shier et "1^" described a purel-y electrícal approach
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to obtain a speed signal-. The aPProach r¡as based on the f acÈ

that the speed of the machine could also be consfdered

stored rotational- energy. For trafislent performancer the

input porüer varÍations could be ignored and the change in

output energy coul-d be a reasonably cl-ose measurement of

change Ín roËor energy. A watt transducer lras used to measure

outpuË polter, which w.as then converted to the f 1naI speed

signal usÍng operational amplífíers. I

The effectiveness of a damplng signal proportional- to
l6tl7

el-ectrical porüer has also been investigated . The

stabil-izing signal, which ís derÍved from a single-phase

Hall-watt transducer, amplif ied, f il-tered, and raPp1.Íed to a

deiivative-type circuit, !üas shown to be very effectfve in

dampíng machíne'swings.

I8
Gerhart et al- presented a valuable contribution

toluard sheddíng some 1íght on the procedure for installation
:.:.:ì:.:_: ;, ::. .

andadjustmentofPo!Íersystemstabí1izers.
. .:...I......

,,,,.,,' ... .11'

A dif f erent type of series compensation f or the improve- :'':'"': j:

ment of dynamlc stability of an exciËatíon control- has been
lgr20

developed and tested rhe devíce incorporates complex 
¡i.r..:,:,..:

zeTostocompensateforÈheadverseeffectsoftheunder.

damped compl-ex poles, whlch mathematícalJ-y, characXetíze the

dynamic behavlour of a synchronous machíne operating at high

loading and high torque ang1e. Investigations to determíne

the sensitivíty of the technique to misplacement of the zero I s . .',,

45
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r,¡hich comPensate the complex dynamÍ'c poles remain to be

carried ouË.

3.2 Problem DescrípËion and Approach

Fromthereviewgivenintheprevíoussection,itÍs

evídent thaË a varíety of suppl-ementary sígnals that aÈËempt

to improve the small-signal dynamÍc performance of synchronous

machine is currently available. Most of these suPplementary

signals acË on Ehe voltage regul-ator through varíous combÍna-

tions of fixed-sÈructure lead-1ag networks (commonly refer-

ed to as compensators or stabíLízers). The design of such

compensaËors is usually carried out for one set of machíne

parameters corresponding to one operating poínt'

Sínce machíne Parameters change, in a rather complex

manner, $ríth l-oading, makÍng the dynamic behavÍour of the

machine quiËe different at different operating Points, it is

dífficult Ëo reach general conclusíons, âs to stabLLLzex

structure based on only one operating point' As a result'

Èhe characËerisËÍcsof the stabj-Lj-zex have to be adjusted prop-

erl-y to give the desíred performance over the expected range

of' syStem loading. In other words, Ít is essenËial Ëo in-

corporate varíabLe-structure stabilizers that are altered. to

compensate for variaËions in syst,em dynamics caused by load

changes,lfoptímumdynamicperformanceistobemaintaíned

as operating conditíons change
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The Purpose of this study is to fnvestigaÈe the

possibilfty of, designlng such variable-struc'ture self-

adJusting stab LLizers.

The suppl-ementary stabllízfng signal considered in

this study is one proportl-onal qo eleFtrÍcal PoIüer. A

derivative type porf,er .st,ab t!ízer ,with two poles is considered'

An open-loop adaptive technique that is based on

measurements of the operating environment thaË are dírectly

rel-ated to the val-ues of the plant parameters (i. e. real and

reactive poner) is used. Figure 3.L represents a bl-ock diag-

ram for the basÍc scheme of the suggested adaptive techníque.

The idea is to determine the optimum val-ues of the stabilízer

adjustable parameters ín conjunctíon wíth the mínímum of a

performaûce criterion. The procedure is performed off-l-ine

for a selected set of grid points in the real Polüer-reactive

power domain. (The mesh síze in the grfd, of course, depends

on the quafitum of. change in load.) The optirnum settlngs thus

obtained are to be st.ored in a MÍcro-processor memory. The

val-ues of the real Pol¡er and the reactive PoIrer are to be

continuously measured using available ItaÈÈ and Var trans-

ducers. A control- signal is then sent to the stab'ilizer to

update its parameters in step ¡vfth changes in the system

loading in the ensuing steady-state, Thus the stabilfzers

will always be prepared to cope ¡sith disturbances
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Fíg. 3.1 Block dÍagran of the open-loop adapËive
techgÍque (0r., 92, . . . qm represerit the
adJustable Parameters)

Transducer

Measurement of
operating condLtio

Single-machlne
ínfinlte-bus syster
wíth Dolrer

stab lLj-zeta príori informa-
tion about system
used to optímlze
parameters
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3.3 Performance Cilterion and Parameter OPtlmization

Scalar lntegral performance crlterfa have proved to

be the most meanlngful and convenlent measures of dynamic :.......
9

perfornance. The performance criterfon chosen for thÍs 
:':t;':.t.'':;

study is the so-call-ed integral-of-the-squared-error (ISE)

to a step lnput. ÏSE is used here for two reasons:
.'''.'

i) Its validÍty has been demonstrated as a perf ormance .: .,:..'
2T

.. .... -, :.-. -fndex .,,.:..:','

ii) ISE nay be convenientl-y evaluated with a digltal

computer on the basis of Parsevalrs theorem or usíng

Lyapunovt s second method.

ís assfgned to the transÍent response of Ëhe system gÍven by

eqû. 3.2, where the weÍghting matríx I{ is assumed to be

posltlve senÍ-def inite real symmetric, f.or al-l q of ínterest.

It is deslred tq determine the values of the adJustable Para-

meters r so as to minimize the perfoïmance criterion j. The

second method of Lyapunov allo¡ss the computation of the

49

Consider an inítially displaced system

x(t)=AX(t) ; x(o)¿ x.'-o

where A = e(q) is gíven and is assumed asym

stable f or al-l q. Vector q incl-udes all p

are to be specified by the automated desigtt p

in additfon, that the performance criterion
6

I
-i = | {x'(t) w x(r)} dr

)
o
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performance críteríon given by eqn. 3.3 along the dynamic

solutíon of the system represented by eqn. 3.2 without ín-

tegratfng the systefl equatlons and evâluatfng the infinite

integral-. Use of the state transition equation:

x(t) = exp (et) xo (3'4)

permits rewriting eqn. 3.3 ín the more convenient form:

) W exp(A

que sol-uL

xp(At) Ì dt

or R is derived

in:

exp (At) ] dË

=o f*
| {a' exp(A't

=oJ o

ix R ls the uní

p

e

f

J = XI R X
-o

grhere, 
r-

R = | {exp(A't) },1

J

o

An al-ternate form

gration by parts occurrin
r-RA = | {exp(A'r)

J

o

RA = exp (Ar t ) Ïü exp (At )

In parËicularr ilâ

the well-known relatíons

AIR + RA = -I^I

(3.5) ra,.,",,i

.,i:t;:

... -':.::: ;

(3.6) ;;,,','.:,,'

from the ínte-

(3.7)

Ë) ] dË

(3.8)

íon of

g

I^IA

It
I
IIr

tr

hi
(3.e)

once the solution of eqn. 3.9, which Ís ofÈen referred

to as the Lyapunov equation, ís obtained the parameÈer optim-

ization problem ís accomplished by mínimi zíng j . Sínce the
: ....

optíni zation procedure hras to be repeated f or numerous gríd :lì.;

points in the real po\,rer-reactive porì7er domain, Ít \¡ras essenËial

to use an effícient compuËer sol-ution for the Lyapunov

equation.
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An algebrafc method of solutlon of the eguatlon, via'á.

