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CHAPTER T

?HE PnOBLm{ AND ÐE¡'INIIIOÌ\IS 0F TER¡.IS USED

The problem. The voltages and currents in a sp.etricaL three

phaee system are ba-lanced under nomal conditlons. However, during

faul-t conditLons whe¡ the systeú¡ lo not symoetríea.l by reason of the

fauJ-t, the voltages and currents ire not s¡rametrJ"cal and the seqlrence

5mpedances of the th¡ee phases r,rhen carqfing posit5.ve-negatlve-ar¡d

zefo-sequ€nce eurrents r¡ill- eause u¡rbailanced voLta6e drops to appear

at the t erninalo of the circuit. In addition to the positíve-sequence

conponent.:, of voltage drop caused by positfve-seguence cune¡¡t flowing

Ln an unsSannetrical circuit, a negatlve-and zero-Eequence conponent of

voltage drop can be ¡x'oducedr The posS.tive-sequence network is

therefore coupled w:ith the obher two sequence netr¡orks. The nutual or

eoupllng impedanoes betr.reen the positlve-negatLve-sequence net'work a¡¡d

the posltive*zero-sequenee netwo¡k arrcl other nutual irnpedances are

the subject of specLal study 5.n this thesLs¡

State¡aent of the ¡robLe¡¡. It is the p urpose of thio study to

Lnvestigate the relative Smporbance of u ut'uaI J.npedance between the

various sequence networks when aequence ccmpq¡ents of ct¡rrent are flo¡a+

íng in transnissloo neû¡lorkE due to übalance caused by fault condi¿ion*.

I¡norta¡rce of the EUJIE The thesis is r¡r¡dertaken, using the

transnlssLon llne network of the Clty of l'lSruripeg }fydro Eleatric Systen,



becar¡se of the funda¡nental difference established in the systen net-

r¡ork when the change rras rtrêde f¡cm a¡r ungrounded del-ta systef,û to a

gr.our¡ded xfye syste¡rì. This oceurred when the slave Fal-Is transû.tssion

J.ines r¡ere raised frm a noninal 66 kr voltage J.eveL to a noninal-

112 kv voltage leve1 by reconnectLng the transfoqûìers at Slave Falfs

from della'delta to delta-r,¡ye, with solídly groüded n@utral. The

nethod of Íntercormecting the 66 and L32 kv systens is shown i-n Fig. 1.

The outstânding point to notíce is the ínstalLation of autotransfonDÊ?st

for¡r banks of 2dr 00O kva capaclty ¿t Scotlarrd Ave¡ue and one bank of

30r 00O kva on the tie líne between SLar¡e FaLLs and Pointe du Bois at

Pointe du Boisr

The adûition of these grounds on the s¡rsten, provtded a source of

øero sequence current to the 132 and 66 kv syotemsr It is the zero

sequetlce currenù r¡t¡ich is ne'I'r to the 66 kv systen a¡rd wilh r*trich ¡u¡tuaI

inpedance bet¡¡een transnission lines pLays such aa impo¡ta¡tt Partc

ÐefínLtions of teras gæ4. The impedances offered to positivea

sequence currents in the tbree ¡ùases of a circuit wiLL be defined as

the ratLos of the voltage drops in the three phases to the correspond-

Íng phase cuuents, w5.th only p osltil¡e'sequence curlents flowång in the

circuitr The i¡¡pedances to positive-sequence currer¡ts in phases a, bt

and c w'Lll- be desJ.gnated bl Zù, Zbl, and Zc1 respectiveli¡' The

negative-sequence 5mpedances of the three phases !Ù'iLI be designated

by ZaZ, Zb2, and Zc2, aJld the zero¡-sequence ímpedances l>y Zao, Zbo t

and Zco. 2



The defínltLons of the sequence Smpedarices of the three phases of

an rms¡rnmetrfcal cj¡cuit glven here are based on the flow of positive, -
negative -r and zelo.aequence currents in the ci¡cuit and the r¡nbailanced

voltage drops resultLng f rq¡ then,

Self 5mpedanees a¡e indj.cat€d by Z with two like subscript,s, and

the sequence desS.gnatl.on nuûeral! For exàmple Zaal lE the self :irnpedance

of phase a fon p os5.tive'isequence currents.

Sequence Lspedances of the three phases refer to the impedanceo

Ln the th¡ee phases to the sequence currents, when eurrents of each

6eqr¡ence are applied separately (Z,aI, ZbL, ZcL3 Za2, ZbZ, ZcZi Z o,

Zbo, Zco).

Clreuit or conductor seLf ar¡d nutual 5mped.ances refer to the seÌ¡
i¡¡pedånces of the eleaeats or conductors of the acüual circuLt (Zaa,

Zbb, Zcc--------Znn) erd. the nutual inpedar¡ees heùr,¡een elenents (Zab,

Zbc, ---------¿"s¡.
Sequence seLf and nutual 5mpedances refer to the self fmpedances

in the sequence networkg (Z;D., ZZ2, and Zoo) and the nutual. irnpedances

beüween the6e netlrorks (ZIZ, Z2!, ZLO, ?,O!, ZZO, ZO2). These are defined.

on pages 229 and,23O oî Eo Cl,arker s book Volo I Clrcuit Anaþsls of AC

Pc¡rer Systems.

Det4leal . The relative lnportance of Mutual Impedance

in short-ci.rcuLt cal-culatior¡s for trsr¡s¡ission netuorks ca¡¡ be denonstrated

ådequãtelü by consider5.ng aaühenatLcally a portion onJ.y of the ulùln¿te

aetr¿ork. j



The effects of physícal a rrarìgenent, incl-udi.ng transposÍtions of the

conductors, ground uires, and adJacent cJ.rcuits, upon the ælf and

nutual fmpedance of the ôtrcuít ar.rd upon the nuluål inpedances of the

sequence networks of t,he clrcuit, can be thoroughly investigated for

e pål"r of adJacent circuits on the s ame steel towerso

Once the varLous elements of impedance are developed with thelr

related effects, those which appû'eciabl-y change the value of cu¡rent

flouing in the circuit or adJacent circrdts u¡¡der fault corditions cen

be incorporated as circuLt constants a¡¡d used in deteruinl¡rg the fault

culrentg.

The lines chosen for thls detailed ínvestigatLon wil-I be ù¡o

actr¡al circuits operatiag at 69 hr betueen Pointe du Bois and Bover

Avenue Teninal Station of the CLty of ì,{iru:lpeg H¡a:h"o Electric Systen¡

These línes were constructed Ín 191O and ha¡¡e an equivatent, 6l-0rl

delta spacing rçith no ove¡head g¡ound ï¡'ire protection¡ AdJacent to

these Lines ar¡d q¡ àhe sane 100 foot right-of.+uay are li^nes P3 sld P4.

These v¡ere eonsùructed. in 1921 and have vertical conducto¡ configuratLon

¡ritlr overhead grormd rnrire proüection. (See Fig. 3ô).

These lines hár¡e a source of zeroosequence current at ?ol.nte du

BoLs lf fl/ transforaer bank is netal.llcalþ connected to the tl"e bus

at the s ane ti¡ne as these llnes. They have a source of zer:oesequence

culrent fro¡n Scotland Avenue autot¡ansfors@rs over the m and h¡2 lines

iJ these lines are netalJ:ically connected to the 69 ln¡ tie'bus at Rover

Avenue.



Ho!¡ever, si"nce ou¡ ilvestigation w:111 be confl"ned to two lines and the

values used therein wouLd be heavÍly shaded by cordltions o utsLde the

cLrcult, principal-ry when netv¡ork reductl.ons are made, ¡re shall- assrue

that Èhese two lines are co¡rnected to de1ta.*rye tra¡rsf,or¡¡er ba¡rks

backed by suffl.cient generating capacitye to adequateþ feed the linese

CondLtions at Êor¡er Avenue wlLI be assr&ed as foLlor'¡s: Both l-ines

conne cted to lhe óO kv t5.e bus, connectLons beyond the tie bus being

neglected since a s¡metrical no,E'.ro'tatlrg Load is así¡æd..



Chapter Iî

Review of Related Theory Applied



CHAPTM II

REVIEhJ OF RELATE.D THE@T APPLIED

fg!g¡þg!@. Ir developì-ng the art of higþ voJ.tage transnissÍon,

consider¿bLe attentíon h¿s been paid to simpli.fication of calculations

requireit ào properly- solve each inaH.vidual probleu. Th-ls has

progressed along with the physicat inproven€nts in }ine rel5'abíJ-lty

dete¡¡rined by observ:ing the perfor:nance of lLnes rmder all- eondLtLons

of service, and assessing these results with nathematLcajl treatment.

The biggest aid to the elestrical eng:ineer engaged in 1i'ne desJ'gn

anct high tension tranmission of pø*er is the nethod of symetrf'cal

conponents. This t¡ethod can be appl-ied equally welL to balaneed and

unbala¡lced clrcuits providirng the cl"reuit constaûts ¡'enain Linear over

the entlre range of potential- and cu¡rents encountered durlng fault or

ns¡ma-t corditions¡

It wiLl be asstned that ùhe preJ-inina:ry work q¡ syrmetriea3'

coaponents is thoroughl-y fantllar to the reader of the work to follow.

