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Abstract of Thesis Entitled

rcAD FRNQUENCY CONTROL

OF INTEBCONIIECTtsD POI.JER SYSÏEMS

A study is carried out into the principal factors j.nvolved

in the load and frequency control of interconnected power systems. Ex-

pressions are developed t.o give the magnitude of deviation of tie-line

power fl-ows and system frequency during tj¡nes of disturbance in terms

of por.,'er systan and control system para.meters. Further expressions

are developed to indj-cate the quality of control like1y to be acirieved

with the given set of parameters"

The results of tests carried oub on the Load-frequency controls

of the Saskatchewan-Manitoba-Northwestern Ontario tpl''er interconnection

are i"ncluded and are comFared where possible to the theories presented

and the erçressions d.eveloped..

K. H. Williamson,
March, 1962"
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PREFACE

. The interconnec'r,ions of poiver systems evolve j¡ the j-nterests

nf im-n-nnr'¿rì aannnmv no'l'i al-ri I i f.rr f'l e:¡i hi I i f.w :nrì nerfoÌ'1Ìlâfìce^oqye reliaU::ity, flerdbil-ity and' perforîlence. the

atiaj¡meni of these goels is dependen-r, to a large exbent upon thte per-

fotmance of the so-cal_led load-Írequency or supplementarJr conirols

located. i:r the various menxber eÌ'eas. The prime function oÍ these

cåntrols is to roaintain tie-Iine trþÏrer florvs end. system frequency at

the sched.u.Led values both during normal operaiion and duri¡g system

ciisturbances. It is d.esirable, if noi; nandatory, that these supplementary

controis carry out 'cheir frinction rapidly, smoothly and uith a minj-num

of i¡ieraction.

The purpose of this study is to essemble and revierr¡ the

princioal íactors involved in the load-frequency control operation. In

the first chapter, the essential parameters involved are de.fined and

expressions are d.eve3-oped. in terms o.f these parameters to give the

¡naxi¡ni:¡:r deviations of systee frequency, tie-Iine power flotr and gen-

eration imposed. by the load-frequency controls as a result of system

disturbances. Further expressions, interms of the same parâmeters,

are developed to indicate the stability tend.ency of the control

syste¡ûs an¿ controll-ed generation in the recovery process after system

d.isturbances have occurued. An outline of the more popular supple-

mentary controllers is included'

A description of the design principles of I'fanitoba Hydrors

load-frequency controls is contained in Chapter II as an exa'mple of

an anpl-ication of the theories d.escribed herein and i-n the interests of



Ííi

providing a clearer pj-cÈure of the test results outlined fn Chapter ïIï.

Chapter fïï cont,ai¡rs some of the more pertinent results ob-

tai¡ed duri:rg the comnissioning of lfanitoba Hydross load-frequency con-

tro1s. Confj-rr¿,tion by these tests of the theories presented and

expressions developed is the ai:n of this chapter.

The author is indebted to the folLow5-ag for their suggesüions,

- co¡rm.ents, contributions and i¡terest in the naterial presented:-

fuofessor G"W. St¡ift of the University of Manitoba, Mr. H. Kaldor of

the Saskatchewan Power Corporation, Mr. Gni¡tr. Jackson of the Ontari.o

l{ydro, and Messrs: LuMo Hovey, L.À" Batema¡r¡ E"M. Scott, CnE. Birston,

J"T" Atchison and JoG.Bo ï]iffe, aL1 of Ma¡¡ítoba lÛrdro. Thar¡ks are

a-lso exbencled to Ï"lr. Ru F1eruing for mrr¡eh of the draughüång Snvolved Ead

to Miss Iorna Jensen who typed the manuscript.
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LO.ì.D-F.REQIJ:T CY COI{TROL TiüORY

I - AI,V¡.NTAGES OF IÌüMRCONÌ\IECTION

The intercorureciion o.f por.;er systerns cree'ues, in effect, a

sin:l e 1>'r'3a'¡ <¡¡qi.om l.¡iih ihe onpr{-e¡ en¡namieq ¡o]ir}rìli*r¡ fl^.Ä}.ì-l'i*r¡es¡óle 4c¡ ðç¡ ÐJ JUçú vrlvll u¡¡ç ór géVg¡ EUUTIUUVù, I lt-LJ-d,U..j--L-LUJ, rJ-g.dvr..uUJ g

-^*¡ ^"^-.^'r'r -^^'-rt ation ihat ¿ !¿røer svsi.ern 'inn]'r'as- Tn nrowirìicJ-rq ove.r'2 !J regulat].on anet e !€.-o-- é-v*¿vve -,--ng a

degree of ihese advantages for itself, the menber systems singly hrould

have to provi-de greeter generation reserves.

Ïn a paper presented recently, the pri-nciple of interconnection

1."?s e:rpâïrd.ed 'i;o apply to Canad.a es a ruhol-e.I-)í- the savi::gs obtained d.ue

to the effeci; of diversity and reduction ín reserve capacity anounted to

sone 2300 ¡i{1,r.#.-rr This was based upon the anticipated national capacity

requirenent in 1965 of some 2!1000 m¡I. The capacÍty savi:ig, therefore,

rçoul-0. be nearly IOf" AnoLher pepere utiÌizing probabÍJity methods,

indicates that the capaci'r,y savilgs avai-lable to the five member systems

due to their mutual j¡rtercorrnection amounted to betrveen 6 and. 25%.2

In 1956, l4anitoba Hydro (¡tf} anA the Northwestern Region of the

Hydro Electric Power Comraission of Ontario (U¡pCO) interconnected their

respective systems by means of an existing 8J nile, 138 kV, si-ngle circuit

tie-Iine. Three years Iater, a l7O nil-e, 230 kV line, to be operated

*-Raised nu:nerals designate references contained in
Bibiography on Pages 79-8J-.

'x-FSee Appendix A on Page s 69-7I for the definition
abbreviati-ons and terxr.s.

the

of
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i*Liit:,-t.-¡ z'" i'j'ð ii?o -i,;å5 tc:.:.zisi,ei in 19óÛ ro ir-be¡'cc::'¿ci'31c neL*

r'¡oi'l.:g oÍ 'ôhe S¿sicttche-,r;¡:t Por:iez' Co:';cr¿-bicn (s¡C) e¡¿ (¡¡i)* :riguie l
t\

sho'o:s -Lhe v¿s'b ¿:o¿ ¿:rb::"cec'-J t}:i-s thr:ee e¡rÉ*r,Gs't i-nterconneci:ron.

î'hree i;i:e ror:.es ü.ïÊ invoi.red e¡d. ''tl:{ s fae'c ernph¿sises ';he vely re¿l- ad*

..re::tuge oÍ cai:ac*';7 sL;''-'.:3 or' c.v:ii¿biriiy during i;he ti-ne-d'i-spieced'

I oac 1:erts -"ú'úl:i:: tij-s iï:'Lerco¡,ngcted areåo

ïT * ilå I'l?3f;;'":ricI Ûr û.J''":I¡Í;OR SPEFII I]RCO?

:;c:use the ¿ction oÎ l-o¿i*ii'ec:ue::cy co:-';i'ors {s a':'lllsd' -bo

'lh: -- ---- :".r ey-';--irl o- ;;-:c:'i.'bor r:r.-r Ls.in the fc":l oí su:-- :ne:---'¡'

eoî:'J.:'.::,--, sn cï:-¿-j-:lì.e oÍ por:e:: sys-ten ge:rerat'ion/freque:rcy cha;::cter""; ;iics

':r'o;g-.:. ;lc;: Ji¡ ;tr\'----lor ic;-lon Íoilor'¡s.

-l:-I¿:¿ Zi¿j eho,.."rs -bhe reie'Låonshåp be'ci+een gene:'iior spÉc;

e:-d. -;-.--, v¿'.-û {-¿-l;l¡:l -.:n:t} ol: rd-cke'v gaie (hydr¿ulic ,-,*.:-r) o;len::rg

Cr"od.ucti. "ry :r,:'-ei govetäole i"eu å. goYernor which produceó a iineer

chl:*¿etez'i-et,1c a¡d h¿s no d.e¿d.Jo¿:'ld l¡ith respect to its sensiti-vify i;o

freque::cy ch:-::ges e*d eonsequent ou'cput char:ge folIor'r up" The reason

for .¿he C.:oopi-ng eheîecteris{:i-c, v¡hich j-s nornalLy employed, trill be-

^^r.ô e'ñ'ô!.nr..'ni: n¡ggently.

$;qgq ?ipo_p is ôeÍj:led as irhe orrerall- change in sustaåned o.trxedp êl--

t::-as:ÊÍ:i j..-r i.,^¡ - !i,i:,ø.re, 'r-,:.,'ì-.ç¿,ci s.negd. = l-.0 p"u. )9 corregpcnding to fu11
--- 

gúùü* 
--- 

:Jo qJ

ga-be {-;*:-ve} i::ave} fro¡r O p"i:o to 1.0 p.u. gate (va]ve) opening uith
'2

id.er'¿: c¿- ;e-btlng oí al-i governor adju;-Lnents"-

S;;;d Ðroon, G¡ =



3

i'ii:its i^", =:;-':i, L.:,:!i¿:ifclijr';üi ù:iéed. co¡,¡,esÐcl:d-,ng ío O p..,
,.-.:- i'; j -'---,- :_j-

'2 * ;:;; ffii;!jtå;::d;t"t 
co:resì:cj'1di::3 t"' r-uo ¡:'u"

Í-, = F"aied. e¿e¿d - 1"û p.u. (60 c/s)

l'-ig",.t"e 2{b} sholts the rel¿tior-rghip be-cveen generå.to¡ speed

end ge::eratoi" pc=...'e:: ou;l:i:.i; proiuced bJ, an id.eai governor.o

fll.q+iiit-::$;i:,r.i,.: i,lLti€ 3:..ir.i,jj.,f,.È¿g+*as d.efined as the overpJl chenge i¡r sus-

teÍned. s¿e¿c a-ï::"ess*d -ìn 'j3"-üo (-r;here r¿.ted. speed = 1"0 p.u.), when

;i:e g:.-;: iv:-i.re ]: ;.::::-::3 oi tic iw.bine is reduced fron the gate (veùve)

o::e;ri:g;oi=¡¿¡-,:sed:ng io l-nü i:"-.¡o .lo'"Jsr o-u.L-out of ,che turbile (aÈ

i,:iei i,,:lá, o.r:' ¡i:,'bed. síeu¡, cordj-'Låces) 'co Èhie gate {vaive} opeiri_ng

cor:legr::-:idr-,g 'co o pou* cu-cpu'L of the tr:rbi¡re (at rated. head." or r¿ted.

sfes!' coi¡'d-i'bions) lÉ'i:h icen'i;icel set'biags of all governor ed.jus.uments.3

Ste*Cy*5¿g'Le speed reguiai;ion, GS = fO.: fL p"y" _ _ (Z)
TR

r,¡he:"e Íg = p"ri" speed at O p"u. pct{er output.
',1'- 

= 
_1 ìl e¡=a-ri!-¡ poqe ú.uÇeq at ]-,0 Foü. Þolrler outpu-b,

fb = RaÈed speed. = loO pouo (60 c/s)

Speeci irooÞ as defined above shouLd be m.ore correctly terned
lPei';l¿î'et-irr stoed d.roop i:r ovd.e¡' to evo-ìd. confusion rvi-th r?TenpcrarJ/r

;ieec. i¡'co¡';..¡hich h¿s to cio i",tíh. conpe::e:--bion of the-governor ecÈi_on"

:.:i ,'r:-1.- le a¡:pa.::ent that si;eedJr*s¿ate speed. regulaiion is d.irectl_y re_

I at,ei :,,J 'i,..:'::?r:er:-L s;:eeci d.roop so '¿h¿t ¿ cesired s¡reed. regulation is
çirov::-,. ,- -,.,Í ¿'":1 e.ppropriete ¡er.;cs:ent speed d.roop setting. rn much of
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-bhe 'r :'be-':'3rie c:: j o¿c-f:-¿.:':::-c;r cc::-;:or si e';e;iy-s-;a;e speed. regula-

i;ìo:: ås i:co¡.¡'ect',y :el*::;i ';c €.: u':ged d;'oc-i:".

'- -, 1-

':i';,"- --". ----':--:";: i:*-; -'--.)riv--.r¿') ;:v;:-:or ch*:.-c'i--"'-';:-c;" :: r."¿---c- b¿

=:*p<:t:::21,, 
-t: -i c¿i 'Lie ¿:.i'bs åescl':j,:1g to thcåz' cepa'o-lli--iiess Th¿

¿iv-::,".;l çÍ;:¡'.';e¡ bei';ee:: the'¿"¿'o ¿¿:-i 'Ls l¿oul-cÌ be urpreCict¿b-,e. irci"

.fiìtrrË îeå$on i-l;:¡S lJ.¿eet*ary to ÞIo!''C.;',--- gor;ei"nore of 'bhe -.;Alrjieied.

i:e.ch:þtes.:i'i:r droop1ng gc::eia"l:Ìoî:.;'-'lecd.€.icy cLarac'¿erigtics. Ït ¡:us-i

firsi be ï'eåi:,ied.'b!:ai fo-r ¡- €t c,/,: ¡Jrú;e:i {i"0 p.u. s;:;ec), 3;ner.ation

ås co;giú¿r'ei tc'btå¿¿ce de;';:c az z s'çaitd of ó0 c/s a:Ly. -lêviei;io::.

f:-o:: i.0 p,u" e:eed.,'chcr:., zt t Ttez.sure oí -Lne excess or ô¡yi'icienc;r of ,'

geneia'ii-cjl o:: e z¡s-'.;ø:t e'b i ;':r.'"21 ïtÕt'ilÕft'L* Ïf t'.;o ideritic¿i- '¿nits ¿re

o':o:'¿l;i. ;*¿:-: ;o ;; ; --y * úc- -JC',-* ,:LC ;:d. tre ecuii:p:d r.É-bh gover:--Ç:s

a: "Cj5 .t";- ;;e-i",'*;-L:;c s':-..- r;;;'-.';io-: chcrecierisiics {See Fi-g" J),

ihey r';i-J--i el.lii"e my- l-+:i et:t::.gtis eq;;r11.;i, îf both u¡ite ;i'; o;:era';ing

¿i Pcl::i i'- {.'J-;.i"uû i:c-ïe:'c'c.;1:i;.'t,} sr:d. ¿ io¿d increase ie,:iesges the

f'rei--.-;-:c;',' 'ü:lÇ:c'ty ctusL:g o:¿:"¿'bion a'L Poini: Be both uri-bs ';¡iU- have

'LheililcT,.'"cr ouipu'i: iåiËed. to 0o75 'p"u" res:ec';ive1y" Suppleneni:ary

si:eei';vs, id;c.s'c.':l:'; io'b::r roo*"-oi:.or,:-d. then be required to bring

t'he f,*¿¡:i:s,ne.¡.ì¡åc:{'i;o i.û Íolbhe r:ew sys'ben J-oed.inge i.ê, Poi::t c.
-ov -v-

Tf one '¿r:i'b r.¡ere bo 'oe opsr.a'ied" on ûoOf p.u" s-peed. regula-

'¿'ion a¿d 'che o',"her" on A,A'jS pu"ùue i; is seen from Figr:re 3 -that the

u::i't o:: C"0? r";cul-d. te.i,:e one-Li:ird. of ihe load. j:rcre-ase (or d.ecrease)

,;,,näe -;ire one arr O"A35 poÌ:o T.¿û'r:J.d ieiie iv'¡o*ihj-rds" Poini;s D & E in

i-:jJ"- - j--:!;ç;'i;¡ete':-'';1c'':-;1on iccold.!:g tothe v¿'ìues of cercent

::l--. :r;'.j-:.-L{o::. Pc,:';--c--:::;:o:: oÍ : 'u:-:'¿ {:: systetr :cgulaiion cen there-

Ío:c'-;.sg-:gile3;cco:"i---3;o;l:-ls i'-lue3 ii^.e grca'ce:'¿.:e setting, the
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ielE :i;i1l- ì:e :l "¿.r -i.tl¿i'l ',',: ì:-.--.:::cì -- ;-,:_-_ io: å. gi_vËi: Í_.;c_u::_;; cieviat,ion"

'---- .-':---.-..-. -'-::- -';3-;-- :-;:- --'-',:S ê:.pì9y^; ;-::¿e¡it -'l;:.1

3or.rËj'::tll C¡:il.¿'Ler-r ,r'i'.Cg'.,;';.':": j-i;j-:;-; _'c;-:'in p;.ac-t,'ice:::y rL:V-i ate coa-

::i--:, ---,-*-';:--i,i1iJ r*-¡r-.-'-, i{Cf.*.-:, i.-;-;.: e nUlbe' Of U¡å-bS e'e

cr;:':-:ii :-:-: i:.i^i"¡.ì- d-; - '¡::e co:-;:-::.ed si:¿r¡:c-i;o:'Ísi'i c ..",:-l i ierd t,o no:'e c-ìose*

*¿r l-':---';-::-'-:";e - s';:'l:3-'.i ::--::; th.e..råri¿tiors f¡'o¡l iine¿:. of the i::ci.ildu-

.:i- ¿c';-c:-:c¡'cl::¡¡cteristi-cs'beld;c c:-:c¿l- out.l, ihie r-; ä.ore ne¿i.i-i:,¡ so