slurLlarity traosformaÈ1on of. the system matrices to companion

form has been used. The nethod is gÍven |n detail- in Appendíx
22

A and follows Molinari .

the optinization technique used to locate the minimum

value of the performance criterion is the "Nelder and Meadil

sÍnplex method 2 3 ¡¡hich ls Ëhe nost ef f icient of all currerit

sequential techniqu."24. In the sfmplex method, the objectíve

functfon ís evaluated aË (k+l) mutual-ly equidístant poÍnts

ln the space of the k independent varíables. Such points

being said to f orm the vertices of a regul-ar simplex. The

method is ínitiated by setting up a regular simplex ín the

space of the k índependent variables, and evaluating the

objecÈive function at each vertex. The method, whÍch Ís

derivative free, then adapÈs itsel-f to the loca1 landscaPe'

using reflected, expanded and contracted points to Locate the

mínimum. the general- iteration procedure is gíven ín : -.-'-.r-::-::'
: ;,' :...'' :..'.'|': :.:..

: : 
,;. 

...,.;::.r::.., ::r. : ;,:

APPendÍx B' 
.,,..1. , , ,,..,

since the procedure descrÍbed to evaluate the perf orm- ':"'':::::::';;

ance crÍÈerion is only val-id ff the system matrix A ís

asyuptotically stabl-e, the slmplex method had to be modified
, .:a, .,t.1,t .,t:, 

:,:,

to take that into consideration. A check the elgen values 'ljì,'.'''''ì.'.';'i't'

locations of A was performed at every iteration prior to

the evaluatíon of the performance críteríon.
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3.4 Adaptive SËabil-i-zing Signals Design

The Ëransfer functíon of Ëhe power stabj-lizer ís given by:

î _v_ s (3.1_0)G" = ollTsÐGç"1]
12

where K, T , and T- are the Parameters to be varied to comPensaËe
- 1' 2

for load changes and opËimize system performance'

This particular configuration of the stabiLízet was chosen as

the resulL of extensíve studíes of root-locus diagrams for nurnerous

loading condíLions. These studies have also shown thaË Ëhe choice

T-Twouldgiveverycloseresu]-ËstothecasewhereT.isnoË
12-1

equal Èo ,, .

!üiÈh thaË in mind and in order to reduce the large compuËation

costs associated \dith optimizaËion Ëechniques, T, was taken equal- Ëo

T . The stabÍIízer transfer function in this case reduces to:
2

G = 6 ---E- where (T- = T^ = T)-c (t+st)2 t z

Tigure 3.2 xeptesents the block dfagrarr of the small-perturbation 
,...,..,,,.,.,..

model- for Ëhe singl-e machine infinite bus system with the power stabilizer' '1:;':

The staÈe equaËions for the compl-et.e system are gíven by: j.,.,,

9-x =ürx (3.[¡
dt I o2

.-KKAP_
fu ,"r, = + *, - *. x, + -Ms (3.12)

.X.K,XOd /f7 \ _ 4 4 3 _ (3.13)
¿t (*r' = %. T[o ^,
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(3.16)

(3. rB)

(3.1e)

distribution

Àt\6e
T

e

år (*,
KKKKX

)= rf xr*¡3 *r-Tt

åE (x

d-l
2"

T2

The system equations can be summarLzed in the canonical

form:

matrix

dX

dr =AX+ (3.17)

the perturbationwhere X and U , the state vector and

vector respectÍvely, are gíven bY:

= [^ô, Apô, 
^El

att¿' d 
1 'å

U=

qt

Io, Âp*, o, or o¡ ol

The system matrix

are gÍven by:

0t¡
o

-Kl
M0

and the disturbance

0

-K
2

M
0

Irl-
clo

-K,
+

Tr-
cto

-K K-
EJ

-l1l K^
CIO J

-KK
çb--T

e

t\ f\
2
T

K^K
z

11

(3.20)

rt
e

KK
_1

T

KK
I

T2

.K
e

T
e

-l
T

e

-1.T

-t_
T

-1
T2
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for the case t,

fr= l0 " 
0 o

L^-

I

0

= T)
2

a
I0l
I

The sysËem represented by eqn' 3'L7 can be reduced

Lo the form of eqn. 3.2 as follows:

Thestatesareredefinedintermsoftheirsteady-

state values, í.e.

(3.2r)

(3 .22)

(3.23)

henc e

vl ^ Y - x"i = '-i --iss

J111

äT (xi) = ä. (xi)

Eqn. 3.L7 becomes:

x = - A-r r
-ss

f = 11 2, n

d r-Ir t \ + f ¡ G.24)
dt \^ ) = A(xt * 4"") + f u

Therefore,ËhechangeofvariablesputstheSystemin

the form:

+. (xl) = A xl ; xl(o)= -4"" (3'25)
dË

Thi's means that by redefíning the states ín terms of

Ëheír steady-state values, Ëhe reference posíËÍon of the

system has been shifted. To prevent unnecessary notation

problems, Èhe superscrípt l- will- be dropped ' Note that

the maËrix A remaíns unchanged'

FortheparËialcasewhereUisastep-].íkePertur-

bat,ion, Ëhe steady state value of Èhe sËate vecËor is given

by:
(3,26)
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NumericaT tesults

TheSysËemdataaretheSameasgivenínChapter2.

A1_1 Ëhe elements of the matrix I,ü in eqn. 3.6 are assumed

Ëo be zeTo except f or the second d,íagonal- el-ement. In oËher

words,onl.yspeedexcursionSarepenal-ized.Anyotherchoice

f or the elements of matrix I^I ís allowed '

A digital compuËer program was wrítten Èhat, when ";rt "; 
"';'''

given the sysËem equations, the terminal voltage (1'0 P'U'), t,t,:,,',','ri,''i,":'.

and the real and reactive po\¡Ier loading of the machine, cal-

culaËes the Hef f ron-Phil-1íps constant" Kr, Kr, Kr' and

determínes the values of the adjustabl-e stabíLízet parameters

K and T thaË mínimize the performance criterion. The '

computational f1ow graph is gÍven in Figure 3'3' Several
*

startÍng poinLs \^rere assumed, and a cross-check wíth CSMP

r,fas perf ormed. The procedure \¡7as repeaËed f or the selecËed

set of gríd points ín Ëhe real-poI¡Ier, ÏeacËíve pohTer domain.

All combínarions of P = 0 to P = 1.0, and a = -0.3 to i;l¡ì.'ì.¡t:

Q = 1.0 f or steps of 0.1 r¿ere considered. ll,',i:;;,.;¡',¡t
:.: :: 

'::.' :j' :-: -

The optÍmum values of T and K , thus obtained, could

be stored in the memory of the micro-processor. The stabíLLzet

parameËers can then be updated in sÈep with the continuou,sly ';"t,.;rt;',",7;;'¡:i
i: :.:-.: : :: !,::.a::,.-

monitored l-oad changes. The result is: oPtímum performance

*
Continuous sysËem modelling program
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for a wlde loadfng range.

