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ABStB,49I

The tr.ro-frequency transmlssion of power cannot be re-
garded âs ân entlrely neri concept. Exanples of the tylng
ln of two power system-q of cì if f erent frequencles are not

hard to f ind. Until cornparâ,t i.ve 1y recent times, North

Amerlca had a r¡arlety of frequencles, of which 60 and 2J

cycles were the most common; and for certaln operatlons

these frequencles r,rere tled together" In Europe such tles
exlst between 50 cJ¡cles systen a,ncl the 76-2/3 cycles of the

various electrlc ralfwÐ.y systerns. These systems are nothing

but a speclp-l case of the two-freouency transmission of
power.

The two-frc-:quency nethod l-q considered here as a pos-

siblÌ1ty in extra.,-1on65 cìlstance pov,¿er trânsmisslon, and cìs

an alter'natlve to the ha-1f -wave length mode of power trans-
mission. In theory, it ulillzes the concepts of half-v¡ave

length powe:: transmlsslon r,¡hich ltself can be extended to a

full- wave length. But, because of the conversion devlces thêt

must acco nipar¡r this arran6lement, there 1s the adcled advantage

of better control. over voltage and current profiles of the

1ine.

The obvj.ous lmplication of this nethod 1s the uluilIze.-

tlon of one frequency dlfferent from the standard consuner

f requency " l^iha-t ef f ect, j.f any, this other f requency has on

commonly known systern paraneters such as rep-ctance, eddy

currents, ånd hysteresis losses on power system devices is
examlned, and where possible, an a_ttem1:t 1s made to rel.ate

observed Ìsolated effects to revea-l_ the j.nf errlepen<lence of
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some of them. In cases where such i_nt er<ì e pendence does not

exist, the j.nf luence of frequency on a.ny part,lcuLar para.-

rneter ls presentecì for a f .a ir1.y lvide range of f requencles

-"o that the choice of any frequency within the range can be

dictated by sound engineerln¡4 practice and economics.

fn the presenta_tlon of thls thesis a brief reviev¡ is
1"0Ðcle of the conventlonel lon¡T distance transmlssion of power

and the cornparatively recent half -v¡ave length method. The

theory ancl mode of the steady state operation of the two-

frecluenc¡ line ls desc¡ibed a1so. The effect of incr:easlng

frequency 1s pre-<entecì, and theoretica.l_ cal_cufa_tions for a

hypothetlcal tlo-frequency line are cp-rrled out. In acì.dit1on,

a survey is nade of exlsllng and probable methods of frequency

oonversion.

The author feels that thl.s method. of power transmlsslon

offers rel1abi11ty, and a greater d.egree of flexibllity than

1s knol^¡n at present ln the extra-long dlstance lrans¡Ìission
a.nd distrlbutlon of energy.



CHAPTTJR ONE

ASPÐçTç qF POWEB TEANSUT.9SIOI!

ln t.he effort to harness wa-ter resources for pov¡er,

a.ttentlon r,ia s malnly clirected to water llesources that are

nea-rer to cente::s of popu.Lation. As the de¡¡and for power

increasecl , and these nearby ¡,,ra-ter resources becalne depleted,

attentlon was naturally focr-rsed on molre remote potentlal
power sltes. PrÕblems whlch hitherto were absent or only

sllghtly present, now manlfested thel¡selves to a hlgh degree,

and new ways had to be found elther to efiminate or clrcum-

vent them. What these problems ãre, and hou they have been

overcome, 1s the purpose of thls ând the subsecluent chspters.

1 . 1 tun¡1a legt el. Pro Þ 1,etr9 q f B! IA-_lg¡S-li5lallSe_ &*'11qfþnsp_trS]on

As far as the power enp:inee:: is concernecì, an ecluationf

of lnlerest for a povrer systen as shown in flgure 1_ 1s:

P, = lEsl lErl cos(b-rj) - lAl lÐ"t 2 cos(b-a) .l
lBl - tBì

where fu ls t,he power recelved,l'

E" is the sendlng end voltage,

E, is the receivlng end voltege,

d is the angle between E" and E"r

A and B refer to the ABCD constants of a four terminal_

netrr'ork, with a anci b as their respectlve phase angles.

Fo¡ a .Ios-.less line - 2nd nost. Ìror¡Ier Ìines a¡e rnzcle
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neâr1.,\¡ lossfess - equation 1is girren aprtroxl-!n2tely â- -a

D tt tr -ih Â cr]ã 
= 

.re.c-

-E--

¿rnd the naxinun transferabfe povrer is!

P¡;p¡!ì" ,)
-E-

To a certa-i.n clegree, the angle c1 i.s l,rithln the contr.ol of

the engi.neer, r,rhile R is e,- quântity rvl'ich for a f4iven fre-

ouency, i.s cìeterrnined by the co|!]ì:inerì influence of the [1ne

I eirg'th a-n<ì a1f yran^zero i'nI¡eclance erlipment install-ed on

the l-i-ne. 0l--1¡ior..LS f ¡' B is a limiting factor on the rraxi.rnurn

t::ansferabfe por¡rer. The point of inlere-< L then is how does

B va.ry?

Fig. 1 One line dia¡rran of an electric
sy s tem

A- sketclr of the variation of 13 r'ii.lh line Ìenprih is Þrovided

in f igule 2. f I has reål rncì imagina,.ry coirponent-<, the

l.al1,er part c.. f r¡hl.ch va-rie-s ¿r.[r]ost s-i.nusoldal1l¡ r'1th 11ne

1enp.:1,h. ff eouatlon 2 is r'lolv lre-exânined :ln the li¡¡hl- of
'blris faot, it r,rill the¡ he seeì1 that lor ar,:l l.ine I ess thar
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or eoual to one-euarter wavel.enp l,h the rns.x ir.uuÌr transf erabf e

Þo!Íer decrea-qes as t,ire l ine ì enprth j.notepses. I-or the stan-
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Tn figure 4lhe ratlo of lreceiving end vol.tâge for

the open circulted llne to send ing end voltage ls plotted

f or llnes Ìes-< than, or equaf to, one fulf wa.ve length" -

;\

I

¡3ò

ri-"
I

I

I

Fig. 4 Slcetch: Êatio of receivíng encl voltege
as a function of l-i-ne length.

A study of f i€iures I and 4 reveals increasi.ng values

of voltage and charging. vo.r -c as the llne length increases

within the fir-qt ouarter-wave length a.nd at points nea.r the

quarter-wa.ve length posltlon, these tencl to become vel'y

large, and theoreticall,y infinite for a lossless 1lne.

BeyonC thls posillon, both these quantlties decreâse from

opposite va.lues of lnflnity, reachin¡4 a minirnum aL h¿Iî -
wave length position, and thereâfter increa-sing a¡raln"

These are obvlou.sì-y und.eslrable characterlstlcs for which

soLutlons must be found.

:-l
,31 .-ãl ¡-r.c'
>l.t
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;i;
'Ílf,"
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Anobher problen vrh i ch

one of vcltaße rise in the

Íagnil,udes of the r e ce lv in€r

held con-"tant " The voltage

length increa-ses. Flerrre J
of thl: e e transmlssion llnes

must be considereci too, ls the

mid-polnt of the line j.f Nhe

a-ncì sending encì voltage-s are

rise lncreases as the line
sket che -s t-,he r¡r:l.ta.ge profiles

of cl if f erent lenp;ths.2

!
.0

r,o

l"-- L' -*---"1
!- ---- - L, .---- -.*-- ol

kLB

Fig. 5 Slcetchsof intern¿rl ljne volNages,



CI{APTER TI/O

soLU'IJqNS_lQ EXIRA-IQNG pIÞrANq

Bor,,rÉn lB4Ngi rss IqN IEQBI,ELIS_

To combat alf the aforernentioned effects, onre method

which has been devised has been to sectlonallze the tr¡ns-
mlsr.ion lj.ne,¿ (See fieure 6.) Thls solves the problern of

è--.---__-_-<

"t-. "--"*,;iil ,."r*;" "; r"*.,;
hlgh voltage ratios betv¡een receivlng and sendlng ends of

each sectlon an<1 consequently for the r¡hole l1ne. To

avoid the high chargin€i currents, each section ls shunt

conpensated. (See figure f.) To obteln greater maxlnun

tre-nsf era.ble pohrer, ea.ch sectlon 1s series cornpensatecl;

the effect being to decrease the r¡alue of B. fn other

wolcls, an el.ect¡ical1y short line is being ma.de out of a

¡rhyslcally ì,ong 1lne. l,Ilth lhe l,lne so cornpensated there

-, 
Se,',"S Cocn¡o'r sot'le1 re(\ctsnc(

.,t \ (c.,. p q. , rrvc)

'',. \xt 3e, \

0o::tc en -. at ecl -qecii.cn of
Z i¡ Lhe ]-i.ne serie-s

s

Corn¡r'rr sst''3 R Q<r(tqvìc'¿

(lnducrr ve)

Li nq s hu 't+ r rzcrclon ce

i¡r¡edance.

a
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cone the risks of serious e.nd sustalned overvo]tâges and

these may become the limitlng factor on the maxtmum trans-

f ere.ble power .

2.1 Dirgq! Clrrlqnt Uenq¡lissiq4

Another possibil.ity for .long cllstance transmisslon of
porr'er i.s l,he dc ¡nethod. Basically thls method lnvolves the

recNlfication of afternating curÌ'ent power, which is then

transmitted and inverted inl;o :rlternatlng current power again"

By thls rnethod, the problems of stability, lransient or other-

vtise, are sidestepped. as nuch as posslbfe. It suffers from a

hlgh initial cost. li diagramatic represetltatlon of such a

line i.s given in f lp'ure B.

l"¡!¡,.¡¿ lans

2,2 Hatf -r{qve Lçnglh P-oldçI Tra4s¡i-Ssio+5

In the haÌf-v¡ave lenglh method of power transÌnisslon,

the undesirable lnhibitory lnfluence of B on maximum trâns-

ferable power is very greatly rninimized by utll.lzlng Lhe

serni-cyc:Llc var iât ion of the inraglnary part of il. (In a

l-ossless case the¡e v¡i1l be tro ::ea-1 part of B. ) Thus a líne
which fs betr¡reen 180 and 2lO elec-vt:i.ca-1 de¿5rees 1n ìength

behaves in afnost every l:espect as a flne which is betv¡een
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0 and 90 electrlc¿¡l degrees. In other words, chargi.ng

currents a.nd terminal voltage mâgnl|udes are the sa-me.

Fault currents at the llne terrninals are no larger thr.n lrhose

Òf conventlonal l-lnes. Rut there ls a- great dirninutlon of

fault cur::ents as fault points occur progresslvely farther
from the terminals. It mlght Just be well to polnt out a.t

this sta-ge that frorn stabl1lty conslderatlons, f.ine lengths

between p0 and 180 electrical rlegrees whlle h¡ving sma1l

magnltucìes of ts, are not applica,b1e.4

HoÌ,re1¡er, ln actual prâctice no porder l1nes are up to

tBO electricâ1 degrees on the stantìa¡:d 60 cycle frequency,

so the technique used is to lengthen the l-ine. A number of

tee sections, each of the same characterlstlc lmpedance as

the line, is placed in serles anywhere along the llne" The

tota,l nulnber âdded must be such as lo stretch the line to

belween 180 a.nd 2f0 degrees.