Ì.:'1..'.-, ì - -¿.- -. .-a1. -.-.^ /-:-,.. ^ --r.'i¡- ¡ r :.--{/ : ¿ v.i qv:¿v; *o o -otio:!3 ¿Te involved . üon*l-j-neeïii;ie s

sior'; up::,3:.e cn É:iå,:-i d.c..':-:í-lci-:s ¡i:C'Llei"eíor.e i::cre:r.e::'lei_ r'e;i:1a';ion may

;e ð:e;-i:e: o: -;;¿ ';-- -- ;:-- cv;-.¿ , 
- :.¿o:l:; ol:"'x-

-:'---' - -.. ;-.c-.'; ¿. a.Ci5 '),':- cc:--:-.::ed sceed- regu.ia;ing ol

6cvei::.:,:, c::::';-;,:trîistj-c ta: ¿ 6CC:-¡ Ej/¡';û:; and íor å 20OC n'j sys'i:em

i'¡h.ere ji ùl:e lat'¿er c¿se "bh,e stral-¿,:; l-ì;.3 p¿l¿iionsSip is eeriainiy Llcre

ju;;*-iccl- i'::c ':."cport:o::*';eì.¡ beuicr ÍrecueLcy reg'Lil:'¿io:'- of t-::

:l*;-;" L.i--:.--: i: ovri**::i" îi:ie ie ì¡¿c;uee'ûhez.e is rÍore eapacÈty e''råii*

¿l¡le '¿c ü,lJsoiil -;.:¿ -o¿:C cha-:ges" T'h¿ cireracteristic for a 25 rñtr'ùnite

;'l .n r': ,'¡ ña:{ .- -.u¿-¿¿ -,-.*s Ð:3eG îC3r+¿jl¿Ç!_e LÐ 9XIO!J¡] ¿Or conÐg,rf_Sor¡e

S';;:.iy*stete o;:;ei :'cguì-i-t,ró:l c¿J: : I3c -ôo e::¡:eseed. iJr pou"

st:i::-:-:g c:':-c.'Jyrle1. olg*-c::;l:. c¡rcle ireqie":cy c;v'a-¡. on,6r7 In Figuro

.lir- -iÉ';I ¡'eÍ;--¿:"-ce to the che^:'eci:eris'uie for the 20tC d'I systen (2OOO rnl¡

s.^,i'"' ' r.i'-.-\ ^ ^1na"-' . ^ loed of 9ó i:r.J 'r¡i]-l produce a frequencyt_¿-¿,--- çu_-*v-vJ .t i 6 wr!J::5ç !1 Iv|:A v: ,e ¿r,i i;gJ.yrvuqvv a arç

66r,'i¿i':o:, cf t"-r cycl-e, o:'e ;he governi-ng charac''¿eristic e>pressed in i:erms

a-r - r. .-,--":.^-.i¡æ ^-.--.^-i.-,/^ 
-Oi p-ï.- '-C-i: J:- :-jl:g carii;c r uylu"f CyCl.l aS

'..:' ;-"::i. r"e3Ulat- O::
.. -i"--.. .. .-,--:^- i ^g ú-vv:- --u*J ,-v.-ri/J-L):- - -,Ì-oÇo É,

i¡lli ¿, a larger frea¡ency der¡iatiòn for
..-^^ 

^f- -..^ ..^ì nr^ 
^ 

'' ñ
ú:-\tú l,r\tr- V c.L.:- Lltt (J ¿ gS o
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GC = 96 rrit+/O"t cycle

- ,0d8 p"u"

Recalling G, =

spinning capeeity/Oul cycle"

(r^ r-\\¿() - Il , h rr

-- 

_-_____E:_ ¡ro ue
-l^

and for the (fO - fi,) deviationrG. , is given by

Gc=

(z)

(¡)

r,¡here 0"1 crls i-s equivaì-ent to

l{rrltipþing Equations (3) ar¡d

GSGC= 16"67 x i-O-4

16"67 * 1g-4 p.u"

(2 ) gives

(¿)

.A 0"035 p"u. steady-state speed regulation then represents

a governi.:rg characteristic of G, : .00+9É7 = "0,|¿8 
p.u.

"435

spjJ¡ni-ng capaeíLy/O"l cycle as suggested above"

The relationship of Gg and Gç is plotted in FÍgure J.

The above equations are based. upon id,eaI governor action based

upon the governorsr geruarient speed droop settings" Goverrnor reslþnse

dead-bands, non-LiJrearities in the actual regulating characteristic end

rnachi¡es with bLocked governors produce greater regulation than the

¡:errnanent speed. d.roop settings nay indieate.S the effective reguLation

is very often larger for very =nralI frequency changes than for larger

changes"Gg nay be O.OSJ p.u. (GC = 0"02 p"uo /O.I cycLe) for large

frequency changes and yet GS *y be 0o25 p"u, (GC = 0.006? p"u"/0.1 cycle)

for smal-l changes" In other ¡¡ords actual systems behave like systems

L6.67 x 1O-4



;-'ocÐ J-'--;-I:J3 "';;';l-c- ;:¿EeS¿e

r'--"ì ::::-.--s :L:Jc--'l¡, Ca, ;o '".:¿t

'¿J

-------:- (5)

.;-::-'c ûS : St"oi;'-S'la;e Speed. Regu.].aiìo: by iìua"io:r (2)

C.Sl : Eii;c::-¡e G. accuai-ly ob-i;aineo fo:' a gÍ'en
Íreouency "ci:ange"

*'- ':-:::-;-' ce ;-"-; :;i- o Cv/C -s *suaì-l-y íounC to be .beirve¿::

O.l-4 a:r'C. C"i-u? {,J:bei.,tee;:0.C0ó? u"a O.O2 p.u,), wittr a value for Gç

oí O"Ci :.-¿, ;si:Eü¡r e.rÞioyed..5t9liatlL This l-aiter value is ì:he ì:asis

of tne I?ic-br¿l'il -;sc1ss¿; oî Figure 4.

'-b fo-i loi.rs thai ¿s -bhe tof:al l-oad becoraes iarger, cor:necLed

å!-yi¡u:'!,L:J-: "-ú L-jL;:;*J ¿i:vr ç¿túq

leo_ï,'-r-c- ';o c---j:;e ihe Í:'equency by a flled e¡aouni must groi'¡ al-so '

'f'äls -i'na:' i:.:,r -¡n ni ¡h'l-. r.rir,.n +.h+ lOed leVels mey Very aS m.l::h as threei:rqrJ :: v-- L*J uv lsó¿¡v rr¡:vr¡ v:¡r

-Lo or:e, ihc slo_;¡ of the speed/generaiion curve must al-so cha:r3e"

i¡ has been observed thai 'r,h-e iarger the system the better'

:=aa :':. .-\r -.1-,-i¡!;^¡ : -, I c-¡¡Af.p? jO¡,fì eÌ 1 tOv!-+v--vJ ¡.iåu-aL,!u!!2 !o ço è ¡3a veevr t-** -'i'enge 15 feqü.l fe(

nrnrlr:¡c rr .Ë rr;:n îr.o¿¡¡enr:¡/ cler¡i ei,ion. Ïnierconneciions creaie largeltJ_ vqLvu Ç :+ r v\a*v¡¡vdr

sj¡st¿i:is enü so oííer betier freo.uency reguì-ation than ihe average oí

i-.þp :-'.:r,i-r n.'i-,i OnS ^i" J.-ìa nanr. . * cìfg-bg¡1ise .v¡¡9 : çóLü V:v:¡u vr - "J "

,n ,rer¡:s of ihe govei"nj-ng characteristic expressed in p"u"

<- -ìnnir; .-¡rre-ii.rr r¡r. O-'j C-t¡ClCÈ vJ¡:J:; jr vL:Çv* uj lJeL v e L v.l v¿v 5

La

tc{r *- Z + ---- + n} : c:í:-) -. Gc(e) + ------ + Gc(n) --- (6)



tcieccc) = Gc{5co} + cc{,eic't -¡ G:i¿;c)

- 5oA 'i 6,5 + 8.5 = Zt it,,]!,J"L cyc--,:

tt¡¡-"n iE ccn;rdri'abl¡r '¡¿'¿'¿e¡' '¿¡i.ea the in.ji-*¡idus.l- regr-riaùåons'oÍ !uO,
/ ¿ -* l^C., :-ù 3.j:':-,,rû,.1 i:r¡- = :';1,;rc'Live-y" Tl:e rbcve.is appreni Íro: ih.:

:'"s r'-'1 ¡ 1 '; r- -

1::.'J':lù ¿l:ove cl"lceil:sions oÍ -i;ne beh.¿vj.o':' oí po':.'Jr systens

.::-'¿-- -'-- --u'- '-* *c*.-, ji:'--:'J,';-:Of å:-,i -'j';Cì:tjicy, ;Ð L"c'La;ei. :7 Sil;;e

gciiu : ',. 'r ';'c üJïÍi"tt:' ac'LÍ-cn, e syzchi'ol-Lo us or spe eo 'j ::;;::r," 'i;ì ve -. cad. h¿g

);¡-: ;-;-":-;:o -r'-: i-c;\:.'-l g,lr'ú¿:,1s -L!.e -,oid Coes ver¡f trith flcqueScyo Ï'he

e!'!.ec': cf : --',-_;;-lcJr e¿-'-s-;;:.v; iolC on s7s'cen gove¡aing characteristics

':s i::c;¿;:a. :,: 'l-:e icilol.i--.; sectior"

Ifï * TrtI ï,iFiUEj,jctr 0F Ä ïitEe-ûË,ICy SÉ'ISïIï-\B LOAD

The slo:o orlhe -ic;d chav'ac'¿er"isiåc hes been inves''cigatecl

':-,rr I :"....."- ':. nf ,.::.1-.hn-r. t-'¡n sancy,r]ì.¡¡ tci oo f.hSi. fap = fì ñì h ìr ¿ìhÍ--¡=UJ i- :-Ç--JWr Wl üçu-¡v- ¿ ..:-r óv¡.v¿Ëry Gi;lgV U¡lÈU Àv¿ q vov¿ ¡Joqo v¡Ic-<jv

'::t syt;c: fre;,uc:-:cy ¿; \rËriation å::¿ €,ysten load of be-b'*'een 0.01 and 0"03
1J i!, 1É.

:f,L" ';;t - 1 i"es---','L"--e-^/t-/ The acce¡:ted v¿l-ue usi:eJ.Iy applied Ls e 0"425

- A"C2'r ---L. ios,ci ci*:ge for ¿ 0"01 p"u" frequency change.

ïn one ser:ies of 'besis'¿he 0"02ó Þoüo load reduciion caused

',1-y 1¡-,.:.'.-',-:. :,'--. f-neelrrl.e-r ii..e¡l n nf ll .f')l Q 'n.1, rìrrg ig tþg

r: J:r -'1i nr¡ ¡ -1 c:m-".,O"or:otis ä.nd i-r.on*qnlchz'oncu-s (no*uor) load.s uhjfe the

rn:¡-i'n:t',t:: 1,,1.1,1 -¡-t:- 'rriÊs t.1;.(1,è:.tlta ffc¡i ihg deCrgasgd resistancg l-oad dUg



9

to the voltage reduction which accompanies the frequency reduction.

(Though w'ith mod.ern, fast voltage regrrlators this latter conditlon

would not persist).

From the above, it rrill be apparent that the load character-

istic has a positive sIope, i.e., a frequency increase results i¡ a

load. i¡crease and. rrlce versa.

- As noted above, the slope of the load characteristic rrnges

between a first pou¡er to a third power relatlonshÞwith frequency.

That is

fron ÄF¿ = (fR +Afn) - fR : AfR

to aP¡ = (fR + ¿rR)3 - fn

where APL = p.u. load ehange

Af¡ = p.u. freguency change"

PL = fn - 1n0 pnun

For the purpose of this study, the generaÌ\r accepted, 0.OI

p.u. frequency - O.O25 p.u. load change relatlonship wilt be employed.

That is

apf, = (fn **r)'.5 - to

which is usually the case, then

If AfRGfR, i.€.¡ if AfB¿0"01
¿R

0)APL = 2.5 Af¡'
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/ .O E U. SqEEÐ

I,/øÒo/çoT = TYP/C/IL NATURAL Cz/4y/Ì,/ED CHARACTERIST\C éoonV
SP|/VN|NG CÅPACITY & 5Oo ml,^/ loAD

Å P, = L 0,A.0 D ËV IAT! tN
Af = FREAUENCY ÐEVIATION

fì6 6. E.FECT OF A FREQUE/ICY SENï/TIVE LOAD

(N = Gc -L)
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of

which would result in errors in 
^PL 

not greater than 3+/3%.

Figure ó illustrates the variation of load with frequency

for the Ist, 2.5 and Jrd power relationships"

Based. upon the !.J poi^rer relationship, the load character-

istic, L, is given by

L: (2.Ã) (16.67) x 1o:4 = o.oot2hiv./o.L cycIe ---- (s)
fR

A 5OO ni^J load at 1.0 p.u. speed. would have a load characteristic

L5oo : (o.oo42) (loo1 = 2.J- nwþ.r cvcre

which 'rvould be centered on the co-orùinates fo = 1.0 p.u. and load =

500 n}J.

Figure 6 shows also a typical governing characteristic for a

óOO raW spinning system. This j-s the sarne characteristic as shorm in

Figure 4. In the case of Fi-gure 6, however, a O.OOUe/nW/O"l cycle load

characteristic j.s consi-d.ered. For the assumed load of 500 mW at 1.0 p.u.

speed, the load characteristic becomes 2.! ruW/O.I cycIe.

1,et i.t now be assuaed. (nigure 6) ttrat a disturbance on the

sysren causes a frequency depression of O.2 c/s. In accordance with the

combi-ned governing characteristic, GC6OO, system generation lrill be

raised by IL.I mirü, As a consequence of the depressed frequency, the

system load. is reduced. by 4.2 m'W. This in effect causes a total of 15.3

mtrr¡ to be avaiJ.able at the decreased frequency of '59.8 c/',s. In other

word.s the true behaviour of the sysiem load, generation and frequency

changes is given by the algebraic difference of the governing (Cg) ana



ii

. j'i : Jr. - L ---- -- (9)

ïl is-to be no'bec ¿ir¿i'; as Ci^'is ¿ neåaii-ve cha¿"ac-íer{s'Licv

:-::d. -'. -ì s pcs-;-, l';, lÌ lus'u a-,-..':J,'9 Ì¡e ::+3ai-ìve i.e", 'Íto'"ver inci'eases

qvv- vçsveü r L: 9--!:

ì:'+t,-':1-iz rc r-'"= iOaC, a::d G^ V::.ieS C-,_..ci,ï:S.r,he Spin::i-r; C:_:eCi;¡r"

,:'ìq 1..,1-^l--'ì-r t:nq'- ,^o-lrrr.ni orj:='r.-¡n-r".::c:.j i:i n lì
--, --.r -

¡ =,:^ -i an* h F- r.-.. .1

Su,:-:-, ;::i:LàTj cor:--'c:-..-i1 l, oÍ co-rse, shiii û- oni] ú tiie

:.Þi:io,oi-ie.-be diieci-l on ä¿'ì;i'i;ei--,-ì:ig i';;s o::j31-nal slope" This nay be seen

by rei'ereace -Lo ?o-ì nr Oî o'.r.i;;e ó. :i:s isthe ner..i oper¿;irrg poinr,

eiie¡ sr.ì.pr)l-e:"3i1iar1' regulaNioi l:as co;rpeneeied for bhe l--l .1 mii gen-

er¿ijon cic,Í-ìcíe::cy b7::.:-isi::3 Gg5gg io Þs.ss thr"ough PoÍn! 0ü, Tt l,¡ij-i

be obsei"ved th¿-L tl:e addj'bioi-r¿i ioad has aitered the sl ope o-f L

ê.:'jcr tìrcj'¿io:"e :::c s-ìope oi::.3çç/5CC ;o i\6AO/5t5.1*" The change in siope

oÍ irT is s5 s¿ight Íor nosi; -'oacl cl:a::ge* (say ìrp to a 0"05 p.u" J-oad.

r".^+'a=..\ "-'- -.- -"-! nrn h,a 'tc.ç;1 cr-i-.àv¿-éi:5v,. . e--*V ¿ U va-l uç ¿¿9ó-vv vwL¿o

-j'o sç'.'r.arize at ihis pojnt:-

{,:,; Go''re:"no¡' dead-band, u:iiis irith blocked governors and

:ron-1i-".:-*'--- ;s r:: ihe sysie:: 3orrez':-:-::3 char¿cterisiic ceuse systern

.,.^-".1 a-!-'^.- +^ Ì--. ^..ì^^+....^+-:--;1.... ^rgt*ei..Lhan the COnäCSj.-be VaiUe Oi the- góuL:Ëu:u-- vv J'g ùL-rù uarlura!:J ¿: v-JJl v¡l*À v¡¡v

øi\¡ê:'¡.¡ì^ q'¡^.:'- rn-.¡nn car=ir,æc Ê "^":J ^"--^^+,o V¿ìu:s oi be-r,ir¡een 0"14-Svve:i:v: pLvjç lt'\)tJ! Þtii/tr-l-¡¡SÞr t'Sr t.UL¿JL¡ ÞLÀðë;ç;è(J

å::i.0.¿;2 c.'l'--::r;o be Ðråc'L'cL- ra-bios oÍ id.eel- Gg t,o actuai G'5 (see p"ó)"

i:, .ypicai''!oad c;:i:¿c-Lei{s;ics ceuse sys'l,en regu-:eiion io
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be slight\r decreased"

(c) t¡e algebraic difference of the actual system governing
0

and load characteristics fs te¡ued the Natural Conbined Characterfstic,

N, and. defines the true behaviour of the system to load, generatlon and

frequency changes.

rV - SUPPIEMENTARY CONÎROL REGULATING CHARACTERISTICS

The sinple Jolning of the member systems by tie-Iine does

not, in itself, realize the advantag€s assoclated urith a larger systern.