Tabl-es I and II shotr the optlmum values of the adJust-

able stabÍl-fzer Parameters K and T for 1-40 dlffeTent points

in the loadlng range considered. It ís evident that if

optimum perf ormance is to be maintained over the'- entire l-oad-

ing range the structure of the stabllizer has to be aLtered'

3.5 AnaloÈ Conputer Tests and ResulÈs

the single machlne-lnfinite bus system wlth the

optimum stabíl-izer galn and time coflstants Iüas símulated on

a TR-48 analog comPuter. A step-like disturbance in rnechaní-

cal torque rras used to perturb the sysËem from 1ts oPeratlng

state. Flgure 3.4 3. 19 are sanple results of the anal-og

study Íllustrating some significant aspecËs of the system

response. The traces sho¡sn are deviations in speed. The

system responses displ-ayed are f or three cases:

i) Excitatíon system unsupplemen-ted.

,iÍ) settíngs of the porüer stabiLLzet Parameters kept

fixed irrespectíve of load changes correspond-

ing to a particular desígn point (P = 1'0, Q = -'3)

orlgína1lY unstable.

iiÍ) OptÍrnun seËtíngs for the polüer stabilizer parameters

altered with loading as given by Tables I and II.

From the results, lt is observed that:

1) The power stabilízer consldered sl-gníficantly

58



a= a= q=

V
ar

La
tio

n 
of

P
=

0.
 L

 
P

=
0.

2

-0
.3

-0
 ,2

-0
. 

l-

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7

0.
8

0.
9

,!;
:.:

a a=

4 
,2

65

5.
35

0

5.
98

7

5.
97

 6

6 
,2

46

6 
,4

59

6 
.6

29

6,
7 

66

I 
,0

27

I 
.3

22

9.
94

6

a= a= q= a= a= a¿

0,
75

7

L.
46

9

2.
05

3

2 
,4

99

2 
,8

22

3.
1L

5

3.
31

9

3.
48

8

3.
69

8 i.

3,
67

4

3.
68

8

et
ab

Ll
Lz

et
 g

af
n

P
=

0.
3 

P
=

0.
4

0.
20

4

o 
.4

9.
3

0.
85

3

1.
18

1

r,
47

 g

0.
72

7

1.
95

1

2.
L4

9

2,
43

9

2.
57

9

2.
7L

8

2.
85

5

3.
00

2

3.
08

3

T
A

B
LE

 I

0.
13

8

0 
,2

49

0.
43

3

0 
.6

46

0,
87

2

l_
.0

59

L 
,2

46

1.
40

9

L,
7 

65

L,
7 

62

L.
94

6

2,
20

7

2.
29

0

2,
46

4

K
 

w
ith

 r
ea

l

P
=

0.
5 

P
=

0.
6

a= a= a=

0.
 1

34

0.
19

0

0,
28

4

0.
41

5

0.
56

2

0,
72

L

0.
86

9

1.
01

3

L.
26

5

L.
30

8

1.
51

5

1.
68

5

1.
85

4

1.
93

8

1_
0.

08
4 

4.
53

3

l-0
.0

63
 

4,
57

0

10
.5

06
 

5.
 L

68

an
d 

re
ac

tiv
e 

lo
ad

fn
g

P
=

0.
 7

 
P

=
0.

8 
P

=
0.

 9

1.
0

0.
14

3

0.
17

6

0,
23

4

0.
31

7

0.
41

-4

0.
53

L

0 
.6

46

0.
80

L

0.
89

8

1.
01

_5

r.
20

6

L.
29

L

1.
45

9

L.
63

6

0.
15

7

o,
L7

9

0.
2L

9

0,
27

 2

0.
34

3

0 
,4

27

0 
.5

23

0.
60

3

0.
72

6

0.
83

9

0.
95

4

1.
10

7

L.
T

97

1.
36

8

0.
17

3

0.
19

0

0.
21

8

0 
.2

58

0.
3L

3

0.
37

6

0 
,4

47

0.
53

1-

0.
60

2

0.
69

L

0.
81

4

0.
92

6

L 
.0

47

l-.
 l-

82

:,.
ìj

0.
19

5

0.
20

6

0.
22

6

0.
25

8

o.
29

7

0.
35

0

0.
40

9

0.
47

r

0.
53

1-

0.
60

8

0.
70

7

0.
81

0

0.
91

L

1.
02

1-

P
=

1.
0

o 
.2

L7

0.
22

4

0,
24

L

0.
26

8

0.
29

8

0.
34

1

0.
39

0

0 
.4

47

0.
51

-2

0.
58

9

0.
66

9

0.
76

1

0.
86

7

0.
98

7

:',
.1

r.
 .

 
j.I

:,,
\:

ì,,
. 

ijl
 

:. 
::

(J
l

\o



T
A

B
LE

 I
I

V
ar

La
tL

on
 o

f 
S

ta
bL

LL
ze

r 
T

fr
ne

 C
on

st
an

t 
T

a= a= a= a= Q
=

a= a= a= a-

-0
. 

3

-0
 .

2

-0
. 

1

0.
0

0.
1

0.
2

0.
3

0.
4

o:
s

0.
6

0.
7

0.
8

0.
9

L.
0

P
=

0.
 L

 
P

=
0,

2

L.
60

2

1.
39

1

L 
,2

29

1.
03

0

1.
06

9

l_
.0

3L

1.
08

L 
0.

97
7

P
=

0.
3

0.
 9

69
 

0.
 9

18
 

0 
,7

 9
5

0.
89

5 
0.

87
2'

 
O

,7
79

0.
83

3 
0 
,8

26
 

0.
7 

59

0 
.5

25

0.
70

3

0.
78

4

0.
80

4

Q
=

a=

P
=

0 
,4

0.
35

6

0.
47

4

0.
57

5

0.
63

6

0.
77

9 
0.

78
8

0.
79

8 
0.

76
5

0.
76

9 
0.

7L
9

0.
80

L 
0.

68
5

0,
77

2 
0.

72
2

0.
74

4 
0,

70
2

0.
73

9 
0,

72
6

a= aÈ aE

P
=

0.
 5

0 
,2

99

0.
36

9

0 
.4

44

0.
50

8

P
=

0.
 6

0.
66

8 
0.

 5
53

0.
67

s 
0.

58
5

'.:
,

0,
67

7'
 

.,0
.6

02

0.
7 

42

0.
74

4

0,
72

5

0.
70

3

0.
69

8

0.
68

9

0.
68

0

0.
27

6

0.
32

0

0,
37

4

0 
.4

27

0 
,4

69

0.
50

7

0.
53

1

0.
s6

7

0,
57

2

0.
58

4

0.
62

r

0.
61

3

0.
 6

39

0.
65

5

P
=

0.
 7

0.
67

3

0.
71

1

0,
67

5

0.
67

8

0.
69

5

0.
69

3

0.
69

5

0 
,2

67

0.
29

7

0.
33

6

0,
37

4

0.
41

3

0.
44

8

0.
47

9

o,
49

4

0 
.5

25

0.
54

 5

0.
56

4

0.
59

5

0.
59

9

0.
63

0

P
=

0.
 I

0 
.2

63

0.
28

6

0.
31

4

0.
34

5

0.
37

8

o 
,4

09

0 
.4

37

0 
.4

63

0,
47

9

0.
50

2

0.
53

1

0.
55

3

0,
57

6

0 
,6

02

0.
 6

13

0.
64

8

0.
63

0

0.
65

9

0.
66

4

0,
67

4

0.
67

0

'l:
 ':ì

P
=

0.
 9

0.
26

4

0.
28

1

0.
30

2

0 
,3

27

0.
35

3

0.
38

1

0 
.4

07

0.
43

0

o 
.4

4s

0.
47

L

0.
49

7

0,
52

2

0.
54

5

0.
56

9

P
=

1.
 0

0 
.2

67

0.
27

9

0.
29

7

0.
31

8

0.
33

9

0.
36

3

0.
38

7

0.
41

_0

0 
.4

34

0 
.4

59

0.
48

3

0:
50

8

0.
53

5

0.
56

4

o\ o
:;. :'l ';.