Perhaps one grea-t advantage lnherent in thls systern ls
the lncorporatlon lnto the tee sections of a-11 transformer

rea-ctances on the line" Iiowever, I s-êrlous shortcoming of

thls type of l1ne is the €îrea| ffuctuatlorÉ of the flne in-
ter:na1 voÌtaêe-q as the l1ne load ls varied. (See f lgure 9" )

Such rçide voltage fluctuatlons3 nake 1t difficult to adJust

for llghtnln€r protect,lon. 4,1so the]e is a probìern of

inlerned iate tapping õf powe¡, for' vrh'1ch r solutlons are .st111

be ing . 
s ought ,
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Lo.\d >å.t.L

lÀa Ëts¡*..cc --> 2

Fig" 9 1./cì_tage r:rÕftr'.1es fc¡ : h¿.ff.-
r.:ave -1, cngiÌr -l_;i.ne "

Data a-n<l deslgn5 of such â transnisslon l.ine are pre-

sented below a-q a matter of interest.
Ll¡e length : 900 mlles

Ser1es lrnpedance : .0123 + j0,249 pu per 100 ml1es

Characterlstlc lmpeda.nce = 1..22 - J.O3Oj ohns pu

Propaga.tlon constant e( + JB s .OOJ + J0.204 ohms per 100 miles

J'Ò1"

I¡I'-9. 1-î C;-ie -l,i.rrr, cì:ì :g:ra::r of a liy.¡-, o.iÌ-.,r::i:i c ¿I l-r:',1.i.-r,¿.ve tei;giir
I lll !:j.

I ¡'165 r'2¿5 J'zzË J 2¿r>UîI-:T;
_l'- _L



CHAiTTER THIIEE

T\40-FREQUIJ.NCY IIEIHO!

Before lntroduclnp; the discussion of

method, the point must be establlshed that

€liven only to steady slate operatlon.

bhe two-f::equency

cons lcl erat 1on i s

).I Bas ic Pr inc I 1e

As ha.s been lndicated earlier in this paper, the two-

fre<luency nethod is based on the half-wave length princlple
but dlffers from lt 1n one fundarnental. respect" Thls is
the adoption of an alternatlve procedure of maklng a given

ph}'sica1 length correspond to a desirecl electrlcal lenpçth

by cholce of frequency" ('Ihe electrlcal line length ls
inv,.rsefy proportionÐ-l to frequency. ) For lnstance, a- !00

mlLe t::ansmisslon llne opera.ting at 60 cps is less than a

half-wave length, but such a 1lne operatlng at 120 cps

v¡oul-d be rnore than a half -wave length.

The tv¡o-frequency method reallze-s a clesired el.ectrlcal
length by the slmlrltaneous use of two frequencies and such

a l-ine wouLd be as shown ln figure 11.

Fig. 11 Cnc 1.1ne cì:'.rgra;l

.+--- !(.--rÞ

--=__È

of e. t'lro*f rcçiencjr 1j.ile ,

l_

- )2 -



If the distances 9. and x

is purely reactive, and

eqnatlon for compuilng f

c.at o egree s t-s

- t? -

are fixed, a-nrl the line lmpedance

if f, is held at óO cycles, then an

such that the llne is l.B0 electri-
2-

f^= (1Bo-xØ-t)f-
L

(t - t<)ø1

v¡here x is Lhe dlstance f i'or.i.he receiv j.nFj e nd

and / is the phase shlft per unit distance at ft.

For the purpose of this thesis, f, w1.11 be referred

to as the DriTnary frequ.ency and the point of frequency

discontinuity, so to say, will be referred to as the break-

polnL. Break-point distances wlll- be neasured from the

recelving encl of the transmiss j.on flne. Frequency versus

break-poinl curves for three different lengths of trans-

mlssion l1ne are shorvn ln flgure 12. ilhough break-polnts

ca-n be placed anywhere alonpì the lineu not all. of them are

reallzabfe . Break-po infs near o- quârt er-r\rave^length

lnvol.ve higher freo_uencies but apart fron this, the drastic

vôltage fluctuat,ions llkely to occur a.t such pointsr pâT-

ticularl y du.rlng open circuits, v,'ould serlously affect the

opera,tlon of any equipments insta.lled at those polnts.

;isûplose pbe.se shifi at :f. i.s f1 clegf ees irer unit olist¿l'tce" The:r_L _/ r-

et" f ,t Lhe phase shi,ft is î7 B1- (ìcglccs Ì,c.r unil disLance. TÌrus
]i

f ol a cor¡rb j.ned pÌil se shlf i of lS0 rì etrcÊs ve uill h¿.ve thr: rel,at j on

xl1 +(t-r')rr{-1-660
6



o,f pïi)leTy f ret;u.,itcJr ïcrsus bre al<point,
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The qlrestion nay be asked why lt fs necessary to have

a break*polnt other tÌnan zeto. The answer ls that only a

non-zero break-point operation of the fine 1s ì lkely to

offer the fullest use of the resources of the system. This

wltl be better un<ìerstood and appreciated when the rnod.e of
operatlon of a typlcal two-frequency 11ne is fulIy explalned.

ïn practl.ce, most transmission lines are less than a

hal-f -wave length on the standard consumer frequency in
whlch case hlgher frequencles t^rould be needed. to br -i,ng them

to a half-wave length e1ectrlcalIy. But power must be avail-
able to the customer at consumer frequency so that the need

for frequency conveïters beco¡nes evident.

The converting devlces contemplaled have components

that can supply rezctlve polrrer to the tra.nsmisslon llne.
îh1s reactive power may be employed for s tub-i¡at ch i_ngl7

pu.rposes and thus help keep 1i.ne voltage chanf{es as snall
a.s posslble. In thls connectlon, attention should be

dlrected agaln to the sketches of voltage prof liles for the

half-wave length 11ne. (See flgure p, page 11.)

For stub-matchln€5 purposes the reactive power would

have to be introduced at some dlstance a.way from the 1oad"

It will be necessary to nal.t untll the devel-opment of the

sectlon d.eaì,lng with tuned transmlsslon llnes for lhts
polnt to be c 1al:1f le d .
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fn the llght of the foregoÍng, it w1Ll be seen thatthe tv¡o*frequency method ellrnlnates the necesslty for teesectlons. (An lllustration of the use ol tee sections lsshovnr ln figure 10") F\rrthermore, the compflcations ln_cldent to the use of capacltors in a high voltage l.1neare avolded. Also, the method offers plospecüs of thecontrol of the inte¡nal llne vo-Ltages which, in turn, neansbetter lightnln6ç ad just¡¡¿¡¡s.3



CIj/ìPT]ER I¡OUR

FB EÐ.V!iNç ì'*t"gII! lF

Po¡ier 1-,¡'ar'silission iÌrvof\res the use cf eqinment such

as transformer,s ¡:nd genera.t,ors, al1 of whl ch harre cômt)on.

ent-s th¡t rre af f ecterì by f::equency, -AÌso, sorne tÍ.a_]1snlissiÕn

line para'leler-s, i¡exi.11i.ctb:l.y bourd up r.¡i th oLhc,:r v¡riables

tha-t r:es1-,o¡cì Lo frequencJ¡, Ðlre i.nvari¡;.b1..¡ af f ecled. The

effects on 1i.i¡e pareneters and s-rstenl devices ãr'e seÞar'atefJ'

callsidêrcd.

4, 1 Effe c nS

As has been merti.oned e:-rf ier rrnder I,'u¡,cl.amenta-f Prob-

J.ens, I' the olîux of hoth the hal,f 1,¡sr-16I6¡¡:th ¿lnrl the tl,¡o-

freouenc¡, methods is tne l.engthening <¡f a line in order to
oL.tai.rr ? desireri val-ue of Ìì, (sec p?ge 5, ) for purr,os-os of
grealer tr n-ef er of porver. Thlts f roÍt eouâtion 2 !

Tr- - L^Il-sin ¡ì.

J
s;c that a1l- sl¡ster¡,q havì.n¡r equnl vaìue-q Õf I3 would have the

sâne steÐ.dy -state nor^rer crpabilities, rrrC HoulC be unaf f ected

bt,' their ¡,rene::ation ancì trans,'nission freouencles.

4. I . 1 Trer4-s-i-er!-s_lejlljfu

Synchronous Êrel1eretors ancl nol,ors o1-a¡' an inportânt
p"rt in the l-tr'r¡sJ.eni sL:,1;11it;,, of :.: tran¡¡trí_ssi.on s¡'sten.

17-
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The a,.ngLrl.ar llr¡",erta o, 
"r".chTonorr-" 

rn,echi nes rre usr-ìâl.ly

ter¡irotîâl'i f l, adJusted 1,o meet v,eriou-q fau Lt cold itions
as a nieÐ.ns of inprovíng systen i',r¡nsient sta.bi.lit¡,.

Fror clessic:¡1. nlechanics the romentuqr of a rotrting

n:¡ss is gi.\ren ¿Js

14 3 f r,r

r.;ler.c :.: is i.n Jou:l.e -ç,e.a /yed ,

I is the nonent, of inertia of the o'b.ject,

ancl tI i s the anp:ulâr velocit-\, of tÌre obiect"

.'i n genereì. for a cr:n-et=.n b s1:eetì of rotatior ¿Lncl a f i>red

rolali.ng ma.ss, the 2ngul.âr noìrerrtr.Ìn ìr,ecoÌ!res cr:nsL¿nb.

Ilence, ¿s l+i Ll. be slronn l.cter u-nder rrGe¡er"tors", generator,s

of the rìalne câÌlâc,i.tÍ, the ss¡1ç ¡¡¡pnet,ic co¡e f-l-¡-tx

C ers ily, :lnd lrechanical speecì h?ve the same no¡tcr,tum 
"

T.'he an,euì.ar monenturn can also ìle exnlessed ln a

c-le:rivecl set of '-¡nits. The re-"u.Lti,':¡'; rna bheusticâ1 extr'es jllol:l

f or a s inp:l.e :::rich i.ne i s tl"en

I'1 * GI.I -K- TfIr* î
r,¡here 11 is in r,eEâ..,iou1e--"econds per êlect:ri oal cìegree,

G is tl'ie ratin,g of the tBcl¡ine in nep:e\¡Õf t-enìret:e,

1l is the storeC enÉìrgl¡ i n 'rlege iou l.es/machi¡6 ¡:rll-s
t n rce p e vo.l t-â-ureres.

Thu.r ihe zntrvlzr monernlu''¡; Ì-.¿: s a recl lroc.al. re1:: iì.On l,r j.th

f rer.tuene¡'.
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The angular nonentu.-n appears ln the swing equatlon in the

following wa-y l

t, d?ø.^ s dP , 5
dt¿

where dP Is the accelerating por\rer,

and / f.s the a.ngular positlon of the rotor of a. synchron-

ous machÌne.

Thus the indlrect effect of frequency on the acceleratlon
of the rotor a.ngle 1s seen by substituting for M ln equatton J.
Hence,

K __ a2Ø - ar,
= X --i5 ; urr dt.-

orî q4=$xr
dL¿ !

Therefore, the rotot' acceleratlon is directly proportloneL

to frequency. Thls proportiona-lity in turn irnplles that
the crltlcal clearlng tlme for a glven f a-ult condl tlon on

a po1¡¡er systen becomes smâLler and smaller as the frequency

lncreases.

t+ . 2 Frqq qe ncy_ Ef:lç-ç t¡-_qn_Ðå-e.L9-ç-UÅ9-g

The variatlon of ì¡reakdovrn strength of dielectrlcs
¿

rvith frequenc¡.v t" glven by âh,,eup:.l-".t0a1 ¡el-ation

R-= K

fn



whele Bf ã :l:at 1o of

= frequency

= constâ.nt

= constant
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dlelectr:ic stren€rth at frequency f
to 6O cycle strength,

in cycfes per second,

dependlng on the relatlve strength
of the materla-l under consideratlon"

f

ï1

t\

Thls relatlon 1s presented graphi.cafly in flgure 1.4 for

K = 7,?5. The curve points to the necesslty of uslng nore

insul ating materla-f as the frequency increâses. But the

rate. at, rqhich the ra-tio decreases is considerabfy slower

at the h l€lher f requenc ie s than at the lol'ùer ones .