Regulation of tie-Iine flows j.s mandator1r both for nonmal operating cond.i-

tions and during ti-nes of disturbances in any one of the nember systems

of the interconnection that w'iIL result in tie-Ilne flow fluctuations.

.Also, the members must conpþ with the comandment of lntercor¡r¡ecüion

that each area in participatÍng in the benefits of perallel operaüion

will llkew-tse contrlbute to the regulation of the interconnected system.

This i-urpll-es that each member shall e,bsorb hls orm load changes end

contribute his share to frequency regulation of the combined system.

The above rules and regulati-ons are ver¡r desirable, but as.

the various governors throughout the lnterconnectlon cannot discrimj.nate

whether or not a load change has occumed in their own particr¡lar are&

(because they are speed'sensitive orùy), they would càuse uidesirable

and unscheduled povrer flows over the tie-ïlnes in carrying oirt üheir

functions of natch:ing generation to load d.ernand. Figure ? il]ustrátee

iriterconnected operation lnvolvLng .Areas X & I without supplenentary

control. (There is no slgnificance to the fact that the naturaL con-

bÍned characteristic of Area T, Ny i", rever¡ed fn elope.
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l-:'s :-: '..---, i'-;: -':-c---':--':- ',..--:::---:-:-:-:, - -. -.J, j -;.:::t:sg oj
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j r:i.l :..'* cc-r.':r'-l'5r:-;i - oca- j' ,::-C :-0 :r::'; fron !-re¿ ¡. via ihe ';:e-iine

åS å cchg.eq';riice cÍ::c::::-- ;crJ:'ncr r"s¿cïion i¡. boi:l'Lo tl]e iepressed

ileÛuelcy" 'Po-in1: A 'r¡orlii bec¿"":e ihe ¡rei¡ opel'e';ing itf,j r:'b il: boih ¿rses

¿-s jlo supr-|ene:r.'¿¿lir co',--iro-Ì is ¿vai"i able to z"aise gej:erÈ.'¡-io:: 1n L::ea

; by'bne r;q.:i-.rei i5 r.'," -; is ob...ious ihai Ícr" ex'ceinal disturba¡ces

'o a:l å:ea (-1.13a 1l hei';;, 'Lì:c i':cre¿sed oil dcc:-eåseC tj-e-]ir:e fl-o-,v

is i dei:'fi c¿i -bc 'bhe i::c¡e ese. o¡' c:e cieased. Ì oad., ?his f¿ci l'¡il-I be

:'¡nla:r,.d -i'r c:-ìr---,'a'¡-i- i j c -'::ci lnc r:i-d ni 2.;'t :.f1t9,-ç--l'J:9ù'Vq 
--: 

úÇJùlL-LJjlU U-JUúùJ-W-:v e--* q¿çC! $-vo

l.þnu:,1 coniror- oí t¡:¿ gcì-rci::'i:or sei'Lings coul-d nevef' effecj:i- /

.,Jcr;r ;.':'rri;t ':---: co-i'¡eci'i."'e ne¿Sï:'-s lrèce ssåry iro malniaÌn iie-l-ine

sch.ed.u-Les ird. sy-;';er: f:cqu;-:J)¡, e;r--ciai-iy as each ¡renber aree r^¡ou-l-d. be

iss'.:i::3'---e-i:'ucii-ons fz'o¡a iis ci¡ir cis.ca'cch cen-Lre resuiting in a ch¿o,uic

*:d the:cÍole l.i::',,:o:'i<¿:"oie si'bua-bion" !"s ü. conssqusnce, coT:tinuously op-

c.¡¿'.'l-:::g eu';o-rl-;ic co:-;roi èc-';L--etï;s, suppleneniary to ihe r:nrt govern-

^-âc 
r.-¿-.= n:-rr:.- n'::ì, rr¡ rr-,.nr¡'ÌÄ ¡ *i,.:. '-:^--îqt'¡Tr çr'.rt -^r ':h¿-lì; ^'^*^^ l^ -'^*ì+'(/¡ Þ, lr i.:- ., u{, / ü-U -v* -- j--

gorre:i-lor ac'i,io:r j,* such a d.ire c'bion es to red.uce the deviat'i ons i-n

i;is-lìr"* :oaC a-:c systen fr'eqr::rcy io zero. These are the so-caJ-led

-r ^ - ^ì 3-^^ ^ :on-Llo=s "¿vÇg-r I úu¡ç;::uJ vv!¡ur vrü o

. t'raee besic rneihod.s of supplerentery control of machi.t:e Bov-

eTnct s,¿¡tirgs r';ere deveioped. Their" functíon is to ¡aise or'lorfer

ihe cü;.r..r-l oi'cer-bai:: selecied 3e::er'¿'¿ing r:niis in order to naintain

i-:¡er"-i--.,* !:¿--:i-e f1o'.'"'s anC/or f-:;quency on schedule d'urlng loacì or

(,'a'.^ : '1.
óv::v- ç-----j rü U-:GU vvvq" --J;;¿-91-tr; ;JJ-Urr-i-ll U:

?he ec'c3.on eíísciiveiy shifts ihe system governing characieri.stics, Ggr
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oÍ tÌ:e irlcî:be:- i.:r¿s "î::. slici ili"ec'i:,¿i:s åt:c:,¿i.rr':: ¿i.e-Lie*li::,e

il-c:"¡s ¿.::d. Í¡'ccii,:JicJr-¡o -bi:':j:':.espec';irre sc,:¡r,:u:_¿d v¿iues. The th:-ee
'lå¡.i.c i.i:r,l;:,,i or :rcd.es oÍ sr.::',:l e;t;:-r';åf.ù¡ cc;,.;--ol r:e, i]-) F-:¿¡

Fi:ecucrc;' .j.j), iZ) l¡ret Tie*i;le i"-'_.r)r äd i3) fie-:,ire :l-:¿s (f¡n)",

/- \(.i ì;*:'';;.,.;LqY.- * 0:e¡"a,',,-ioa bzt:d- u-p:r de-ri:';ions Í'::or

scjieciul eü. Ír":c;ue:rcy -i s hol:: ¿s the Fi¿i F:,ecuenc¡r :icie a::c -.s re-

þ:"eseriued by'r,he es.i;:i;iion.

Ey eupi:1ct::uj:t¿.r.i¡ ¿c-Lio,r. !J_e lsí:eÍ¿tolcni'¿s ìÊ:ier FF con¡¡o-t

rål-l- be cgused to r'¿rse oi" ioi:ei''l'l-.-:,z,ou¿ru-L so as to::e-bur.n -uhe systoa

freci';ercy 'Lo -¿l:e sci?ed-ú:-ei. vrl-re år.r acco:"c:¿:ce ',ri'lh rqu:iio:: {ro}.

(Z) :,-_-:_--r--'-,.rç-'i"13.i:,.,Çç.;,..i,1q.,t_ - ûpera-bion based. u;con d.evia,¿:ons fro¡i.

scileûiå;c-, i;:-e *l-ire fj orr is lfioro.ü. ¿s ',,he Fl ai 'Iie-Li::e nod.e ancl is
'f ã-^' ... c .r'. :. r, ¡l l:.' -! lle SCU_A¿-? Cn

uhe::e ÅPT = 1ÌA * PZ

?.ro : eched-d:-ed ii e *l-i::e pÕvrer fl-or"¡ in ::fl
Pl' ='âc'bu¿:å i;j-e-iine Ðcrier floi.¡ i-:: ia!'l

:,7 e:':,t7-e;lenia:'y åc'¿'ìcnr t::e geneiator unite under FTL con."roi

r^¡-lj- |e cir:es€d. to raii se or lo"¡;e¡: the'r ortput so ê,Ê to rerurn;he

sys;G-: f:e:;e:cy to ihe scheduied value j¡ eccorde:rce r.riih Equai;ion t-;i';.
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The above two conditions represent teexLernalff disturbances"

Because the TLB regulator equation (}2) yras been satisfied no supple-

nentary regulation takes pIace. It has been shor+n that when K¡ = lNl

the desÍrable condition of non-j¡rtervention by the supplenentary reg-

r:l-ator exists in areas exbernal- to the one rdnere the d,isturbance is

taking p1ace. Thj.s is known as the Graner-Darrieus condition of non-

intervention"lS

During gei¡rtornalgû d.isturbances, Equation (12) is not satisfied..

Id"hen the frequency is low and the tie-li¡e poüter flow outr,¡ard is below

the sched.¡¿led va1ue, Equation (fe) becomes

(re ¡

and rr¡hen the frequency and the tie-IÍne power are both above schedule

-- (1?)

-ÀP- +AP-
II r

For these two rli¡¡ternalle distr¡rbance circumstances supple-

mentary controller action is required, to r?3si5ett or nlowertt generati.on

in order to satisfy Equation (fe).

ConcLusions relative to this section nay be sur*narized as

folLor,¡s uith reference to Figure 8:-

(a) ffat Frequency control is i.:rdependent of tie-Ii¡e loadings.

If FF control r.¡ere to be applied to two systens i¡terconnected by a

tie-line, a load5ng scbed.ule on the tie-lj¡e could, never be naintai¡ed."

(U) ffat Tie-Li¡e control is independent of systen frequency.

FTL control applied to two j¡terconnected systems would result i¡ a

chaotic systen frequency and ti.:ne errorsu



I8

(c) Irieither FP nor ITL control can interpret whether a power

change is exbernal or internal to the area considered., As a consequence,

on an exbernal disturbance, they v¡ill effect supplenentary regr:-Iation

r,¡hich r.rill have to be corrected. later.
(¿) tie-r':¡re Bias control takes i:rto account both tie-rÍne

flow ar¡d frequency deviations from no¡na1 and^ therefore possesses the

rêquired i¡fornation to detect whether a polrer disturbance is e:clernal

or internal. If the bias setting equals the areats natural cornbi¡ed

characteristic an exbernaÌ disturbance w-iIL cause no supplementarXr

control- action. It urÍIL be shov¡n in follorrj¡¡g sectionE that even an

in.correct bias setting is genera$r to be preferred, to either prrre

FF or Hlt control.

V - INTERCONNECTEÐ SYSTEM OFERATION I]NDEB TI{E FF, FTL ATID TI,B

SÜPPTE}@I\TTARY CONÎROI MODES

A comprehensive treatment of the general effects pnoduced on

an interconnected system by the FF, FTL, and TLB supplenentary control
I

nod'es is contained i¡ the reference naterial.T The general reasoning

ernbodied in two or three examples to follow should be sufficient here

to assess the advantages and disadva^ntages of the three modes.

To avoid unnecessary complication tbe sensing and j¡ter-
pretation onJ-y of the frequency and tie-line deviatÍons ftrcm schedule

tri]*l be discussed hereo The various mecha¡¡i.sns by wtrich the supple-

mentar¡r controls act to raise and lower generation ¡¡il1 be discussed

j,n Section VIII of this chapter" At thls pol¡t it witl be assìlmed that

the ttRsisesr and ¡lr,ower¡t info¡mati-on passed on by the !F, flHL, or Tr.B

regulators rrill be faithfully executed"
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F\rther simplificatÍon can be nade by notÍ::g that IF, IttL
and TÏ8 ¿¡s ¡11 equalþ effective in dealing with internal power changes

or disturbences. This r¡ri1I be apparent upon reference to Figure 9.

Figure t represents the seme co:tditions as Figure 7 but r,¡ith

the approprfate FF, FTL, a¡rd TIB regu-lator characteristics ad.ded. It is
assurned that the bias settfngs are correct (Equation 13). The load.

i¡icrease i¡ Area Y causes both systems to operat at Point A, whÍle Poi¡t B

Ís the equivalent reference poinÈ for the TLB regr:lator and. 5-s a poÍnt, on

the reference line for the HIL regulatoro I¡ area Y, a fF regulator r¡ouLd

raise generation bringing the frequency back on schedule. A FtL regulator

would raise generation to bri¡lg the tie-line flow.back on schedule" A TLÐ

regulator would interpret a decreased tie-Li¡¡e flor+ and frequency as an

internal load j:rcrease (or generation loss) and increase generation. Each

type of regulator, then, wourd execute the correct action in Area T.

Area X v¡ouLd be exbernal to the disturbance but on\r a TLB regulator j.n

Area X on correct bias would be capable of making this interpretation and

provide the desirable feature of refraining fron.causing supplenentary

regulation"

Flat Freguency control - consider Figure 10. t\*o power systems X and

Y are i¡terconnected by a tie-line" Area x has supplementary control

equÍpped generation which r¡'jl-L react to keep the system frequency on

schedule" Area Y has no supplementar¡r control equipment.

For ùhe condition of a l"oad j¡crease in Area X, i.en poi¡rt A

on the lor,¡er generation frequency characteristic, the rotatiag nachinery

i¡r Areas X and Y decelerate at r¿trich time the uni-t governors actilg on

their respecüive d.roops increase generation to match the new load at a
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lowered frequency. A¡ea T is contributing to Area Xrs load increase

according to its natural combined characterisüic which results in an

increaSed tle-line flow ir¡-the directlon of Area x. The d.epressed

frequency bond.itlon is i-¡ønediateþ seen by the FF contr.oller in Area '

x which initiates action to raise generation in Area x. As the in-
creased generatlon raises the frequency back to schedule, the machÍnes

-in Area T, as well as those not under FF contror Ín Area x, are backed

off according to their respective composÍte governor characterístics.

The nachines under FF control in Area X have taken.car€ of the areals

load increase, whil-e system frequency and tie-line flow have returned

to their original values (point B in the curves). The above control

action l.ras a cornpletely satisfactory operetion.

Consider the reaction when a load lncrease takes place in Area

Y' Frecisely the same reactlon rv-ILL occur but the resl¡ltar¡t increased

generation from Area Xre FF controlled ¡n¿chlnes hritl r€sult in an

increased flow over the tie-l1ne to satisfy Area T¡s lncreased denand. '

This is contrarxr to the accepted phirosopþ that alter the ir¡itial
reaction each system should cater for lts own loed changes" FF control,

then, as applÍed here is unsatisfacto|"

Flat Frequency - Flat lie Llne Contro! - Figure IL tLlustrates the

reaction of interconnected systens to load changes J-mposed when one

end of the tie-line is FF controlled and the other--end t'IL controllèd"

For the sake of ühe illustration lt is assurned that the FF controller

in X responds and carries out its action before the HIL controller fn

ï nakes anJr moveo This 1s a pessÍrnistfc assumptlon, perhaps, but it
enables a. cLearer picture to be presented of the,processe
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Fcr' ¿ io¿d inc:.e¿se _rr i:¿l: X ihe rúo'r e ccri:oi 1-: _:g Ð:,ocGSS

"r,jorild i:e iie:.'ii csl io -l::l; i::. Fjglr.¿ .¡ J for a lc.¿d cil:.ge in iirea il

bec¿ueet'-i''¿ i::'s -Lcer ¿;sù,:,!c.-:::¿'L ii¿ l.r coni::oilei cc:lp:-eies i-ls ¿ctron

'cefor¿ -ihs F''rL 'L:iii; :¡: À::e¿ Y co.:t¡i3r¡cts*

i'r-bh e jo¿C i,ncre¿se in A'e¿ Y e dec'ease in s.,¡si;€ii: ÍÌ-e-

qüsncy en¿blcs the speec sQ;::si-¿,ive governors cn .rhe intercon:iected

e;rs'belrlo rarse o"r'l,r:;'i accoicinS lo -ihei r resj:eci:ive d.roops" This ¡e-

su.Lrs -i ::: Poini; ;- c;ii:3 r;acl:;: on ilie :.especi:ive Area X and. y ::aj:-a¡ai

conbined. ch¿ri:c-le:ist,-lcs" The IF :.eg"u.ia.Lo:. ja Area I sees li:e d.e.o_

:"essed frecuency and iai ecs i ¿c co_:';.ro- -i ei E;r;::aiioa accorc-:n3ly,

b:-i::3-:'-; ':--: :;'s-;, j-.;:_*,-::;. )icir or ecrodr_- {:oi:t S), j^; this
-bine 'che" :,'.-; reg'u.]-e^Lo¡ se¿s 1;he i::c:e¿sed i-ì e-l_i ne f"l ow ini,n¿::.cl caused.

by -'ie: ìlis supp-¡i oi Are,' Trs a.cfrcas-tcJ¡ ¿nd ;ì:cr"eby incre¿scs ge:ì-

er¿'Li-on ecco¡'i-ingLy, bringi::g -Li-e cp;:ic-ìng pcini, to c on the charec-uer-

isfice . :i:i'åå: liilg FF co¡ii¡"o"r :-e:ls ieaciion to ùhe el-e'¡eteci frcquency

rloves tl're c!:i¿re i:oìnt ic D" Then !.¡e¿ Yss F'IL conir.oil-er iakes it,
-!^ .J .1.-'{1
vv ! G--u ù9 !__-

ïi: ¡:c-L-.:al p:aci,i ce co;:di_ti ons probabl )r ir-o-ùl d not be as

optinis-lic ¿s ii:ose .found i¡i -bhe ,t,r; ,ol¿ increaser? case above nor aS

pessiråstic ¿s'L¡iose:-n ihe 1!T l-oaci. inc::ease?r cê.se. äuni;i_ng of the

rloniïois ",cu-rc occur br¿t the ilÍ,ocess woul-d ru:doubieil-y tt5pi¡¿l j;1w

i;o Poin"¿ 0i r.'r-lch ".¡ould sai'isiy both cot:i;r.o1l_e::s and result in the

-:3c!a*:-^ --.-.::;:-:o;: bei."g sup¡ì_ieC e::;-:¡,eiy by Area T.

