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Chapter I
The Problem
and

Definitions of Terms Used



CHAPTER I
THE PROBLEM AND DEFINITIONS OF TERMS USED

The problem. The voltages and currents in a symmetrical three
phase system are balanced under normal conditionse. However, during
fault conditions when the systemkis not symmetrical by reason of the
fault, the voltages and currents are not symmetrical and the sequence
impedances of the three phases when carrying positive-negative=and
zero~sequence currents will cause unbalanced voltage drops to appear
at the terminals of the circuit. In addition to the positive-sequence
componenti of voltage drop caused by positive=sequence current flowing
in an unsymmetrical circuit, a negative-and zero-sequence component of
voltage drop can be produced, The positive=sequence network is
therefore coupled with the other two sequence networkse The mutual or
coupling impedances between the positive-negative-sequence network and
the positive~zero~sequence network and other mutual impedances are

the subject of special study im this thesise

Statement of the problem. It is the purpose of this study to
investigate the relative importance of mutual impedance between the
various sequence networks when sequence components of current are flowe

ing in transmission networks due to unbalance caused by fault conditionse

Importance of the study. The thesis is undertaken, using the

transmission line network of the City of Wimnnipeg Hydro Electric System,




because of the fundemental difference established in the system net—
work when the change was made from an ungrounded delta system to a
grounded wye systeme. This occurred when the Slave Falls transmission
lines were raised from a nominal 66 kv voltage level to a nominal
132 kv voltage level by reconnecting the transformers at Slave Falls
from delta~delta to delta-wye, with solidly grounded neutrale The
method of interconnecting the 66 and 132 kv systems is shown in Fige 1.
The ocutstanding point to notice is the installétion of autotransformers,
four banks of 21,,000 kva capacity at Scotland Avenue and one bank of
30,000 kva on the tie line between Slave Falls and Pointe du Bois at
Pointe du Bois,

The additicn of these grounds on the system, provided a source of
zero sequence current to the 132 and 66 kv systemse It is the zero
sequence current which is new to the 66 kv system and with which mutual

impedance between transmission lines plays such an important parte

Definitions of terms used. The impedances offered to positives

sequence currents in the threé phases of a circuit will be defined as
the ratios of the voltage drops in the three phases to the corresponds
ing phase currents, with only positive~seguence currents flowing in the
circuit, The impedances to positive-sequence currents in phases a, b,
and ¢ will be designated by Zal, Zbl, and Zcl respectivelys The
negative-sequence impedances of the three phases will be designated

by Za2, Zb2, and Zc2, and the zero-sequence impedances by Zao, Zbo,

and Zcoe



The definitions of the sequence impedances of the three phases of
an unsymmetrical circuit given here are based on the flow of positive, =
negative =, and zero=sequence currents in the circuit and the unbalanced
voltage drops resulting from them,

Self impedances are indicated by % with two like subscripts, and
the sequence designation numeral, For example Zaalis the self 1mpedance
of phase a for p031t1ve~sequence currents,

Sequence impedances of the three phases refer to the impedances
in the three phases to the sequence currents, when currents of each
sequence are appiied separately (Zal, Zbl, Zcls Za2, Zb2, Zc2; Zao,

Zbo, Zco)s

Circuit or conductor self and mutual impedances refer to the self
impedances of the elements or conductors of the actual circuit'(Zaag
Zbb, ch»»; ----- Znn) and the mutual impedances hetween elements (Zab,
ZbCymmmmmmmanaZen ) o

Sequence self and mutual impedances refer to the self impedances
in the sequence networks (z11, Z22, and Zoo) and the mutual mmpedances
between these networks (z12, ZQl ZlO ZOl Z20, 7Z02)e These are defined
on pages 229 and 230 of E, Clarkels book Vol, I Circuit Analysis of AC