,' 
';:

ì.
'I'

ll;
'.:

!¡
:

':|
'|'

.
'¡-

_r
,



61

lncreases the dynamfc stabilíty of the systêrl.

2) Altering the structure of the stab t1Llzet to cope

with changes 1n real- anð'lor reactive porter loadi

ings, maÍntains optimum performance for' a wide

range of system operating conditíons.

3) The varíab1e structure polüer stablLj-zer provides

more dampÍng for the nachíne speed swings than

that obtaÍned from a fíxed structuÏe porÀter

stabil_lze::. This is particularly notlceable aIltay

from the design poínt.
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chapter four

A MODEL REFERENCE ADAPTIVE CONTROLLER TO COMPENSATE

FOR VARIATIONS OF THE TNCREMENTAL SPEED

REGIILATTON I^IITH LOAD

4.L Problem DescriptÍon

In general, por,Tet system disturbances caused by load

changes result in the deviation of several ParameteTs from

theír nominal or design values. In Particul-ar r generator-

governing characteristfcs representing steady-state frequency-

porüer output curves are :xot straight l1ne over the full-
30r3l

range of operatfon. Instead, a typÍca1 characterisÈic

has an irregular pattern of píecewise straight line seg-

meriÈs as shown fn Figure 4.1. The negative of the slope of

each segment represents the incremental speed regulatfon,

which dependíng on the load level may vary widely over Èhe
32

fulL range of operatíon
'

Due to the fact that controll-er design is convention-

aIly based on constant plant parameter values, it Ís easily

reco gnízabl-e that any changes ín the p1-ant Parameters f rom

their nominal values will de-rate the system design perform-

ance. One design approach is to use sophÍsticated control

theorfes to design controllers lnsensftive to changes Ín

the controll-ed system. An al-Èernatíve design approach is to

use adaptive control techniqueso

78
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It Ls shown Ín thls chapter that the model reference

adaptl-ve coritroJ- concept can be successfully used to coltrPefisate

for the variaËlons of the fncremenËal speed regulatlon. para-

meter caused by incremental load changes. The analysis is

done by examiníng the case of a stean turbo-alternator on

isolated l-oad. Several model- ref erence adaptive control

(MRAC) techniques are considered. A brief review on the MRAC

technl-ques is presented in the next sectfon.

4.2 Model Reference Adaptíve Technique

One of the general categories into ¡¡hich the broad

scope of adaptíve control systems may be subdívided is re-

ferred to as the model-reference adaptíve conËro1 approaeh.

The MRAC has been a popular approach to the control of

systems operating in the presence of Parameter and environ-

nental varÍations. In such a scheme, the desirable dynamÍc

characteristícs of the plant are specÍ-fied in a reference

model, and the controllable paramete'rs of the plani are

adjusÈed continuously or discretelY, so that ÍËs response

wÍ1l duplf cate that of the rnodel- as closely as Possible.

The identifícation of the plant dynamÍcs is not necessary and

hence a fast adaptation can be achíeved.

Generally speaking, Ëhere are tsro app::oaches to Èhe

synthesis of MRAC systens: one ls based on the minimíza-

tion"of a performance lndex and the other on a Lyapunov
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funct'ion.EachoftheseaPproacheshasitsownmeritsand

límíËations. A brlef but up-to-date survey on the various

MRAC techniques is in order. Tor a more detailed account

of Ëhe dífferenË design trules, refer to Land"tr33'

The MRAC system hras first designed by the performance

index minimÍzation method proposed by I^Ihítaker34 of the M'I'T'

instrumentation laboratory and has sínce then been referred

to as the M.I.T. design rule. The performance index ís Ëhe

integral squared of the resPonse eÏror. This rule has been

very popular due Ëo its símplicity in practical implementa-

Ëíon. An improved design rul-e with respect to the speed of

response has then been proposed by Donal-dson3 
s who used a

more general perf ormance index than that of l^lhltaker, but

additional- filters and the measurements of the state vectors

are requíred.

The need of the sensÍtivity fil-Ëers can be avoided by

a gradient method developed l-aËer on by Dressler36. ?rice37 
;,,,,,,,,
:i-:: .

suggested an accelerated gradient method which is easy to '''ì""'
' 
.:: 

l.;: ' ,

ímplement and is capable of achieving f aster adaptations i"'::'

comoared wiËh other gradienË techniques '

desígnru].ebasedontheapplícatíonofsensitívity

analysis but with only one sensitivíty filter for the multi-

variable parameËer adjustmenEsr has been developed by

KokotovÍc et r138 r 39. !üÍnsor40 has also urodif íed the M.I'T'

Rul-e to reduce the sensitivÍÈy of the response to the 1-oop
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gain, at the expense of addítional ínsËrumentation. In all

the design rul-es menËioned, a good comprornise between the

stability and the speed of adaptatlon will- have to be decíded

by simulation studÍes.

Green4l extended Ëhe work of Dressler by sol-víng the

global stabil-ity problem. Ilowever, the adaptíve rule ís not

. attractíve because the first derivatives of Ëhe state vectors :.:::-:--.;'
-......,., ..,.r',
l ''":'': ::

are often requíred for íts írnplementatíon
' a -,':. .,'-""::':''"'

: 
. 
:.: . 

. :. ,., 
j...,

In the Lyapunov synthesÍs approach, the adaptive ru19

is obtained by selecting the desígn equatíons to satisfy

conditions derived from Lyapunovts second method, so that the
.

system stabilÍty ís guaranLeed for all inpuLs. Butchart and

Shakcloth42 fírst suggested the use of a quadratÍc Lyapunov

functÍon, which was employed later on by Parks43 to redesígn

systems formerly desígned by the M.I.T. rule. The use of

differenË Lyapunov functions by Phil-l-ípson44 and Gil-bert eË

: 
"145 has resulËed in the inËroduction of feed forward loops 'l'"""':

'1_11'

' that would improve the damping of Ëhe adaptíve response. The 
'-,,...¡,',:.

maín disadvantage of the Lyapunov synthesís approach ís that ' 
'

the entíre state vector must be available for measuremenË,

whtch is not often possible. Recent efforts by Monopoli46

ra*n.i +ra¿1 ^;^ +^ ^1.inr'nara t^Ã.,^^ rha n,rmhar nF 'iìì:tl.ttlI have permiËted one to elíminaÈe or reduce the number of

differentíators requíred for ímp1-ementíng the design rule.

Currie and Stear4T have suggested the use of a Kalman filter

Ëo avoid the use of derivative networks. AnoËher disadvantage
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of the Lyapunov method is Ëhat the Lyapunov desÍgn ru1-e may

not be applicable to cases where the plant parameters cannoË

be adjusted.

Three of the methods described, namely the M'I'T'

design rule, Dressler met.hod and the Lyapunov design aPProach

$rere applied to the Power sysËem considered. The theoretical

basis and the adaptation equations for Ëhese methods are

explaíned ín the next section.