:ine pc:-ni to be s-bressed in tÍe abcve is ùhat v,j-th controls

acii,n¿ o:: lhe -i ;:ior':ra'¿ion of a single v;¡.-i ab1s> eiiher frequency

Cev:e¡-ic;: ç1-' i-; g--:;ne dev'Ìation: saiisÍacio::y ;'esults i,¡ili be obtained
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ÕiLi-)' 1'i:]¿n ih.: lo¿..i ci:1.::gcs cûJur irr. -i.le er:ea- oÍ the f¿slei. ::egtila-,o:""

i.e s:r-rs less -i,:¿:. :-'¿'l sí'¿c-ic.';.;,. i;r- -- cccuJ. i,;l:¿:- ':l:o colrsi.be t,akes p'ìace.

i';l-iai -ìtt';ïr:t;,:,jj,J g-lGnj f-l ce;i;, jg;.:gi er"en tçi-¿ì. ¿ci.u:.i.r-ì ,, re¿l::isive

::'e3u-:eto]: ard !'rr:èref i on ¿'b ei t,hri- et,cr both ¿r.e óo:::J ¿o ¿:he aciic::,

cne cf ':'"1-r cl: {ie L::e areå, i;here nc -Í oec cha,lge ;oo}i p]ace) i.r:-i i have

to ui:.dc:i ''cs:cìljon beíoi"e il:e i.esir;i c::d resui-t oÍ the affecied. a::ee

:;a-Lisí¡ring i'l.s o'.,n l-oad. ciizr:.3"r iake':; Ðl-ece.

'-ilç*T'j-rrc Èizs Cori.¡çi.ai; Botìt _î:rdl * !_3]::; l_2 sho',.'s a-l_r:.se tyste:

ihrou¿l:ct;* 1'¿ is essu¡:ed 'í]:¿Ì, ihe bias

j s, '¿-:-i '¿::¿ '-'--ì :egul at,or er: :he ::¿;-

a¡'e iden'¿icai. ìro:: si-il;oJ-i cr,'JTt it h¿s

&reås heve :! cenii ca-¡ n¿iurai conbi ned

ior ¿ I cad incz"e¿se sud.ierl.y a-o.:lied ia -A.i:.ea X, iire frequency

c-f i;he -l ,:'i¿l"coi:¡ec'ti ol '¡,ú1 
-; 

d.e crease anc s-ii sys*"en governo::s l.¡iII act

ilo cåi:sc ,¡rci'eå.srs -jn gen;:':-';ìo:r in ¿cco:.i¿nce v¿i-tir 'oheir. resÐeciive

goïei:rr:' :,drocl¡srr" Beceuse i-1, has beee essi:med that, Ä¡'eas )i, y and Z

a¡'e i d.en'b: cea t !.r'eas Y and Z each conir'i buèe as ¡nuch es Az"ea X io the

Lëjut,ert s loec i::c::e¿.se, ?i:is resui'bs in inci'eesed 'i;re-iine fiol,¡s to-

l'rêr'd.s L:"ee ir. Poi:-rt A is the ner.¡ c:l;ieiing pcsition o-": -bhe r'espectir,"e

n¿i'r¿-i cc¡ibined cheractez'ist-ics" -l-re¿ T i:rterprets ihe dep:-^essed.

írec,uercy ¿r:ir irc::e¿sed tie-i-: ne Í1 or'¡ o-L¿'¿r+ai"d as a dis'r,urbance i n

anoth¿¡' ;-:¿e. el,c il:erefo¡'e i¿il;s uo suipÐl enentaz.y gor""rlor acì;ion. Area

Z, Li,:t'.:--:)¿, :,n'íúlpi;is -Lhe irpi'essò,.i í:.eqúency ¿nd. the 4,el i.-r:crease

i::'bi.¡*.,-:: Í-:cl¡ or:.t'r,¡s.ïd ¿s eÍ r:exb¿,.::al-?l distuz'bance a.:rcÌ does noU a]-i;er

åor.¡;j-...:' --';';'-:g9o i-lea X o:: -¿¡:e o';ì:or hand, sees -"he depressed frequency
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a::d -ii:i;:'¿i;:.; :;1;:::-!; ;:-1,-,-:-::¿ i'1 c':¡ is e. s-r ¡ua-íion oí jcli -l::ci"ease

:n ii;e o','ri ¿ïG¿ l¡ld. iirer'¿ i:or¿ :zLgts 8r3ner&ii o:: ari coi:s'3qïi¿::iiJr

'':eq:a:'ii''co ?ci;j¿ ¡ :.:--:¿ --h: ;ovcrrc:'s in Ä;'e¿ T ard Z {eta those on

å¡.ea lirs g;le:,a-bc::.s no'b'*::d.cr'ïiìG) ¡'eCuce gene:eiion i.ue i;o-Lhe r*:e

-ìn li:e íieqüency uäiil- Pc'ìni 3 cir i,:c{i cher¿c'Le:"-ì si-ì cs is o'¡taj:red..

T;le s¡re i'¿ago¡: n.{ i.'c-;id. fql 1 s'.'¡ fcr dj-s'b-¿:'b¿rces i n åre¿s

ï oC ìi.,,,--r-t[.¿ie ¡-es-¿ii tha'¿ o::i1z -ì:: *,h] ¿¡'ee ìn r'¡njch'¡he l-o¿d chi:,ga

pc-i.r¡¡l lv 'h¡.kcs ¡l-*ce ,"',ç'rfl i cc¡'::ci-l cli -¿e 
¿,cÐi ieci" Tìris is the i deal-

çv v qe¡__j

siaie oÍ aíÍai:': res-'úii:-:Â i:r ¿. bo::i:-' íea;l::.ç -Lhai; 'bhe s¡rs-Lc--i i s

-inso::s'i i"r -ra zo o.:¿ à:ta hav-] ::3 ¿ f¿sl;'Jr ¡es-tÕ::se -Lo its ioad*frequency

co::."i;::cis ;:tt;i : f s ;:.cj-;ll:bcl's c¡' vzce-voi'se ås only -bhe ¿rea låth the

cira:lg; ',, ' ..- Act;zi] jr -bår:e ijupli.,J;r:'3:l'ri::y. ac'ùion' t'';he'Lhei" i; CoeS so

soonú1. ci" I ¿'Le¡' -i s rel aj:.-i yç-t1r "::;tt&-¿¿l-i al ¿s i;he oiher å¡eas t',-üÌ- nereiy

.,.,ei-i; {on ;hei¡. i.espec;-ì-ve ir.oo1:s) e;'¿i-i 'uh.e renote 1o¿C che.:ge has

J3:-: Cji.':'- ú-Ûüc-

-t_n al l of .i:he ¿bcve ..reason:.:g ri; oí couTse foiloi,rs that, hed

j,oai. d.ecreases in pl-ace of -losi jnc:eases been considered the des-

íl'.:-b'l e er-rd :'es-i;l-ls -i;ou-l-d be Uhe såite . 
_

fi ca:r be concl uaei a-r, th'; s pcini; that: -

ii,) I:o: :::¡' 3':t'e-: i:er:ber of en inierconnected group, FlaL

Fiec,r;i:c;,-, fj:;; îie-iíne or'Ije-Line Bias control a::e all capable of a

qp-i'.-l ñ l: a.'¡¡'r'=; n=l.ioi'¡rance -lar ;¡.:.ter'naå disiurba¡ces.
vsw¿e-evvv:J:".

ib) iûril-e co:rbi;i¿tions oi l-lai; FrecJiinc¡z-FlaÌ; Tie-Line and

T-i e-ii::.e Bi ü.s coairol ai'e oiiea i"ï-orss'ii-i or ii-e-Lj-.re Bi as control used

'chi"ci:g;cui 'bhe i::te¡coi:nec-L-ion 'i s the only ::eal:y sa-bisfactory supplr

Trenii:i';'r cc::";:c-i ;:cde fo:: exLçrnal- di s'Lurbances.
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vr - BIAS - fHE n{posnÐ suppr,EI,ÍENTARy REGIJLATToN (rie. r3)

It has been showa in the preceding section that only TLB con-

trol on correct bias (KB) is capable of preventing redundant supplenentar¡r

control action for exbernal power disturbances. Because of changing load

and generation conditions on a system j.t would be impracticable to ful-

litt Equation (13), h =lN[ for even a e¡cal]- proportion of the ti¡e.

Furtherrequipment outages, due to naj¡rtenanceo etc., of the load-frequency

controls, it nray be necessary to operate an lnterconr¡ected system with a

conbination of FF, FTL, and TLB modes. For these reasons it iE desirable

to i¡¡vestigate quantitativeþ the i.nposed effects of the load-frequ€ncy

controls on frequency, tie-Ii:re flov¡s and generation caused by lncomect

bias values.

In Reference 16, an anaþsis of imposed deviations is camied

out based upon percent deviation fronr the natural deviations. This analy-

sis, on the other hand, develops equations for the aâd-mn d.eviations ånd

j:odicates whether they are natural or imposed. I¡a a li-ke nanner to

Reference 16, however, neither i-ncre¡aental Ii¡e losses nor trar¡sj.ent

effects are considered. Ti.ne i¡tervals comparable to regulator reaction

plus generation follow-up, 1.e", seconds of ti.me, are applicable. It wiIL

be shown in Chapter III that the resrrlts so obtai¡ed are reasonab\r acculate.

Throughout ttris section a two area (X C V) interconnection is

consj.dered. A porur disturba¡rce occurs ir¡ Area Y and it is assr¡ned that

Area Xts LFC regulator completes its action before that 1n Area Ï connenceso

Effects on System Frequency"

For an l¡terconr¡ected system, the natr¡¡al conbined cbaracter-

ist5-c, NTOT, is given by
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¡lq:q:- .l: ],o¿d increas¿ a: g¿?:.evct':r: ìoss g-ives è +Ð Ëãd a --1i.

_j' -'.-t;è ï:, r'_1 , i1 - 
, o: t-ì :-eg';-l;or i,'ufJ ';o c:.-,p'-'.tJ i -r,s

ecf:c:: t¿!¿:'t, 'gl¿i í:: ii:'e¿ ,i co:il:e^:c;i, tce it:;;Lru:: i:rc_ucicy ceviaiion

1 :^,"' i -l ;r j¡iic¿t;i -j-r: Equa-Lion {i-9). Ar"ea Y ,,,ci:.id be correcting

Íor':-;r r',.:,-::'-istêll;:r:rc*" îf o:r the o"ch*:" h¿::i. Lhe ¡equf-aio:: in Area X

r":c¡'e to ct.l::-l ú¡e '{';s eciióa befo:"e Ärea Y co:z¡enccd. *y s-*pp3-crenteîy

co:ri:"ci-, ihe f:"ecluèr!c{ ae'1r'i¿-Lion caused by D, pJ-us the inpcsed reguìaror"

eciion i:: Az.ea I 'u'.o¿'r ;J giyg¡ ¡t

lr¡r con'Lrol ån År'ea. ï,, 1i'1:-,: -æ, LllLi lluL:Éu.Lufi \¿v/rsvuJuÇÐ

l-1;3r*

.^^ -,,'1 ^r. i ^,^r ç5u:êurvr¿

ihe na:d-ilü:a

'..I-i 1l tend '¿o return '¿he

'ir.eôircnev cl¿v-i ¡.'¡,i-on fo¡.+ + va*v¡¡vr'

r,r:*h iî¡r;¡*i¡-¿ ll ^'in accori¿:':ce
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tZ) Zç-, ,,f,., r:(.;i:.,.a,.::,,- :,-;.1 .ìl"e¿.: ri l-.t¿i¿ ¡: c;i,:¿c'l; b'i a: s¿;;:_--..:,:

. Ii.,r. : ,,!iï, --*__* (f-j )

" Ecu¿-Lions {ig) aed iZC) Aeccre iden'¡,ical ena. the¡'sfo:.e

-. _' . ..-,.--..., = - 
"/s -_- _-*- (tt\

_,_:-j 
_;..; 

_/" \!+/

i,';:"("' - -- i:.-. ll-r '

-l--' e i-:;;-':-.:-c-) ), z':-)1 'íL -Ìn ,-f'e3 ï, :r:: ¿j;-::::: r-lo-.. Cev-

'r ¿rii o:: e:i;e.,:i-e::ced 'i:e-¿u*.¡.: i,:eas X ard ï beiore suÐpJ-enenlary cont:lol

ac¿-.o-: t"::;s :l ¿c3 i s g'v3-r by

/.. -l 
- 

- .i /'.ì ¡ ¡\I--. - iJ\::1'l_\_l

itioie:* ¿ lc¿:,: i::cr"e¿se oj" gû::üïåiion ioss ìn "Li-ea Y gives * -:-D and
¿ ì'P.-, The ia'LLer c.enoies ¿n j-ncreased ou|r,vard fl-ow fi-c¡r Are¿ X"

¿::d .¡j =--.c-- ;rq.jå¿ion (i9) 3-iv;s

aF.. : Ð l'lli uri.i ------ --- lzq)---- \-) l
I{tot

1.l:e su.cl.-:,3:i';3rl icg-,i:';or v.'ou-l-d :-:llpcse a deviation given by

r?:.; = :3{l-r ri¡)
::rc .¡-:. --.J::i Ìc."r:.;ion (2C) gives

Ä?ç"- : D iíy irrli *----- ------ {p.t,\
-- -t -¡=,-*--:-*:,ï- .- \-ar

. -\.2 -r :';1 r /
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.-i :c: l] i-:-i:-- '-- ---'-- --_ -- :' - ; ::-- -:-:--;-.--,2j. -ìJJr-.-:-

i2)'lo: i.-l :c:-::,'c-' i:..:-.'-:'. --:.--;l: l-:-": i-:-ri, ic¡aulo:,s {23) ::-¿ (Z*)

becci:.e iCei:t,i cal ", anC. the:'e f'cr'¿

- \.¿ol

(3) fo",il,.l._i,::*"j:å i. À'':: ì1, d,,::0, Ec;ua';io:r (24) beco¡res

'.--,-- -- = l -*--------.-r- -.'i --*-----* **** (i:)
,

?his -j s i"¡¿a'L-i on {::--) " i.';-' i-,pcseó r'eg"--'¡:t,i on -,.'¡il i iend '"o I'e'burn '¿ll¿

i.'e*iire flor.¡ 'Lc ¿he schedu-l-ed. val-ue" Tl:e total- tie*ij:re flo'n¡ deviation

wäi -i:l:ere foi"e be i n ¿cco¡'d.¿nce v¡j-ih Ec-uetion (4) 
"

Eí'f,3c;:' ¿::: -ir¡,.":': in Àr'ea ï
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?æ.x(rp) : o

iZ) pc-r l¡¡ë -çg= å'in Å:'e¿ i{ i¡:ih ¿ co¡'::eci bias s¿i;ji:S lc.ua'bione

i:'l: r---i ',22) btcotio ÌCe-l;ical ¿nd. ihevefore

-:c-' ¿ r's';L-'::-:cr, 3, acp--jcd i-r L:se Y, the gc::e:i;ion changi

e:-p:iiu::;-: '-: ---'o:. ll, "?:ì:, ':tfore gu'::-rûticîrary control ec-lio:r tal':es

'c-'åce. ';:-- to -l rr accot'da:ce i'¡::-ih

T!.-is is sc bece";lse the iie-l-in¿ Í'l-o,¡ iev'ia¿ion iril] be suppii-ed conpleLely

j:: ecco::i¿ice ",¡-ih 
i'i... l'hit is
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the n¿ri';i':i coi::i¡Led cirarac'Lerisiic oí ii:¿Ì; area, suppJ-enie::'iery regu-

låtio:: i'.È11" 1;e::.1 to:-
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t") Eor ¿ cc¡':-¿ct. bj ¿s v¿l-¿e r,lie::'e i¡i-il be no i-npcseC devia'i;ions.