Power Systems,

Detailed considérations. The relative importance of Mutual Impedance

in short~circuit célculations'for transmission networks can be demomstrated
adequately by considering mathematically a portion only of the ultimate

network, 3




The effects of physical arrangement, including transpositions of the
conductors, ground wires, and adjacent éircuits, upon the s2lf and
mutual impedance of the circuit and upon the mutual impedances of the
sequence networks of the circuit, can be thoroughly investigated for
a pair of adjacent circuits on the same steel towerss

Once the various elements of impedance are developed with their
related effects, those which appreciably change the walue of current
;fldwing in the circuit or adjacent circuits under f ault conditions can
be incorporated as circuit constants and used in determining the fault
currentss

The lines chosen for this detailed investigation will be two
actual circuits operating at 69 kv between Pointe du Bois and Rover
Avenue Terminal Station of the City of Winnipeg Hydro Electric System,
Thése lines were constructed in 1910 and have an equivalent 600"
delta spacing with no overhead ground wire protections 'Adjacént to
these lines and on the same 100 foot right=of=way are lines P3 and Pk,
These were constructed in 1921 and have vertical conductor COnfiguration
~with‘o#erhead ground wire protection. (See Fige 30.),

These 1lines héve a source of gero=sequence current at Pointe du
Bois if #7 transformer bank is metallically comnected to tge tie bus
kai the s ame time as these lines, They have a source of zerossequence
current from Scotland Avenue autotransformers over the Wl and W2 lines
if these lines are metallically connected to the 69 kv tie ‘bus at Rover

Avenue,



However, since our investigation will be confined to two lines and the
values used therein would be heavily shaded by conditions outside the
circuit, principally when network reductions are made, we shall assume
that these two lines are comnected to delta-wye transformer banks
backed by sufficient generating capacity, to adequately feed the lines,
Conditions at Rover Avenue will be assumed as follows: Both lines
connected to the 60 kv tie bus, connections beyond the tie bus being

neglected since a symmetrical non=rotating load is assumed,



Chapter II

Review of Related Theory Applied




CHAPTER II

REVIEW OF RELATED THECRY APPLIED

Tntroduction. In developing the art of high voltage transmission,

considerable étténtion has been paid to simplification of calculations
required to properlesolve’each individual:problem. This has
érogressed along with the physical improvements in line reliability
‘determined by observing the performance of lines under all conditions
of service, and assessing these results with mathematical treatment.

The biggest aid to the electrical engineer engaged in line design
and high tension transmissioﬁ‘of power is the method of symmetriéal
components. This method can be applied equally well to balanced and
unbalanced circuits providing the circuit constants remain linear over
‘the entire range of potential and currents encountered during fault or
normal conditionse

Tt will be assumed that the preliminary work on symmetrical
comppnents is thoroughiy familiar to the reader 6f the work to follows
‘The fundamental relations between the various sequence camponents‘of
current, voltage, and impedance are outlined very thoroughly in
Chapter III of Ee Clarke!s book Vol. I "Circuit Analysis of AeCe Power
Systems', ’It is necessary to make this condition, in view of the

conbinual recurrence of these equationse




Inductance and Resistance of Transmission Lines. The following

expressionl for the potential drop per mile of conductor will be used

in the work developed hereafters (This will be adapted to a three phase system)s

1
Va = Jar # jO,00466 £ (Ia log 1 # Ib log 1 #ké In log 1 ) (1)
d

ab an
vector volts per mile

where Va g vector volts drop permile
Ja = current flowing in conductor a
Ib z current flowing in conductor b
In = current flowing in conductor n
ab = distance between ebnductor a and conductor b
an = distance between conductor a and conductor n
r & resistance of conductor a per mile
f = frequency in cycles per second
d = GeMcRe of the crosse=section of the conducter with

respect to itselfl
This expression assumes that the conductor has a self impedance
which is independent of the position of the conductor with respect to
other conductors and a mutual impedance with each of the other
conductors in the circuit or circuits considered. However, since the
current in any conductor must have a return path the s elf or mutual
impedance of a conductor has but l1ittle meaning unless associated with