4,3 Theory of Adaptation Mechanisrns

4.3.L M.I.f . Desígn Rule

hosen

ion

erïo

iatío

n the

s gív

(4. r)

e mod

ndex,
;nr-cn

f the

t

n

en

e1

The índex of performance ËhaË has been c

is the íntegral squared response error, and the criter

for successful adaptaËion ís that Ëhe integral squared

be the mínímum value obtainable with the parameter var

provlded. The response error ís the dífferellce betwee

sysËem and the.model outputs. The performance index i

by eqn. 4.L

tl
| "2 dË = lCc - c )'at = míninum
))sm

where c and c are the outputs of the sysËem and Ëh
SM

respectively. According to Ëhe selected performance i

the desired operating state for Ëhe system Ís one at T^7

the parameter val-ue corresponds to the rnínimum value o

error function. At thts poínt, wê have:



2 dt] = o

che adaPtlve Parameter.

If the llnits of integration axe

and ff the fntegral of the derlvative of

hence:

(4 .2¡

fndependent of cl

the function exÍsts '

::.it:
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ä{1"
where cr is

(4.3)

The performance index then requires that this error

quanÈ1ty be zeio. under these condltlons, the neÈ change in

the parameter over some inËerval- of time is proPorËional to

the int,egral- error funcÈíon, that is

a

Aa

ða

- 

= ll
ât F

or equivalent
äa
ãî=u

¡¡here.' u Ís

âeÁ-- ða

1y
ãc

sê-- âa

the adaptive gaín.

(4 .4)

(4. s)

Egn. 4.5 yields the rate at whích c is to be adjusted

and is the basic equation upon which the adjusÈing mechanism

rso rkè
ac

The determination of Èhe quantíty ãf can be accomp-

líshed Ín trro weys. In one of these, â stralght-forward

partial differentlation of the differential equation for c"

as a function of the input quanÈítÍes can be made' An alÈer-

natl-ve method is to rePresent the control-lable Parameter as

a variable s'ensitlvity, So , in some signal path 'of the



system. The effect of the change, âSo , can be consídered

as a disturbance entering the system at a point foJ-lowing

so or following the summation point f.ot sígnal paths thaË

parallel so in the forward loop. For a variable to in

a feed back loop, the disturbance can be considered as enter-
âc

íng at Ëhe. feed back summaËion point48. As a result, tt' '

can be generated by taking Ëhe sígnal that occurs at the input

Ëo the variable parameter and feeding ít through a suitable

f il-ter.

4.3,2 Dressler DesÍgn-R'91e
'

The adapËíve control systen (p1ant p1-us adaptive

control-1er) is described by the following 1ínear dífferential

equatíons with time-varying coefficienËs:

B5

c (r) = F X(t) (4,7)

t,-

r4There a" fnxnl , n" [nx[J and f [f xn] are Èhe system

',, matrix, the input disËributíon matrix and the output matrix

respecrively, and X(t) [nxf] , U(t) [rxf] and Cs(t) are

the state vector of the system, the input vector and the

', scalar outPuË resPect-ívelY.

The plant Ëo be controll-ed contains an arbítrary

number of physical parameters that vary ín an unknor¿n manner;

these are contained ín matrices A" and 8". To achieve the

(4 .6)



I ì.:':.^"1:.;' j r:i;4, r' r..:ì1.:-':Èà.1 -:.' i:

desíredperformance'ítísnecessarytoprovidethepl-anËwiÈh

an appropriaËe adaptive controller' Hence' any elemenËs of

A and B whích contaín time varyÍng plant parameters wíll
S. S

also contain adaptive parameters providing the requíred com-

pensatfon. The model- which ís an implícit characterízation

of the per.formance crit.erion is descríbed by the fo1-lowing

linear differentlal equations with constant coeffícients:

B6

Y(Ë) = A Y(t) +m-

= F Y(t)

BUm-
(r)

r lrxn] are

matrix and Ëhe

and c (È)
m

input vecËor

(4 ' B)

(4. e)

the sYstem

output maËrix;

are the sËate

and Ëhe model-

where

mat,rix,

and

vec Ëor

s calar

the p1-ant parameters. The matTíees

be decomposed as follows:

As (t) = A*

e"(t) = B*

xnl , B- fnxnl and

input distribution

[nxr] , u(t)[lxr]
e sysËem model, the

t.

c (r)
m

A["
ul

the

Y (t)

of th

outpu

ThedesignobjectiveistoadjusttheadaptÍvepara-

meËers so Ëhat c= approximaËes ctrl despite variatÍons Ín

A- (t) and B^ (t) may
Sü

+ 6A(Ë)

+ ôB(r)

(4. r_o)

(4. rr)

where ôA(t) and ôS(t) contaín the adaptíve parameters

andthetimevaryingportíonoftheplantparameters.The

error criteríon:

e(t) Ae(t) < 0 (4 . Lz)
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\,rhere Ae(t) A e(t + At) e(t) (4'13)

l-eads t,o the f ollowing adaptation equatíons 36:

å. .1r¡ = -u-., Y. (t) e(t)i-j - r-l J

.*
ß ^(t) = -u'. u"(t) e(t)'mJ¿'' mY. x.-

wher" ;.. and ß-. are elements of the ôA(L) and ôB(t)
r-J m v,

u. . and ul " are the adaptive loop gaíns 'ii m)c

The adaptation equations sho¡¡ that the adaptive para-

meters are adjusted continuously aË a raËe proportíonal- to

Ëhe product of the ínstantaneous val-ues of e (t) and the

appropriaËe model state variabl-e YJ (t) or input variable

u^(t). The varíous Y.(t) are readil-y available from the
9,' J

actual- mechaní zatíon of the model ' The U[ (t) are also

available sfnce Ëhey are the ínputs to Ëhe system. The

*
adaptive loop gains (u,.. , u'.0 ) are f ree to be chosen Lo

rl'm)c
satÍsfy the parËicular requirements of each problem'

4.3.3 Lyapunov Design ru1e42'43'49

In Ëhe Lyapunov synthesis aPproach, the adaptíve

rule is obtained by selecËing the design equatíons to satísfy

condítions derived from Lyapunovts second method28. The

Ëheory is devel-oped f.or linear p1-anËs and fol-l-ows Porter and

Tatnall-4 9 .

Let the sysËem behaviour be descríbed by the "th order

sËate equaËion:

(4 . L4)

(4.1s)



xit) = As (Ë) x(t) + l" (t) u (t¡ (4 ' rs) I

where A (nxn) , B- (nxr) are matrices rnrith time varying
s - s 

-t
elemenËs; x is the "tt order p1-ant vector and u is the

tth otd"t input vector .,'.,,.,.,r.,

Let the model staËe equatlons be:

Í(r) = Ao' Y(r) + n* u(t) (4.r7)

rnrhere A (nxn) ancl B-(nxr) are matrices with f íxed elements; 
"',tt::;""m' m

I is the ,rËh otd.r model vector . ';t,,¡:;¡,;',;

An error vector can be formed by writing:

(4.r8)e(r) = Y(t) - x(t)
giving åCrl = A e(t) + (A*-4") x(t) + (Bn-Bs) u(t) (4'19)

, I^Iriting: i :

: (A -A ) = fo .l : (B -B-) = f g=..l (4.20)r-^m --S' ,'ijJ r t-m L-ij,

i and regarding the o,, and ß*, as state variables' a
i-J r-J

Lyapunov funcEion ís chosen as:
. :-t.:..::.:

.,.." rlrl D:f ,,'.ì,',',t1-1

, v = e'pe + I u.. a?. + I uii g?: (4.2L) '.,.'
, " , iJ r-J il: r-J r'l 

,',',',,'¡,..,trJ lrJ

where P nxn is a positive def inite symmet,ric matríx, uij 
:': 

t:;j:;::

anduiiarepositiveconstants.Itcanbeshownthat:
Dåû

,, ;=g,(A'p+pAm) e+ 2,1. (uij&ij+xrai9) oij 
¡i,',i.rrJ

tråÍ r I
+ z I CurjÈrj * ujli9.) urj (4.22)

Í'i
I where Pi ís the itn 

,"olumn 
of P'

88



LI is chosen to satísfY

AIP+PA = -Imm
¿^

and ct.. = -v ñl ol" ' a = -TÏr-J -^' llf 9'*ij ' "íj -j

It f ol-lovrs Ehat:

ü - -e'9

which is negative semi defínite of the

e. . cr.. and ß,,. Writing matríces-i ' ii aJ

A = A+I ; B =B*A-S ' S

where

by the

of the

f o 11ows

and

lði:l =

Therefore the adaPtíve equations

e;. '/uij

(4 .23)

(4 .24)

(4 .2s)

state variables

A and B as:ss
(4 .26)

: rl 'r

-A = -16.,1 (4.28)- r-J -

are given bY:

(4 .2e)

(4.30)

practical implementatíon of the

to the states of both model and

to change the values of Ëhe sysËem

ao

I and a are mat,rices whose elements are generaËed

adap,tíve loops with the ob j ect of making the behaviour

system indístínguishable from that of the model' It

from eqn. 4.20 Ëhat

Lor:] = Am - A - r t [e.l=B -B-A (4.27)
"' iJ' m

ir, = *j pi e/u..

ôr, = uj Pi e/vr,

It is clear Ëhat the

control- l-aws requires access

sysüem and also the abÍ1itY

parameters.
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4 . 4 Power SYstern-M-S-d-e1-

TheadapËivedesignequationsgíveninsecËion4.3

$rere appl-1ed Ëo compensate fot variations in the incremenËal
,t.l :',' Ìtt':

speed regulatlon wíth load changes. A classical one atea ;';'r''¡':'

system ís used in this sËudy. Figure 4.2 illustrates the

bl-ock diagran of a sËeam-turbo alternator on an Ísol-ated 
... t

static l-oad. The inertial generator model ís assumed. Thís ,1,,,',,1:,1.,'i.",

" : ': -

is adequate for most governor studies since they are inherent- 
,',-,.:,,',,1:t:,,í:1,.,

1-y slow in operation so Ëhat el-ectríca1 transients in Èhe "'':'":'

machine do noË play a significant parË in deËermining the

t.qresponse---. The area ís represent.ed by a síngle governor-

Ëurbíne-gener atoT group ínvoLving a*: time constants (governor

andturbine).ThesystemequaÈionsate].inearízedandthe
l

variables are expressed as dífferences wiLh respect to the

nominal values. The foll-owing equations are obËained ín

Laplace transform calculus:

ÀP.(s) = (rP"(s) *8 ltffil (4'3r)

¡P^(s) AP,(s)= MsÀF(s)+DAF(s) (4'32)
- G- d'

vrhere À denotes the difference beËr^7een the acËual value of

a variable and iÈs nominal value, and ',:,.:.,:
,.,,'.-..,¡:

F Ís the frequencY of thê area

Rísthesystemincrementalspeedregul.atíonthaË
S

deviates from nominal val-ue with loading
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:-:l:::r:r:::::-

Tt turblne tlme constant

TC governor tlme constant

Pc Power generated

P" speed changer positíon ,".,'.',-, ."','
,:-:;r:--:;--:-:.-.:

Pd operatlng Load of 'the area

M 'lnertia corlsËant of the aÊea
â p¿o

D Damping coeffícient (¡f-)
t,',;', t, t.,t:,,1:

In what f ol-l-ows, the speed changer posítion wil-1 be 
,,;,:t,t,'=',:,,..,,::.i,:,,.,

assumed f ixed, so that the emphasis ¡sil-l be onl-y on Ëhe per-

formance of the adaptive loop. The system equations can be

summarized in the canonÍca1 forn

92

The state vector X(t) and the input vector U(t) are given

by:

I'(t) = [¡r , ^Pc, 
zl ; u = aP¿

where z 7s dn auxLlíary' variable.

It f ol-lows that A and B^ are given by:ss

ictl = As(r)x(r) + Bsu(r) (4.33)

(4.34)

(4.3s)

-qroMlf

0 -*- +tT tT

-1 n1R"Tc -Tc

:B=-s

1_

I'r

0^-A
s

The numerlcal- values for the system , the filters and



the model are9:

!{ = L.l6 pu Mw slVz

D = 8.33 x 1O-3 pu Mw/Hz

93

T- = 0r3 s
I

T^ = 0.08 s(t

the design (nominal-) val-ue of the iircrenental speed

regulation is assurned to be R, = 2.4 IIz/pu Mr¡. It 1s al-so

assumed that with the system operaËf-ng at a certaln loading

condition, a step disturbance in the load large enough to

cause the íncremental speed regulatlon to increase to doubl-e

iËs nomfnal value is suddenly applled. It is Èhen requíred

from the adaptive loop to compensate for thls change in the

incremental speed regulation.

4.5 Computer Slmulation and Resultb

The results obtained fron símulatíng the system on a

TR-48 EAI anal-og computer and on CSMP are presented in this

sectÍon. The purpose of these sfmulations is to demonstrate

the performance characteristic of Èhe three adaptation tech-

niques given ín sectfon 4.3. These simulatíons are not ln-

tended to be compllcated, but rather to give some indícatÍon

as to the possibi.lity of applyíng model-reference-adaptive

control t.echniques to Porùer systems.

4 .5. l- Adaptive Laws Based on ìf . I. T. Rule

Thls case is best illustrated by the bLock
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dlagram of Flgure 4.3. The fflter necessary Ëo obtafn *
was found to have a transfer functfon sl-mf'lar to that of the

model. The responses of the mode1, the unadapted system and

the adapted system to the steP dfsturbance are shown Ln Fig-

ure 4.4a. The action of the adaptlve control-ler Ëo bring the

adaptlve response error to zero is evfdent from Figure 4.4b.

The adaptíve Parameter attempt to compensate for the assumed

varLation in the Íncremental speed regulation is illustrated

1n Figure 4.4c. The computer runs shown in Figure 4.4a to

Figure 4.4c are for an adaptive loop gaín of O.L62.

4.5.2 La¡vs Based on Dressler t s Method

Referring to

Eive controller) matrfces

(sysËem plus adap-

(t) are given by:

eqn.

À(t
s

1
u

-1q
)o

(4:36)

.4 .6 , Ëhe

) and B"

0

1
TT

1
T

g

tr"(r)=

D-M
1

'M

A" (t) =

where cr
31

for devíati-ons

0

-1( + - tr,'R"Tg 31

0

is

in

the adaptive parameter that ¡¡í11- compensate

the system incremental- speed regul-atÍon R".

Referrlng to eqn. 4.8, the model maÈrÍces A and

are:
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D

M
I
M

I
I- T-

I

0

0

I
-T

I
T oo

1-M

¿t

-1
RTmg

The ouFÞut matrix F is given bY

A (t) and
s'

that the

q ). Th-e
âl

'4 .37 .

Fr = tl o ol.