'j.:e .-.-.:-.'.-:. :.-i-ì );-,:-r-- :.; ';.,c;3-i :-L -:i: :-; sup:3-en:nrar.y coi¿rol ¿ncl ui-ll

vai ¿ i;rr-;-i i "i;he c'iisi¿u:b¿:tcË ¿Íea nas Ðr,ovidei íor i'bs o',¡n deficiency.

id) If a gi.ren åre¿i r"epi'ssyr'üs a iriajor or substantial- pL'opcir-

tíon cí -Llt: s;:-i ru--*---- cð.Ð' :'';;' of en -j l:rieÌ'con¡ecilion its bi es shouj-ci be ¿i-

;;s'-:; ';c ¿ v¿-:-'-,: r.ri.,'ch "..::- -, ¿li¡¿ys b: e-ì ¿l':ol ec,ual io o:" sl-g.tt3-y gl'e:i::
'inan ì.¿s ol;fL ilïevÉit-ing nefi:.r'ei cosbiii'ei char"acieris-Lic. lh:-s rd-li avoid.

. lrJ:"-.-; 3;rS';;.-- Ír"cc'*:.::cy i-viitio¡:s :.'; i,::e ei:ìlrnse oÍ o---'y- e-fgìi;ìy

::nc::,-ced'bie*lil:e Íl-ow dsviations E-nd -v¡il-l assis| the o'cl:er a::ea in its
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;,::i;'u:: ,'..-r-,::':C í:",¡ii'¡e i'¡¡r-lCii rl-r I l:.--i"¿j'L'a":;r-;'.;l CqUll io Ol ;-l i:lit1;¡

:- rs'¿ ';., :.:-:- a L:: c"rn j jjl-e l¡r.Í Í 1::5 ¡,:--¿-;i¿.1- cc,r:;ì r:ei c1¿i¿ci¿r--ì ¡'¿-j c, !-:is ' *'i

¿.-ïoi i: ::.-:c;¡:ì-1 ye - *-,:t,-:-! o:- :---l ¿;ïleiii-ii {]i! ¡rå çossibl e g-r¡gúg3-; 79 ii g*

1'r::e lr-s,i d,o'.-:';io::s a-b ihe ú::t:33ee cl cn1i siighiiy incre¿set' s¡rsie:r

:'r'Ëqi-;.-Ci,/ iil','-j-;; - C::o 
"

{i) :; 'tr:,ltL be oi:scl:'i,"ic. -¿!:li ihe i-rposed devia'Lion on re;':.L:'"ci

¡;;r--;;.--:*o-, ' s - -: f¿rci ¿h.e or¿-l r di i-ec;13r ¡lpeseC varj-ati on" De'¡-, ations oÍ

Ít oqi:.cr:c;rr .ú:i 
e *iat e ÍLc..:s s e,t-:ú ri:-r'egü-¡e¿ í5ûir.tï'¿ii oî: zli ccilJ3quÊilccs

c:i 'tl:-r s d:i:'eC,¿ Ë,ct.i ca, H¿:-:c¿ ll3ug¡i sli t,ir8r) ¿otS ;:ot cc:-¡t¿i n '¡ie ie ¡';¿

CC:C i J.1ë :!cÍ:i,zi cc:;;i::gd gcve:";::-:¿ ci;.1'*c'l':ii stj-c of the ::cg'.:-LatcC

ge:1eîgtic:::)" Jícr.n¿.] gcï¿rtor: ¿ciic:: cr '¿Le regula-íed. gelie:aiioi -iil ¿-ccor-

d¿nce i.:;.. tg..'= is or¡r:'*:'iiicì¿r b¿r 'o':'* lfÛ reguiato::'

{ n'''

7':: r,', '.''-.- ;.

-¡l-¿i*F:eqlr.ù:.icl {FF) cc;:-¿Llcl .i:ocses Nhe gi'earesi'dema:rd's o¡l

3ü:-:el:ð.ì,-i cn"

ili * Ifrl]ü't ûjr E¿i..S ¡.iiD Ttä lii-'iUÈ:L ûCl,ElililD CIIiIRé.CTERÏSTIC 0Ì'ù CCll'ÏF'Oi

STS?äI STr.JÏî"ÏiY

Fi"cie tl:e for:go-'-:g d;i"i va'Lì on of deriation equ¿iions it 'uil-] be

ä.lljreu"r::-r. -bhai the nàful:al conbi::ed. ci:¿i"ac-be:'istics (li) and bias se-;iings

i2i'; oí bh¿ a::.e¿s;nvolved riii iníl-usj:ce ihe interaciion of ihe a::eas in

Nl:siz'e;-bteilpi'Lo ¡'ed,¡ce th-e iie*i|r,.c ¿-a./ar i':equency d.ii-'¿'b-ìors-Lo zero

:¡-.i ¿ccordåncc "r.å-i;-i -theiy s"appie::en;ni";; cc::t:'ol äocÌe. A disi'u¡bance +D

r.¿il Ì;e ¿lsr¡r.od fc,,,ake pj,¿ce ca'::-! ng å neì.¡J opeÏ'¿+-':o:1 pcini, Á., to be

Ðsil.¿'r:-i :-cilûl, !'gain, ii vå'i be essu;''ed that ¡l':'e¿ X compJ-e'bes i'¿s con¿rof
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oYùrsìoc; c; ;he co-'t,r.,l s

:,-:¡¡c geC Írec.-ieic;,r ¡.er.¡i¿-i i oi r,¡1, i¡ r

:ii"e¿i;r be ;:: ie Í' i::- " If .^ Í-:-i is

ceviaiicn -fi.c::: :cheiule c¿usec by

l'ciir aeÍ':-r¿ ''';l^reiher or ilo-1 .:,:e sysreä trnds to be slabl_e" if ihc t!;.-0"

z,e. r:-'Î L!'3; 4 Àigi a :trb-:¿ iei:ie::cy "'¡il-l- be i-ndic¿tec"

Fror--i ir: gu¡'e I i, -ie . ¡is1-ä"ci'ì on behavi our. íor i;his Lype o i co:-;roI

co:¡.i:-in¿¿ic;r iur'ir, rili: i.i.y is shoivn, Fi.or,r.åppendix B(i) and Figure Lj-Lhe

:'e-Í å-tionsr.-.t -,c:- _:l;<iùy e:.o ;1."> ì'i" is developed, frc:a r.,¡hich

T'!-\/'!iÌ Coni:rol (ReÍez' lo i-p'ce::ii:; 3{:i) a::i

Fi $rle ió ia) ) "

i:-,; ¿-:¿-:;,:-i-es in Figu:.e I ó ¿r.c er:pioyed

-' ' r: .ïetre.ì,.,ãl s¡ìnaâ thc -cn1-i nr,'l ¿¡ i{ ¿nal?ú¡ v;v4

-- -,re rot lniencled io ..r'r:ply e generalIy

ii';
)

-l ; shoti-¡ d i:e rc'Led -t,h¿'¿

;o ie:-l ve 'i-:- :"e I ev¿nt equ¿-Lions

I vgl¿,"¡ :,.r;cied are ¿:.b-";:ü'J' e



stabLe or unstable condftlon.

Fron Appenaix g(ii),
I

dsr: ß** - \)]h--
ÃTã- ßWnL

Note that for HIL control in Area X (K¡=0)¡

(ç:-), Eq*tlon (54) becomes

5I=5
afn

ard EF control 1n Area ï,

(** + *r)]
qilçI

3'T

(¡tr)

$t)

$s)

lLn e
t +co

- where APIts ie the Jmposed ar**n" flow devlatf.ono
APm¡, is the following ùnposed tle-XLne flow devlation

cauged by controller overshoot

Equation (56)' ¿efines the stabiËty tendency of the supplmenüary controle

for Area X (FF) and Area T (FrT.).

Frron Appendx B(i:Li) and Elgure 16(b),

\q

(¡¿)

lt*r =aPm

Note.also that for k: l\l and/or k:FU

'Âfut: o

nrea I (Prl - nrgr r (FTL) Contry.L

By efunilar reesorai.ng to that contetned tn EAratton (52) aboven

Hffi-{t

$t)
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TIB/TIß Control for K¡>-Ni and Ky<Ny

From Appendi:< B(iv) and Figure 1ó(c),

APnnr

APTB

For K* =oo ênd Ky :0,

' ffiil (-' - ry) [' -,frq] --c:st
(Kr + NX)

APnnr Nv
==-:.-= 

= 
"o:-ryTB NX

and for KX = [NXl and/or Ky : lNyl,

z_.r^'I,bI _
'F4i--_

o - (ss)

.frf p /"frf Þ ñ^n+ n^1LrJD/ Ll,D uer.rr,r-er for K¡< N¡ and Kya Ny (nigure 17)

If KycNy, then fron Equation (54), AfBI v¡ill be negative in-

dicating that it is j¡ the same direction as AfU" The action is one of

oscillation about the scheduled ti-e-line fl-ow value until the correct

point of operation, Point 0, is reached"

TI,B/TLB Control for K¡> N¡ and Kït Ny (figure 17)

By simjlar reasoning, if Ky>Nyr then from Equati-on (:e¡,

APtgl rujl-l be negative i¡dicating that it is in the sa¡ne direction as AFgg.

The action in one of osci]-lation about the scheduled system frequency

value until the correct point of operation, Point 0, ls reached.

The above two TLB arrangernents are generally r.:ndesirable as

the control recovery process tends to be vague and lengtlry. In the
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'¿'rhe ¡.ii-:c i..,i",.,:, ti; :::cl',j s':;,:,:lle ¡he cct'¿toj- àc-bion"

/. .-. .-..- /.-.-..i:j F;:' ii/--'-'- c'---'--;ron 'rÉ-"1i: '¿he I¡F u:it âssi:iled ¿c be iir:

í;.s'l-e¡' ea:!',Jr'.-i-i¿.:'. -,: sc¿:r:c,:l. i.¿ ile c::¡ei:tå-l ei'ciü (Är"ea X); -then the g:'e:-uer

r.'ìè 'j-. ",.'' :.....r,.:....- ij,,: it,C:,: ai-:-¿t.i:--.O ii:e CO::i¡ûl aC'¡-.,..rt,__1-,_,
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.^,.rr-:ì.i S-a.-tÂ -.:^-i f... -^.'.- ji 'i',..-..'.-;i, ri,ì- r',-. '.:,:-, ô:4 ir.ê :-¿.".:,C-^ -,,.¡'f i,tS

1'¿ì ]-i äg ¡:å;Lii':j.j cc::;i :t;i ci::L:¿c'[e¡'is-L-ì c"

1\./\(¿ ) S:jr.¿-ii.:-,i j¡, :i ¡: ccnÍ-l ¡n¿ricn of Conc-r us-i o-:r (e ) of Seci-i cn iJI ¡

å co:::î:,j'::.':,..ve^,¡ r:r::il i,r'.-.¿ r.,'¡it.il í:s-t, suppl-enc::iar;r con'úI'o-riec ger:.eration

i'e; :;j,l::is s¡rc':lid ,í:.:p-roy b.i ¿s vu:-ues tha"U eq,Jal or ere less ihå-ïl iis i:re-

i,fär I ing nei,';ïaJ- cc¿bi nÊcl char"ecierisii.g.

1"\ :irni onr-i¡r.t,r: lr'i.+s v¿l-ues can overcone the åCverge effecis.J ; ---):-- v Jr :*vv J-üv

o:: sia"bii{iy ¿tie::d-snt iith iiífe::en'¿ aree na-LîrTal conbined ch¿raciez'istics"

{ir .ries r¡&l-'¿es ri-i il;o inbercol::üc'úeC are&s th¿¿ are both

Ëj,e&-ùût' ;:r:n cz' boih lese th;:i thei:' r'especiive netu¡al co:'¡ibi ned cir¿¡"¿ciei'-

" s;= c- -- ---:- -l ;'\'c ;-r L-ji:iJC-r Ji.::-'i J- o'J ¿r':d våAüe 'Ío-' -ci:-u-o"

igi Ti,Ê operation,¿"Jën iif 'che disturbance ai-ea pi"ovides a reore

s'i*;- - ;:-;:- ---izty co:i;r'o: :-¿-;io:. '¿- -- fl oz' FTT- plri;-: cula'iy if FJ or'

liTL is i-:.s¿::. :ri: '¿he non*di siurb.:::co ;"i+-+



,ii
t l'T

i(

(a) Notl - /l1TE6i?,ATlllG ! FC ( ¡¿ rru..", l-, r\
\¿:t¡ttqu t/

* .il

I
=-;-

ì,
/1\ tr,-r-- .¡Tt\t^ t r¡ ./¡.::-zr¡¡*,-n ., I'\D) li'! ì í:iJrih! ll\o Li-L i: s-/nuLJ !J

.. {" ..

LÇ)

,i

//|\E6RAT/N6 LFC (ntiltOO S)

T

A{ = ff:tûa[/./cr DtviÅTltN
APr = I/Ë-l/ll[ i!0\']/ DÊVìATlOll
4,Po = 6[t/[ß¡:tT/tN DEVi4i/û/\/
/< = Ê/Å5
Tt, 7 zr7!= Ì-/11 E CO f FFIC/{¡^.îS
Gs,? 'Sf EiÐ f<iclJ!,',TltN ÔF lF( 6t^/[f:AT/o¡'/
g : ,/"¿!t

F/G /8 TYPIS Or SUPi'¿il"îtÌ'/T4f("/ C2J{TRü|S
(s:; fles. 3.1, ie, $c, 4b, ia't lb /// RIE ?-0)



1,O

vII - suPPLE.fBnmARY COIWROLL}RS (r'ie" le)

It was mentj-oned on po 15 in Section IV that the term Tie-Line

Bias as employed herein r,¡ould designate i:hat class of control-Ier which

functions in accordance with both tie-Iine flow and frequency deviations

from scheduleu ln other words, the equation

APT+KAf:0 (re¡

is continuously being solved by the TLB controlleru The binomial,

(af1 + KÂf) constitutes the error signal and defines the amount of gener-

ation by whì-ch the area is defj-cient in or has an excess of relative to its

load at frequency, f,R = I,0 puu, For this reason the binonial ls ter¡oed

the r¡Area Requirement¡¡" In nost literature on the subject, the error

binoni-aI is rqrritten in tems of an equivalent frequency error, i.€.¡
(nr + LPr/K)o

ïn order that the error signal be reduced to zero in accordance

vrith E"quation (I2) a means of integrating the error signal must be

accompli.shed somewhere in the supplørentary control -process (See Appendix C).

A number of different solutions to the proble,n of utilizing the error

signal have evolved of which three are by far the most popular. 18'19'20

These are:

l. Indirsct Rezulation with a Non-Intesratins Network Resulator (Uethoa A,

Ref" 20, p" 9)o Th-i-s method i-s laror¡ryr as Tie-Llne Bias control and involves

the measurement of (¿g + ¿ptÆ) at some appropriate location from which

i.t is tele¡:retered to the u¡its under supplementary controlo Integratíon

is carried out by the governor speeder motors whlch effect changes in reg-

ulated generation proportional to the error bj-nomiaL.



il-
.-:1... ,
-_:J Ut:á1óU

ccnt,îû-r on

i¡ r. l: .- -.--
-v¿¡-r \-!ervr

,/\;)^

Ãî+¿ü)T/,Î

in a:¿¿ 3-:iJr:';'c;:, APçr b:.ou6ht ebcur

ihe a::ea gûner¿'i, j-cn under LfC is Bj,¡en
\.LO :-5r:'¿ ¿3elr q

1T- ïñ::

in ira::si'er
..-.-,L1¡..^.'. 

-+:r.it u::!\i ui

:
' 
-:ficî-i c;L

fine:'t T2 = Iniegi'a'uing ti;:e coefficient of the speed.er nofo¡.s

T^ = îr-,r-+^+:-i S-LiC li:rre of LFC regul ¡-i-.ed i-¡elrL3 - v!Lc¿'Gçu{i:-.]-Þ.rr_Lu iJt-¡tc ol_ lrL *__..Ine óûvùI::ols

S = C/d;

C.SR = SicaCy-s-Laie sreed r"eg'.rlafion of LfC regula;ed.
ge:relaiio::r

PGC : Non:'i¿ì reii::g oí al-t erea con..r-lected ge;ieiaiion
p^-^ : li^.ñih.ì Þ^+ir^^ ^- ,lrr ^..*trl1u ¿,vjJ¿¡i@r rcL/a:.ò ur G-!r ¿_r.eg LFC COn¡:CC,-e.j gC::C;a-L,iOn

ïi is assruned that al-]. units under load.-frequenc)¡ coniroi are oi
:-.þ-r qrro r:rna + ¡. +l¡¡+.j1 mu:-ç ùuls uJpÉt r,Go, t,hat l'2r .lJ3 and G5r, are tire se.¡re for ¿,.- urils.

ri; is '¿o be noied. that as integrai;ion is camied oui by each

s-oeeder no';or, ioad 'i,ransfers betv¡een unifs r.¿ould probably occur, Load

equalizing facilities are therefore i'equired. for these units under LFC. If
'¿he units are located in different st,ations, tele¡netering of the equalizing

informabicn r^¡ouid l--ave Lo be provicied.