: 2
some other conductor or conductorse

lApplications of the Method of Symmetrical Components, WeVe Lyon,

ps1l3. New York, McGraw Hill Book Coe 1937

27ransmission Line Formula, HeB. Dwight. Do Van Nostrand, 1925



The Bulletin of the Bureau of Standards Voe L No.2 (American)
derives expressions for ®1f and mutual inductance of transmission line
conductors%

The conductors are assumed to be infinitely long and of uniform
crossesectional area and permeability throughout their entire length,
(ices uniform current in each conducpor). ‘The vector sum of all currents
'is zero and it is assumed that no magnetically induced currents are in

the earth.

Methods of Calculating sequence selfe~and mutual impedances. There

are two ways of determining the sequence self-and mutual impedances
of the simple series circuit shown in Fig, 21
Let Va, Vb, and Ve be the phase voltages at P referred to
ground,

1 1

LetVa,Vb,andVel

* be the voltages referred to ground at Q.

Let voltage drops between P and Q in the three phases be va, vb,

and vce

Then va z Va = Val (2)
vb = Tb = Vb (3)
ve = Vo = Voo (&)

The lower case letter v is used here to indicate a series voltage
drop as distinguished from the voltages to ground designated by capital

Ve

1
Es Clarke Vole I. pe36l Loce cite
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Applying the principle of superposition (since all constants are
linear) the voltage drops can bewitten in terms of symmetrical

components of current meeting respective impedances in each phases

va = Va - Val = IalZal # IalZa2 # IaoZao (5)
¥b = Vb = Vbt = 4271701 # ala27b2 # IaoZbo (6)
ve g Ve = vel = alalZel # aTa27c2 # Ia.cho (7

where va, vb, and ve are series voltage drops in phases, a, b, and

¢ respectively in the direction PQe

Using Vao = 1/3(Va # Vb # Ve) (8)
Val = 1/3(Va # aVb # a2Vc) (9)
Va2 = 1/3(Va # a?Vb 4 aVe) (10)

The voltage drops va, vb, and vc can be written in terms of their
syinmetrical components; grouping as we write o
vao = Vao = V‘lao = Ial (Zal # a7l # aZel) & ;3;2;(23,2 #
azZb2 # azch)rfék Iao (Zao # Zbo # Zc0) ? (11)
val = Vol - v%z. g Ial (gé.l # Zbl 4 Zel) 4 ;a_g(Zaz # a27b2 4
aZc2) # Iao (gao # aZbo 4 'azzco) '3  : (12)
Va2 g Va2 - V%z; Tal (Zal # aZbl # aZcl) # Ia2 (Za2 # 7b2 4
Ze2) 4 %@; (Zgo # aZbo # aZco) 2 (13)

To demonstrate the proof of the statement made (Chapter I The
‘Problem) in commection with pos:i.tive-»sequence current meeting voltage
drops of all three sequences, the negative and zere=sequence currents

in 11, 12, and 13 can be made zero, The equations then become:

10




vao = Ial(Zal # a?7p1 # aZcl) (1)

L3

3

val = Jal(Zal # Zbl # Zel) (15)
3

va2 5 Jal(Zal # a7bl 4 aZcl) (16)
3

which show that positivee~sequence currents flowing in the unsymmetrical
circuit will cause voltage drops of all three sequences between P and Q
unleés the coefficients of Ial are zero. This is élso true for negative=
ér zero=-sequence currents, as can readily be seen from equations (11),
(12) and (13) if the other two sequence currents are made zero and the
voltage drops wiitten for the sequence current desired individually.
Equations (11) to (13) can be simplified by replacing the
coefficients of the currents bj Z%s with subscripts as suggested by
Dre EeWe Kimbark in his letter to‘the Editor of "Electrical Engineering"
in Octobef, 1938, page 431s The first subscript in Dre Kimbaék‘s
notation refers to the sequenée of the voltage drop given by ﬁhé
equation and the second to the sequence of the current associated with
the coefficient,