The fundamental relationg betrnreen the various sequence cæponents of

cu¡rent, voJ.tage, and impedance are outlined verxr lhoroughþ in

chapLer IlT of E. clarkets book vo1. I 'rcircuit Analysls of À¡cr Power

Systenstro It is neeessary to nake this condition, 5n n:Low of the

continual recurrence of these eqtratlons'



Inducta4çe and Resista{ge gå @!g!9g l,j¡ee¡ The fo}lowing

ocpression¿ for the potentf.al- drop per ujle of conductor ¡¡Lll be used

in the r"¡ork cleveJ-oped hereafter. (fnis r,¡Uf be adapèed to a tàree phase system)r

(1)
va : Iar I jo.oo466 f (Ia l"oe I I Ib ros I lll ln loe L)daban
vecior vol-ts per o11e

where Va ¡ v€cùor vol.ts drop per nile
Ia ç current flowlng in conductor a
Ib 5 ourrent flor5.rrg ln conductor b
IR 5 current flowing ín conductor n
ab ¡ disüance bet¡¡een cãnductor a and conductor b
an = dista¡¡ce betÍ¡een conductor a and conductor n
r I resi.stance of conductor a per u.ile
f 3 frequency in cycJ.es Por second
d s GrMeRr of the cross-sectLon of the conductor r,¡ittr

respect to ltself

Thís e xpress5.on assutres that ühe conductor has a self impedanee

whictr Ls lndependent of the posLtion of the conductor srith respect to

other conductors and a nutual impedance w'ith each of the other

condustors ln the circult or cl¡cuito consLdered. Horever, Eince the

cr¡rrent, in any conductor nust have a return path the s eJ.:f or m¡Lual

5mpedance of a conductor has but J.3.ttle neaning u¡¡less associated with

scme other conductor or conductors.2

l-Applícations of thê MethcC of Syruetr"ical Ccmponents, li.V. Lyqr,
p.Ll3. New lork, llcGraw HiIL bok Cot !937.

2Tranmlssion IJ.ae Fornula, H.B. Ihrj€ht. D" Van Nostrand, 1925;



îhe Bu].letin of the Bur€au of Standatds Vo. 4 No.2 (¡nerican)

deriveg erqrressions for æIf and r¡utual l¡ductance of transmlssion line

condusLorsl

the conductors are as$¡æd to be infinitel.y 1. ong and of uniforu

cross-sectional a¡ee rxrd perneability througbout thel.r entire length,

(i"er r:¡rifor¡r current Ln each conductor). The vector sum of aIL cunrents

is zero and it ls assumed that no nagnetically induced currents are Ln

the earth.

of Calgulg!@ ggg, seU-C!{ nutu4L l¡nJedencesr There

are two ways of determlning the sequence seif-and nutual inpedancos

of the s5-aple series ci¡cuit Et¡o¡'na ln Fige 2I.

Let Va, Vb, and Vc be the phase voltages at P ¡eferred to

groundt

Iet val, vbI, and vcl b" thu voltages ¡eferred to g¡ound at Q.

Iet voJ.tage drops bet$,een P and Q i¡ the three phases be rêr vb,

and vc"

Then Ta : Va - VaI

vb=Vb-Vb1

vc s Ve 'i VcI

The Lo¡er case Letter v is used here to i¡tùicate a serjes voltage

drop as distinguished fron thð voltages to ground desiguated by c apital

v.

't- E. C1arke Vol. I. p.364 Loc. cit.

(2)

(3)

(4)



--------¡-r trb

I
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i Ic

Vc rb

In=Ia#blIce3Iao

ta vr vr

l,/ r/,/,/.
¡'<--_<|--

8eturn path for Zero=Sequence Curronts

Fig. 21 Three-phase Ser'¿es CLrc¡rLt between
P ar¡d Q with negl-igible Capacliance ar¡d no
Internal Voltage¡



Applytng lhe principLe of zuperposltS.on (s5nce aJI consta¡rts are

linear) the voltgge d rops can be ritten ín terße of syrmetrical

cøponents of current neeting respective lûFedances in each phaseo

va:va -vJ = r.a:tzel- I razzaz / ]isozeo

vb ¡ Vb - vl+ 
= 

a2Ialzb1 I aka2zb2 l laozbo

vc =vc -vc1 : ¿Ialzcl ¡ &]e¡zzcz I laozco

whe¡e va, vb, and vc a¡e series voltage drops i-n phases, a, b, a¡rd

c respectiveþ in the direeUion PQe

Uslng Vao = U3$a I th I vc)

Vat et/3(va I aW I azvc)

vaz æl/3(Ya { azVa # avc)

Íhe voltage drops va, vb, and vc can be !¡ritten ln te¡ms of theLr

oymetríca-l comppnênts i grouplng as r'¡e rrrite

vao Ê veo - **o ;.H. (zar ¡ Jzw S azcr) ¡ Vâ lzaà I
azbz { azzc2) 1 no (z^o I zw I zco) 

3
(rr¡

$)
(6)

Q)

(8)

(e)

(ro¡

.13
1'.a1 - VaL - fal ç 4 (z*r / zb1_ t zc]-'¡ $ þ!(za2 I a¿zb2 /

ezc2) g t* (2^o I atto I azzco) t ,u)
13

Yê2 = Va2 - V."z- lgt (zaf I arbL I azzct) í W, (zaz I zV 4

zcz) / uo (z3uo ¡ azzbo I azeo) 3 (v)
3

To denonstrate the Froof of the state¡nent ¡mde (Chapter I The

Problen) in cqr¡restion rv5.th positive-s€quence current rueeti-ng voltage

drops of a,1l- three sequenees, the negative a¡rd. zero-sequence eurents

ln Ll, 12, and 1.3 can be rrade zeroi The equatLons tl¡en becme:

10



3
vals¡g!(zat lzvtlzcr)

)
vaz s ¡fu(za:. I az},t { azze,t)

3

I
wa2 2Ya2 -Yä2 E ];a]:zz]-Ifa2z22 IÍaoz2o

vaö = vao - oto r þ::zc'- I ra}zo2 I raozcÐ

(r4)

(15)

(ra1

(rB)

(Le)

r,¡hích shcr¡ that posltÍve-sequence currenùs flowing in the une¡nmetrical

circuit, r¿iIL c¿use vol-tage drops of al l three sequences between P â¡xd Q

unless tho coeffLcienùs of I¿L are zero. This is also true for negatl.ve+

or zero'sequence currents, as can reaùiþ be seen frcnr equatiæs (11)t

(12) ar¡d (13) if the other t¡¡o sequence currents are made zero and the

voltage drope wåitten for the sequer¡ce current desired individually¡

Efh¡ations (11) to (f3) c"n be sÍnplified by reptacing the

coefficients of the cur¡ents bi Zrs w:ith subscripts as suggested bF

Drç Eelrl. Kl¡abark in his tetter to the Frlltor of rrElecùrLcal ¡'.ngLneeringtt

in October, 1?38r page 431. The first subscript i¡ Dr. Kinbar:k¡s

nstatlon refers to the sequence of the voltage drop given by the

oqr.ntfon and the second to the sequence of the cu:tent assocLated wlth

the coefficien!.
L

vaL ç Val- - va1 5 ]-aLzn I ].szzlz I !.aozLo (1?)

r*¡ere the coefficients sf the ir¡r¡ents are defi¡red bel-o!,, frcm equat5.ons 
,

(u), (12) .r,¿ (ú).1

1 

". 
Cl*tn" Vol. I Ci¡cuit Analysis of ArCr Por¡er s¡/sten6. Po 229¡

New Iork, .Iohn ltliley & Sons, L943c



zLL z l/3(zaL * *zW { azcl); self..5upedance to positive' (20)
sequonce cufrents

222 a1'/J(zaT l Zbz I ZcZ) c d'f-iqredance to negatÍve- r.,.'\
sequence curretrüa \.Ll

Zoa z V3(7.ao { Zbo I Zco) 5 seLî-5rn@ance to zêro''sequence rcurrerÈs \2t¿ )

zr2 eL/3{za2 ¡ }zvz I azcz) - i:lt:-:t.ffitlffi;låå"ïïilr.
æ raá. Q3)

zto *I/3(zao / arbo t Szco) 2 ä-ii:-f.iätl*"::å'#"ä.. .to rao @t)

Zzl .l/3QþL I aZ,aL { &zct) e ratio of,the ¡egative'sequence

i:ï:f 
drop produced oo -*(.r)

zz} a L/3Q,a.o ¡ #zAo / *,co) s retío of -the negative--sequenco

;:tlage 
droP Produced o" -.o(.r)

zol 7L/3(zaL / azza:- r az,cL) r;:lü#i:ffi iïff::¿ïïï",
ro rar - 

G7)

zo2 7L/i(zaz t azb2 t azzcz) ¿ äTï:-:t:åi fi:il::å"#'ä,
to tal (28)

The seco¡rd rcthod of deter:ainlng the sequence self-a¡rd nutual'

impedanees fs io replace the phase cultente (:¡ctu¿:¡rg sun of phase

cu¡r¡ents for neutral current ) by thelr s¡metrical cmpørents of cu¡rent¡

Ia :e lal I I.a2 l lao

lgra2raL lara2 lÍæ
Ic=aIaI l&l¿rzltao

(29)

(:o¡

(¡r)

then io resorve va, vb, and vc lnto the5r sSrmetrlcal conponents of



.roltage 1 by equatloas (S) - (l-O), and fjnâìty to equate the coefficLents

of, Ia1, Ia2 and Iao in the resultent equatioÊs for vaI, va2, and veo to

the doffesponding coefficients Ín equaùJ-ons (1?) to (t9), outaining ttte

sequence self-a.nd nutual l^üpedances in tenns of the self-and nutual

inpedances of thè conductors. The second of these two nethods expresÊes

the s elf!'ênd nutual lmgedances of the sequence net!'¡orks directly in

te¡ss of the conductor aelf-and routual Jmpedancesl whLLe the eqr¡¿tlons

a¡ç smewhet longer, the notation is s5mpler and the nunber of

equations considerabLy less. This is the nethoat employed in Chapter

IfI whereln the æ1f a¡¡d mutuaL fmpedances of the trans¡dission lLnes

are developsd¡

t 
"'V. 