4.i Effect on lYasnetic Circutts

Core ]osses are du.e to the varietion of f lrrx J-n a

rnagnetlc cl.rcuil; and fal1 into two cl,assesl hysteresls

and edd¡' current l.osses. The eddy cu:lrent losses are re-

sj.stance losses as produced when current f lot'¡s through any

rnaterla-l. Expresslons for these .l.osses have been arrlved

at for lantlnaterJ. rnateria.l.s wlth

alterna.t lng excitationr and they

could be the basis on whlch f::e-

queì'lcy ef fects could be ex¿rmined.

The losses? for t,he nagnetlc core

sho!ùn are ;

Hystere s 1.s loss

per unlt

Pn = KnfBx wa.tts

rro lume or r.le ight tFig 
" 13 Map:neti c core

-" ho¡¡ ing Ð Iâ.\)nD
of thi ckr,¡ e -q s !'tl





i:t"+;d;l
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Eddy current loss, Fç = K.tztzøz

wa.tts per unit vol-ume or weight

rnrhere the cônstants K¡ and Ke clepend on the chara.Leristic

and e1ectrical resi rt,znce of the material, The exponent x

is a constant between 0.5 ancl ?.3, L i s the thickness of

a-Ia"mrna", a.nd f is the ercita.tion freqency. The equation

obviously inciicates hysteresis losses Lha,L a.re pro"rìor'tiona-f

tcr frequenc¡t, ancl edci¡r curr'ent losses that aTe proportional

to the souare of the freouency.

4.4 'Effsgt on Cel{luc}qrs

The phenornenon of skin effect ha.s been knotrlvr for Ð"

long time, and there Ð,Te mÐ.ny tables and calculations for

a goorily nr-rmber of concJuctor sha"pes taking 1t into con-

s idera"tion. But these tables ancl ca"lculations were mad,e

for frequ,encies so far remsveci from pohler freqencies,

LheL they can harcìly be relieci upon for power work.B

Some r¡rork has been rJone recent.l-y to rectify this situ¡,'rtion.

l+.1+.1 rnductf ve Beactancç

Ulost of the work in Aluminiun Cable Steel Reinforced

( RC:SFt ) i." on the e.ssumpli on of unif orm cu.rr:ent d lstri bulion"

Proximlty ef f ects are c.ons iclered absent s ince conductors

of overhea.d traräsmissi.on I ines are inva-ria.ì:l y r¡ery f er apart

relative to conrJuctor rJ iamei.er. For the f arger str.i:ncjed

conciuctors, bolh tests and calculations show skin effect
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on inclucbive reactance to be negllglble, Under the-"e

cond l.tlons the lnductive reactance of ACSR conductors 1s

c1 irecl:ì ¡r prôportionp-1 to f requency.

4.4,2 Skin Effect Bes ista-nce

P""f

Slcei

If bhe thickness of the al,umlnum

layer is la.rge, skin effect causes

an lncrease of reslstance over

the direct current value. VJork

done indlca-tes that the degree

of skln effect on stranded ACSR
3ig. 'l 

Ja ACSF" conductor 
"

conductors is nearl.y the -salne âs that of e. uniform conductol:

of the same lnside and out*side dinensi.ons, ând the same re-
sistance to d1rect cu::re¡:t as the a.1um inum pa_rt. îhus ACSR

conductors havlng two or more layers could be ana.lyzed on
d

Fig" lJb Hol-l-ori tubufa::

the same pâ-ttelîn as f o:: hollow

l,ubular conductors as shown ln
flgure 1Jb. Plots of ac-dc re-
sÍstance ra-tlo as a functíon of

t'1-
JJ f o:r different val-ues ofr rd.

the rãtio t are avall^ble.B
conduc'¿or " d

The dc resistance ratlo v¡as calculated for ACSR 1r?BO,0O0

cmifs twin conductors. Dala for. ACSR lrZBOrOO0 was not avail.-
able cluring the investlgation, and as such the conductor was

âssumed Io be 54/19 and the orrtsicìe and inside dlameters, and

the dc resistance of the aluminum layers were extrapolated.
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from plots made of a]'7 54/19 ACSR conductors avallable in

starìdard englneerlng handì:ooks.9 The results ol¡tained from

the extra-po 1a-t lons are;

Outsid.e dla¡neter = 1.60 lnches

Ins1de dlameter z .535 lnches

DC resista-n:u pul Tll: : .059 ohrnper condu-clor

Frorn flgure lJb the ratlo t ls glven by the ratlo of lnslde
d

dla-meter to outside dia¡neter. Thus the ratlo of ac resis-
tance to dc resl.stance was obta-ined for a. varlety of fre-
quencies frorn reference B. A plot of thls ralio for
d íf f erent f requencles i-q given in f lgure 16.

4,5 Effçq! on Line larêmeters

The r¡ork done so far ln thls section has been to

examine the separate effects of frequency on certain system

paremeter-q withoul relati.ng them to other system para,meters

LhaL may be affected one wây or the other by frèquency.

Thu-c l-ine constants and ofher system varla-bles that are

composites of frequency fnfluenced parameters are re-examlned;

r,rhere po-qsl ble, atter.rrpt r¡i11 be rnade to present the overall-

effects of these comÞonents.

ïn tral¡eflin€: r,rave eng,:ineerlng the pararneters of

inlerest P-re:

Zo z the cha-r¿-rcterlstic lmpedâ.nce
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Y r the pro¡:agation cons'Lant ancÌ l-ts conponÊnts,c{. and, þ
r¡¡her'e ct" is bhe attenu-a-tioi:: const¿-..nt ancL ß the .Ðha_se

I'

oonf_ì't,ant,

Th '-O ! r'r ç

X = l-? v î':('t'iR
\>

where &^ anc-l Y a-re the l-ine series anrj shunt ::eacta.nce 
".-;

Frou.r the sect,ions dea-l-ing wi th inciuctir¡e rea,ctance a¡ci .ql<iil

ef f ect ::es:.sta,nce of ACsrl conilu-ctors, it, is nor.,,.I Ðosjsi,ble to
obi;nin -&= anrì Y z,L e-n]¡ f:{:'equerìcJre anc hence zo, .>< a-nci p e

ca.lcu-1*-bicnslt har¡e f¡een made fcr. Lhese Ðe-r,a"rilete::s and. a-re

p::'esented in grapÌric.r:.1 fc.¡:n in fi.,ru.res 1_,/r:,-..,::Í..?h" pl.ct:t ::_:f.

nad.e a.L 25 and 765 t:.',r,. 1r:-r. A a:.ncj b, (costt$f, 
"t-t¡ Z,o r.:in'l.qkr"d(

re spe':ì;-i'rre1;l , ) T/,.rhef'e ihesi: i'r:Íc-r- 'i;o iÌ-r¡, .i,ll,Ci, litj.irlf aj:i.ts ,-rl'

illi: .i oi,r-i' i,r,.:'.irl i.:.La.} ii.etwo1tÌ,:, {;1ee f i-,øu"r.e¡; 18 zr.jri] f-g" ) Llne

r:f f .it lLenl-ri(Ì s l-:ssuttni-n51 :naiched- I oa.d c;crLditi-alis ai:Õ t:,.!'irJ'ti,La.Leú

ío¡' vai:'J, : ;r:| r:r-ili,ì i;.: j'Lc ì e -.r f ror¡r the f ornu-1a-ao

Þ -' l-'-24C
"T ';: -L'r, C ::: t1-FU

i,¡he.ie d is the lerrgih t I ihe -;"t"¿:.i:sn-i, i:s i on I inÊ r

F, is ì-he r.cce ì,v1ng end ;oowe:t,

P" is tne serid_ing errd. por,,;eï,

** _ ¿iid_ß_is the ef:fici_ency.
-)':i-,:',r:-,t l ilh¡rf,ìi.:l it::,l.aLì.,'1,..:,'i,:t.r-,:-ts :ri:i:Ì i.'¡:i i.i.ir: Tlr:irt 1Ìri-i,Ì..:::t, I ,7i):.', " í1,f0 clir'
i;i)r arü.tr'l,ô,') aTr(t, i',lri.: :'.¡ir''-1,i,L: ¿.,cr,, l:-vr,:.1. ç¡rr ll 2jla l--a.¡je i il-l.tí:iÌaIC'¡, 

",

lr-]lí,r1'î rl-;rpJ i ca'?i ru " {$r.,:, ,ii..r-1rí:irì ,1,71. ,:ii¡i I g" )

otâçÍ3ô = rç-
I
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I Line length
in hundreds

of mll-es

A few dlscernlble facts fro¡n the curves, (flgures 1fa.

a.nd br) are;
(a) rela.tively rapld decreases ln both the nagnitudes

and phase a.ngles of the characteristlc lnpeda,nce

of the line at the lower frequencies, but these

s 1or,¡ dov¡n at the h lgher f requenc ie s .

(b) the phÐ.se anrl attenua.tlon constanls both lncLease

with freouency, bul r¡hât is of pârtlcular lnterest
is the degree to nhich 11ne efficiency ls affected.
(See table 1 above. )

(c) a stucly of figure 18 will -"hor¡ that the effect of

higher frequency operation ha.s been to -suppress

EFF]CTEI\C]ES
25 cycles 60 cycles 16J cycles

1.000

.990

.980

otl

"962

"952
.943

.93t+

or<

.9l.6

1" 000

,990

.980

"970

"960
o(1

.947

.9)2

.923

ol ?

1" 000

oRt

.976

,964

.952

.941

,929

" 918

,907

.896

0

1

a

3

lt.

5

6

B

9

Tabl-e 1..
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the lmaginary part of A u¡h ll-e figure lp w111- shor.r

Lhe suppression of the real part of B. These ef-
fects are due to the nore rspid incree.se of line
reâ.ctance ovel re-qlstance. The overall effect of
htgher frequencles has been to produce A and B

constants thal closely apuroxim¿lte those of a

lossless 1ine. I{owever, this should not be con-

strued as mea.ning that the line ls ì_ess l.ossy 
"

4,6 Q]rerall Eff ect on_Tqansf q¡m,elr

A simplified dlagran of a trans-
for¡ne:: 1s gi.rren ln f igure 20.

From trp-nsf ormer theorylo thu

voJ.tage on the prinary lrindings
F1¡, î0 gì.rpl-iÍicd Cie- is siven Bs

¿,r.e r oi ¡ t.r¿ ns-
for¡rer" Eo = k.44rilpABrrx 6

llhere f 5 frequency of excf tatlon,
B s flux densÍty,

A s the cross sectlonal area. of the core,

Np ã number of turns ln the prima.ry"

For constant valnes of Enr No anrl B*"*, it can l¡e seen from

equation 6 tnat A and f a.re inversel.y proportional . There-

fore, for power transmisslon at a fixed voltage level, the

cross-sectional, å.rea of the magnetic ciÏcuit deoreases as

the frequency lncreâ-ses. Fot: rnc¡ -q t rnrFneti.c corê devices

horre..,er', N¡ anC l-lrn _ r^rì..11 r!epend on stray loss consider¿tion.
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Another ¡'esu.ì t-. of l.hi.-" decrease i n cro-qs-seotional

rreÉi- is ¿ s,?vi nE i¡ c.oÐDer o.nò a oonsequent rednc ti on of

the t,ransfor'n.r resietir¡e losses. A rnethenBti c.af anal.l'sis

for ei tl:er a circLrlar or squaLe cross-sec1,i one,l aree of
oore wi.l,l. re¡'eal. that e¿rch tui:n I enp:th I s lied''ced b¡' the

seuare root of the r¡.t1o of freoulncies.

4.6 .1 'Ir¿nsf rrrer Core J osses

'lhe rnngnetic core

sect,lon. Supro s e it 1st

losses r.rere gi\re., eâl'1.: er in thls
ries j red to co.'npare the core I os-ses

-3

F of tl,;o t¡ansfo¡:rners A ând B,j-..\

Ñ2 t 
hcrrinn eo:ral r¡olt.;.øe ratings.