2" i4-d,¡-{eci lqqqåation rtj-th an Ïnlezr¡.i;j-nq }le-rrn'ork Regr:laior - Tne rrr:t,

1ei' 2C, c" 14)" This method. is also known as Tie-Li:re Bias control bui

').' See Ref" 20, p. 13 , 2nd equa|ion

L.l!lÊ¡ìR\i
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iiiíe¡'s iro:l lieihcd i, above, in ihai bo-r,h neasuiÊleÈirl a:-ii ir-:.legrâiion

e.:c cc.l:-ì :.-l ;u',; :, ;l.e ìc-J.-i:eqlrer-cJ¡ c,'ni:ol-ici. Ti--is i::';e;la]

i ^ +'. .^J-- - -.... .-- -...^i --^ r'-
-U -:- --- ,ç,-:-..; 'ülu* uO ù:r.) L i'Jj'ùÐìlfe-u; 3¿;:efetOi"ì,"

lle -;ranafer fu:c'c:-on associê.'red. 'r¡iih this me'rhod oi conf:o.l

/^ : -r \

\i:e:ç: '.c 'ìAìrC :CJ) :S g:VCl'r D/

trhe:e Tl = T:ri¿gra'íing i::r,e coeÍiicien'" ci ihe LFC reguie+.oi"

j.ll- ot,her sp.bols ere as deiined lr'i'íìr iespec:
'in =ln r/^\
.- -'1'r-1er,:on (oU) 

"

.:gi;e: icu¿';ion (óf) is appli-cable +-o nechanical governors -,'iih speeie:"

[ro;ors. ior c]-cctric governorsr T^ = 0.
¿

îí' n-^r-^-¡:i¡.¡:-l -..,L1¡--. 1C.=.- ¡'¡- ¡n¡ìi.r l-\ i c amn-larraì i¡ a¡lÄi*in'¡ ¿^ jn!¡,--¡'l
Ii jJ:U,ÇJ¿ e¡v-:a-L dcU-LOjt \')eC ¡-llJviILlIit \J/¡ IÞ tiilIp-I(JJ{.:\¿ -L¿I éu\.r-Ltriull trU Ir.Uçóa c!

ac'r,J-orr, iü ;h., LiC reSuletor, Eo¡aiion (6i) becomes"

^Þ 
- iF n ìl- 1T l

-'G_.=--_== = _ I.l=]= , rli rGRo il 1 il l*_ i ____ (ó2)i +æF --'Es ]¡66læLrrTfs''+-ïl

ì.'ne:e ü = Propor'"ional sens-:-tivity.

Ì{i'bh i'iethod 2, the LFC regulator carries ouL the only inte-

g::a:io-r procûss íor al-l machines involvecì. .4.s a consequence no loai equal-

izing *¿i'¿-i pien'L is required so thai; the ¡ïachines under LFC can be localed '

-n¡rni-i n:-,-,-r r¡m.rhepo nn i.ho srrsj-.om r^rii-hollt inrns:-- ^^-*"1 ': ^^+^-l ¿^r -*-!-t^e¡Á</ .,¡¡v¿ 
-..¡.-JIIIÈ| 

-U{.)II¿lJl--Lçd'tJtJ(l Us-LsjilçuÇ¿ -

:.^- ^lj.li ou..ji.-\:ù¿

T.-ìttllrl
I l?Þ/trcÊ -1- rl
t-)

it
tit
i-lirn C ¿ ì I

lL2r , rl

-X- Sae Rel^ 20- n ì ( ì ^cr anrrc+ig¡1
" U99 ¡Lç¡e Lvt Vc L¿/t Lse
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J. ÞcÌ:,rec'¿ Ìeq';l¿'uj on -y¿t,h an Tntegz.a.ì;in I{et',.,.or.k Re acor - The

c.evi.a-ui cn oí :.;ez- cuLl-*'r, i:cn each unit under IFC is inde¡ the

This ::]eilicd i s lcao',"i1 as load-Phase Tie-Line Enerry conùrol and is sj-,,ti-lar

t,o l.ie'bhod 2 above in thai both ¡aeasurenent and iniezrai.ion ena 4¿¡,¡isd

ou¿ at, the -1 oad-Írequency conùioIle¡. Tn the designation Load.-phase

Tie-line Enerry, t?Toadrs reíers to the 'Dcr^J€r supplied by the units, v¡hj,Ie

3iPhaserr and E?Tie-tine Energrn ere t,he integral-s of írequency and tie_Iine
poh'er f-]ow resl:eciively j-n accord.ance i,¡j-'r,h l'[,St *¡rp-lr¡\ ¡+ Th

J^. r t:rT/ I!'/ Q.!o rne l_n_

tegrated error signal is, like i'Íeihod. 2, telemetered. to the units under LFC.

The app.r."opriate transfer Íunction applS-cable to thj.s control

meihod (Refer 'uo Figure IBc) is gj-ven by

^*laIu Refs" 2I & 22)"

,rPn i '-
, - =-l.PgRO=ii==.rt=_ .l (63,rx

^r + ^Pr/K mæifzrrsz + r2Cs;ll

and i:r Proportional-Integral form,

This method oÍ conLrol, like Method. 2 above, requires no load.

equalizing equipment" It does ùiffer from Method 2, horrever, in that the

feedback signal proportional io the l,FC regulaLed generation output r¡ould

*.enrl f n r¡cmr *ho ^r'* *"f ^ê +l^-l ^t/E¡rLt L,u vë.r'y .r,tle ouuPurJ or Enls generaiion during times of povrer distur-

ban'ees exLernal to the area considered. In other word.s, participation

of the LFC regulated output is noi determined solely i¡r accord.ance with

-Ic Qoa Raf ,^ ñ ì O QrÀ ^^,,^+;" rrr\i LLVLo ,4V2 pc IÕ¡ -)t'q equaELon"



l+l+

Equation (fZ) Uut i-s d.ependent also on the deviation fron the schedu-led.

output of the LFC regulated nachi¡es. This would have the effect of
reducing Ga¡: the generation/frequency charactoristlc of.the r¡nits und.er

Ï.FC and therefore r¡orrld red.uce the natural co¡ùined characteri.stic of
the area.

To sr:¡nnarize:-

(a) Method L i¡volves a s5-urpler Ìoad.-frequency controller but

requires load equalizing equipment between units rrnder sl¡pplenentary

ccnfrol-" This nethod does not lend itself to proportional-j¡rtegral control.
(b) Methods 2 and 3 are capable of proporbional-integral control

and do not requlre load equalfzi¡g equipment. units anywhere on the

system can be selected for supplementary regulation r.rith a ni:rj-mr¡n of
tele::aetering"

(c)tøetfroa 2 appears to offer a highor quallty of control thaa

Method. J because it ei:¡:¡ates the pohrer output feed.back 1oop, thereby

naintaining the value of Gç¡¡¿ (and therefore Gç¡) during e:cberrral dis-
turbances.

(A) ¡'or gi.ven response rates of the controllers, speed.er r¡ctors

and turbine governors, a greater proportion of generati-on under supplenontary

regulat'ion will speed up tho LFC process. For Methods 1 an¿ 2, a smalter

governor droop vrj-ll likewise produce a more rapid response to LFC.

(e) hopor',,iona1 control can be beneficial provided there is
suitably rapid, responsive generation avail.able for controL. This would

of cs¡¿1'ss i¡vo1ve thermal and,/or hydraulic consideratíons of the urrits
j-avo1ved" 23t24 Placing inherently rapld,-respond.ing ther¡ral r¡nits und.er

proportÍonal control and slowor, larger þdraullc units und.er j:rtegral

control has proven to be perhaps the best conbinatioyL.z5
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Trr: s pe::t oÍ ¡he s-i,udy r"¡il-L concern itselÍ wit,h the ope::a-

a';i oi'::ì ',i¡"i 1ls-i ¡ì çs of i'laniioba l:¿'d:'o î s load-frequency conbrol-s¿ The

lc':.ìrr.^l i r''- ¡-¿:'ì j'.r c-rhn.4v ì-ha f.þgg¡ieS nfeSented in ChaOtef ,i afe

c.l gcu:g¿i.o

II - ?i-ltt iFC sYS?T{r.i (Fig" l_g)

..-;'r,c;",::i a:-:l'-':,-.:e'ie:j-::"t - The SPC, l'f{ and FEPCO LFC eouip:leäts a:e

aiì- capabie oi ?-r- oi' FT'L, o: TLB control so that frequency ancÌ tie-

iins f",c"t,¡ i¡:for';ia-iion;:rus'i; be made available oir a conti-nuous'basiso

s*'q't,='.'.r-4.^-:.:."îiaìr is of cou1.ge avaiiable throughout the sys.Lann so i-tv.l vev:: ¿: v\.çv-¿vJ

:'e¡äa"ì¡.€r neressery io Ì::'aasp.:rt lhe tiedine flov¡s from the ties

iheiesejves in-'¿o 'i;he equipinent in the three control- centres. The SPC

and FIEPCO i:,ie-line fl-ov¡s are netered at the Brandon and Seven Sist,ers

Generating Stations of ihe l-lH resoectiyelyå From these points, ihe

;iregar.'ati í3-oir q-cantj-t'i es are telemetered to each of the two partj-es

conce:r'nedo

Tie*-L:¡:e Schedul-e and Connarison Circuits - As ind.icated above, each

oÍ the ¡¿r¡eîaj i'IH ielemeter receivers convert the variable frequency

si gnais fro,¡l ihe -;ransrnlssion channeis back to miJ-livo1ts. These are

ther fed '; :1,1,1 '!.he t'i e*Line elecrron-ic bridge servo-mechanisns, A

siniip""r sig::,.:ì- based upon the position of the- schedule set potenti-oneter

oosi-Lions the scheriule servos. The ou-i;nuts from the tie-line and scheriul-e
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sli re-.T¿¡rri.-r-rtì ng sliCe','¡ii.es ei.e "i;ren co;¡lt¡:r:e,¡1 . iÍ nc si¡lllaj is

rroûi:c.:,j (i.e" ¿he iivo sli,ies a1; lhe s:-íte po.ueniial), íhe-;ie*iine

i-i oit ag¡'tes t"¡j-'Lb lhe scireC,ule sei'r,ing and no cÒri.ecj:icn siAnal- is
íoi'ilrcc:r:in3- 'i¡re schecÌirle flow (as sei, Ly the 'load d.isoat,chers) and

-Lhe actual- t,ic*-;ine flow (teieinet,ered in fron the actual 'çie-li_nes)

¿i'e dis'r;-i a;-eû i-ipcn a two-pen strip char| record.er for each iie-l-ine"

_ èy reíerence't,o Figurs 19, it wiII be ol¡serveC *,_hai the

ti e-li,ne fl ow schedules s¿¡ be set inrlividually. Tlrrs avoiCs the

r:cc:ibie confusj-on a:ising i.¡hen nei ceiriation is enployed, the

r.:rr,-¡¡-! ^'-^ 
r-.^.Ì; 

- -.v!ùacuur riciv:rr8 to co¡-iiend i,ri"bh net j-nLerChange insfead of the actUai

scheduied valuesu The schem.e ernpfo;red i-s readi-! ], e:,Tendable t,o cater

for :rew inlerconnecbions or for addibional fies ì;o existing inter-
coïì]ies*úed ë.l'easo The e:'ror signals frorn the two or more Lie-line
equii¡;1sll'is äre then a3-gebraical iy co:.ibiireC before being f ed i nic gre

¿ï'ea ï'ãrii:iisnent servo, ihus, àutonatically providing ilre net overail
i;ie*] i;:e e-fïor ¡nr.-n,-n-iinn îr¡.ô èbOVe meAsufement,s and. CompafiSOnS v¡OUl_d.

p::cvice the necessary infor:nation for the Flat rie-L:.ne (FTL) conirol

F:Ír.:Ìle:jc:,¡ S.û¡edule ancl Conparison Circui¿s - Tie Line Bias - (p.ig" ZO)

Ïn a si¡¡iil-ar fasìrion '¿o.the aboveo frequency error i-s measured

by conparing ihe frequency se'r, pcini value to ihai actually anpearing on

i.l"e siz.qÌ.r-* Thi s -'r'rooerltly.ê !¡¡arirl d nr.r',ri f. ln o-epa¡ ci aoì * a l.o *urrÇ ÉJùuc-:.ù ¿1r.!o y¿vwvuu¡v vJuu-lg v u¡¡ v¿^.lr signal to bg provided

in accc:=c¿,:ce rr.ith the lï-at Frequency (nf) control mode"

iì:c:" Tie-Iine Bias (Ti,ts) operation both the above error signars

e;-e co::',bi i:ed algebraicallly, The value of the frequency error signal nray

be modiíiei and 1ts vaLue reis.irive t,o that of the tie-l-ine erro.r signat
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cr;er';i j,,is;ie e:'icìL:i¿ b;¡ irüch.Í;he l-a,¿te:r'is¡Ëbiased'¡" it, is e",,,idenl

'''::1'-- '.1'e erîor si-gnaì Cer"j-r'ed 'i;hrough TLB :lepi.esents a val-ue of Ðoi.¡e:"

*¿i-*:--;';,.,lJÏ i'l;iuenc;r dev:i-ation" r,; l.riil- be seen f¡om ther¡Freq. IJias:3

:lo'LÊï::;"irre'Ler" in fi-gre 20 thaû the frequency deviatlon error signar rnay
':; eitjus';cd i-n nagni-tude +t o give sui'¿abie nr,/0.r cycre val-ues"

i?or a bias setting that corresponds io the natural
;r::i-b'.'.-; ¿-"¡¿ ch¿:"acteri stic, ii may be seen fror¡ Figure 20 ho-,.¡ TLB

¿ìlsïe';i-ci: deterinines l,¡hether a disturbance on the interconneeted.

r:)J¡ôrüeíii is exlernal or inle::naL to the area in v¿hich the contror is ,

-íocaied" The e::¡'or s-îgnai, derivecì either i.¡ith reference to tie-Iir¡e
Ce-'dai;icn" 'frequency deviation, oi' both, is passed on .{,o the r¡.À-rea Reoulr.e-

''.¿::'i:¡ se-^vû '.':h:ch i::terprets i-n accordance l.¡it,h the foregoing r,¡hether ihe
Ì:'íll aie¿ is defi cient, in or has an excess of generation and passes the

cûrrec'ij-¡:g signar on (ry means of high speed telmeLers) to t,he con.,,rol

et¡uip:nent et Se'¡en Sist,ers Generating Stationu The. latter prorr,r.des Lhe

::ecessery rsPå.iscrs or rrlo:+e¡r¡ signals to the governor synchronizing motors
¿-f '¿he ger:erator uirits uncer coniroJ-o iicijusÈable ¡¡Fligþrr and. r¡Lord, Iinit
al-erms fed frorrr a ret¡anerút,ting slicÌeiu:-re of the Area Requirenient servo

provide annunciation for unusuaj_ disturbances. An rrArea Req,;¡ens¡¿u,

s'bri p c¡a:i lecorder provides a continuous check as to horv generation
i s neici'ling load" A reiurn telerreter circuit in the direction seven

sisters*llaffo-,v Load tE-spatch Office, measuring the output of the rnachines

ui:cer eoirtrol-rverifi es eontinuously that the control action cal1ed for by
:;*;'ea ì-ìequirenent¡¡ is in fact being carr.ied'out"

.TJ::gp:r"jrl- Çcïrl.::ql - supplenenÈary conirol is applied to four hydraulie
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turbj¡e-driven units at seven sisters Generating station capable of

delivering some 2l mhl each, Integral control Ís derived in accordar¡ce
I

hqlth Method l- described i¡f section VIItr of chaper I. Equation 65 (rtg. zt)
d,efines the appropriaüe trangfer fr¡nction for thls type of control

as applied at Seven Sisters. I{ith the exception of the factor 4 in

the denomfnator, this fixrction is the sane as that given in F,quaüion (6O).

aP,.'
'Lt¡

Af + APT/K
I
l+

the function is divlded by 4 because r+'ith the type of

equipment enployed control i,npulses are routed to only one r¡nit speeder

motor at a tj-me. This neans that although the capability of LFC reg-

ulated generation fs some 108 nfù, the rate at which it can be applled

is dictated by the response of a single unit. The goùernord of the

reguJ.ated, r¡¡rite et Seven Sistere are adJusted to províde good responss

consistent w'Íth stable operation. (Ref. 28 - particrrlarþ Figrrre 1. ì.
. In both the IIEPCO and SPC system, J-oad-frequency controJ.

equipnent of the proportionaL - tnteg¡'al type ls applf.ed l¡ accorrlar¡ce

rtrith Method 2 of Sectlon VIII, Chapter I.

- D 1r
^cRo ll 1

SzcsnPcosj LÎ3s/er* + 1
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- 
i- ,,,-ltr.

?his chapi;er ouilines ihe comissioning tesi;s carried out on

.'.a-- '.C,'-,.. -'-¡rr-ng a Tl¡a -^"i--.^,-+ rnrì '_,;her.o ¡nn¡nn¡.i¡*o iho ih.¡n¡i-a -. Jç ¿¿ ¡-vlq: u - Þ !^'u vqu-L uuurtu ¿.r.¡,r¿ ;Jl19r-Ë d,uÌ-J|up¡ -.,- -..--. *es

pres'¿i?-bed in chapter r are epplied to the resurts obtained. .A.s the

ies-bs i'.rei'e cerried oui on ','Ioï'king pcirer systems d.uring a tj¡re of the

yeai' '.'åen l-oads .'uere heavy it ',vas noi; possibl-e to carry out, arl tesis
r.rl¡-l.-.-" .¡--'-:r,.-L l^^ .t-*¿ó:iv us uesiT.åble from a theoretical point o.f viev¡.