Iot r, Àppl5.cations of the Method of SJ¡metriea-1 conponents
p. 89, llew Tork, McGraw-IäIL Book Cor 193?r

J3



Zero-Sequence Inoedg of Condustors. The zero'sequence network

includes the ground path. Therefore any neLhod of c alcul-atíng curreats

snd voltages during faults lnvolui-ng one or two phaees and grotmd ør

tra¡¡snlssion l!-nes recluJ.ree ar¡ r¡nderstanding of the impedance of thê

circutt involved, :¡èlucting tts returxi path through the eartho lests I

have been conducted to determine the effect of the earLh on single

phase short cLrcults involving grourd. trtlhen S¡arøetrical Conponent

theor'¡r was developed the results of these testa were used to develop
t

enpirical fornuìae-giving the zero",sequence i$pedence of a transnlsslql

1i¡e as a functLon of the deptb of the grourd retu¡n"

the nethod in use today to catculaåe the seLf-and rubual. 5.lrpedance

of condustors with cou¡ron eart!¡ retutn ls based on ar¡ analysis by

Ðr. John Carson 3. This work is c J.earþ preoented in VoI. I of E. CLarkel s

book, Circuit Analysis of A¿Cc Po$er systeúg t 9.373" the charüs

developed in the above mentl.oned book w:ijll be qsed ln det,ennining the

rral.ues of ze o.isequenoe self shd nutual inpedanae aß the e ccur¿cy of

this ¡nethod ls i,Éthin O¡LT¿ 1o" the P1 sd P2 trans¡dssior¡ lines. 4

I siogL"-thase Short-Ci¡cuit calculations - l,Iri{o ïøw:is, General
Elæetric Review, JuIy, !925o

2 CuL"rrl-ution of Single.¡Phase Shorb.4ircuits by the Method of
S¡rmretnical Cmponents - A.P. Mackerrae;, General Elestrl-c Revierr,
VoL. 29, Aprl.l., L926, ppo2l8,23l, Ju1y, 1926r pp.468-481.

- l.Iave Propagat ion in Overhead lÙires with Ground Return, -
John B. Carson, BeI1 Systen TecluricaL Journal-, Volrrre J, L926, pp.539-
554.

t"- E. Cl¿rke YoL. L p.3'15 I¡c. citr

r4



Zefe-Sequeqce, ftlf-glg E¡ÞgÊI I¡pedances. It vrtll be noted that

the equa!íons ueed herein, see Chapter III page 36 t for zero¡.sequence

self ard nutual impedance, are based on Ca¡sonts equatlons.l The

equLvalent circuits for zero-sequence quar'rtities, do not give differences

ìn p oteatial of grour¡d points. If zero'sequence voltages at varÍous

points along a line nere referred to a comon gÐund point, the ælJ

a¡¡d muèua1 impedances of ihe "ground-retumtt circuit ¡puld have to be

sepårated. ThLs woul-d require an equivalent se3.:g-snd nutual Jmpedance

of the eagLh retu:n as welt as of the circuit external to the earthc

Hoú{ever, the equlvalent cLrcuits do glve zero-sequence voltagos referred

to ground at arry specif5.c poínt along t,he line r+hLcb are usefuL in

short-circuit studLes"

The zero-sequence network can be thoughb of ê6 ê simpLe loop circuit

sl^nLlar to a single phase circult feeding a load Z¡ wittr a voLtage V

applled at the circuit tencinals. ?he curreRt thea f,ltrs in both

eonductors of lhís cLrcuit wld"ch has oelf J-npedances Zaa and Zbb and

nutual impedance Zab. The eqrdvalent írnpedance of thLs cùrcuit is

Z g Zaa I Zbb - 2Zab' This is the lryedance of a¡3 earLh returrr clrcuit

given by Carsonl s equations, ar¡d if the vollege of any point 5.s required'

i¡ reference to a.ny other poln-b in the ci rcult then the geparate

i.npedances Zaã, zbb and Zab, or the equivalent impedance" 
ãffi :lii #i

be kno¡sn¡

ì- E. Cle¡ke, VoL. f p.372. I"oc' cLt¡

!5



I{or,Íever, if the voLtage to grorrnd, at any point in the of-rcui'tt

is required, then the equivaLent inpedance as gíven by

Z 9 Zaa I Zbb - 2iZab ís satLsfactory. ThLs i,5 the fmpedance given

by Careont s equations and ihis poínt is noted here for fubure

reference.

16



thapèer III

Det e¡ldnatíon of Irrpedanee Va1ues



larjÁ Ðm_!-Ð T'r-¡

ÐE"TNM.Í]NA?1ON OF T}4PEDANCE VA].IIES

Ðata to .Á,ccøoanv FÍpu¡e 30.

Pl a,!4 P2 Ili¡gs

Average span óOOr Seg 23r at 6OoF.

Àverage height of Co¡rductor say 4O feet

Conducbo¡s 2781600 cj¡cular :¡j ls st¡anded a-}.r¡ninun

Diameter 0"605n P.U',rs O,O252 fl"
Resfstarìce at Oot' = O"2992 otøre per mi1e, et 23.9oC (?Zo¡.) , 0.306 ohns

G,M.R. of conductor 0.1911n 
per nile

P3 ff¡4-PL Lines

Âverage span 4OOr Sag 8!t ¿t 6O%'"

Average heíght of Conductor say JJ feet

Conductors 27e,6OA cireular ¡:cil-s stranded aLucin'.¡m

Dianeter 0"605rr Ratll.us 0rO52 feet.

Resisùar¡ce at OoC 
= 

o.2992 oh¡ns permile¡ al 23.9oC (ZZ9¡') 
= 0.306 oh¡¡s

peniLe
r;.¡4.R.of Conducto¡, O.f9ll¡l

Gr@

Conductor f strand steeL ( Sieurens-Martin )

O*"t O.rrO,'

Resístance a'L OoC l,,'ith 15 amperes flowing : 5"49 ohr¿s per nile
G.M.D. of Conductor O.0O132rr

1,1



FIüJnE 30. TvpIC{t CRoSS SECTION 0F POmrE T9AN${ISSION TINES I¡oKING
IO'IARDS P0INTE ÐU B0IS.

Note! The position nr¡tber on all towers remains unalteled throughout
tbç entíre llne" For exanple, the right hand end looirìng towerd Pointe
d.u Bois of the ¡niddle crossarm of the norbh to¡+er Ij:re is always posLtion
n¡¿mber É. For the phase Letters at any Location along Line, see trâ¡1si
positl.on dre'a:ing Fig. 31.



Dista4geq betweeq Conductors fpr Pl and P2 Lines. Let the

conductors of P1 ll¡e be called a, b, and. c a^nd the conductors of

P2 l-ine be cajlled d, e, f. The equations for ühese lines wll-l- be

worked oui in general ter¡¡s so that they may be used for subsequent

lines. The positÍons of the conductors in succeed5ng sections of the

line will be detaLled r'rhen transposltl"ons are considered.

Sab u:ill designate dLstance fron a conduetor to b conductor

and r*Lll be abbreviated ab.

ab¡¡6

aC¡¡6

bc--6

ad ¡ J.2.

ae = I5o9

af = l-8

bd = 10.4

be = 12.

bf : L5.9

cd=6.

ce E 10.4

cf = L2t

In o¡der to cal-cul-ate the charactenistics of thls line, the

quåntities desÍred $¡ilf be ¡¡orked. out fron first pri:lciplle s l*rere

necesear.X¡ and the theory deveJ.oped to oçJ-ain these pr5nciples¡

Positive- and NesatLve-Sequence f¡oedan ce (eithe¡ circuit ) -
Z1J- s r I Joloo466f }og.{Æ.b"."" .vector ohns per nile (f)

d i,'

r = resiàtance per nlle of conducto¡ E 0¡!06 ohns
d 

= 
G"M*F. of the conductor

ZaaL=ZddrsZaa2sZdd2

r.9



z = 0¡306 I i o.z79;+ rorÑÃ * a * t
o.o]-5g2

= 
0.306 I J O.7! ohns per ¡nile (actual length ?6¡8 nilesn)

The Line Pl hae identicâl- phase conCuctors spaced at the vertices

of an equLlaterål tniangle ab 3 bc s cê: 6 feeto Therefore in an¡r

relationships rnvorving :'og rc@ s log 1¡ o there can be

no value of jmpedênce¡ this is true of the single circuLt cross-sequence

nutuaÌ Ímpedances. The cross-circuit crossFsequence ¡nutual Ímped¡ngsg

wjll be developed her.eafterr

Muüual- fnpedances between P]. & P2 Treescl€qle4 !!g. The loutr¡aL

impedance betÌreen the t!,o lines nay lÞpreseni a consi.derable portion

of the to¿al drop of eithe¡ line, In the general case there are

uutual lqFedances bett'een the sequence netr^¡orks between li¡es as lrcll
as betr,'¡een eonductors of each l"ine"

Consl.der flrst the flor of only p ositive-sequenee currenls j.n

c:i¡Écuit d, ê, f (P2)" Then the fall of potential per nlle in
cond,uctor a of eircuit a, b, c (PL) will be in vector volt s per rnj.J.e

for the first seetion of line unùransposed.