I I I I To take aclvantege of a sl.rllr¡ l.eltI
I .1. I I freouenc¡' ratlo assune thall-l-.lr
l- - l - 

>l t- il''l" f ì"ec¡1rencr,' f¡ of A js h¿:lf
| .k tt
I I I I the freruency fB of B. Ass¡.:.nettll
I I I I al so that the llrx cleneitiesI I I{.. \ L,'-

\,,z- of ¿\ anri R are the s"le. Then

tl're cl:oss-sectlonnl area of Átrr'r:sf crmers
i.o tr,¡ice tnaL of R. For lhe

shorrn i n f i,?ure 2ì., ll.e core Lhi.c'lrress of 4

OT JJ.

Fi¡r. 21. Àlns of
A end ll

configu:f"Ll.on

i -ç ù,'i ce th¿.t

fn genera-l- the ma.p'netic core j :r É lll l-e of tri.r, sheet-q

- l.¡q j r:ee - of the lr:Rnetic mat-.eri ¡ l , If ihe Lâìrinfìtiô¡

thickne sses rre eouef. 1-ìre nurber of I rni ¡ee lrt of A is
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eonal to the nunbell of f ai¡i n"e ilB ôf r-l . Fro'¡ the core

loss fornula for h..,'steresls, lhe loss per côre i s

r¡q _ f¡1fni.nqtN/. . 7

p-nrl P, - - 1.. f. B !-l Br:.1 -- n .1., m I
rrhere 11.s !he le¡.sth of Lhe rîagnetic ûa!er j.al..

But f- - 2f.

Also t'1.. - 1/?1 .u- l\

Thcref ore suhstitr,'ting intc eruâtioÌ-ì B,

r) * v cf . i.. y/y'I,.v' hlJ - "'t' A 'r'-', ' l\*
* x. f .! \.t
-hirIllr

¿D. , hlr _,hh
ilo cal cule.te the eddy curr.ent losses, if the same essuìnptions

âre oade as for h),steresis loss ca.l cuf?ti.on, then the toteÌ

edd-v ourrert loss for A is
p-^ ^ ¡. r?1?.?¡¡- L . . . ae.i'-eA-¿t

ai'd for B,

Pu 3 - I\ 

",t? 
e i'.' 

2,r.. .l- . I o

Suhsti tr-:ti.ng inl,o 10 for fg arcì l'lB ¡
?C

]) - K '.1/f'.1/1\" LC:- - e ,t 
.h.

llo nc e f,^,. - ?P- e-A

lJhat has been estebl lsher-r i.s that for the staEe ou.tpul

volteEe , ard f ì.r,tx clensi t,y of i-he np,e:net:-c ¡,216¡ j.el , the

hysl,eresis l.osre-q åre in.lelendeni, of freqerc:., r':hile
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the eclcì"v cLü:r'enL 1o-ese s at:e d j-rectl l.' plloportiôn¡ l to

f reouenct¡. Jt ttlây ì¡e necessary to add here tlrat the l-'ee,. t

cilssipetlon mi:.y becore rcre dj.ff icult as ¡ result of 1,he

p:r'eat1J¡ r'edLlced surface a]^ee.

Lt'.('.2 -Q!¡"J_fead l€ss,es

Stra.y lo-.1 Lo-"ses zre tho-qe ¡niscefLaneous losses rr'hich

ocoür r{hen a r¡achine is l.oadecl . They are câused me inly b¡¡

lealrage f.l,u-x ".nd 
l.'y the clistortlon of 1,he maln exciting

rb
f -Lux. !these l.c-.,sses ¡re i.uoossi ì--le to cal cirf ote- and

cer lâin:l y not er-s¡' t,r neps'.Jr:e e"en i n a. colll -:1.e1;ed nachlne 
"

For this .ìle¿ìson, no def ina1,e stal.e'nerrt l^¡ìl l l¡e narìe r'¡ith

re¿:a::rì ùo freouencl' effects

tt . 6 . 3 Lc¡Iee'sjse-9-!3r::9- gI--1-:: N s l-9r rr-g-r.:

1'be leaÌ<.ege react:ance is f ,rncti.ônal1y dependent ,-l¡on

tl.e f,l.rix l irk.oges .-ñer ?Ìr ere Lr,¡n and hence is' c1 l.rectl,y

r,ro1:o: tionaf to lhe nunber of tulr¡s of the v¡lnd inc. Ln

actua.l i.1-,y, holrelrer, nct a-l ,l f llrxes of ¿ transfor,!tell secon-

ðe,.r'y c>r 'l:i!râr"v .1.Ìnk the pri orar¡r '.: ¡ lhe seconde::;v resr,ective-l.l'.

Undel: r'er1;¡'in sinL-'1ì.ff ing assun:li ons c¡ eL'Ð.ìîori rnÉr 1-e

'ìl
fornul t'' 4zs l.ecrr rlerirrecl for the ì-e.,ì<age :reactsnce of tì:e

core type of tr'ansf o::mer, and this f ornltl:l coul d serve as

Lhe basi s f or the exa-niination of frequencJ¡ ef'lects Òn

¡;.1:¡¡:ature I e-kege re¿rc j_r,nce. FoI, thc cOre tVl,,: tt.'ens:formeL of

f l.P.t,lre ?2, f'ne l.::'lla,,'e :ì:'(,'.cr,arce is gitren as
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d?)
a

v¡here I(

m

and f

The reacl,a

tra¡sforme

Í"æKfn(d3+d1
.')

lenÊth of a turn (Zrrrr) ,

ted to the physical dimensions of the

parts . The rnean râd ius ls macle u-p of

E" ??- Cor:e type of tra.nsforrner.

a. La.yer of ma.gneti.c materip-1, an insulating layer betv¡een

the seconda.ry winding and the napìnet j.c core, Lhe layer of

the secondary rrlndings, ancì half the insul-atlnE fayer be*

tlr'een the secondary and the primary wincìings. 0f all these t

only the nagnetlc 1a¡'¿¡ ,-= 1l.kel¡' to becolne e-ppreclably

srnaller rchl1e the i.nsulatlng rnaterials mal' tenr] to increase

with frequency, though this 1s of negligible effect" eon-

sequert1.y the rnean radi.us e.L a.ny frequ.encJ¡ can at best be

exÞressed as
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t{here a,o and ro ere as shown ln figure 22. (Note ro ls a

rìimension ?rlthin the magnetic cl.reutt. ) Substituti.ng lnto

ec¡uatlon 11, it wil.f be seen that the leal<age rea.cta.nce

expression conslsts of a constant componenl and another

¡,rhich decreases with frequency. At rela.tivel-y higher fre-

quencies it can be corlîectfy assurned that the leakage

Teacf,s:nce ls d irectly proportional to f requ-ency.

fu genera-l , hoü'ever, leakage reactânces oould be nade

as smâ]1 ãs possible with perhap-c short clrcult considera-

tlons a-s the l.1n1tinê f . -ctor. Thus f or the purposes of

bI¡rh frequency transmlssion the nomlnal value of leakage

::ea.ctance a-s j-s nov¡ corninonly used, -qhould be a-pplicaìr1e.

4,7 Qc3elalqrE

The evafu¿.tion of hlgh frequency gene::ators w11f be on

the ba-sis of equal generated voltages and equa,l nechanlca1

s1:eed of rota,tion lnas¡nuch a.-c most lov¡-heed hydro genere,.tors

have sfornr moving rotor-". The basic expre""1otlO f or the

geneliated volta-ge in conductors subjected to a. varying

magnetic f1eld 1s:

E = KfønN or KfBmAN ,,.12

lilloi,e : If Lt.:o ci-¡cu]-ar cvoss-sec'r,icn:..1, ¿.1'eas¡ ar': .t^ :nd A- lt
fr. q.i"rc. ì c., f -.1t.- 1, +.h. n lrnl ' 'v '' Ê hrn \^rti.'.c.Ïii; )

ô
l\^ = f ¡ i.e.r"-l_fí =;i, lìrercfor'., .- = r'o [-ff r- o.q { - r-:-

o:lo\f
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The frequency 1s related to the rnecha-nical speed by

f : =nB
12a

where n is the nurnber of revolutions of lhe nachine fle1d,

P i-" the number of po1es, ancl A is the cross-sectlonal

a.Teâ of the po1e. Tf f is sul¡-qLituted into equatíon 12,

the result 1s!

E - KnPBTAN/\2O . . .13

If n, ancl N are hel.cì constant ,

E = KlpB*A

ff yet the sÐ.me max imr.xn f lu.x denslty is cìe,cired

E 5 K-pA -- â.n inverse pro port ional lty .
a

In other llords, for the saae generated r¡o-l.tage the number

of poles n'ouf d ha1¡e to be lrcrea.se<l er¡en though the size

of ea,ch pole wilJ, be p:roportlona-tely clecrea*cecl . For com-

paratj.vefy very high frequencles a greally increased number

of pol,e-c may be needecl and thl s rnay perhaps pose soae con-

str"ucti.onal dlf f lcu1tl.es tha.t not onL¡' Ìnrke the cost of

-"uch machines fa1r1-y expensive, but also âdd Ìnore welEht

to an alread¡' buLk$ machine.

Hor,rever, if it 'Jere po-sslble to opere.te a.t an increas:ed

speed, then holc1i.ng P, It rn'ì B* con:- tânt iir equatlon 1,],

l1 - I{nl.-

Untl,:l lhe oon<ìl.tl.on of p;re r.Le : sp:cd, the pol,rer i,.cr welp;ht

c'f !:lri: irao iì.:: ì'-e i s c',br¡icus1;,- 'i.nore a sed. 1o obtalrr thi.-e

greater s;peecl , v¡hi-ch a.1c¡ie can ¡5irre tf,is: arivanb¿..ge of
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g'l1eâ,.ter pofier' l-'\er '{eight, cli.rect conne cti.ons of' SeneratoÍs
1.:c r,ra-ter ¡rhee 1s must be avo j-ded , cr e1r:e raci icelly netl

¡rrethorls of genere..tor tlesie.ns llif I be called for.

4,?,f ÀI¡natulp_Reaqblon

l{hen a synchronous mâ-chine i.s d.elivering power, the

current 1n lts windinp;s' creates a map5netomol,ive force"

This maEnetomotlve force can be divlded i.nto two compon-

entÉ:, one of r,¡ h j-ch the avioa.ture reection pp.sses through

the nain rnagnetic circuit nhere it câuses a distortlon of

Lhe maiyi exci.trìtion f i.ei-d, pnd the othelî, armature leakage

react,ance l,rhich ha.s â fâirly l-ooaf lzed inf Lu.ence.

4 
" ? .1.1 }¡$a.!UC9_-kekcgg__Bs4q-!e-ry-9

For purposes of calcu.latioirr11 the armature leakage

f lrrn nay be furthe r subd j viderl l.rto f our pa,.r'ls r

1) -<-1 ot l-ea.kage flux

2) end-connecbion leakage flux

3) zLg-zag leakege f1ux, and

4) be lt leakage flux 
"

The leakage reactance is lhen the -Dl:oduct of the i.nter:-

linkages belr,¡een the arma t.u::e leakage f 1ux per uniU of

curre¡t, ar¡d the tine lrete of ohange of the flux. Rea.c-

ta,nce fo::r¡ulae for ee.ch of these components ere knor.mll

but are not presenleci in this peper. But lt can be safely

said that there is a <1lrect pronort iona-lity be bneen bhem
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and frequency, since the other varíabfe-s that rne.ke up the

ezpression-.1 a¡e rel.ateri entirely to the physl.cal di rnenslons

in the a-rnature ancl these Ln thernselves are virtu-alIy unaf-

fecte<i by freouency.

I+ .7 ,L,z Axmatuls 3çaq_tfg!

The effect of the a-rmature reactionll on the f iel-d ls
depenrient upon the lnâgnitude-q of the arrns-tulle current, the

ârrangement of the rrrinding-<, the nagnetic circults, and. the

power fÊ ctor:.