1 o
TalZll 4 Ta2712 # IaoZ10 | (17)

val g Val = Val =

1 : )
va2 = Va2 = Va2 z IalZ2l # Ja2Z22 # TaoZ20 (18)
va6 = Vao - Vio g IalZ0l # Ia2202 # IaoZ00 (19)

where the coefficients of the currents are defined below from equations

‘(13.)‘g (12) and (13).%

. Ee Clarke Vol, I Circuit Analysis of AeC. Power Systems. pe 229
New York, John Wiley & Sons, 19L3.




self-impedance to positives (20)
sequence currents

711 = 1/3(Zal # a2Zbl 4 aZel)

722 = 1/3(Za2 # 7Zb2 # Zc2) s @f-impedance to negative-
sequence currents (21)

Zoo = 1/3(Zao # Zbo ¢ Zco) « self=impedance to zero=sequence
» currents (22)

712 = 1/3(Za2 # 2?72 ¢ aZc2) g ratio of positive-sequence
, , voltage drop produced by Ia2
to Ia2 . ; (23)

710 = 1/3(Zao # aZbo # aZZco) = ratio of positive sequence
voltage drop produced by Iao
to Iao (24)

721 = 1/3(Zal # aZbl # a?Z¢l) o ratio of the negative=sequence
‘ voltage drop produced by Ial
to Ial - (25)

720 & 1/3(Za0 # 227bo # aZeo) = ratio of the negative-sequence
voltage drop produced by Iao
to Iao (26)
701 = 1/3(Zal # a7bl # aZcl) & ratio of the zero-sequence
voltage drop produced by Ial
to Jal (27)
202 g 1/3(Za2 # aZb2 4 a?7ZcR) g ratio of the zerd-sequence
voltage drop produced by IaZl
to Ia2 (28)
The second method of determining the ssquence self-and mutual

impedances is to replace the phase currents (ineluding sum of phase

currents for neutral current) by their symmetrical components of currente

Ta z Ial ¢ Ia2 # Tao (29)
Tb & 2°Tal # ala2 # Iao (30)
Ic = alal 4 a®Ta2 4 Tao (31)

then to resdlve'va, vb, and vec into their symmetrical components of

1z




voltage 1 by equations (8) = (10), and finally to equate the coefficients
of Ial, I22 and Iao in the resultant equations for val, val2, and vao to
the corresponding coefficients in equations (17) to (19), obtaining the
sequence self-and mutual impedances in terms of the self=-and mutual
impedances of the conductorse The‘second of these two methods expresses
the self-and mutual impedances of the sequence networks directly in
terms of the conductor self-and mutual impedances, While the equations
are somewhat longer, the notation is simpler and the number of

equations considerably less, This is the method employed in Chapter

TIT wherein the £1f and mutual impedances of the transmission lines

éré developeds

1
' WoVe Lyon, Applications of the Method of Symmetrical Components
pe 89, New York, McGraw-Hill Book Cos 1937

13



Zero~Sequence Impedance of Conductorse The zero=-sequence network

includes the ground pathe Therefore any method of calculating currents
and voltages during faults involving one or two phases and ground on
transmission lines requires an understanding of the impedance of the
circuit involved, inéluding‘its return path through the earth, Tests *
have been conducted to determine the effect of the earth on single
phase short circuits involving ground. When Symmetrical Component
theory was developed the results of these tests were used to develop
empirical fcrmulaezgiving the zero-sequence impedance of a transmission
line as a function of theldepth of the ground return.