Ya* J ooo0466 r (roglle3 roellalogl ) ¡¿r Q)ad a6 ef
V.ib¡: J oe00l+66 f (1og] llbs¿la rog! ) r¿ þ)bdbebf
vc = J o.00466 f (roc¡la2 rog!la togl ) rar (4)cd ce cl



The positiTe-, negative-ånd ze¡o-sequence cmpcnents of voltage

iJ¡ conductor a can be de'berained f¡our the above three equatlonst
and equat!.ons 8, p and L0 fro¡n Chapte:: II

3 ad"bdned ae.be.ce. af.bf.cf

lal. = J 0"00r+66 f (1og -l-_-r¿ a2 1o#- I a ros r )fù (6)
T ad"bs.cf ae¡bfrcd af.bd. ce

Ve2 = J 0.00466 f (].os --f- I a2 rog-¡-- I a. roe r )IdI (7)
3 ad¡bf.ce ae.bd.cf af¡be.cd

lf a is w¡l"tten û.5 /. j 0oÉ66 and .2 i" *r.itt"r, io.5 - j 0.866

and the rea1 arui JnegfnarT tenß collected with all- ",er:ns divì.ded by

3 . tt¡e equations be cone
6_

vao = j 0.00,+66 r {roslF@€&!Jþ{ r

I a.866 rngr¿m"¡rdl

vao = J o"@t+66 r (Ioe 

-l-- 
I 12 roe--J- / aloe--J-)Idl (5)

af.bf¡cf

L
va:- = .i o.oc,+66 r (ro*ffiã ¿

,üffi-e;æ

J 0.s66 roei@)rù (9)
Yaf.bdrce

va2ËJ0.004é6s(roe,flG]6ãffi.f*b"."d I

J 0"866 bs;ffif)rdl (ro¡
Vef.be.cd

All the above equatf.ons are j¡ rrector r¡olts per uiJ.e¡

(8)



The positive-sequence nutual iopedance between two pralJ-e1

el.¡cuits is deflned as the ratio of the posLtil¡e-seçluence voltage

induced in o¡re cí¡crf-t to the positive-sequence current flot{irig :i-l¡

the other cL¡cuÍt r'*rích produceó it.

(11)

likew"ise the negatlve-sequeuce m utual irnpedance betr.¡een two paralleJ-

circr¡its is d efined as the ratio of the npgativei.sequence voltage

induced in one circuit to the negative-sequence-cutrert fLowing in

the other cLrcuit utrich produces itr The negaüiver.and the zero-sequence

mutual Lnpedances ¡,rLLl be considered in detâi1 ].atelo

The sane positive-negative and zero."sequenee m utual inpedance ean

be obtaÍned for circuit 2 with respêct to cûrcuLt 1 þ consídering the

fJ.osr of pos5.tive-sequence cürrents floidng in clrcuit a, b, c, (PI)"

The f al'l of potent5.al per lrile in the three conductors of circult d, e,

f, (P2) aay be uritten down by inspection fr"om equations 2, 3t atñ. 4.

This is effectlveþ the sme ag changiúg the lette¡s a, b, c for d, e,

f, respectiveþc

The resuJ.tJ.ng equations for zero,a, positive-, ard negabive-

sequence conponents of the nutually induced potentials in line d due

to positive-sequence components of cur¡ent ín the a, b, c, circuit

are:

The p osS.tive-sequence rnutual. impedance Za'dl e @Idt

ar¡d zadL = 
j o.oodr.66 r (r"e@ /

¡úäe.be"cf

J 0.Ê66 locrl@) vector ohns per mi].e
YæSA.ce

22



or-_-'-
vdo=Jo.0ore66r(roeþ!!þ4!g"ec..¡þ Iíffi"

J 0.Ë66 ros4@irêI
6-

VdI ¡ J 0"00r+66 f (Logy'tib.ecoaf.dc.ae.bf f
dFê5i3c

i o.s66 tor(Æ)*t

6t-----¿-
vd2¡J0.001166r(be,@g!g!c.qþ¡þ IÅfø*.¡

à-i o.s66 roe.f@.)r"r
Y dc.eb.fa

(r2)

(r_3)

(14)

All e:çressed Ln vector volts per ¡níIc"

With the spacings lisðed previously for Èhese corductors, the

actual values of ze¡o sequence nutual inpedaade per rile for the fÍrst

untrensposed sectLon for each of the Lines when posltlve;sequetrce

eurrênts flLora in the other line, are:

& s -O.O33S ¿ i o.O¿è9 obns per nille
IaL

vao - lo,o193 I J o.o5ot+ oÌ¡r¡18 per nire
rdl

tt¡e ratio of Vdo/Ial doês not equaL Vao/Idl

23j



This findíng agrees rd.th the state&€nt thaü: I

rrÏ.r a sùatic network, the ¡nutual_ jmpedances betLreen two

conduetors are reciprocal; in the sequ€nce nêlv¡orks, the

mrtual inpedar¡ces are noL, Ln general, recJ.proe a}r.

t
Lyon: also agnees w:ith i:his ln his bookc

thig is parbicuJ_arþ tr.ue of the }ines r¡der conside¡ation

because of their disposition on the tcn¡erc More will be eald of this
laterr

@ = 10¡00875 I J 0'0461 ohns per nlle
rdl

@ e -0,00875 / J O.Ot+61 ohns per nrl.le
IaL

The ratío VaIr/Idl is the aegative of the eonjugête of lhe ratio
VdI,ÆêI.

I
Edith Cl_arke - Circuit Analysis of ArC. porer Systems.

Vol. I po420. Loc, cit¡

_ 
2 WrV. Idon_ - .{pplieations of the Method of Syaretrical.

Colponents. p.141. I,oc. clü.
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Fro,m an inspection of equations 1O and 14 it' can be seen that the

ratio Va2/fd1 equals the ratio Vd2/Iala Thfs tralue will noL be calc¡

culated for ùhe untransposed section of the J-ine, hø,¡ever its

¡.r¡¡erica.l value will be detendned foÌ tbe ccùûplete line, see Equation

24, Chapter III.
Ðoaìing wit'h the sane section of J-ine, the zero, -posiüive-and

negatíve'.sequence conoponents of potentJ.aì- in the cireuit a, b, c (F-1)

can be dete¡oined for the fl.ow of negative-sequence cu¡Tents Ín circuit

d, e¡ f (P,.2). The equations for Va, Vb and Vc d.ue to negatlve-soquence

current Id2 a¡e ¿ho saee as equations 2, 3, and 4 excep! that a2 ¡ritL

repilace a and vice-versa" iikewiee Id2 ntlt take the place of IdJ.ç

FoLlo!ùing the sar¡e procedure that was useil in developlog equations 8,

9, and l0 we ca¡r write down

J 0,866 be4@l rd2

¿

Val : j 0.00466 f (loeÍ'e9e!$g!4L@!
,di5f.cê

j 0.866 losf Ãè;ffif ) Ia2nffi.
Va2 a J 0.00166 f (losdg€é&3¡!gg[gbd,ce,

dfi.b"."tr

(15)

(16)

(17)

si,

J 0.866 r.eiliã-;6'f.ã-l rd2



all in vector volts per m5.1o¡

These expressior¡s for the zero-, positive-and negatiye-sequenee

voLtage give iropedance ratios Vaoifdà, VaL/ÍdZ, and, Ya2/ Id2 respectivelyo

The sa¡¡e positive-, negative-, and zero-sequence uutual lnrpedâ¡¡ces

car¡ be obüained fo¡ circuit 2 with respect to circuit 1 by considening

the fJ.ow of negaüive,.sequence currents ln circuit a, b, c (p1). lhe

fall of pobential per mile ln the three conduciors of circuit d, e, f
(fe) uray be ¡ncitten dom by inspect5.on fron equation s 2e 3e and d, when

a2 replaces a and. Id2 replaces Idl, thås/*:cørplished þ ehan!íng the

Iettere a, b, c for d, e, f, respectiveþ.

The r esuJ-ting equatíons for zero-, posftlve.r, and negative-sequence

c@ponent B of the nutually induced poùentials in llne d Cue to negatfve*

sequence conponen¿s of cuffent i-u the a, b, e, circuLt are -
vdo¡ j o.oot+66 f (Iocnhæãæ;a *.

?.-
AÆ.aa,,at

J 0.Ê66 be{/@t I"e

vdlå i o.oo¡+óór (ro*ffi 4!r

r 0.866 to*#H:Ë:H:' t"
¿.

Vd2E j 0.00466 f (1os@.sf.cd.ea"!g Èi
a
dffil¡ãI"r

j 0.866 rogffid:FãE) rae-vææ1

(13)

(le)

(20)

T,quåtions 6, 9, 10, 12¡ I3s J4, 1,5, L6, A7213, 19e a¡rd 20 can be

cmpared a¡¡d the followLng generalities rr¡it.ben doç¡¡r.

26



The inpedance r atio Valld2 (16) fs the negaùive of the conjugate

of va2lIdl (10).