4"8 Corona. Losses

Typical 1,ine designs take the lnf luence of corona lnto
consider,?t1on. The phenonenon of corona has noL yiel<1ed

itseff to exact ¡¡athenetlcal ana-l_ysis p.nd a,s such most wor.lr

on it has been ernpirical . It I s irnor,¡n lrha_t ooronâ is in-
ducecl vrhen the vo ltage grarl 1en1-, a_t bhe surf ace of a conductor

exceeds a c,ertain \ral,ue, the Vlsual Corona Onset Vol-ta.ge

Graclient. An er.plr'lcaJ- explessioà2fo. this voftage is!
Eo;3orn(r + o.lo14T) KY.-/cn

p
where m ã p-n enrpirical constant determlnecl on the

basis of surfaoe condltion of the conductor, and

r = the radlus of the conducLor.

The expresslon obvj.ou-ely shows no frequency inffuence in
iÐduclng the Visual Corone Onset Voltag;e so thâ.ï if a. line
is d eslgnecl belol,r this valu-e n carana i^ii1l. not be a f a.ctor:
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to be reckoned v¡ith ln choosing e- frequency for power

transmission" Hovlever, once the onset vollage gradlent

1s exceeded , corona-, wllh its a.c compp-.ry irìg losses, occu.rs.

For -cu.ch a case , us ing Nigol and C¿-ssanl s f ormula,12 the

coronâ loss ín l<ilowaft per conductor per mile is:
P = Krï2d!83r.,,8",,

?tt Eo'

r¡here f 3 frequency

' T s conductor radlus in cm

K j.s :n empi,ricel consbant d ependent on i\'eather a.ncl conduc-

tor .qurfâce condjtione Eo is the Visual Corona Onset Voltage

Gracli.ent, a.nd liu i-q â 1¡ô1tage depercìent on the conbinedl2

lnfl.uence of the line ¡¡olta-ge anci :.nechanical cr:mpositlon

a,ncì disposi,tlon of the concìucto¡:. Also dP i-q a, value c:1-
culated, from the l-ine dimension a-ncl voltaEe.

Thus, once corona sets 1n, the loss per mlle per con-

ductor lncreases Lrropolt lonately rulth frequency -- a râthet:

gloony picture, partlcula,rly if lt ls noted tha.t contemplâ_ted

frequencies may rân€le from B0 to 250 cycles per second. But

coronâ fos-ces are also affected b)' the f evel- of voltage under

which the condlrctor operates" The coronå. power loss formula

has a volta-ge squared lactor whl.ch shor,¡s clearl-y the greatly

increaserl losses associa.ted vrith hig:her operalln€i voltages.

Tr',ro importa-nt points are worth recalling at this sta,ge 
"

FirstJ,y, lhe tr,ro-f ::cquency uethod off ers a possi.billty

(t uNlvt,9sò

LIBRIRY
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of transnitting power th.3t is greater than the fine character-

lstic power urithout rlskin¿1 the excessively higher voltages

the,-t nould otherwlse resul,t in an unrnatched half -v¡âve length

llne. (lt mtgtrt be useful to take a l-ook at the vollage

profiles of the three cases given under lTuning Posslblllties

of the Tvro-frectruency Line.rr) Secondly, the antlclpated

tuning devloes of the Lwo-frequency i¡ethod are lntegral
p2rts of the frequency convertlng devices and wou-ll-cl be of

very 1ittle extlîâ cost s:hould 1t be necessary to obtaln

specie-11y designed converters to provlcìe for yel greater

tuning câpacitie-q. The first polnt becomes rnore signiflcant

rrhen it ís consldered that lhe l.oï,¡er volbage level of trÐ.ns-

nlssion flne as 1s made posslble in bhe two-frequency method,

might rnake the clifference betweerr a- transmisslon line being

or not belng -ctressed to visual coronâ onset voltage gra-dlent;

it might very ruel1 be the factor responslble for obta-inlng

â design lhat may be corona free f or: s¡nal1 overloacls on the

l.1ne .



CHAPTER FIVE

FREASEN9I gQ!.!J!RIEBS

The operali.on of the trro-frequency mode of povrer

transmisslon r¡eces-"itates the use of frer¡uency convertln8;

devlces, and a su-rvey of erlsting and posslble means of

-"uch convertlnF ci evlces rvlll t't6'r¡ be presentecì.

It wi]l- be pointed out again that the frequencles

contemplated must of necessily be above the slanclard con-

sumer frequenciese otherv¡ise most of the few advantage'q

thal pço vr j.th the method are llke1y to be l-ost. As ha's

been sho'r¡n in the section under trFrequency Effectsro any

poi\rer transnlssion device with magneNic circuit wl11 becorne

bulky and unvvlelcìy at lower frequetrcies. T}¡erefore, the

range of frequencies contetnplated for extra--long rllstence

lines ¡,r1-Ll be a.bor¡e 60 cycles.

5.r Classlf icetlon of Frequency Co4vçrtç-¡=s.

Frectruency changlng cìevj.ces fa1I r¡ithln two categorles!

synchronous and non--cJrnchronous, and a tab"l e class if ying

va.rious devlces thaj' a-r e in present-day use 1s given below.

The c.l assifle,atlon is inportant because the tle chosen

rr' j lf d eterl¡ine the eâ.-qe ôf s¡r-.and in€i the systen to cope

r.vlth adci itional ca.paci ly , and the manner in I'hich increa'-ced

loacl tlemancls on the systems a::e net. For a-, synchronous tle,

in the event of e suclden increase in the loâ-d of one -c)'stem t

-43-
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S J'nc hro nou s T le s

Sync hronous -Sync hronous

Induction-Synchronous Frequenc¡' Conve::ter

Non-Synchronous Tles

fnduct ion- Syno hronous Speecì Regulatlng

Static Electronlc Frequenc¡' Changer

Tnductlon Motor Set

the d e¡nand. ls met colfectlvely and the proportion to whlch

the separa-te systems meet tl¡ls cle¡nand is determlned by thelr

relative câpa-ci1',1es and their respectlve speed regulatlons '

Thus t¡¡¡o sJrstem-q of the saue capacltles ancl speed regula-

tions r.l i 1.1 sha.re loads eq.ua11y. In acìclitlon, synch::onous

ties can be easily expanded to meet lnc¡easetl clemanrl .16

These are the dlstiir8uishin¡ç featu::es between the synchron-

ous a-nd non-sYnchronous ties.

Another irnportant disbinction is made on the basis of

freo.uenoy coupli;ng. The f lxet1 frectruency ratlo type of

conrrerter:-q does not a1low any depariure from its rlesign

ra|io, an<ì any prolongecl devlations vrould brealr the tie

betwe eu the conr¡.ecteiì systerns. In genera.l r iL 1s deslgned

to withstar¡d s¡naf f deviatlon-" of shorL duration only.

!'1exible latio t¡rpesof converlters r*,.e riesi.Sjnecl to

ac co ril¡.loc1a te frequency deviÐ-tions of a rnolle -qerious and

]Si'nchTonc
I
I



_ Ltr5 _

durable nature " In actuå1ity, no converter is inherentl.y

f .l.exi.bl.e r,r1t,h respect to frecluency. The f lexiblllty such

âs i.s intended here ls one attalned th::ough Lhe use of a

selîì es of regul-ating devices. As ,cuchr f I exibl-. type of

converters are -oconomlcal only 1n f¿.rge pofleï' ploje"t".13

5.2 lteq ol conyertelql), 16

As shoqn on the foregoi.ng page,

of frequencJ¡ changers, but each has

istics that mal<e 1t best sulted for
nents of sysl,em perlolmance. These

special oh¿.racte¡:istics vri11 nouJ be

t fìere are many types

so¡¡e d ef i.ir1l,e cha.ro.cf,ey-

certain speclal requlre-

devlces r,¡ith -uhei.r

descrl becl .

5. 2 "I SyncIrQnoUs-Þynchrqnous

A synchronous-s¡rnchroylou.s oonvert,er is slnply a syn-

chronous motor drivln6r a synchronous generator, with each

of t-.h e unils having separat€ì d-c ei{citåtion. It i-< the set

most comnonly founcl" ft i. -c of a. fixed frequency ratlo type

in r\'hlch ce-se any tencìency of the -qyslens connectecl. by 1L

to depart from this ratlo may pulf it ou,t of synchronlsm.

5,2.2 Indu.qt:þn itlotqr 9e_L

Both the lnductior and. the synchl:ônou-q -cets âre sinilâr
in operation excect thal- the lrrcluction motor slip responds

to load changes ancl consequently brlngs âbout frecluency

dev1a"ti.ons as the foad 1s varled 
"
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5 .2,3 l¡d!ì c!i on-Syn cþIg¡oug $pç ed -regu.lat i.ng

ln esse¡ce thls is a Sc.herbiusl3 typ" of spee<l controf

for operatinej inrìuction i¡otors a-bove a-¡ci belolv synchronîsrn"

Tt is ¡nostly u.sed e.s â converter in cases nhere frequencles

nay \t D.Ty wi thin i¡ide llntts.

5,2,4 Ek:ctr'gnig*S!a.!ic FqeqUency Changer

'lhe electronlc statio frequency chang;er is a static

equilnent v¡h1ch ln its basic form wilf conve::t power of a

g;lven frequencJ¡ to d.lrecl curl:e¡t pov¡er. This converslon

is by mea-ns of grÌd controlled rectifiers, the operation

of r,¡hich 1s nov¡ coúìmon l<norr'ledge. The conversi.on of one

frequency to another involves â pl:ocess of AC-DC and a

reverse þrocess fo:: DC-AC, but r,¡ha-t i-e corrsidered here 1s

a converter bhat performs the entlre AC-AC operation in

one unit.

5 ,2 .t+ ,7 Rasic Prino-lnìes of the Static AC-AC Conve"t""l8"

The operatln€r prlnciples cp.n be lllusrtra.ted by means

of l: three phase l,o sin¡r1.e phase i:ower conr¡er-"i.on. These

princlfiler.i âÞp1y to a three ohase io three phase netr,¡orh

since the -qane considera-ti ons holj for eåch þhase. The

cliagram es-qential for an understancl irìE oF the basic ope:la-

tlon is shôv¡n in f igure 2). 1'hese diagla-ms shor,r hor,r s ingle

phase curre¡t i-s oblained from the rnain th::ee pha.se l1ne.
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.*:tï r*ì
lli ¿ C')

s¡r,¿rle cÁ (1) 3 Phase transf
'3 Threi Þh¡se-sinEl€ fhase eonvertel'. (2) rcct:'fi c:';

I ) 3 ¡hase transf or.ner;

(-r) vcl-tage smoother; (À) current snoolhe?;(5\ ì Phqs" x{'"-è"'

The cathode cuÌ'rent of the grid controlled rectifier flows

throu¿rh t.he single phase transfotlner in one directlon at

î1¡:st and then l,he other. The .qingle phase current and

voltage ¿r-re f¿rr frou sinusoicla-l and to overcol¡e this short-

comíng the inductÐnce 3ll ând the condenser r'4 â-re intro-

duoed into the netrrork to smooLh out Lhe voltage and current

TesÐecti\rel-y, The vo1'uege and current smoothers rnay not be

as sinpllfied as J.nrì lcaterl ln the diagram, but in the main

they are no Ì¡ore Lhar a conblne-ti.on of cal)acitors and

incìuctances of varying cppâcítie-q to neet design specifl-
catioyrs. The smoothing oonclenser has a fairly large

c¿ìpac, j-ty so that apart from its current smoothlng function,

it can -<u,ppfy a. goocl deal. of rea-ctl.ve current into the

s i ng1.e phare net'rtori<.