Ai; the end of i;his chap'Uer r.,'ill be found. a tabular ana graptric

r"ecoi"d oí 'Lhe sigmfican'¿ data" These incl_ude:

li g. 22 - Table of Test Results

.FÍ-g, 2J - Recorder chart - llSystem Frequencfis, Decenbet J, :'J6O,

0800-1700 hours"

Fig. 2d - Recorder chart - ¡tArea Requirement!!, December f, l9ó0,

0800-1700 hour.s"

Fig" 2J - Recorder chart - I¡BB-I Mlegarvattsrr 
'(The 

SpC-rWl tie-

line) December 7,-:--960, OSOO-1200 hours.

Fig" 26 - Record.er chari - ttSK-I Megalvattsrr (The l,fH-l{EpCO

tie-line) Ðecember 7, 1960, O8O0-1ZOO hours.

IT - TESTS ¡JfD DTSCUSSIONS OF NESULTS

iest i - Itior¡ra1 Operat,ion of the LFC

a) Syst,e;l nornal.

l) Set Ifi t,ie-line bias vaÌue to I% of present generation.

c) Set SPC bias value to 2È1, of SPC preseni generation.



-A
)v

ì \ r- ,

û j -.Õ:c .-:-ì-r'10 '¡i as s¡¿ "i:.S,
e) Pie-c; ¿L i-'O ec:ui-**lent in service on TLB and adjusì; frecaency

òU:-;-*J ù\' t/ U(il ù G-iq Li:\i--!.:-:-ç ÞUlIçUL¡¿gù UU l]EUulIô

-\iJ ï1:-" ')')-'' , se-b j0 tr'w SPC lo i'!1.

\ -"¿l) ;',:: :ì_1 , sei 10 ::L,J ].l-l to S?C

, \ , - ,. f , \h) ì1::- ;---r-, se;- -þl-C ;:rl'r (ou-l) Íron ¡resent i,npori seiiing.
- \ -. r- /. \ ã:) T l::¿ Sii-' , set -ì C :ri,l (in) irom ¡resen; ìmport seiiing.
'\j) ii-::e Sl(-1 , reii:rn 't,o irollrâl settinE"

r \ -¡'ir) -!:e 33-i, re'"urn r,o zero seiting.
-\ t- '' , ^ ^-f / \ ^,) ì';-:lr :-:- b:as set g j"j'/c y:::e::") of prcsent generation ând S?C bias

e'c Liii of -i'Ls presen¿ genereiion sei; BB-I at +IO nid ancl SK-l at -25 ni',I,

:to';e ÌIPCO b:as se-uting"
,

n) Co;:nare -the truo sefs of ci:a¡'is obtained rnrith respeci to the different

b:as se-i;t-ìngs" Ther¿ should be no significant diíferences.

Ð:-scuss:on oí Tesi l- Resu-l-ì,s

P:'i or io ihe cor¡rnencenent of Test 1, the three systems rvere

cr:'-^ì--'^'^j--¡ '"i'-hor'-i. lr:no-fr eoìrency conirol-s applied" This ¡esu-]-ied in 
.

rJr-Çl:- V::-iúi l,:u:¡VLU lvcq-l¡ 99_qV¡¿VJ 9V¡¡U¿ v¿È qlry¿lvq¿ ¡¡¡!Ð + 9eu

sJ-igh: ..'¿:riel:ings on so:,'ie of the charts vrhich, oÍ course, was to be expect-

eC. 1'^---:s coirdiiion '..,as alloir'ed. to u*iit for approxi:nately trventy minutes.

1r.^-i i ..- .-i a.¡, a¡ *l^,a I nrrl-î-¡anrìâhêrr nnn*rn-l < nn l-l'l th¡aa qrrq*omq omn] nrrino---UU-:-v.*U:U:: Uf UllV ¿UGU-I¡gV¿UVl¡vJ vvÀ¡Vr94o v¡¡ q¿ u¡¡¡99 uJeverue, v¡u¿v4vJr4¡¡õ

'r,he tie-line bias noderbroughi conditions back to scheduleu

Äs r.¡ill be seen from Figuyes 23-26 the results obtai-ned after

r'ì^^ ^**ìì^^+'i^* of conirol-s r,.rere generally sati-sfact_ory. The deviationsuitE úPru-j-¿uq u¿ul¡

oí ihe tr,so tie-l-ines anC system frequency from the respective scheduled

velues -r.¡Êï'e not excessive and represented nornal controfl-er reactions for
¿h.a c:¡cicyn 

^rñ!nìl.l ^^ ;hrr^lrr^r{vlrv Ðs/ Þ Ugrú vGlGvJ-UIçÞ -LfMJ-Vtiuc
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' For Pari (f) o:'r.Ì:e test,, 2C n.i/O"I cycle bias (:":¡l i.U

;:--iù:i-'on ä.1 ihe t,i-ne) i,¡as enpl-oyeC orr'¿he i,.fi controiler anci l-ii on
..r;hai of tne SPC, The 3 ")fi vaLue -,.¡as used as ii represent,ed ¿he l:xâ-d-

;--u: s¿-;rì::; oi:;l:e..-J co;r-Lrolìerr'uhe:'eby giving an indication o.f

conii iiors e:r,oected t.n-i;h the highes'" pcssible bias setting" As nr-lght

be ex¡eci;1, Ì::c¿use of ihe Íai-:l-y stabl e syst,en-',.;-ide condiùions ob-

;.¡in:'-:. ,-;'--.r.rr. -i.ì1a .i.as;. nn q.i oni fi ¡rnf ,ìi f fa¡¡*^-- .1,-^ +^ .lq*^^^^ -^^! vF-i::-- r qL:- _.:: vriv uçÐ U, i-U ù:5¡4r!wc¡¡u uarrsl çltuçÞ l{L1,\i UU Jtr¡_U\_JÞitLt I'tr:;-

ujeii c:: j,:ei'e epoar.en¡ r.¡i'rh ì"he different bias seiiings. Ii r.¡i_Il be seen

ihat u¡dei ni.oï'e severe sysiein disLurbances irnposed in foJ-lor.ing tests,

bias se¡t-i::gs a::d. con'¿rol- ¡nod.es becone increasingly i-:nportant.

Tes-i 2 - theclts on Bias Seii;in,qs

\^e/ )e; >.--i i-O¡iô:i: ir'npOI"f ú

ir) Set tsB-l- ze::o Þoi,,rer Í1o',¡, SPC, i'H and. I|DPCO all on TLB control,

^\. ;ï^;--- - ^^---..¡l^- ,-*.:+ ^l c^--^* oi ^¿^-- J-^- ^--i ^l,l- Õ^ *T.Tw J uÐr1r6 a surrùÍê,ior unit ai; Seven Sisters drop quiclùy 20 mT;ü generaiion

by gate l-j-rj',,"

d.) Checir inster'¿aneous contributions from the SPC and. IüPCO"

e) SfC and. If,?CC a¡'e to check on the control- signals (rr¡¿1ssrr or ltlorverrt)

io uni"bs under LFC and adjusi bias tio suit. Repeat (c) above,

until- satisfaciory bias settings are secìrred, i.e. no rrlìaisel? 6¡ elTo1,¡e¡rt

!:piJses :'eceived at the cont,rolled unifs.

f) Dron o-urc';i-y 20 nli generation in I{EPCO and check }fH bias settings"

Rep;al ås åì:o.¡e until- satisfactory bias is obtained"

lùoie :* Çoniioi¿ing units v.-iJ.J- d.ecreese or increase generation on

chznge of írequency in accordance with thej-r respeciive speed

riroop curves i¡r a simil-ar nânner to all other uniis.'On a

change of frequency due to a disturbance in another proirince, .'
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'J--':s ;-r,l l-rJ gl:c':-l-d no¿ :e ceive su¡:] e:en--"r;r reE:J-ation

/ , ---^\
.(cc--:;c;*::¿- i:;:-ises fro: :iC) i: ihe bies value is correc;"

-.-:c-":: . ì c--' ']:':'- 2 -les.;]bs - A series of i;r'.rpcsed ge::era-uion chan;es

.l::--*-.-'..¿-'¿ cr:-'1e'j ou¿ Íi¡s'L in'uhe ì'I{ systein to per:r-it the SPC anci

i:-[FCü-;c r.¿'be;.::ri4e iþsi¡ correc'u bias settines and then in the'iüPCO

-.¡\¡c-.- r' 1-I .11-.--. +ì-ô Õ^r!j-- '1n¡ the l,I{"

The abo.¡e ::ay be e::a.:i-ned '.;iih respect to the dev-ia'bion eque-

tions coni;ejned i-n Seci'ìon VT of Chapter I and checked ir'ith results

in îig. 22, Ti:e naci.mr:,n deviati-on is caJ-culated in each case l'.'hether

;i- ì^^ *^i-..*-ì ^* .'*-,-^^^^Lú Vç --GUL:r L V{ Ji":!ÈVue

Ecua'Lion \4v)ø

i)
l-O(KSpC + Nlri + ltl¡gp)

"",'hereD=2CnÌ'i
äco6 : SPC

I'L,¡i & tl¡¡gp

bias value.

= I'I{ and HEPCO natural
rl ai orrni narì hrr pol{er
¡acnanl i rro-l rr4vvÌrvvv4Yv¿y'.

combined characteristics
changes in FEPCO and ltl

Tì:erefore

:,".s¡;1 li g. 22

- , , /^.:SpJ = ) !::i/ L'": cYcle,

Ti e*:,:rntr ¡1-3',,,' f glri aiion

-ÀfÐ = 20 - :0"130 cYcle (decrease)
J ffi

:v\./ | vo¿ ' ç+cJ,l

the average of Afg for the three tests, rvhere

I ô f I I I l< 
^1tô 

| Ã¿e YgÈY_L vJ v¿ve

/^a\- -E;qu.arr-on (ZU)

deviaiìon is used here because SPCís bias setting

tend io red.uce I Ð \rr m/ Õ
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Eor

: 8"1- rn1, (i-ncrease)

Frorn Fig" 22, the everage

rf - ,, /^ ^ÁSpC = j d:l/O"i cycle is 9"7 rn,'1.

L7 "l+

val-ue for the three iests r+here

Äs m-inute-to-ninute Íluctuations in freo¡ency and tie-Iine

Ílovr (Fig" 23 & 25) are ai leas'u some 0.02 cycle and 2 ml'l respctively,

the above resul-ts are considered" satisfacbory,

Iax. :-cad Cianse - Equations (s) a (ZS)

Llcpn\ :

where 230

-ÂP- :
- l. r(

vv¡¡.urv¿ JUÉuftru¿ -

T--t ê- | I Fê t,rê¡ê 
^mn

("0042) (zlo) = L ni:i/0.1 eyc3-e"

¡rli = SFC load at ii-ne of test.

llTU ISPC

II such that the IEPCO

from Equation (53)

KSpC*l'l¡¡ur+Nmp)

/'-W = 1.3 mì'I (dec¡ease)
Lí"+

l'Íex"_Þ!C_Generation Change - Equation (33)

n/rr r \,\,tsPC - r.sPc/
aPc(spc)

Nror

: ó"9 mir' (increase)
L7 "l+

condition existed

4u \ l-r
, / - a\¡ vo¿ , +o),l

an operating

the SPC on fTL, a::d ffiI on FF, then



r, ì,

ü^-,^
r\i.E

sol-vj i:ó (i^riih Ktn(rr)

ine object oí 'uhe

nro:.,rr:-,-, -i¡.:: cllf,-oui featul'es

{: â rr r--o* r ni e *-nrìonn=r)
\ao('e, éIr [1ùvÇu¿v vv¡¡qv¡¡vrr' /f7

a"j-
i:.. ì:.-í

':i,:;;*

U::ic¡- i.hese Ec,,iei'-Í:'cq"rencj' conditions e bias value epplied in accordance

-.+l'r':lr:":-ir.,'i l5l.\'.--,-r¡ì :ìr¡,=;,hc l¡olrnrìp*w conr'ìitriOn fof a Steb1e:,_u-: i!,\,; J-v¡- \/;y/ ttvLs

* ,=¡¡ì a¡ ¡rr

:_rl_ :
"i"t,'-

D

¡^ø fJ
.f, ¡iñn^

òjÍu

[. (Ì'ùspc + üt.m)l - ..,

la--Æ---_¡-!--------:-¡--

L (ltifij + r\sPc)l

: æ ),

Ì'ü5lg - Ii,.r¡1

)

, . t^ -'/ * 5"! : 'J"L',) mrY/UoI cycles

- i{spc
lùi"n-r
ilì:=-
'u 5r-U

A bi-as vahìe greater than 0.45 d','lþ.f cycle applied in SPC

(l.l; on FF) or a bias value less ihan 9l+ d,í/O"L cycle in I¡H (SPC on FTL)

-r.,or:J-C resul-ir i-n ¡ro::e sÌ;able condi|ions"

a5O v - icss of Tie-Lines

iesi;s under this heading r*as Lo prove the

of the controls. If a tie-line carryi-:ng



)>

å schca'Ji-cl :-cad, of say 20 nJi is tri p-:ec. íor ânr1r ¡ç¿5on, 'i.he ile-l-ine

j'lo-'.'ccu-1 û no-LJ oÍ coulse, j-erìåin on scheduie (if other '',han O îtor';)'

Tì-ie ',,FCj "",t"-n*", 
t.-cu-I-cl a;tei:-pt to brj-ng'Lhe',,ie--jine on schedule - an

obvicus inrrcssib'ility" To avoid. ihls siiuaiion, ihe *rel-e¡ieiez' irans-

:-..r-i-Lci- sigi'¡ai io:: the tie-line ÍIoi^i quaniity involved' (at Brar-'d'on) i s

',lii:pe.; ';:'{ zrt a',::ij ia¡'y conùac'r, on the tripped' line ci::cuii breaker" The

:-:;-;-ì.:¿ t^rcci.,,er in |he d.ispaich oííice is equipped r¡ith a relay lvhich

'¿ïi ps on ioss o-f signal" Contac',,s o.f this relay trip ouÌ; *,,he comparison

ci i.c-L;:is oÍ tire Í;i e-line in quesiio¿-ì i.1eï'eby avoiding the existence of

and.'.:¡.,¡ci-il¿.ì;l-e error signal. Ïi r'¡jlt be apparenf Írom the tesi res'¿Ifs

ihat, the ciesir"eci ac*,,ion'r','as obiained.

1¡.e iie-iine Í1o,,.¡ and frequenc¡r deviations recor"ded serve

as useíuf- checks on ihe bías vaiues as dei:erinined. und.er TesL 2.'For the

BÉ-i -L-r.::-p-o.d.i, a Íreo*uency d.eviation of o"25 cycLes I'ras recorded on the

1;seirt::'aïeir? S?C system" As tÌre SPC losi:20 ml¡{ bêcause of the irip-oui,

ihe ap,c¡oilr:ate bias value (and. na'Lura1 combined ctta¡acteristic for SPC)

uouid be

2c/2"5: I m-''''y'O.I cycle

i8 m:¡ deter¡cined ;n Test 2)

For the sK-l Nrip-out, a frequency deviation of 0"46 cycles

-v¿âs lecolded on ihe l:separatedti IIEPCO system. The appropriate bias

vaiue Lould iher-efore be

t8/+"8': 3"8 rni'i/O.1 cYcle

(t, ? rqr,t rìet.c¡nined j¡ Test 2)\aio./ r¡¿,,
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The value of 18 nI'l Ís used in the above calculation because

at the morient of trip-out 18 m!,i was effectiveþ being camied by the
e

tie-line.

Tests 4 & 5

As these tests concern protecüive equiprnent checks rather

operational tests they are onitted from consideration.here.

Test ó - Operation Und.er Different 1þpes of Control

A --MH and IIEPCO on TLB¡ SPC on FF

(a) Set SK-l - nornal interchange.

SetBB-1-0mW.

(U) Ctrange SPC. LFC to FF from T[,8.

(c) uote that no unusuar changes take place on the steady-state of

the three interconnected systems.

(¿) lncrease frequency setting on SP0 LFC to @.I cycles (fron 60.0 cycles)

. (e) Note that

i) Frequency wiIL j-ncrease approximately 6O.l cycles.

ii) SPC w'ilI export, about tO m!{. 
ô

iii) MH rnrill export (to ffiPCO) about 5 mtÍ.

iv) steacy-state ís reached under the aÈove cond.iti.ons"

(f) Set SPC frequency setting to Sg.gj and. note the,resu1ts.

B - I'ftI and ÍIÐPCO on TLB: SPC on tr'IL

(a) set SK-I - nor"rnal interchange.

(u) set BB-1 - 2o nr,t to MH.

(c) set sPc LFc to FTL.

(¿) ncrease generation quict<ly with one ur¡lt at, seven sistere uslng
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Bate limit (eO nW).

Note: Although frequency goes above 6o.0 cycres, spc. r"r:irt increase

t generation to kesp tie-}j¡¡e l-oad constant. This action

aggravates the situation and tends to hold the frequency high

fonger than necessary.

(e) Decrease generation quiclcly with one r¡nit at Seyen Sisters using

, gate lirnit (ZO nW).