The lnpeda¡¡ce ratio tûa2/I&2 (1?) fs the n egative of the conJugete

of VaI,/IdI (9).

The impedance ratio Valr/Id2 (16) equal-s VdIr/IaA (19).

The Ínpedance raLlo Ya2/lrd} (fZ) i" the negatLve of the conJugate

vd2/tà2 (2o).

îhe 5mpedance ratio $ (12) eqr¡als the Ímpedance ratio I@ (I8)
fal laz

The inpedance ratío Þ (15) equal.s lhe impedance ratio þ (8)
Tdz IdI

And hence these relationships follorr

Vaì.r/Idt e Yd2/Ia2 5 ,' conJ $az/I:dã)

¡ e' conJ (v¡ll/Ial)

Vaz/Tdl æVd2/ÍaL = - con' (Var/Id2)

s - conj (vdl/Ie2)

Frc¡n these general reLatLons þon states nthat it, is necessar¡r

to com¡rrrtê onJ.y the posLùive*and negatlve sequence cøponents of the

potential indueed in the firgü cireuit by posj.tiver.sequence curer¡t
j¡ the eecond clrcuito rr1

1 Lyon p.142 Loc. cito

I49 = I9g and 8g " !þgIa1 1a2 1d2 IdI
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It Ls of lnte¡est to nobe that the ratio. of the posftive-

sequence voltage drop to the negative-sequence ci¡*ent producing iù

is not the sa!ì.e ês the ratl.o of the negative-sequence voJ-tage drop.

to the positive-sequ€nce current pnoducing ii. Thls is the negative

of åhe conjugate in thLs case. The other eross-sequence mutual

J:apedences except in spe cial cases as fi:rther e:çlored ÌÉ11 be unequaL

in the general caseo

Before progressÍng with this sectÍon of the 15-ne, the effects of

transpositíons and the Earth wilL be conside¡ed arrd then these general

equations aFp"Iled to the entLrê lLne¡

T¡ansposltions on P]. a¡rd P2 æ,. The trânspoeitLons oe cur on

Pl ar¡d P2 as shom i¡ the following tabulatÍon.

0 edfedf
5

O bcabca
2

O fedfed
6

0 dfedfe 0 cabcab
Ì1 3

0 abcabc
I

P1Ða

The first Lettors indicate the original position of the conductor,

the second letters ind-icate the conductor po sit5.on in the seeond trans+

positíon section a¡¡d so on. These transposit fons may be seen on tho

Pla¡r of Transpositions, Fig. 3J-.
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8ge1llve*SequeBqs !Íutual Tmpedance (pt an¿ P2 liines ). The

tra¡lsposLtl.ons are sytritnetric¿I a¡¡d the llne Ís s¡røetrical]-y transposed

for its length. The nutual lnpedances for the Line should be the

average öf, the three val-ues for the fi¡st three sectlots. This average

vaLue can be obtained frce eguation 9 ørpanded to include the three

sectLons (a emplete t"*"l3u}io4þ gil*r"
, - /ae.bfo cd.af.bd. ee

valâ r 0.004ó6t ìt*dËå:3Ë:lF:3*:åi# ¿
(:7
i qftr.E..eE-fi ,(lç::å:H

-r6Er.Td )
i 0.666 rog-9{;{.aa.b )

1#åi 'nl\1 cd.ae.bf {I be.cf.ad J

Using values fron page 19 Chapter Ifi

(21)

VaL
rdL

'ì8,-

= i orzlsi fr"e@#P I J a.s66 *ff- 
ìi^?F.'o )

ZadL ä O,d oh¡¡s per eiIe¡

Thus the positive-s€quence nutuaL J.npedance betÌ¡een pointe $I and

Poi¡rte #2 llnes is zero¡

The positive-seqr¡once inpedance of Èr.ro trensñrì ssiø lLnes connected

i.io pare¡leJ. a¡¡d f€d fron the sane sor¡rce at each end has an 5mpedance

cZ - Zae.Zdd *, Z'ú
Za.aíZdd, - zzaÅ,

(22)
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Proof of this ean be oblaj-ned by referring l.o po32 Chapber I of

I, Clarkets book refe¡red to earliero Since j¡r this case pl B p2

in design and ph¡rs!,oal charaeterisiics, equation 22 reduees üo

7, e J-/2 (zaa I zdd,) (23)

the arrgngenent of the ccnductors can be charged to alter the

val-ue of Zad¡
,l

If the ¡qutuaL cou¡J.ing betr,reen ühe tws cl.¡cutts for posltive-år¡d

negatÍve-sequence .'i* neglected âr¡d usirg the average nutueJ_ iupedance

glven by equatLon 21" then 23 ¡,:ill be a nj ntrmq when Zad has its nå,xi.n¡¡¡

negative value. If PL Line io arranged so thåt phases a, b, ånd. c

occupy positions 1, 2, and !, lhen P2 ll.ne can be l¡ posltions d, 5,

and 6, in several dÍffereñt arrangenents. Frorn equatioå 2I, it is
evident that the djstanees ad, be, and cf between oonductors of the

sane phêaes should be Jarge reJ-ative to dLstances betr¡een coùductors of

dlfferent phases to give Zad its naxjmrm negative valueo There is no

eêsy lray of a rrivíng at this conductor configuratiør. The ¡rcut*and.¡
1

try'r - method should be resorted. to.
I¡ron does show conducbor errs¡geeents for a pajr of lines with

)
verticãJ- configuration- ln which the ¡¡utual_ reactance is found to bê

negatS"ve if the conducto¡s of ¿he tt¡o llnes rolJ. coulrter-clockwise,

nhe¡eas f.f the arb, c and d, e, f e!.rcuits oecupy the s¡r¡e relatir¡e
position on the tower then the ¡n¡tuaL reactance is positive,

I E. cta'ke. vnr. :./"'åÍr"it.
t- Page 145. W.V. L¡¡on. Loc. cLt.
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ry g+cgry.l4utlal Impedance (221). The negative

sequenee potential indueed in the first circuit by posibÍve-sequence

cì¡rrent in the secood circuit can be found froni equêtion 10 erçanded

to include three tra¡lspositLons of line.
! tÉlãõ;Er.?fiãf,5eEI( llõiIãeI¡ã1"¿lãiIÈËVa2; ¡ 0.004ó6r (1oeT!g!.@.."d.C9 r
toil( ;Ëä:ãd:bi( 'Yrf. ce.ad

r 0'666 t*"|ËFImì
,/dM.cf .ae ( IdL
\ I af.be.cd (
ìl cd.af"be 1
I be"cd.af )

Using values fron page 19 Chapter IfI

(24)

W e * O.OJ492 - 5 O"O9552r,ohnrs per nile.
Idl

* z2\

this vaLue is re1at5.veþ sna11¡ It is brought inio bhe discussiol¡

here to sho'¡ ühe na¡¡ner Ln ¡.¡l¡ich a poeitive-sequence current flowi.ng in
an uns¡annetrical cLrcuit and neeting a positLve-sequence inpedance Za1

in the circuit wll1 produce a negative-sequence voltage drop Ín ¿he

negat!.ve-sequerrce network¡ The positive,.sequence net¡rork Ls therefore

coupLed v¡ith the negatlve-sequence netr,¡ork. This ca¡r be taken into
accourt in sho*t, cLrcuit studies usi.ng a network analyzer but the

conplexity of the networks requS.red to do a rigorous soluåion by network

reductíor¡ ¡oethods nakes the refinenenü imprac.bf.cal_.

Va2ffi
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cross@ cros"@!. MutuaL Tmpedances (zoL & zo2).

The uero-sequence voltage indueed in the flrst cireuit by positive-

Êequence eurent in the seeond ci,rcuit can be formd frcun equation (8)

expa¡¡dod to include thF€e transpÕsit'ion sections of the LlneG

( 6 f 
ae.u--e-- celã$Ef""f

( . I cf 'a8Jbf. cd.ad.bd
@. j o.2?94(Log'V bd. cd, a<!rþg, ss!êe Irdl f s Æ;64;õd-

¿ 4 / ce.ae.be
' Y bf.cf"af

o lãëIb'e;ee {
l lcf;,af.bf"/

J o.s6ó roQl¡¿.ca"a¿ {- llffir-i
Icdoad.bd !lb..c"o"e )

Using values fron page 19 Chapèer III

E i 0.2?91+ (Loc I I ¡ 0.66ó los f)11
Vqe=O
rdl

(25)

From equåtlon (15) it can be seen that Véb È equation (25) w¡en
!d2

written for a compl-eie transposition on i;be JSne¡

The zero-sequence ioltage induced i¡ the second circuit by positíve-

sequence eurrent in the first circutt can be for¡¡d fron equatic'n (12)

expanded to include a eo!¡pl-ete transposltlon æ the line (3 sectLons).

( ßlõ6-;ê6ffiõc-ec;rc
( . I ae.af¡adrbe.bf.db

$g e ; o.zZfl lloÉ\ cf.cd.ce.af.ad"ae /rÂ1 f praa-a=a
) ¡r I ecn cf"ed\ ! bf"bdobe
985;ê6;Tb \

j 0.s66 bÁlSF:?å:åÊ i
ìlßc:tsråe {laf.ad.ae '

(26)
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Using vaLues fr.om page 19 Chapter fII

Eê,=9
Ia-l

Fræ equation (1S) it c a¡¡ be seen that Edg ¡ equation (26)
laz

l¡her¡ writien for a coriplete transposltion on the li¡e.