In f ip:ure ?3 Lhe heav}' 1lne-c -.:horv the f lorv of reactive

por,¡er 'botÌì j-n the conrrelsion circuit ancl the s 1ngLe phase
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network" The signi f lca.nce of lrhls as far as the tr,¡o -

frequ.ency Iíne Ls concerned 1s thal only âc Li\re pol,ùer

flows ln the transmlsslon llne from the send ing end up

to t.he converteI', whil,e reacNi\re pot^rer, c.ertainly a- by-

!roduct, can ì:e supplied to the loarj..

Agal.n it lr'ilf be emphâsized that the entire plîoces-q

1s one of AC rectlficatlon ând DC invertrQn, but these two

actions hâve only been pcrfornec] j.n wha.t locks l.il(e a-

s in€tf e stage " By lrhis :¡eans the cost cìupì icatlon 1s con-

slderîably reduoe<ì . The d lå-gram f'ôr the three phase AC-1rC

converriô'. is e i.ver 1n figure 2lr.1Bb

-f,---T--- 
,Irltt

\r^\,/V/

Fíg" 2/+ One irhe.se oul-;: oí a -" phase-.3 phase l.C-ÂC conve:'ter,
] ani /-¡ - transfolmers; J * conver'r,er"

To tak-^ ca-re of the freouency cìeviations that are

1iì<ely to occur ln elther of the netwolîks, thrs derrice

can be equ j.pped l¡1th auz if iâ-rie-q 'i¡hioh enab,l.e it to have

r¡âr: i P, b1e frequency rati.os 
"
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5 . 2 . 5 I4d u-9jL9-!: tJI g¡I-949]1s Fr e qqe ncy--ç94ygI!S-I

lleither. of l,he devices d lscussed in the f orep;oing

provides an electronag¡ìetic cÕïìtlnuity -quch as v¡ou1d mal<e

1-,he er]t,lre systeu anenable t,o one conLi.nuous analy'"1.s.

l,Jhat 1s deal rable i-q 2. del¡ice Lhat provicle-q a. sort of

cabl-e Lie. One such de¡¡ice is lhe lnduction-*"ynchronou.s

frequency co.verter,13

1t 1s known from Incìuct.lon it'lachlne theorl' that 1f the

st.tor of the machlne is excited f tom a source of a conslant

frequ.ercy, a revolving ma¡rnetic fi.eld is set up and 1f the

.rotor lrere hel-d f ixed, l. e. t zero sl ip, a voltage of the

sa.me fret¡uency às Lhe sta Lor vrould appear in the rotor

Nerr¡ina1s. Horr'everr if the rotor r'¡ere a1lor^¡ed to move it

would try to keep abrea.st of the flux. But 1f a load is

attached to the rotr-.r, it uoulcl then slip l¡ehincl the rota-t-

ine f iefcl of the statc:tr, the ext,ent of this slip being

governed ì-.y the 1oad. The rotor f requ.ency at a given slip

S is then

f, = Sf"

vrhere f" 1s the sta-tor frequenc¡'.

A dlagrarnablc representaLion of the ma-chine ls shown in

f i.gure 2J .
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Fiu ?J fnCuct:ion notor cìíagram"

The poweÌ' f l-ow for such a naclline is governed also

by the sllp. The potrrer expended ln the :,otor i"10

P" = "P"
where P. is the inpul, power at the sta-tor ancl l-,he power

transfered to the loa<i 1s (1-s)P. under normal motorlng

operat,ion. TI'lis rotor Þorlrer i.s vil:tua11y lost ancÌ Ìs the

cause of the fow efflciencies assoclated r¡rith the induction

¡nach lne s ,

For frequency conversion purÞoses no powell is actual-1¡r

1o-"t except the usual los-ses âssoci.ated r¡¡ith rota"ting mach-

Lnes. In this câ.se the povJer trân-cmltted across the alr

gap i.s a-vailable for cr:nsuntption elther throuplh the -chaft

of the rotor which could be used to drive a s)¡nchroì1ous

generator, or thrnugh the rotor 1,1h1-ch clerives its energy

throuprh nornal electrona-gneti.c processe-< as ¡*1th the ordinary

trtn"fnrrer.lO The tr.¡o pÕwelrs may or may not be of the same

freouency, but either of thern coulcl be macle to assume a'ny

p¡edete:rrnlnecì frequencies, macle eclua1 or otheri'¡ise "
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Assu,mi.ng, therelore, that both these secondary fre-

ouencies a.re eoua1, â.n Ð.TTp.n]enlent for freouency conversion

ancl transnissicn, along the same line is as shor,¡u in

f i.gure 26" The rìiagran i.s a graphic il lusl-lr,rtion ôf the

st,rong 1,ie betr,.'ee¡ th+ t vrc. /r.C. r¡'stg'¡." The;' ¿¡a connec+'erl

Èt;, :, cc-'moi: ':rr¡nclic f ielcì, anC tc a.l- l :ì.¡le n |...' Ë.nd pur.posrcs

beh¡vi,. as a¡ :1-act.l'i cî]. ci)::.1-r, l:ie ¡ sr'.".',:', cf couïse, fcl lhc:

$uch 1¿rrP,er intpecìe,nce dro¡-' ¡¡"tt ìqould nolìraì1Ìy ì:e el-]coLrl-1r;cred

1n ¿:. cab.Le . IJrtt thls d if f erencê, r.ls rr'i,11. be shor,¡n later t

pose r-j no r:ro h,l. e-.ir lor the tuo*f requenc)' line. The siynchronous

g:enerÐ.tor cou.1d s,upplJ¡ en eri;i.relJ' dif f e::ent llne, -co long

srcr-¡ R-r,r S5.._ Çe.

Fig. 26 fnductj-on Synchronous Frequency Converter.

¡s it is an lnfinlte bus. The only li¡nltatlons irnposed

on 1-he utif izstio1'l of lhe geneI'ated energ)' of the synchroYrous

6renerators a,r'e that the feeCerr li.r-,e be sr-1ch that ',,¡oLr,ld en-

-"ure systern stabi.11.ty, anci no greater den¡nri t-.hsn i.s

prorrl.cìed for ì:y the transformati.oh reti.o of the set oan

be ma.de of 1-t. i¡ut if lrhe tuni.ng a-cìvantages are not to

be lost, bol,h t,he ro'r,or and. the s¡'¡¿¡¡6r1ous mÐ.chi ne
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sa.me line.

--Þ

( l-t
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Fi-9. 2l Connections for tt;o*frequency li.ne.
il'he po-ssibillties e:lpressed above a-re illustrated

i.n liEuye 27. The anounl of por'Jer avallabl-e a.t each bus,

p,.s er!1a I necì earlie:r, deÐerìd -c entlrel)¡ on Lhe f r:ecluency

tranefornration rat1o" 'I'hus lr¡, ,, ¡rUt".ious choi,ce of

pr1mary frequency, estiinated power demancj-" of an inter-
nedia,te clty coul.d be met whlle the.reralnirg contlnues

on an oni\¡ard, lerhaps rnuch further, Journe]¡. ,1.'his wa¡',

l-he hiLherto unsolrred 1:roblem of lnteri'necì1ate tapping of

half -1,¡ave ì.ength fór¡rer is rernecl ied er¡en though the problern

1s onfy si.destepped.lå

A sc,hematio dla-gra¡n for a- possibl.e double 11ne slrsl-,em

1s shor,rn ln f igu.re 28 " If bus J is 'rrithin the sta.billty

rånge of the s¡t¡¿h¡onou.s elenerator, sone of its pohrer

could be cl j.verte<l i;o i-.he mâ,-in f lne " -By regulating the

Êxc,itâtion of a s¡'nchronou," nachine on an inf inite bu-s,

the mechlne can be nacle to supply lagglng or lea,dlng Kva.rs.

Tt is in ihe light of thi,s tha.t the section riTuning

-x{i'l 
". 

in L..ï. 
",t-t 

iotr of thi s statenent i-s ;utr ject ',,o bh¡' 1i-;qit¿ l,ions
â s exlrl-â j-ned on t¡ege 13 

"
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Po-qsibilitie,q of the Trtc-1.ieoue:-rc;' Li.ne r " should be

c1osel¡' exa¡rined . Talri n,Ì +.òvanLege of the iu¡r ng cepacity

of the .qt'nchronous nenerator, li ne vol tages f or or¡e¡1oacl

conclit j ons, ( i . c, , loads: p.reate.lî than surge impecì.rnce

loadi'rp, ) cor.rl,ri be held d or,¡n to a. certain 11e!ree, rt Ieast

rnuch be Lor,.r vihat tirey woufd olherr^¡isc ha.ve becn.

Jnci u ct 1on- s¡,'nc hro nou s freonency convertel:-.r cr)h

theo¡'eticall-¡' be brr:i 1t tn an¡r size.fJ One of the lar'gest

bu.i.l.l so fer i,¡as 1.n l93l+ and had n l!ìr!,j caÌìâ,c j.ty.l.a It see¡ne,j

to h.ve l¡een at a ri j.sadva-nl,age becau-<e exl .ting -e.ynchro-

notls-sl'nohronous ccnr¡erter sets r.nrJ er tl':e splle circr-lrstance-<

provecì to be more efficient,. Indriction m¡chlne-q en1.¡i.s:pred

under f re ouenct, o¡rerations need not h¿ì\¡e cl isproportionai 6l.¡r

bul.krer rotors as do those of the 6O/25 cycl e machlì'ìes, 2rd

th j-s could iÌnp11c,ve 'r,r,eir perlol:rìlÊ¡ce.

5, ?-.6 É!at1c,Fr e,LSI-gJ-pq!b-l err20

Ânother Cevic€ ¡,¡lich ha,s some exc j.tjng possibi.l itl.es
for hip'.]her fr-.quencll worîk is tl-.e st'rti.c freouenc¡, doubfer.

fn i'r.s simpl est foi:m the doul-.l.er is e nap:net-,i c core

Cevi.ce, the basic strucLure of r^rh j.ch 1s shorrn in f iprurr¡ ?9.

T'he core rnêpìneti.c charåcteri,qtic is shor'¡n (l.dealizeci) ln

f ierìrre 29b. The t,rqo outer i,¡indings a--,: e series co¡nected

but ¡¡::e so r,rourd thaì; the voltages: indriced by an exciiing
source et P1 e- ncl I. ¡¿re no L cn1¡' eou-al., but al so adrl).J



l+*.\. a*i ì'1¿'\'-. '+-'
.-"- < \aq- .. L\er, s{-c(

IJ.rg. 2! Frer.luency cìoubler ¿ni lciealr¿ed 3ll cur\re,

together. Thls oondltl.on also ¡neans that the fluxes set

u¡ b¡' an exclti.ng current f lowj,ng through the ¡,¡incl ing-" ¿;.¿

ea-ch r: bher eve::;'where except at the rnldrlle leg, where they

are ln opposilion and lend to car¡ce1 eâch other out.

ïf no rr¡ a d irect cu::rent source is appliecì at terninals
C1-0, and l-c of suff lclent:Ly hi€lh voltage to push the outer

rne.gnetio paths very olose lo satura-tion, then if 3. current

nov¡ f ,ì,or'¡s throu.gh Pt and P, r one of the f luxes rii11 push

the nearly-satura.tecl leg further lnto saturation, while

the olher pushes i.t out of saturation. Bu1, because of the

hon- ìi.nearlty of the magnetlc circuit, these two effects,
r^rhi).e opposlte, are not equal-. The contributJ.on of each

.Leg to the cei'ltre leg i s shetcheC. on f lgur:e 30. The f lux

whlch actuall-y f lovrs th::ough Lhe centre leg 1s the resultant
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of these ti^ro " It 1s seen tc be at trvice the frequ.ency of

the ori¡rinaf ercltlng source. Therefo::e, a* rro1ta69e of twlce

the 1r'eouen.r)¡ âpÐears aI; l;he terminals C).-"C2..