Note: Although the systen frequency drops, spc reduces generatÍon
'to 

keep the tie-Iine load flow on schodr¡le. This action

aggravates the situaüion ard ter¡ds to hold the frequency

dornrn longer than necessarlrc

Di-scussion of Test 6 Results.

A - rncreasing the frequency set polnt on the spc r,Fc above that as set

on those of the MH and HEPCO is analagous in effect to a sustained

íncreaseof!eneration1ntheSPC.IftheMHandtheHEPC0ereon

their correct bias values, they rrilI provide no corrective action

but wait for the sPC to bring conditions back to nornal. as a

steady-state was reached. at 60.10-cycles drrring the test, iù ca¡¡ be 
:

assumed'thatcorrectva1uesofbiaswereapp}iedintheMHandtIEPCo"

Incorrect bias values would have undoubtedly given rise to hr.rntilg of 
i
:

theMHandHEPC0contro11ers.Appropriateresu1tswereobtained}Lke-

r,rÍse r"¡hen the SPC lowered their frdquency set pointo

0n studying the results of the test, iü appears that perhaps

not enough time was âllowed to lapse in order to observe whether or

not a true steady-state was in fact reached. The results are en-

couragflg and certainty fndicative 1f perhape a littLe opt{mlstic, 
:
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B-Thetestsdidprovethatfl|Loperationonone(SPc)controLLerd1d

in fact tend to hold frequency up (or down) longer than would be

òthè case for TLB opera,tion throughout. This is clearly shown

by comþring the results of Test e(f) witt¡ 68 (d) ar¡d (e). the

fonner using TLB throughout is markedJ-y faster than the latter
5-n implementing the restoration of frequency and tÍe-line values

to schedule.

Test 7 - To Demonstrat,e the Effect of the Openine of the One End of

' the Tie-Line That is Not Connected to Trip Off LFC

0n Líne BB-1, should the line trip at the Brandon end onþ,

the l'ftI and SPC BB-1 tie-Line servo equiprnent would be t,ripped out in

accordance with Test 3 aboveo However, if the line opens at the Borr¡¡d-

ary Dam end. on\r, the telemeter signals car¡not be trip*U ." the tie-
li¡¡e metering is done at Brandon" The LFC equipment, in such circr¡mstances

u¡ill att,empt to correct for the Load end. frequency d.enietions due to the'

open 1ine.

(a) ¡m LFC on TLB"

(b) sPc IFC on FTL"

(c) Sf-f - nonnal. i¡¡terchange wiùh HEPCO on TLB.

(¿) ng-f - set 10 nVt to SPC.

(e) tr:-p line open at Bound.ary Dam"

Note: IvlH plus IIEPCO frequency vrill go to approximateþ 6O.t cycles

and remain stead¡r" SPC frequency w-111 drop to approxi-mateþ

JJ"J cycLes and because of fllL operation its controller

continue to decrease generation and Lower frequency fr¡rther

unùil the controller is tripped, 
i



591

Discussion oi Test 7 Results

As line faults al-nost invariabþ involve the clearing of both

ends of the tie-line, correct freezing of the controls w'j-l-l be accom-

plished according üo lest 3. If, however, the circuit'breaker at the

end. of the lino not containing the metering or telemetering (e.g., 
'

Boundary Dam end of BB-1), trips without the Brandon end clearing, the

.LFC 
equipment w:iIL attenpt to correct for the fact that the open line Ís

not, obviousþ, on schedule.

In -the test camied out, MH e>çorted 10 ¡ah' to the SPC. The

li¡te rvas üripped at Boundary Ðam so that a zero flow telemeter'signal

was received at both the SPC and the t"ftl conürollers. The MH and the

I-IEPCO, operating on TI.B, presumed. the disturbance was rrrem,oten, and took

no action. The SPC on the other hand being on FTL was faced with what

looked Like an excess fn generaüion being Í:rfluenced onÌy by the decreased

i-nport of power (¡'tf,). No arnour¡t of generatj-on decrease satÍsfied the

impossible situationu The SPC control was finaLþ ùripped to FF. Use

by the SPC of either TIB or FF control would have prevented the de-.

generatÍve condition from occurrÍng j-n these circr¡nstances.

This test serves to illust"åt" ho* particular operating condJ.- ,

tions and LFC modes can provide a combinatlon whÍch produces r¡nd.esi.rable

resu].ts,
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CTIAFTEB IV

SUMMART AND CONCLUSTONS

1-
Actuar systerns behave l:ike systøs that are s¡narler than

the area composite governor speed droop settings rould suggest. The

ratio of actuat to theoreticar is uzuarþ between 0.I4 and 0.d2, or

in terrrs of Ggr between 0.006? and O.OZ p.un eplnning capacity per

tenth cycleo

rn tests on the sPc - l,IH - HEpco power lnterconnection,

powerfrequency characterisüics obtained for the three areas cor¡fi¡red

these values and were as follow"r- t7

sPC - 0.020 p.u. spinntng capaclty /o.t cycle - Looi( thermaL
MH - O.OLL p.u. spinni-ng capacíty /O.L cycle - 90É hydraulic
HEP00 - 0.007 p.u, spirud.ng capaci+"y /O.L cycle - looÍ þdraulic

Thoee valuee effectively represent the natural conbined

characterj.stics of the respective areas (tg) ana therefore contain

the load characteristics. They are therefore a lltt1e larger than the

respective Ga val.ueso

The dispard-ty between the "lr*, and theoretical r¡alues is
due to governor dead-bands, generating urrits.with blocked governors and

non-linearlties in the unit governing characterj.sticso Further to the

last factor, it is custona¡y to operate þdrarrlic ur¡fts at or near

maJcimum output r+hich would be on the flLattened portd.on at the top of

the gate opening/power output curre. Thlg undoubtedry contributes

touard the proportionateþ snaller response ùo frequency deviatibne of

the MI and ÍIEPCO predoninatþ and totatly h¡rdrarrllc syatøs respectivc\r



oo

cornpsi'ea io ;he SiC s s 10CÉ 'Lhermel- sysie::r i.¡ith a nore linear output

^l,r^-^ ^-'- ^-^i ^+ -i ^ç¡¡GI CU UV: JÐ UIW ¿

2 - T-ne lo¿d Characi;eris'i;ic -
The average typical- 'ì oad charac|eristj-c is positive (load

incr'e¿ses rri-th frequency) and. has a value of approximately O"OOh2/d:l/O.L

nr¡n'l ¡ h^'r-*i ^¡ f A'\ \ Ti ih=-n¡fnr.. pqqi qi.q namr] ¡l-ì nn hr¡ ¡hsnr.þ'cy cJe \3qua!l-on \v / f . vv - vöÉÞ *,--- JLng

pol,rer on increases of sys-ben frequency and requires }ess power on cie-

creeses oÍ frequency. 0n a typicål mocÌern system l'¡j-fh a natural com-

-trinecl charecterisiic of O.O1! p"u. spj-rïning capacity/O"l cycIe, and. a

spinning reserve of 0.10 p,u. splrrning capacity, the load would contribute

ç"97 = 25fr

of the arears lþwer d.eficiency or absorb 25dt" of the areass por¡Ier excess"

J - ?he Desirabl-e Operating i'lode - Bias Setiinge

Tie-Li:re bias operation r^¡ith bias settings t,hat equal the res-

pective prevailing area nafural combined characteristics is the prefemed

mod.e of operation. As this condition 
-carrnot 

hope to be fuJ-filled for

even a sma]l percentage of the time due to ever-changing conditions on

the system, 5-t is reconrnended that:-

(a) Ii a given area represenis a najor proportion of the spirr:ring

capacity of a¡r interco¡rnection its bias should be adjusted to a value

rvhi-ch .'riJ-l alvrays be either equal to or slighÌ;ly greater than its own

preva{J-ing natural combined characteristíc" thj-s wiLl avoid excessive

system frequency deviations at the erf,pense of onþ slightly i.ncreased

"OOL2
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bie-'l ine il ow der:iations and -u¡il-l assist Lhe oiher snall er area in its
'îÐ?^\7,.',-\f

(¡) If the given- aree represents a snaIl proportion of the

intereonnecied spi:rni:rg canaciiy, Ì;hen by anal-ogous reasoning a bias

value equal to or sJ-ightly less then its prevailing natu¡al combined

characieri sÌ;ic shou-l-d. bL e:npJ-oyed.. This will avo'! d excessive demands

qn i-Ls control-led generation essociaied with the higher bias values"

For any chosen bias setÌ:ing, 'uhe imposed effects on frequency,

'bie-l-irre fLows and generaiion nay be checked by the equaLions contained

i-n Table I. The quality of con-Lrol can then be checked by means of

the siabiiity equations contained in Seciion VII of Chapter Ï"

ït is general-ly undesirabl e to operate tr,¡o interconnected

areas rrith bias values that bo'Lh eiiher exceed or are l-ess than the

respeciirre neturel- combj¡red characteristics" Vague and lengthy regu-

laLor folio-';-up i'¡ill be associated l'¡ith these conditions. In the

ultina'i:e, with either FF/FF or FTL/FTL control, regrrlation of tie-Iine

flov¡s or sys'i:em frequency, respectiveiy, is impossj-ble.

In any area, controlled generation ruith enough capacity should

be avail-abl-e to futfill the deman¿u oi both loca1 and. remote disturbances

imposed. by the severest operating mode likely to be enployed.

1, .Snnn"l êm,qhrlâ'f.v ContfollerS -+o vqvv&v.r¿v¡¡veÀ.I

In order to gain the real- benefiLs of interconnected operation,

fast-respond.ing, stable conNrol- oper"ation and generation foIlow-up are

¡n¡ndpf.nr-¡r- Redrrction of the various tj¡oe constants involved in the

control process can realize these ai¡as" From Section VIII in Chapber I

iN can be concluded that .proportional-integral control. applied to a large



fa.oö

¿imount of generation, low values of governor droop, and the use of

electric governor.s. rr¡ou]d all enhance interconnected operation.
u-

rk has been done Ín the "r"* of the control

of interconnected. power systen,s areas for further investigations roight

include:-

(a) ttre application of Proportional-Integral-Differential action to

load-frequency controls to further improve regulator actiono

(U) lne best utilization of then,al and þdraulic generation in the

load-frequency control Process.

(c) Ctoser àssociation of the nomal- un:lt governors r,¡ith the supplernentary

controllers. Electric governors l,¡or¡l-d appear to be advantageous in tlais

regard.

(a) Uet¡rods of j.ntegrating load-frequency controls into autonatÍc,

econom:lc systøn load disPatch.
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åPFE¡]ÐÏX ts

IEF,IV.^.TIOÌT OF' Tru ST.{ËILITY EQU.åTTOI.JS

/.(Based upcn ihe effecis cf bias set'Lings
and naturai coml:ined charecterisLics of
a two-area inNerconnec'cion)

In the derj-vatj-ons r*ìrich ío1-ì-o',,r, i't v¡iIl be assuned that

lrea jI corcpJ-etes iis con|rol actì on ancÌ generaiion foIlor'r-up before

ihat in Area Y commences" after which Area Y uill- be assumed to com-

n'ì a*a .i + ¡ ¡'¡-¡a^c rnd qn nn!!s uv J- u ù urtd,IróÉ Ð , qrq ev v¿lo

T3

.,-l.g.l 
^.. 4PTB-1 r

-:'5 
vr 

-=::=A-IJ 
^rTB

v¡here ¡\fo, aP"no = The i¡li'cieJ- i-npcsed frequency and tie-
ii::e flor+, deviaiions respectively

Áfnr , ÀPro... = The fol lorvj-ng imposed freo.uency and
9L' ¿,LJJ- ij-e-l-ine flov¡ deviations respectively

caused by conLroller overshoot

a stabie iendency is indicaied.

(i) .¡,rea x (ntl)---arsia T (II) (nigure-l5)

Now

UÞ¿n Ð î=r.:¡T
J-u \alY/

and fron Figure I5r

Aa 
- ^F 

lT'AaÐl - aañ¡!Å
DLÞ

Ny

- (22)



Thereio¡'e

/''.?
-D]- _

i', ?
Ð

t"iJw

ry
$t)

l;.; \,;.:-A,/.:.li1 n^-.\*¿./ L!O/ !!:D r,c.,utrol- for K¡Zirl" ancì Ky> I'Jy (pigure i-6 (a))

:Af*(ltn + Nr) - D - /:.rp2(tç + ity)
(i!Y + ÁXJ

ÞI

Fron Equation (24)

and

therefore

tlrr- J

ftes¡l 1

afsl = ¿ru(\ - t<") - ¡iee(Nx + Ny)

(tly + Kx)

/\r - ¡¡ /t¡ t¡ \..tBZ:l.\rB\l\lx-¡rX/
-@@

¡\f.-'R]

ñ-
D

(lir1 + \lz.-.=j:-.--r+] --------- (54)
\¡\y f NX¿

¿r"ea x !rg) - Area B (3it) (rigure 16(b))

_____-- (25)
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e.ncÌ f;'oil !igul.e 1ó('o)

¿FT¡l = ÂÍ¡2(Ny)

^..^/låtg

,'llf-^ = D^Å)
N-

Therefore fron Equatlon (2j),

rPtg : ,=, 
Kx 

,P . ..--- (2t+)
t 1l\,, + i\\r )

¡!

end fron Figure 16(c)

Á.f-^ - D - Ægj(t{¡ + Ny)Ð4 w
r,rhapa

)Jç'R<

f.ha¡of¡'¡ov¿¡v4 v¿v¿ v,
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',.¡h a Þâ

^ -1 /t=l--Þ /. = lli.-^ t Ljr¡ -Ð.+ )1 ' ! - tYl

Kx"t\]Y.

^Þ - 
At /rr r¡ \*.T81 -utÈZ\i.\y - ilÏ/

- /u /lr -,¡ \- -82 \i\Y - r\y/

^ ¡ {-,,t rt \Lrr-Ê2 \r!Y - ¡rv.i

-¡

l\Y Ij. 
frg + xin]

/r: ' rr \'ì
tl',lx = ,',y/l 

,-_
- I 1l\l- 7-:--:-:-i1 \-'Y -(t!x -.- l\YJl

iN.rl
t¡ \ lr J l
s-:¡ jrl :---ff I K.z + fiviL Ã IJ

i
{t
l-
I

L

end

^.Þ 
ifd :- frT rí

"' 'ttnr lrl1r T Ilv 
IIÐ.L I JL ¿I

^ñ 
| r¡

^rm L ,lX 
.lL

(:e¡

f¡¡ , :r \\¡rT -r i\X/
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APFEÌ'IDÏX C

PROPORTIONAT,*T'{TEGRÀL COIITP,OL

f
Y = l- 1n¿t + o.¡ -:L

Tr./

I'fherê r/ = ¡'í2rj nrr]¿¡6d Ve'"i ¿ble

1, : Intesral ii¡ae
J-

E : Error signal (e,g,, (^f +AP*/K)

Q1 : Consiant of in'uegraii-on

Upon differentietion

This type of controj provides a nanipulated veriabLe which

changed at a raie v¡hich is proportional to the error" lfhen there is

error signaJ- (on sched.ule) tner^e is no control action forthcoming

thereby provi*ing automatj-c reset åction" Integral action is shown

in the skeich belorv"

ô
I

Tn¡ rì

\¡,,/ il

:

I

ï¡
el¡ - *ã-
-il- rfì
dt tl_

Ls

,f

I

Generation
fY)\- /

Tjne _>_
fnteerel Control
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?r'oport,ional- cgntrol- (or Frj-nge controi) - Ttris con'i:ror raoce is given

by the equation

Y:ì,8+Q2

i..¡here Y and E are as deíined above

i{ : Proprbional sensitiuity
a - n^*-+^. r\2 - vu¡¡ù (/ë1u

Upon di-fferentiation

,E
¿Y : j:ë.-
df Llr,

This type of óontrol prorrides a manipul-aùed. variabl-e irhich is
changed at a raie i+hich is proportional to the ¡'aie of change of the

eÌ'ror. Ïhere j-s no control action forthco¡qing for boih cond.itions of

zero or a consL¿n'L emor" Proportional control, then, although providing

a faster aciion i;han integral control. does not possess the automatic

reset feat'.re (See sketch beloi.r).

i
i

Generation
(Y)

¿ulg 
-ts

Time -----+-

Proporiional Control

¿.
I

I

!v@g

\fr/
Offset,

Proporiiolal--Integra1 Cogtrol - This is a combÍnation of ti:e above tr,o



la)

r=^.1 ^^ ^qJ : ^ ã-i r,Âh hr¡ *1ra Õ^1Ìâri ^h;--rJutiù éllLL ¿Þ Ë-LVç1¿ UJ L,:I\i lÍL.uÉv-:u¡I

n/ ...,\: : ì.i / EcÌir + ì..E'+ Qr')r¡l
J_v

'".;here Y, M, T1 and E ere as defined above

Q,. : Constan'¿ of integra',"ion
1

' This type of control comb'i nation

of proporiional control w-ith the autometj.c

control- (See slce'r,ch beloiv)"

provides Nhe fast response

reset feature of inNegral

I,

I

Generation
/v\\-/

Tjee 
-_

h"o portional-Integral- Contrgl

operational forui, proporLionar-intelra1 control action is given by

ï:i+: r +l-j
ll I T"s Iu rl_- )

where S = d/dt

,1.
I

i

Load
(11 /
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