Effect of Ground Wires. rtFo¡ a l"l¡:e that is properly transposed,

the posliive-anC negatine-seguence conponents of Line drop are not'
I

affected by the presence of ground wiles.tr This refe¡ence justifies

the omission of gror,¡rid Ï¡Lres from ou¡ cqrsÍderation of the positive-and

negative-sequence mutuaL l"npedances. The P3 and PJr steel to¡qer U¡e has

a ligt¡t steel ground wire for approrìmately haj: tts lenglh and two

li-ght steeL ground rrLres for the renaining I-ength. The dfect of the

llght steeJ- ground wJ"res or wire on the P3 and P4 steel towers has not

beon taken intc the calcul¿tion of, the mutual cross*circuit ìr¡Fedånces

or the cross,,.sequence cross-cilcuit nutual 5mpedances of .PL ar¡d P2 Iihes.

The ground l¡ire rl'iLl not be considered ln catculating the zero<sequence

nutua-l 5mpedance of the PL and P2 1l¡res. It ¡¡l1l be considered l,¡hen the

P3 and P4 lines are calcufatedo |tl,ight steel ground rrires affect øero-

sequence eelf-a¡¡d Butuål reactånces bub slightLy. r' 2 Ttiu refers ¿o

light steel ground wires on the sane toþrers, w!¡.ile the ground wåres in
question are so&.e l*O feeb dist ant f¡m Pl a¡¡d P2 lines.

* 
furon. Page 135. I,oc. cit.

2 E. clarke. p.4lf. loc. site
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Ef-lggL of Egþo ttThe¡e can be no conductor currents ir' the earbh due

to the positive-and negative-seque.nee conponenl culrents in the conduebors

sÍnce the srnn of each of these eolponent s in the three conductors is
.1zero. "

The earLh is a eonducüing body and wiLl carry induced eur¡ents due

to tlre action of b oth positive-and negative-sequence currenÈs. Thfs has

the effect of increasing the apparent resistance of ihe conductors.

lhere i$ al-so a decreasing effect on the reectance of the conductors due

to the ¡nagnetic field surrnunùing the Índuced cutrêntg in the earthr
)

Lyon- finds that for a typical line the differenæ bet¡ceen the

impedance to positive and iregative sequence cur¡ents r¿hen calculated

by the two methods, nanely, considering the effect of the earth and

neglecting it, is not l-arge enough to justify taking the earLh into

aocounùr Hol.lever, for zero-sequence currents øhich flow by conducticrr

i:r the e arth, Lt6 effect ¡rust be t aken into accotmtc

The resLetivity of the earth varåes frcm, !00 to appro:d.nately
?

LrOO0, OO0 ohns per centi¡nçte¡ cubel ,Ari average value of 2J00 ohns per

ce¡¡tl¡leter cu)"e Ís stl.Ll- one b 1l1ion tiues that of copper. Therefore

the eddy currentÈ $nduced in the e arbh by the action of the currents ia

the transmission llne ønductors are of ¡ainor ímportanceo

I
E, Cla¡ke Vol. I. p.419. Ioco cito

' T.yon p.L29. Ioc. cit"
t
' Clen, JrE. Reactance of Transnission tines u:!th Ground Return,

Anerican fnstitute of Electrical ÞrgÍneers, Vol.r 5O p.901.
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@rlgry SuantLties. Tl-re thecry outlining the zero-sequence

quantlties has been devel-oped very concisely iri Vol. I of Eo Cl¡rkel s

book CLrcuit Analysis of A¿C. pøçir Sys¿enso The uork that follows

i¡ calculating tlre zero-sequence self-a¡¡d nutual impedances of the

lines will :cqrforû. to the nethod conta:ined Ín the book mentioned.

The o utli¡e of the theory here required is not eonb ained in Cbapter II
of this thesis ês no credit for the theory is cral.oed herei¡ro Rather

fhe nethod of r¡sing the equations to obt&i.n the desLred mutual ìqredances

and their effecb on the calcu].ation of shorb-cLrcuit currents in
trans¡rlssion nett¡orks is soughbo Ful-L use r+1.1r be made of the charts

and tables contai.ned ín the aforementioned book åo ê¡rive at varues of
zeforsequence impedance for the lines discussed"

Mutual T¡rpgdance to Zero,-åSgry,o By definitlon, zero4sequence 1ine

cur¡¡errts ar¡d voltages to ground in the three I*Iases at any pcjrrt in the

systen are eqtral in nagnitude ånd phase. zero-sequef¡ce nutual_ 5.npedances

are therefore i.ndependeirt of the arrange¡¡ents of the phases of the tr^¡o

cj¡cutts ín theLr touer posítions¡

Considering P1 and p2 lines (FÍg, 3O). The zero-sequence seJ.fi.

ímpedance of elthár of ihe tv¡o circuits is its serf-i-rrpedance ríth the

other efrcuLt open. Equation df page 388 of E. Cla¡ker s book

Circuit, Analysfs of, Á,.C. po¡¡er Systens - VoI. I eq)resses the zero_

seque¡ce j¡ oh¡os pernAbas folÌolre:
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Zaao - roc /- ¡ X0O

=zîa- s I 22ã6-8

zaao= (rc lRãå- stÆ& -s) É J(xËã-slztrãt -clxi) (27)

'i^Jhere bars over t,he subscrlpts indL cate averêge valuese

d : dLa,meter of Conductor ; .605't refer to Fig. 30 page 17

rc r resi6târ¡ce of tt 
= 0"3O6 oh¡¡s per uile.

i'
Xù ¡ inte¡rnal reactance Ln ohns per rniLe

xi É 2 r?f1o-3(0.?411*nÉì (28)

¡¡here r = radius in feet

gn¡ ¡¡ eeuivalent seLf geonetlic nean radius of the conductor in
feet.

Xi 
= 

O.O5À9 ohms pcr mile
âl-

ütD-4/6x6x6 s6feet
h ; helght above gr.orred oû conductors

The line spa¡rs are 600 feet uith a sag of 23 f,eet at 6o9F o The

effect of the sag in the transuission l-ine conductors may be accounted for

by choosilg the height h, as the rri¡imrun clearance above the conducting

nass of th¡e earuh plus one-thLrd of the sagr Conductors ate 50 to 55

feoå abov€ the ground arìd an average vaLue of h = 40 feet will be

reasonable.

H = horizontaL spaclng b etÌ¡een two conductors j-r¡ feet.

I{. = Þ for self impedance

e I/3G I3 I 3) 
= 

4 feet for ¡n¡tual impedance of one line.
Fron Figr¡¡e 32 with earth resÍgtirrity tn o hos per qeter cube --

f e :.:OO bej-ng ari average v"Lr"o1

1
J"E. Clem - Reactances of TransuissLon LLnês '¡ith Ground Re¿uÍr.

Vol. 50 drFF f¡¿¡1s¿stions p+!01 
3Z
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I

RÂa - g 
= 

A.O925 ohms per mile

Rab - g = O.O925 oLus per nLle

Frqtr Figi 33, ',,úh f ¡r LOO ar¡d d : "605tr

Xãã - g (conductor height neglected) Ê L.41 ohms perniJ.e

Fron Fig. 31, wtbli. Y 5 10C and s s 6 feet

Xã:ã -. S ( conductor heÍght negle cted) : 0.?45 ohøns per nile

The coBections to allow for conduetor height abone glound &om

Pie" 35 with f:l L00, h 3 l¡O, and il = O a¡rd d feet for self-and nutuå.L

reêc¿ances respectively

delia Xãå. - g s O.003 o?uns per rùJ-e

delia XãB - I ¡ 0c003 ohns per arile

addi.ng these co¡.rection facto¡s
,,.-¡.a¿ - g 

= 
L.l&3 oluns per mi].e

Xãb - g E O.fli8 ohms per tlle

arid subsiitutÍng these Ìralues ln equation (2?)

zaaø e o.306 13@,0925) I JO.W / 2(o.7bè) t o.o1t+g)

Zaao ¡ 0.!8 / J 2.96 6hrnc pe¡ mi'le

Only the zero-seguence component,s of voltage j¡duced þ zer"o-
. :.]

sequene e cuxrents floring i:r an adJacent line r¡¿lII be J_arge enough to l

$å.rrant cônside¡ation at thls tise ¡ The zero*sequence nutuå1 i@peda¡lce '"1 
:

between two paralleJ. trans¡¡:ission circuits will be defined as the ratio , ¡ ,,:

-, -:of the zero-sequence voliage i nduced Ín one circuit to 'the zero-sequence

cirrrent per phase fS.owing i¡ the othc¡ c ircirit which induces ito

4r



?he nutual lnpedance for tr¡o paral-Ie1 circì¡it s llitft no ground

l*'ire s.1

zado¡l(Rad-gl Jxãã-e) Q9)

Frcm Fig. 30

tonducto¡ average height abcve ground l¡0 feeü.

Average horizontaL spacing betr*een condusbors of PL ci¡cuit ar¡d

thos e of P2 cÍ¡cuit is 12 feet.