(1) Unseturatecl f l ux e.t one
1-eg due to a-c exci-ting
ctrrrent et P- -P^,tl
'Iìesult¿nt fÌu¡ áha¡e Cue
to a-'c a.ncl cì-c e>rci-t,atíons

(l

( c\

S¿ne as ¡bove but lc:: i-.]:c
other leg.
,Sême ê s a.bove but f o:: the
othcr 1eg,

Doubl.e frequency í1ux through
(e ) st'. s:"

Fi.g. 3C Sl<etch itl'.rstrati.ng hor,* cìoubl,ing i.s obteined.

l,Jith a clouì:l er installed at the send inE end termlna.l-

of a tl:¿nsmission line, generators need not have the farge

number of poles lec{ulred I f they '"{ere operated at relablvely
higher f reque nc 1-e s 

"

The doubl-er l,¡a s co¡oel.ved as a means of obtaining hl.gh

speecls fron l,nciLlction motors " An experi¡ne¡rta1 mr:de1 havin6ç

a. 1.. Jkw câ.pae ity a,. ncì a,p¡roximatel¡, 6Jfi ef f l.c\enc¡', has been

buil-t. It is still in lts research stage bul there is no

doubt that it hold,< out very high promise of higher fre-
q uen c)¡ aPPl i cat i- on.

(p)(")

(b)
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lloth the lnduction freqrrency a.nd the electronic fre-

quency convertets have possibilitles for tuned t::ansmisslon

of power. There is 2 nunber of reasons r^Ihy a tu-ned line i.s

desirabl-e. It permits a 6çreater flow of pol^ter to the load

a-nd. ¡,¡he¡e 1lnes ale 1rl-qsly r Losses are least r^'hen the f oacì

1-" roatched to the l.ine. Above all, it permils the tratrsfer

of powers pçreater thp-n Lhe characteristic l.ine load r whì.1e

keeping l;he 11ne vo-l-tages l,¡e1.1 bel ow rt'hat lhey r,¡ou1rl hs.ve

been for 1-he unnatchecì loads .

Tuning can be obtalned either by si.ngle or double stub-
1n

matchin¡¡. -' In singLe stub-rnatchlng, reactance 1- -s placed Ln

shunl at e certaln distance from the load, (See figure l1a )

'Ihe r¡a1ue of the reá.ctance and the dista-nce are su.ch as to

present e mâtched loa.d to lhe source. The resulting voltage

prof il-e is f l.a-t u,p to the stub pos ition a-n<l thereaf tel: as-

sumes a shape de¡rendent on the loa-d cond.ition. (See flgure llb,)
î l___-T- -íl \\r

¡ ì'* >l
lttæ'-u-*--*"

Fj.e, 31 Single stub line di agra;:r ano' possiìrl-e volte.ge profile"

If the values are comproì¡ised, the ]lne is no longer

matcher.ì anrL the f1.at portion of the voltâge proflle vri1l

no longer be f lat. But the overal-l prof iì-e ¡,¡i]1 be better

Nhan tha-t of the unmatched 1ine.

" )t -



.- 58 ""

The roelhod of evâluating the distance, the reacla-nce,

ancì i.he vollra€!e are ¿.Ì\¡e iÌall:l i:r il': ¿ì:,lr sianCa'rC text o l'l

El-ectrora.gnetic l'Jal¡e lheor¡'.

The appropriate shu¡lting re¿rctånce nay he cepaci-Lirre

or i nr.luctive. St¿tic conclensers ancr. l:eact'ors can be enpl-oyed

as shunts in povrer l'lo::k. For this plìrpose r â- synchronous

condenser or reactor coul,d be employed just as rvell ' S)'t''-

chronous equ.ipments proïlde very fLne cotltrol and have the

adderl advan la¿1e of be in¿: al--le to -qui-rply and absorb reaclive

poooar.2?'

Ììesult-q are -Ðresei'ìtec1 for the voltage proflle corres-

i-.onding to certel.ô de¡5rees of mislnaich. (see f leure J2 ' )

The follor¡ing p1-ots are all rqade in flgure ll.

a) Ma-ri.nu¡n expected line voltage versus 1oad, when

lhe 11ne is s1n81e stu'r¡-natched.

b) The requlred shl:.nting susceptarce versus f oacì '

It can be seen that l.f loads €lreater than the 1l'ne

chal:acterlstic load a.re lo be -quppÌiedr tunllg I'ri11 keep

voltages '¡¡ithJ.n nôt too d lsast¡ous 1eve1s. Besidesr f o:r

long llnes bhere h¿-s afv¡ays been the ¡robl-ernl5 of main-

ta.inln€! volLages at ¿.11 pol.nts within t 10 per cent of

design values so that f or uncìerl.os.d or orrerf oad concl i.tions

tuning could help keep the vol-tages iviLhin these llmits"
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DIL,S ICÌ\r F'0,1 J}, i]Y]TOTÌlETTCIIT., LT}JE USI]\IG I\T]]UCT ]CT] F'REi'.UB\]CY

COi\VERTER SYJ)JCHI3C I]OU'S

'lhe rain t-r.ansni-qsion frequ,enc¡r a.nd sj.be oi coi'1.*¿el:sion

i,c âcl'lieïe ân acce p!¡bl e 1,r'ansf er.' of -1lLìt^Ier' 2-j:e i,rtel¡:''J eperl*

del,ii, Ì:ut thj,s re cijJ:ìto.j¿t.l cieperld.ence is irrf'LL;.encec by l,he

e. lna-::a-ci;e::isti cs of' Lhe conve-r:ii.n,¡: equilïierr 'ts ¡:,ilcJ o f Ìre-r

eaui ¡'leil-i:.s ¡:l aced in i;he l ine Í'or nortri¿¡l- cpe,r'a,tio:l o.fl i;he

'r...r'â't . ¡.r7c'[;ç:r¡, " Tt, h.¿s. ,,.rç.., 1, ì [:r,tt ej,:'.\' Irt I'u j.]-r.l '¿ !'.i.,,.i: -rlu.lt;',¿:':

1Ô

r',ltor''-' for ihis rna.chinc so fhni i,lt n pTtoLjcal c::rr:r e the

Tií,r-cl:line i-r; il:ll.relf ial-'l,y 'cje.ildl¡iched lìe i,'i'liìen '1,-l:'::ns.Í'ol:'ln€lilsì * Tlre

-L:tt¡¡ecl znces c¡Í' '¡he se i,::ai:Ls¡Í'ol'lrers '¿h.etr jlr-Ìcorle f eci;o:rs tc., be

r^e cl<oned r,;ítli in def evq:i ni.ng -l irre cve::a-.-l-.1- inped ?noe ? Ðhese

sli if l- lrtd ¡.tir:ru.a.f i.r-.n.

C:¡lrr.rl ai j,ons: wi:l-'l be c¡.rrt:'iec ou-L in f hls settion f or'

ã, h)ti:o bh.e'r, ic', l- I ine iri orrj er' I'c> il.lu sira te h<''r''¿ bhe a.bove."'

l':eilti onerj f z.c|,c:r9 a-ï.'Ê t¿:1¡,r:l i¡.No eccounf i-n the cle -'t,e:rmina b j.on

af' í:j flequetrr:.f io se-t:Lsíli as nu,ch 3,s Ðossi,Ìr1e ihe requ-iÏe*

lrreì. 1.a oi r ori\r(:n lhe,se .ch j-f ï, a.ncl, i::, Í jxer-f slte f-o.r' fre,lL-Lej:.1 u,\/

{-. a }-rV e I, ir i il l|l ó

llor eiìse o1 ce,l-cu ì-¡.iion t-,he i"ol-lot¡i trg s il¡p-l-if ying

a-ss;unr:ticns a-í'e ni:¡-cìe g

\ .,r ) tl:er l-itre i s l-oss"l ess: 
E

l-.) l..he inrlu-c1,iol no1;o:r' cncl sJ¡iìol'tllcnôuÈq gene::a;tor'

-ì ¡ss:esr a.::e ncg.;l i giì:,1e 
u

or_
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c) irrespective of ft:eouency, the transformers have

â.n ln¡e(jânce of "1 pu since in general, trans-

forme¡: inÞecì:,nces are deslr¡neil for the purpose

of limiting -short circuit currents to reasona.bl.e

vaLues.

lì0T11: For i,r¿.nt of cllta on i-ncl.ucti on conv€rt.'rs âs l'¡ou-l C seel¿ llrâc*
t,icaf íor I arge porter 'r,:::.ltsttiissi on, the reactallces nsed f or the
stato¡: anrì the rotor of the cotrve,rte-.c e.re thos;c: of the ] !{tti capaci-ty
mentj onc,C on pege Jd.. For the purpose of thj-r" chapl-,er, ex¡.ct val ues
of reactairces ere unncce s-qarlr.

The re¡,ctance oi lltc, s¡inchr6¡6¿-s Sctter¿tor i s assulned eo¡ra1

to the-t of t he iuriucti.on üechi,ne lotor. The s'r,ator ¿nd rotor -rcac-

tances are ó.6 ¡.nC J " 
/¡ per cent rc:s.oect-i vel¡'"

T.IlrlE ll,ATA

Line length = 900:nil-es
Ði.st¿nce of conversi.on si,te fror,r l-oecl = 100 miles

Phgse shií'¿ of transltrssion line ab =.2oh r¿¡.ls/100 ni-les.;
6o cP e or l).. . 7ofoo ni t. c s

Cher'¿cLeri sti.c -l¡lDecia.ncc = 1.22 per cenir

llele r¡rj ne l',he opere.ti.ng freoueuc¡r such 'r,hat il.re pì'iase

clifference betl,'een the terniinal-s of the liire i-s approxi-
mately 1!Oo.

1..-.r,=. --, \nd M,

I $ .¡ t \.. h a RLH{_}Q7J}_*jH.-o
l. - I N r r

l" "-_- ec-Õ "J,---ì Y,... -l 'b.'",',.n-

S j r:g1.c line il,'-¿ 3'r:€il .ior
1-i.ne us j r-ig an iucìuction

¡ i ,'cGl, ', c+t ,r. ì {. -- t o. r.
-r 

-/¡rð^o--ê}õ-aù!¡-- - ¡-õ^r-{þ itõ'!?-----:---i--,i* ItS-, Kc\qbc-\+
ì

I

r' ìr¡-.roll ei,ic:1 +i:o 1:'. -,'tt cj l
synchronous freouenc¡' converter,

I r:.e.3¿
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SCI,UTIOI'I

-O,r-

Surrose -.ceiviirg cnr' volttfc V. = f "O1¡o

t/n=Y--,h.1æ,
\z) oR

Substituting,
v : 1.019 (1 ,22 + j.1)

P-:.ta

,ô=IA'." t:.L =l+ j.082
lrt!ut, 'r y = y-(1. + t{- )

is refl-ecti-ol.l coeff a.t a" end V* is the inci clent vol-taee at 'a':

.L

å

-: ,aLr187039'
': t /rÔr.ru

--i.4i---:¡:_^.-_
I r ôr.l /in"2c)'|l t rv44Lv | - /

: 1 /ta >o,

= V+"Fd; and ab : IO0 mj-.l.es

= (t, alzo zou ) QtL1.. 7o )

-. .r/¡ ¡ n"o
- -t-o vL-Ltl. v,l

-- ¡rr - r, lrfF_ t- , ,'b, 'b

= ¡ 6*j2trì : (.ot.tl87o?9,)U-p?,t)
a

= ,OI,LI6LÕI5I

= 1t-.olr4.o:)(1 + .o4rf64o15rr¡

t a¡on/'tt 'to
- -r. ur / t¿.1(). .r

:z (r-rt.)
ôDì-:t--"b

= :-. zz(Ll_.!]28_ l-_ i:-Qå?)
1-.0178-i,03'l

But

Henc e

Hence Vb

v-'
b

.!
v,;

V¡

Itb

z.ll

But
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*61:-

-'t ôlrr i aôô --101 t"'_..,1/ , ¿.-., ._ -...t:Ll llttl

2,Ê D \r
ì7 J- Ft Ci'b "bd

- ob - obc.,,

¿r. 1)
i)

: ),.?15 t i,og2 + j.3t.9
L.2L).5fltoIt,r

- 't ar't h tQt n

= L,2tt5 + j"4112

doîJ4
= ,r.645f7701,'

= vj(r + r<u)

1^
1_,21+5 4- j"ÌJ? + ).,22

v.

od

k.
n

v,ì

I
V1

d
?o1 ',

= I.O51-f!t'o l-tt

-!!lr/lLj¿tt'!)

r"ao5L5OLGu

TÌre poiirt to renernber- at, tìris sta.ge i.s I

l¡e1,,,.reen V anc'i V the phase d:iff e¡:ence is e.pprorlìrlat, el.y f9Oo.
sL'

llence , i-,he pei:r'is si.ble phase shi.ft Llì-..ougìr the tr¿i'ts:tiission

ljne enC the reect:lrce Zef r¡ifl be i 1:,nrorirne't cly tgoo*5o.