The differenËia1 equaËion that governs the operation

of Ëhe adaptíve system, as obtained from eqn. 4.l.4, is given

bv:

o' (t) = u Y (t) e(t)
31 31 I

(4.38)

Figure 4.5 shows the block diagram for Ëhe "systern

p1:" adapt,íve controll-er" and the model-. CompuÈer ruás r¡íth

Èhe adaptive 1-oop gaín u,, = 0.39 showíng the behaviour of

the unadapted system, the model-, the adapted system' adaptive

error wÍth and wíËhout adaptive controller and the adapËive

parameter are present,ed in Figure 4.6a through 4.6c respect-

ively.

4.5.3

The (systern plus adaptíve controller) maËrÍces

B (t) are the same as gíven by eqn. 4,36 (except
s

adaptive parameËer is denoted by ï-- instead of
3l

model matrices ate also the same as given by eqn'

unov' Method
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The oPeration of the

the dlfferentía1 equatíons

case, wê have: .

.1y (t) = ::- (X e'.3r. ur, I

adaptíve sYstem Ís governed bY

of eqn. 4,29 ; for Ëhis Partlcular

L04

' t -" t 
y: 1:,.r;i,:,i;i i.;i

p)
-3

(4.3e)

Th? adaptíve control l-ar¡ of eqn' 4 '39 invol-ve s the

third column p ^ of the maËrix ? , hence it is first necessary
_5

to evaluate the matrix P This I¡Ias done by solvíng eqn.

4.23, narnelY:

PA + AIP = - Imm

where I is the unít matrix.

Ehe Kronecker product method to solve the above

Lion, it $7as f ound that :

Using

Lyapunov equa

i
=l

L

0.516

0.514

0.091

0.51-4

r.075

0 .26L

0.091

0.26L

0.109

(4.40 )

The

Y3i(r)

The complete bl-ock diagram showing the sysËem' the

model and Ëhe adaptive controller is PresenËed in Flgure 4'7 '

A set of curves illustraÊing the resPonse of the system with

and without the adaptive controller, the adaptíve eTToT and

the adaptive parameËers are gíven in Figure 4,8a through

4. Bc respectívelY.

adapËíve equatíon becomes:

= ,,t * (0.091- eur, I I
+ 0.26L e + 0.109 e ) (4.4L)

Z3
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chapter five

SI]MMARY AND CONCLUSTON

The purpose of this research has been to investigate : :::
,:..,,.,

Ëhe possibl-e apptication of various adaptive Éechníques in "!'

the potrler system area. Two dif f erent problems tlere collsidered,

and in each case a dlfferent adapLlve Èechnique has been

suggested. The f irst problem deals wíth Èhe design of a tl,":',,:''

.' 
't.,

stab j'Llrzet Ëo supplement generator static excitatíon systems. :,.,;'',:,',,

A síngle machine infÍnite bus urodel rilas assumed and the machíne

T¡ras represented by the so cal-l-ed ttHef f ron-Phí11íps" constants.

The analysis began with a study of the phenomenon of stabiliLy

of the system under srnall- perËurbatíon, for a wide range of

real and reactive sysEem Loadíng, using eígen-value techniques.

The subject of the study was to develop insíghts Ínto effecËs

of excitation systems and to est.ablish some basis for the

stab íLLzi.ng reguirement for such sysËems. The approach taken
'.. .: .

to design the stab íLí-zer employs an open-1-oop adapËive t,ech- 
..,.,.;,
L' ...

nique. Based on the description of the system, the adapÈive ,,;,,.,;

controller hTas synËhesized ín such a way as to make the over- '::

a1l- system optímum with respecË Lo a prescribed criËerion,

namely the integral of the error squared. A computatíonal
.:i.::'.:
'':1.',':. ,algorlËhm r¿as set. to determÍne the stab i-i-ízt'ng parameters '--:".

settÍngs thaË províde the opLimum system performance for al-1

the operaË1ng polnts consídered. Adaptatíon ís then based

on me4surements of the operatÍng environment (i.e. real and
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ïeactive po\^rer) and aJ-Ëering the stabrLi-zer structure'

AsaresultofstudyandtestsontheSysËemanalog

computer model, the following conclusions have been reached:

1) The small perLurbation dynamic stability of a single ',,.,'''.:'i.,,'.,

machíneequippedwiththyrísËortypeexcitationSystem

and connecËed to an infínÍte bus through external im-

pedance can be determined for an extremely rnríde range ,,,,,;, :

]'.,.,t,t,t':. .,1.

. of operating conditíons using eigen-values analysis' .,. .

2) The Concept of Changíng real po\^7er and reaCtive pO$rer .'''''"".''

environment and íts direcË effecË on the small pertur-

batíon stability of the system can be usefulJ-y dísplay-

ed (plotted) in the complex frequency plane'

3)TheeigenvalueanalysisnoËonlyal]-owsthedírect

deterrnination of the system dynamic stability buË, can

be successfully used in obËaíning accurate values of

damping and synchronÍzing Lorques'

4) The po\^rer sËab íLízet considered Ks / (t+sr)2

signíficantly increases the dynamíc stabí1-ity of the

sYStem.

5) Alteríng the porìIer sËab íLízer structure to cope with

real and reactíve power l-oading, maíntaíns optimum

performance for an extremely wide range of system

operating conditions.

6) The varlable structure PoI¡Ier stab j-Lízer provides more

dampíng for the system Ëhan for a ffxed structure

stabil-Lzer. In the neíghborhood of the desígn poinË'
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of course, the difference between the system responses ín both

cases is small.

7) It is essent,ial Ëo realize that the fíxed-st,ructure stabilizer

used was based on a loading condÍtion of P = 1.0 and Q = -0'3'

ThÍs choice, which night not be realistic for the machine, is

the.worst operating point from the stabÍlity poÍnË of view for

he l-oading range considered.

It is apparenÈ thaË another choice of the loadÍng condition for

whích the fíxed strucËure stabílízer is opËimized would produce

less noticeable Ímprovement. If Ëhis ís Èhe case' the nerit of

an adaptive stabilizer over a fÍxed-strueture stabÍlizer would be

reduced and the use of either one is l-eft to engineering judgement.

The second problem also ínvolves deviations of power sysËem para-

meters from theír nominal values, caused by load changes. Ïn contrast

to the fÍrst problem, the approach Ëaken employs a closed loop adaptive

techníque. A classícal one area "steam turbo-alternaËor on ÍsolaËed load"

system was considered and the model reference adaptive control concePt

was used to design adaptive mechanísms Éhat comPensate for the devíaË.Íons

of the incremental speed regulaËion caused by incremental load changes.

Three dífferent Ëechni-ques ürere appl-íed to the system considered and

compuËer simulations \¡rere carried ouË. From the results shornm, the foLlow-
,

ing conclusÍons are drawn:

1. The nodel reference adaptive control approach' which employs

performance feedback can be applÍed in the power sysËem aÏeat

for the snrall--disÈurbance operaËing regime'

2. The adaptaËÍon mechanism, designed by three different methods
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namely, Èhe M.I.T. rul-e, Ëhe Dresslerrs meËhod and the Lyapunov

synthesis approach, has operated saÈisfactorily in compensatíng

for deviation Ín incremental speed regulaËion (a l-002 change)

wíth the load changes.

3. The adaptive loop ís capable of keeping the sysËem Parameters

unchanged with environment, Ëherefore preventing Ëhe de-ratíng

on controll-ers whÍch are convenËionally-based on constant plant-

parameter values.

j.:.i -.._:
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APPendix A

PERFORMANCE CRITERION EVALUATION

Cons íder eqn. A. 1-

ArR + RA = -I,l

Denote the characteristic po1-ynomial of

À(S) = Sn + "osn-l'+ * a

Assume that A is simil-ar to a rnatrix

form, i.e. a non-singular matrix T exists so

TAT-I = c

where C has the form

lol ' I
t---r-----------l
L 
-'ll-", -43---- -an 

I
4.3, eqn. 4.1 transforms to¡

+YC=P

-t -¡-(t ')t w r r

(T-1)r R T-1

the matrices P and Y are symmetric.