' The poneÈric nea.n spacjrrg between conductors of P1 clrcuLt ar¡d

those of P2 circult ís

sû =4i2xr5. 9xL8x1o.4xL2x15.9xó:.10.4rd2

'- .Sã[' ¡ 12¡0

Frm Fig. 32 Fãd.-S *t O.@25 olms per mll.e

Frm Rig. 3¿r Xãú-S E 0.6? ohris per mLLe

zedoã3(o.o9z5 ll0.67)
Za.do a 0.277 I J Z.Ot otrns per nfle

' Srmrary of T-upedances for HL and P2 I4!Ë. The selt-and noutual"

Sapedances to &11 sequencee for Pl ar¡d P2 lines nay be convenientþ

sumíorlzed as foAlows:

.l

'Equation ?6 Page 404 E. CLarke Vol. I 1oc, cito

l+2
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Chaptel IV

0alc¿]-ations of Belative Effects of

Mutual Iapedanee



0RA.PTEn IV

OAIßI'LATIONS OF R¡T,ATTYE ÐFFECTS OF MITfUAI, N{PT]DANCE

Section of Net¡¡ork 9g!!g5!. The effect of mutual inpedances in

PL and P2 trans¡rfssion li::es for a ôhorb-circuit at Bove¡ Avenr¡e 6O kv

tie bus rcill be consideredo

The connections assr¡¡ned for tllis study are shor.¿n in Fig. 41. Tlre

PI and P2 Lines are par¡1'l e3.ed at both ends by eans of the tl-e bus

located jn each stationo Thêre åre eLght generators avd.labl-e to feed

the ü¿o }ines r¿ith 33150 ïç¡a rated capacityo There a¡e also tr¡o

15¡000 kva tra¡¡sformer banks, whieh for the purpose of this study we

shalf assr¡ore are connected delta-uye to provide a path for zerti!-,sequence

cu¡r€nts into the tra¡r$eiesion lines rr¡der eonsi"de¡ationr ?he wye is

soli¿Ly grounded. The coru¡actions exbeITta]. to this netÌiork wLIL not be

considereda

Assr¡¡qblons. Ihe following star¡dard assrnptions w"ill be nade in

reducing this p orbion of the netl¡orko

L¡ Ehe load eu¡rents u:ill be neglected.

2. Generated ínternal voltages of a1"1 s¡zrchronous nachines ieedirg

these ll"nes wiJ.l be consÍde¡ed equal in nagnitude and in phase

wlth eaeh other.

3o Fron statement 2 above j.t foLlows that aLL points in the

posilive-sequence neüwork, whele positi-re-sequenee i nte¡nal

l+5



' voltages appêar, ney be eonnecàed togethero

4. Lrmped line consta¡¡ts wÍll be used.

5" Effedts of eapacita¡ce and transfonaer magnetizing cuffent s

u'i].l be negJ-ectedo

ó. Assune posi.tlve direction ôf current fLow the sæe in each of

the sequence networks¡

?, Phase a w"ill be used as referenee phase as heretofore¡

8¡ All voltages u¡:-ess obher¡aise speciJied are phase-to-neutral.

9. Resistanee v¡:il-L be neglected in ¡rachines and tranafonners but

r,¡lL]. be t aken into accormt in èrar¡snission lineso

10¡ The ehorüicirc&it will be taken bn the Rcver Avenue end of Pl

f.ineo

1I. ÂAL inpedanees vrill be ån otms on the HoT. line base of a

nonrinal 66 lrv.
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Positivq-lqegab:lle a¡r¿ ZgXS-Ëgquenqg Diasrans.
. , .t oillltê
ìdu

Generators #l - #8. 33?50 kva total
Xrd s 24.5 ohns
X2 s 4ó.2 ohns

Ba¡¡ks #1 & #2. l-50O0 kva each

Ratio 6600-?200o ¡: 10.g2

Reacta¡¡ce : J19*07 olus

ï.ines PL & P2 Li.ne Volt age ?2000 volt s

Zãê1 s Zddl E 23.5 I j55.I ohns

Ðanks

Reactance - I JL!.Of ohrns

Lines

zaao É zddo = LL"56 I i227.L oyÙ4ls

Zado r Zdao a 2L.29 I J154.1* ohns

Fie. 4t T-rçedance DLagrame.
óó kv Base.

AII values on a no¡rina1

Rorêr Ave.
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Poe!!i¡æ.- Sequencg Network' Two lines i¡ pa¡alIeLo the positÍve-

sequence network uill readlly be seen fr'ø FJ,g. l+1. The reductlon of èhis

oetwork produces a posítive-seqrænce equivalent impedance of 11.75 I J6L.58

ohm6.

I'leeative..Sequence Ng!g!. TUq lines Èg gg!ê!€1. The negative-

sequence network Ís ldentica]- with the pos5.tive-sequence netr.¡o¡k in el'l

but the generator reactar,rce. The reduction of the negative-sequenee

hetwork produces aa equivalant ilrpeda¡lce of 1I.75 / j83.28 ohoe.

@.!ry NetworE¡ þ æ, in paralLe-!. the equLval.enü circuit

for two par.¡-l]el and equal transnissl.on lines lrlth nutuel lnpedance

between thea produces a¡r equLvalent impedûrce L of L/z(Zazo / ZaÀo) "
Esing the equivalent ci¡cuit for tno paraLlel trnqnsnission ljr¡es wíth

*ogq¿1 irnFedance bet¡veen then the zero-sequence netwo¡k (as shown in

nigiure 41) reduees to 32.92 I J20oc43 ol¡lrsc

When mrÈuaL l rnFedance to zero-sequenee cru:rents 5,s disregarded, the

ze¡o'sequenee network impodance ls 22.2ê I J323.23 okws.

Fault cutrents - gbgXlrçlrlgÈ on Pl at noq¡e,r @. Using a voltage

of 72,000 volts, the short-circujiË currer¡t at th€ Bover Avenue end of PI

Ii¡re for the cêse considering nutual inpedance is given tlf i r 33¡Q@,
a6$,a,+z / J3h5.2g)

Here i : lAt¡! anps. as agaÍast 159"0 anps. ut¡en uuùuaL fuapedance is

disregarded. This represents an l¡c¡ease of 28cú, a value $bieh ca,ruoot be

disregarded in shorL-circuit c alculatLons. The dfe et of transnLssLon Li.ne

regístance 5I¡ the positive-, nêgêtive, - and zero-oequence rFtwolk Ls consLdredo

' 1g. Cl¿rke. Vo1. Io pJ2. Ioc. eiù¡ 
,'g



Positive-Seouence Network. ?2 Li¡e open a+. âover rlvenue¡

The rresultLng value of positive-sequenee impedance is 23"5 I

Jå9.13 ohnûsc

Nesativ€-Seoue,nee Network. RÊ-., Llne open åt RoYer Avenue.

-----
The r esulting value of negative-sequence i¡rpedance is 23c5 *

JllO. fJ ohns.

Zero-Seouence Netv¡ork P2 tine Open at Rover Avenuec lf the

circuit f.eu1t ls the sane, nanely Pl line involved í¡ a llne-to-g¡or¡rd

faulù at Rover Ávenue, then the r esul-ting equival€nt circult rvj.lJ. be a
'|

three t errinal circuit -, for the case ¡Ehere nutual irrpeda.nce 5's

ccnsidered. The equitalenl cireuj.t reduces to a velue of L4.56 I

J2J6"9J ofus6 If the ¡nutual Jmpedance to zero sequence cuments is

neglected the resulti"ng equivaì-ent i¡fipedance for the zero-sequence

netwôrk ls Lr+"56 I j236.93 o}els.

Fault culrents - shol on PL Eåne at Rover Avgnue P2 @ e g

Rover Avenue.

The fa¿lt current is the sane whether the adiacenb line is open or

closed. The nagnltude of thís cu¡rent ls fi3"5 slnperes. A ft¡rt'he¡

point to observe is the nagnítude of tbe induced voitagæ in the open
,o

line. This vailue approaches 27OCf l ShJ vector volt 5 r¡hicir '¡hen added:

to no¡aal Urre voltage is a value to cor¡ter¡d t¿Ltho

,|
- E. Clarke. Vol-. I p.35. Ioc. citc
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Further Effecle of ZzL" ì¡ilth reference to equation (24) Chapt,er

IfI, the nutual ínpeda¡rce between the positiræ-and negative-sequenee

network is relativeþ snall¡

Và2lIldl = Z2l = 
.4.Cf.]¡92 - JA.OO5525 ohms per nile, on full 1íne

length 221 = -1.146 - j0.4245 ohøs"

Th5-s ¡rutual coupling c ân be used by taking a dvantage of the

equivalent qircuits 1 deveLoped for rnrtual couplLng between a two

terrulnar netr¡ork" Thie is best demonstrated on an Aoc. network ana,lyzer.