Hence, florn here onr the solutiol'l l¡il-f be by '':rial end er:cor.

. , ¿ssurûe the nh¿sc Pngl. of V4 ihat l'oulcì eventuall¡' 1""U

to en o¡¡erell. :ìlase -qhift of 1 lOo ai; oe" is 1850.

j . e" , v: =. v|f#" = tvl ¡ l: ei'
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I ,ôsrrL Y; = 1'005¿5-lí'

Ø : -¿S -" 5orlr " = 17oo ¡' ¡ "

Tn cther i¡orcls, thi-s shou,l,cì. be the tot¿.1, pl-ra-se shift r'rhen ilie voltâge

rrevelses rire 
'oc """:',r;;:rï; ':' 

ï";" ::.;:":"" 
f00 niles

I
l-lence, the :rrerat j.ng frec¿uenc;r f, is

f, = 22.tiîi = 11B crs.

Fov this pl-re.se shift of 1Jco7./rrr

-' i? (t 714 ¡ ¡,rt ¡,.ê - [dr

= I'rrt'.5/i""1-rr) 1¡.. 
/-r5c0 ¡^rr t

-.t.6r,5L"?-??o2?t',

.Iî r:h'r,C
\t = t,.a5/!9?,Bi'c-

Phase :.ng1-e i.s eli'ea.ci;r tco -Ì-oi:5c.

T:,:-- y+ - ,f:/do -- 't'\ /'.:lo" r (1.'

!t' * 1 
^ar /r"1 (r1..!lll- - Lavw )t ,) .tc-

( = 1.ti, - 5otL" - 'zoo¡7tt

. " . rcoiri:reC. pl, a sc sìri.ft pc:' I C0 riil e s

= t6sa Ll'" .;. 2.1-"30
l1

ii e:r c: i:e c¡::i.::ecì :f rcc¡ic,lc;r il^ i-s

a * n1 .1 -. /1
'. - :'¿-:¿::..:-. 11 4--.) L

+ iOP c1: s 
"

.- ,- .-Jî(l-'1ol',tr\

== (". a"5::?o1tt\ (1-r'-o1'a2^ :\
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: 
"1,3t 5L-'26?o27,

" 
: vl{r .r r.-)
,= 1l.oo5¿frr:) ç, + ,L()t,51-2(:2o27rr)

ìIci:, Z.

,ô
- 

( 
'(\rt l'1 11. l. I'*' o / / lLLt/'+.t|2

.-. r ao1¡ -r t. \'É
i---i:-

e

- 
1 1.l ¡h,r-* r.ó-Lt \ r..¡

;'"1--;-
e Îe

- 11 '1 4 r r 1\,,
'ì 1F' e

Th:' :: i s l. e:r1.;,. l.!Co

r l¡oir-t 110 cns.

- ('t .F -,- -. 1\¡r- ^o.l/r.'¡ "r5'¡- \:::*-1.--!---.1:-.:: / \c / tL'
I l17'.r- i

: (r //, " 
e? ) (. 997htt,.. t,5)

,-- . qc| [.el , 52o

:i:rl th"' fre'.1ucnc;- :a+"i-sf;r'ing the conCi-iicns ts

.. 1, 
" 

2? (!?t."l- 1:_*}þ2)
?1-,0?)-6 -' i.a6?

v
ä-

.1_
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S..11, -ri'**l- * l---c,q-:! T' {i:Lql

T!r: r:r,1,:cet1, of i:t.lo-êì-aai,.r.ù:;it.r tI':¡¡s':'i:':-i lv, :'s i.r,*

i¡.'¡"d.e C hcle in\.o 11¡es the use of f::eouencie::, )':ip-her i! L r-:

';l r. r't¿ir:d.':: r.l oonsul'¡ol: flequencies. Thr¡se hi¡.¡her fI'e-

{:ì1ìencl-€rir :leï ìlll i l'lí)l :rÌl,out epL'reci."bl e s:rt¡i.ngs on t}re

magnef,i.c :lal"erial-s of transf o¡:;1¡¿¡-c rr¡fl other tlr:¿5neti<:

colc¿ devlces' But, it is qlri'te likely that heat cl issipzlulclr

mry hecone nort-' tJiff 1cul.1-; as the map:netic rnâteriuìl

he c otne s: greatl)/ recluc€:d.

Qu.ite .c1t"htly the no'.':er engineer i -'r ltlore concernec'l

l.ri.i;h l.osses than v¡i.1,h ân'v..thing e 1.-<e. l''lagne1,ic oo-Te

lossr:s on the r,¡ho1e jnct'e¡¡se rani"d I )/ !rith freouercl., huL

are l.ess ¡.pld. r.,rhen clnsi der"ed for zsset,rbl.e(.1 un1ts, l.i lre

n ¡)¡erâtors and tratlsfol'¡¡ersr, a.ì-1 havin¡. trhe sâne canâcitJ'.

The incre¡-eed Iosses on a redttcr'rl surf¿:ce 'rea vri Lf

fnllher r¡Jo:r'-cen the proì-.1 ens ôf heat d iss i ¡ation.
On diel.eotrics ihere 1s Êenerall.y a cìecrease in s trenSlth

¡s f reouencJ' increâses. llielectlric co::e losses of i.nsr¡l:¡tiorr

r,r i.11, inc¡'erse r'pp1dl.)¡ as f r'eqt.renoy :ì-ì'rcre2ses, â ì"ld these -l osn-

es n?- \' 1,-ri.r¡" ¿bout c.onsiderâ.ble hee.1,ing and detel:irrâti.o¡

of 1,he lnsulat,ion, lf ransniss Lcn L ire l.os-"es m4y be

nep l j p:ib]e.

fÌ'lcrease iil line end equiprnent-, ¡'eectance-q .re of no

c':nce:ì:n a1.-so, sinoe 1;hese reactellce values are Ð. -l -L conbined
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in a.r'r.'ir¡inp_: a'i; ?(', oí).-ìr'åLitill ft'ec,,-r"errc.rr" ljot¡¡evel', the 1ea.]i-

âI,e !:e'¿cia;1ce of ihe arrn¿--r-it-l-f e; 'üa1:{ l¡e so¡¡le sor-lr'ce of' fi:'ou'bl e

:-n riol-L:,t¡5e ::'e,gt,tlaNi o:r 
"

A lrse in ft'ectruency r¡,ril-1 cP-,,u.se,',r clirect.ì¡r propoi:i;iona"1

lise in c,arÕ-t12 Lo..se.1f,l r-.f ti:¿alrsryii-.qsi.on Iine,s, l}lt since

col-. ür.jp is l_,¡.ct j.nc.'l r;ced l¡y f ]l r:o.u-e:rc¡r, the cnl¡r soluti cä ,¡ot.:-l rl

be ì-o desip:n lines i.hai induce ilj,ni.rral co:l'ona losses o:c

L i n,.--: s ,¡¡h i clt â.T e e nf ire 1;r corotllâ f ree "

'1.'he orlher' lr-.sses a.::ise .?s e. i:esu-l b c-f l.he effect of

sl¿:rn ef f ect on -rresistr:rce " ll:l T;hou,gh ihe r:'es'i sbance u and

hernce 'l,he :ì-osses I c,Êt1 e.l -'¡'¡a.ys l-.e ,r'eCuced. bi' -i;he 
ì.1 se of

burxi led ¡ha::r¡ cc;ncluc j;ol:s r in :r'elation 'Lo thos<-: losse*q

occl.r-ï'ïi ng at 6O oii 5A ci¡c1es 3 highe r f reo,uencl¡ .losse.s ¡r j I l

al.r¡a)¡s: 'ne gr:ea.ter, ll ot,rever u ri,i!'ìe.ilÉl suoh --l-csse .r ì:ecogl e sifl*

nif ican'b u aðventage nigiit 'r:e fn ken of i-he tr-Lning ca:pabi-l-ities

oí.'.i.he r:onverte:r s¡/s1;en. This night decrease the losses-

Cli conrrer'1,inp: Äerrir:es tl''ele is n fairl¡t l'ii.il e r'e.nge

f rcn r^¡ìri ch f o ¡ri¡ke a cho-i ce, Th j s -,',,¡-ri e l.y na.ke-' it !,os-

¡:i-'o-'l.e 'L-.r: o'1,¡f'¡iri tìre rr:st nr:ac'Ljc,:¡-l á:nd. econoaical!- sef lor:

B,,,.rJ¡ girren si.tu.¡l,i,r:n. Theo:r'e i.-1 ca--l -'l l¡ a-'i, l ees i-,, fire incir.i,ciion

itl¡;ÌtijìTle Irecìír] [o l¡c 'i-llr.r ir--]-e:,,,.1 Í'or etrl-ti'lr*1on,g cl:stp..irr-re l,¡¡rl¿"

'l.his :r,achine he-s', genr:r'lìly r:o'1,. llet ,',+il:r'r f".t,r.,.t19 in the

oci r:, icns of eng:ir',ee.r's, bt-ii i,i. is ho,oecì that fìle ',:.niriu,e

i1ôssi hi'l i't-.'i csr if off e:-.'s i,;il-1 d.r:¡;rv imi¡eci tr¿'Le etl.enf ion to

a1



::t:::::-..:;:.-::.-:..4.:!.r..::':.:,..:.,:4.:a:t.':4.a..:.t,;--.::.:._.:..:t::::a:::..:::.1.:--.::::;.:.

-69*

Il is not the purpose of this thesis to riel.ve into an

econor¡J.c cÕnsidere.tion of the tt'¡o*f :reouenc)' node of pot'rer

transmlssion. ISut 1t ca.n be sa.id Lhat, in tite enti::e

a.r,alysi-< r l,here is no s1n¡r1e de1¡i.ce or suggestlon that is

so obvious-l-y uneconomical and hence uncleselîvln8r of consicl-

eratlon. 'llre i<lea of higher frequ-encies for Þower lrans-

mlsslon is not new. In fact, rru.p to abou| 1890r the most

comrìon frequency was 1]] c)'c1e-e per second " 
t'22

Pioneer projects lnval:iabfy cost ¡nore atrd lhis has

always rnilltated agalnst ner¡ ldep,.s ¡rhich a.re not very ob-

viousl-y cheaÞer than existlng one-q. The tvto-frequency

rnethocì is certainly not presenled as a u-nlver-caf ancl flnaf

-*olution to the itrob-l-ems of extra.-fonP: distance transmission.

Ii; has its nrobl êùl 
-q r too , f o:: l'rhi,ch sol-ution-q mu-"t be f ound .

f t is onl.y one l.Iay out of a rj if f l.cult sjituetlon and thJ--"

thesl.s is rnerel-y t:ryinE to serve e... ¿ì pointer to tha't tua¡' 
"
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