I^Iriting eqn. 4.5 as

U+V=S

the matrlces

î-

usfng eqn.

crY

r¡here P =

Y=

(A. 1)

by

(^.2)

of companion

that

(A.3)

(A.4)

(A.s)

(A.6)

(A,7)

and take the sl.mple form

(e.e)
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otJ

ttJ

Eqn.

are r

where

ai Ynj

+ 1-. the

1<

nÍ>

i<

i>

l=

l=
-ayI -nJ

Yi-rrJ

Yl,J-t

represe

ced to:e ..
I (-1)r*
=oi

=f
L

=f
t

A.8

edu

'j

k l-inits

"l

"l

I

-i j

f'
Lt*r.
Ii
L"

1; i =

2, ...

1-t ...

1,

... n

j = 1,

1,

ll; ... "]

InlJ {e. ro¡

t ions

(A. e)

a v. { =
1- afi

"jlrr, ! =

nt o2 component

l, ¡ \ e
t (o,n+n,¡) = Ij=o

=1
t 2, ...

thes eequat ions ,

(-1) j *t 
", n

lrt

n;

j

j

equa

o=

$=

are gfven

1 = 1r2

by:

. . (2n-l-)

(A.11_)

(4. 12 )

(A.l_3)

Denoting the right-hand side of

tÍons may be rewritten

-2a v--1'nr

-2a y + 2av 2a-v3-nI 2'rL2 1-n3

2 (-1)n (rrrro-, - "oyorr) =

this system may be wrÍtten more

n xn matrÍx ECzrn) on a general

=h 2n-1

concisely by definíng an

(n * 1-) -tupl-e z by

eqn . A. 1-l- by hi , the equa-

(A.1_4)h
I

h.
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H(z,n) =

20000
I

zzzO0
321

zzzz
5432

(A. 1s )

0zzzz n+l n n-l n-z
0 0 O z. zn_rl n

and by def iníng' 2gí = hZi_., (t = l-, n) (A.16)

(A. 17 )Eqn. A.14.becomes H(e,n)l = g

where ct = ("r,"2... arrrl) (4.18)

À r = {-yrrt, yn2, (-1)tyoo} (A. 1e )

Eqn. 4.19 yíel-ds the lasL ror¡7 and the l-ast column of y.

i.e. vr(n) and y"(n), the remainder may be simply generated

fron other vector using eqn. 4.5

yr(j-1) = pr(j) + tj vr(n) - cr yr(j) j = nr 2

(4.20)
Q = er(1) + alyr(n) - C' yr(1)

i' ¡¡ t''
r.:ì:...

where y; (Í) -> ith ror^t of y .: :
.i1.:

' /.\ . 1 ,A _ '

Yc(j¡ + jth col- of Y.

The last equaËíon provides a check. The matrix y

should be symmeËric, which provides another consístency check. 
i,f,,
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Appendix B

oPTrMrzATroN TECHNTQUE

Èhe minfmum of a mul-tivariable

func t ion :

, x , ..., x*r)
2tt

The procedure fs based on the work by J.A. Nelder

and R. Mead23. This sirnplex method adapts itself to the

local- landscape, usfng reflected, expanded, and contracted

points to locate the mf.nímun. Unimodality is assuned and

thus several sets of startÍng points should be considered.

Derívatfves are not required. The a1-gorithn proceeds as

follows

1) A starting polnt, ÃI, is selected.

2) A starting 'rsimplex" is construcËed consisting of the

starting poÍnt and the fo1l-owing additíonal points:

X. = [ + F I - 2,3, ..., N+l-j-r-jtJ

where E. Ís determlned f rom the f ol-l-owÍng table:_J

'-"'_'*^"'il:'l'

L2L

:.:i':

This program ffnds

unconstralned, nonlinear

Minloize F (X
I

j E- *

2p

,i
:'
Nq

N+I q

-2.j

I

P

q

q

tr-N-lri

q

:
:

P

q

F-N, i
q

:

q

P

taa
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N = total number of varf.ables

a = slde length of símplex

P=--L(N+l +N-1-)
N 2 ..... :

' a :-tt-t'.t .'"'' '"'q=-(N+l 1)
N2

3) Once the simplex is formed, the objectlve function is

evaluated at each poínt. The rÀrorst point (highest

yalue of objectíve function) ís replaced by a nerù

point. Three operations are used--refl-ectÍon, contrac-

tíon, and expansi-on. A reflected poínt is locaËed

f irst as f ollorss:

x. (ref lected) = x. - + a.(1, X- , (worst) )l-rj arc - arc arJ

i = 1, 2r..., N

¡¡here ct 1s a positive constant

!'. are the centroíd eoordlnaËes of all points
arC

excluding the worst point and are catrculated from the

following:
1 lKx = s I I x. x. (worst)"f , c K-1 

| :3, 
..i, j --i, j

(=N+l

4) If the ref l-ected point has the ¡uorsË ob j ectÍve f unction

value of the Currefit points, a contracted poínt is l-oc- ,.:.::.::::,::::

."t"" 
""''ated as follows

X, , (contracted) = i afF : X- , (worst),--irj irc ot--irc --it

| = 1, 2, ..., N

where ß lies bet¡veen O and l-.
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If the reflected point is better than the I¡Íorst poinË

'but l_s not Ëhe best poinË, a contracÈed point Ls cal-

culated from Èhe refLected point as fo1lows:

x. . (contracted) = Ío ^ - g(ll ,. - X* ., (reflected) )' 
l,r1:,-'..,',..,,¡,11.,.:-1rJ ' a¡C arc arJ '...'-j"":."" r'':r

| = 1-r 2, ...r N

Theobjectfvefunctionlsnolüevaluatedatthecon- .|.'
tracted point. If an inprovement over the current ;.'...'..'¡.;.;;.'.';...;:.;,;...:.

points f s achieved, the process is resÊarted ' If an i,.'i,'r,l::,;',..,,.,,...;;,,;',
...... ..-. :.. :...:....:.-....-.

improvement is not achieved, the points are moved one

half the dlsÈance toward the best point:

x. . (new) = (x, , (best) * X, , (o]-d) )12--i'j ' i'J arJ

1= 11 2, ...r N

The process ís then restarted.

5) If the reflecËed point cal-culated in step 3) is the

best pofntr'an expaûslon poínt is calculated as follows:

x. (expanston) - l= ^ + Y(x, * (Ieflêcted) - x- 
^)--irj -- -' Irc IrJ '--' rrÇ

{ = 11 2, ...r N

where Y ís a positive constant. If Èhe expansíon

point Ís an improvement over the reflected point, the

reflected point is replaced by the expansion point and

the process restarted. If Èhe expansion point Ís not

an improvemenË over the reflected poÍnt, the reflected

point is retained and thá process restarted'



The procedure Ís terminaËed when the convergence

crfterl.on Ls satisfled or a specifled numb

f teratlons has been exceeded. A f l-ow sheet 1l-l-us-

trating Èhe procedure is gíven fn Figure 8.1.

L24
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Ffg. 8,1 Nelder and Mead (Nelder algorithm)
loglc diagram
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