The e ffect of the impedar:ce 22! can beæen r¡hen the negative-

sequenc€ voltage drop f.n lLne a, b, c (pJ-) ie c alculaùed for posltive-

sequence cüiÍ.ent flørcing in I!¡e d, e, f (pZ). If lhe fault current is
119o5 a.npe¡es as detemined for the case considerirg nutuaL impedance to

¡¡ero-sequeuceo Then

IJa? 7 +1Ja6. f zæ"¿i wf¡ich is onty 0.203É of

nonaal line voltage of ?200O voltso

13. glarke, voI. ro p.32 & p.185 roc. cit.
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Chapter V

Conclusåons



CI.I¿\PTEB V

OONCT"IISÏOTüS

tr: reviewing 'bhe prececì5ng rn¡ork the interesting features are

grouped. under the following four rr¿irr headfug",

Mutinal ImpeCanees affecteS b¡¡ Tqanspositio€' It is to be noted

from equabions I and 12 Chapter IfI tha.t an untrensposed trp,nsn"ission

line may have non*recÍprocal Aero-sequence voltage drops due to positive*

se-o¿uence currents, These are i;he impedances Z0l in line with the definí.tions

set forth on pgge 12' By completely transposing these lines the ¡utual-

Írnpedance between the positive-zero*and negat,j-ve-zero-sequenùe ne'brr¡orks

(Equations 25 and 26 Chaptei" TII) ean be made zero" Thus rre nay

conclude that the Ímpedances 201 end 202 for the pair of lj-nes under

consideral,ion a.re zeroo Generali¡, speakÍng lue cou-ld say that these

irnpedance vllues are reciprocaJ- for the case consÍderedn l{owever, i-n an

wrs¡rnmretrical cj¡cuit thebe Ímpedances are non-Fecfprocal for the genelal

CâS@o

The positive-sequence mutual inpedance fcr the Pl end P2 transrn-issÍon

Iines, as prev:lously poiirted ou.t in Chapber ITI Page J1- cart have any

reactance value fron a negative quantit¡, to a positive quantity depend:lng

upon luhether the numera'Lor or t,he denomina'bor of the fraetion of the

logarithn of the reaetance terr:r ín equation 2I ís ihe greater" The

resistance or real terui in this ecluation is usual-ly ueroc

F'
1!



The order of nagnitude of ihe positite-sequenee nutuaf inpêdance 5.s

t¡usual}y not more t]nan I 51¿ of the posiüÍve-seq'L¡ence selj*impedance of

I
either circuitl.

i\sfarasnyobservationsoftheæailableliteratureonthissubject

have gone, I believe 1t has not previously been pointed cut that the

positive-sequerrce ¡nutual impedarice (ZaaJ.) for t'¡o paralfel Iines, eaoh

¡¡íth ar¡ equilateral triangle conductor configuratíon, is zero for

conpletely transPosed lir-es.

.l,n investigation of the conducto¡ configuration of these l-ines

¿hat would produce a negative val,ue of posltive-sequenee i¡ubual impedance

would be of jeport'ance to deteruine if the regulation of these lines,

rvhen operabing in paral-J-e1 could be 5m¡rroved. The positive-sequence

nutual impedance can be made who11-y reactive if the tr{o circuit's are

arranged 6¡e¡ÞtrÍcâ11)' on opposite sides of an j''naginary plane betvreen

circuitg ín such a mÐ¡¡ner that conductcrs of th€ sane phase ãppear as

inagesrcithlespecttothÍsplarre.Theplrysícaldifficu]-tiesofsuch

a scheme for the lines under consLderation are manyo Ib wouLd require

rearrangemeat of the end conne ctions to the line and the pr:oblem hef¡ce

resolves itself into a¡r econonic study, -l,lhat would be the saving in

kilowatt hours over a 1o-year perlod? This uoul-d have to be balanced

againstthecostoflearrangirrgtheendconnectíons.Thefulleffectof

any suclt rearrangqtreni t¡cu1d have to be considered for the qf,her cross-

circuit cross-Sequence inpedances before its value co:ld be prope::þ

assessedo

1 E" 01*rke vol" I P.420. Ioe. cit" Et



There v¡ould be no effeei on l,he zero-seqü.ence nutual inpeda:rce.

The n utual- inpedance between the positive-and negatíve-seq!¡ence

networks ô¡ these lines catr be used to dete¡nine the negaöive-sequenee

voltage drop in bhe one ci¡cuit r"ihen positiveçsequence current is

flowing l¡r the other circuit. The r¡aiue of 0¡åéÉ of nonml ].Lne

voltage fou¡rd in chapter rv makes ttris ¡0ubuå1 Írapedance Srrsígnificant

r:elative to the sel-f inpedance of the liner The n¡¡tual inped2pce will

depend upon the s, rran6e¡rents of the phases of the two circuits in thej-r

t o!¡er posítionso

StudieÊ. In the usudl ltanseiesion line sho¡t-

ci¡cuit study, the mutual Lmpeda¡rces between paralJ-el lines are

negJ-ected. wrLess a hígh degree of pleìtLsion is required. ThÍs hoï,ever

ís not true of the zero-sequence nutual inpedance for¡nd to e:aist, betl¡rêen

PL and P2 f-ines¡ Ln the díscussion of zero-sequence nutual- i-cpeilance.

The suüûary of ntutua]. and sel-f iaipedanees in Chapter III, pages lrJ and

44¡ lists tho zero-sequence self impedance as 44.56 /. J227.ln olu¡s per

llne. The nutual Ímpedance to zero-sequence between l-lnes is 2L.28 /

itL54.4 ohns, oî 67.5i¿ of the zero-sequence self impeda"ncec The e ffect

on the shorL-circuit cu¡rent for the sinple case discuesed in Chaptee ÏV

is of considerable imporùance and must be considered in ca} cuJating

f¿ult cur¡ents.
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f¡r shorb-ci¡cuåt studies for circu-it b¡eaker applieation or for

preÌircinary rela)' settings on a h i.gh-tensåon syslenr an error of 5l

in the calculated values cf short¡circuit current r¡ou.ld be negligibl.eo

Hovrever the shorb*cLrcuit current vaLr¡es r'¡ould be in error by 28"@

if zero-sequence mutual frpedance wêre dioregarded in the eireuit

consLdered in thapter fV" This l¡ould be entirely unreasonablec lfe

raay therefore ccnclude that the mutual i¡opedance beiueen adiacent
w¡balanced

cirduits to zero.sequence eurrents should be considered in all,/-short-

ci¡cult studies.

ÌJew l-ine DesLe¡:" In new ]-íne extensions invo3-v:ing one or more

cfrcuÍ.ts, the engi:reer rn ust a.¡iive at a desÌgn tllat is economríce-l- as

weLl as prracbical. This rec;uires a coraprehensíve investigation in

o¡rile¡ that voltage drops, energ:¡ losses, corona loss, stability arid

general perforrnance r¡rder noi¡ral as Ïtell as fault condítions can bo

predi cüedìraccuratelyo

If a ne¡¡ line were buiLt so that each conductor was equidistant

froo all other conductors carryiit€ crirent and al-so equidistant frøt

lhe ground, th€ n the circr¡ít would be conpletely synnnretricai. In this

case the posit ive'negative-and zerorsequenee j¡duetance would be ühe

sane for each phaser HoÌrever such a Line arranganei:t is inpossible,

ar¡d the practical- alternative to this, to obtajr average values of

posüive-negative-and zero-sequence leaclance is to have each condr.rctor

occupy each tower position fÐr one*third the total distance.

Ë.1.



If a nev¡ l:í¡re or doubl-e circuit line fleÈÈ not transposed, then the

uns¡mnetrical voltåge drops would have to be c alculated for each of the

sequenees by the niethcd used ln Chapter III. The lack of s J¡l:tlnetrT

betr,¡een the three phases wou!-d resu-l-t in the int:¡oduction of negative-

ar¡d Eero-sequence inducod vol¿ege drops in the other conductors o These '

in turn uould produce theír ovin sequence voliage drop as weLL as voltage

drops to each of, the other sequences, The reduetion or tota-l elj.¡cl"na'"ior¡

of the najonity of Lhese mutual inpedances catr be a cconplished by

properly transposing the üne. Thís is demonstrated for positive-sec¿uence

mutual impedance by oqrrations 13 and 21. Equation 13 ¡epreser¡ts a definite

value of positir,'e-sequencê autual S.npedance for the first rutransposed

sectíon of the line r.¡hereas equation 21 fôr the conpletely *'vansposed

line produees â, zero- vah:e of Zadl.

Sumnary" The foregoing investigation j-nto the relative effects of

mrtua1 impedance was carried out for a pair of Li¡es of the Clty of

wj¡ntpeg llydro Electric systeml s higtr tension netuork.. The need for t aklng

the line configw aiion and transpositions into account for the positÍve-and

negative-sequence mutual i.rrpedances and the c oss-sequence mutual fmpedanees

was derìonstreted. lrlhile ùranspositions have no effect, on the zero-sequence

mutuaL inpedance between parallei lines, this rnuLual inpedance is the most

åmporLaat of those encomte¡ed"

ÂIL paraltel tines in the hi-gh teneion netr'¡o¡k w:i1f have nub-ua]-

i.rrpedances for a1l- sequences to var¡zing degrees, depending upon coüductor

configuratio¡lr proiairtlty of gr"ourid wires a¡¡d adjacent ciTcuits.
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These could readiJ-y be caleuf-ated fo¡ al.l lines by a sj:nilar proeedure

to ihai; r¡s ed Ln ChapLer fII taking ful1 advarrì:age of the simpl-ifÍca""ions

developed therein.

?he reiative effect on the vaLues of short-circuit cwrents and

iaduced portentials by using the significar:i va-ì-ues from these cal-cul-ations

could be sholrn for ¿ short-circuit fed by the enti¡e neir¡orko However,

iL has been dencnstrated i.rr Chapter IIT that the zero-sequence m utuel

impedance is the onl-y vel-ue of significanco for short-circuit studies

on this partíeul-ar pair of lineso Th,ereforc I believe thet tho relatlve

effects of the mutual- Ímpedanee ln the zero-sec¿uence netr¡so¡k durirg a

line-to-ground short-circuit involv:ing t'hi.s pair of parallel lines onl-yt

l¡ave been adequetely demonsirated in ihe pre ceèìng investigatione

)o
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