The method in use today to calculate the self-and mutual impedance
of conductors with common earth return is based on an analysis by
Dr. John Carson 39 This work is clearly presented in Vol. I of E. Clarkets
book, Circuit Analysis of A,Ce Power Systems, Pe373 ‘The charts
déveleped in the above mentioned bock will be used in determining the
values of zero=sequence self and mutual impedance as the accuracy of
this method is within 0,1% for the Pl and P2  transmission lines. ™

1 SingleéPhase Short=Circuit Calculations ~ WeW, Lewis, General
Electric Review, July, 19259

2 Caleulation of Single-Phase Short~Circuits by the Method of
Symmetrical Components — A.Pe Mackerrasy. General Electric Review,
Vole 29, April., 1926, ppe218=231, July, 1926, ppek68=L8le

Wave Propagation in Overhead Wires with Ground Return, =

John R. Carson, Bell System Technical Journal, Volume 5, 1926, ppe539=
55he

Ee Clarke Vole I pe375 Loce cite



Zero~Sequence Self-and Mutual Impedances. It will be noted that

the equatioﬁs’used héreing see Chapter III page 36 , for zerossequence
self and mutual impedance, are based on Carsogis equationsol The
equivalent circuits for zero-sequence quantities, do not give differences
in potential of ground points. If zero=sequence voltages at various
points along a line were referred to a common ground point, the 1f

and mutual impedances of the "groundwreturn" circuit would have to be
separéted, This would require an equivalent self=and mutual impedance
of the earth return as well as of the circuit external to the earth,
However, the equivalent circuits do give zero-sequence voltages referred
to ground at any specific point along the line which are useful in
short-circuit studies.

The zero=sequence network can be thoughtof as'a simple loop circuit
similar to a single phase circuit feeding a load Z; with a voltage V
applied at the circuit terminals. The current then flows in both
cqnductors pf this circuit which has self impedances Zaa and Zbb and
mutual impedance Zab. The equivalent impedance of this circuit is
s g Zaa # Zbb = 2Zab, This is the impedance of an earth return circuit
given by Carson's equations, and if the voltage of any point is required
in reference to any other point in the circuit then the separate
impedances Zaa5>be and Zab, or the equivalent impedances Zaa ~Zab and’

Zbb =Zab must
be knowne

1 Ee Clarke, Vol, I pe372. Locscite

15



However, if the voltage to ground, at any point in the circuit,

is required, then the equivalent impedance as given by

7 = Zaa 4 Zbb - 2Zab is satisfactorye This is the impedance given
by Carson's equations and this point is noted here for fubure

references

16




Chapter III

Determination of Impedance Values



CHAPTER IIX

DETHRMINATION OF IMPEDANCE VALUES

Data Lo Accompany Figure 30,

Pl and P2 Lines

Average span 6001 Sag 23% at 60°T.

Average height of Gonductér‘say LO feet

Conductors 278,600 circular mils stranded aluminum

Diameter 0,605" Radius 0.0252 fi.

Resistance at 0°C = 0,2992 ohme per mile, at 23,9°C (77°F) = 0,306 ohms

per mile
GeMeRe 0f Conductor 0,1911%

P2 and PL Linves

Average Span 4001 Sag 8%t at 60°F.

Avérage height of Conductor say 35 feet

Conductors 2%83600 circular mils stranded aluminum
Diameter 0.605" Radius 0,052 feet. s
Resistance at 0°C = 0,2992 ohms permile, at 23,9°C (77°F) = 0,306 ohms

permile
GeMoRo.0f Conductor 0,1911"

Ground Wire on P3 and PL Line Towers

Conductor 7 strand steel (Siemens-Martin)
Diamger 0,360"
Resistance at 0°C with 15 amperes flowing = 5,49 ohms permile

GeMsDo of Conductor Oe QO:LBZ "

17
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FIGURE 30, TYPICAL CROSS SECTION OF POINTE TRANSMISSION LINES LOOKING
TOWARDS POINTE DU BOIS.

Note: The position number on all towers remains unaltered throughout

the entire line., For example, the right hand end looking towesrd Pointe
du Bois of the middle crossarm of the north tower line is always position
number 8, For the phase letters at any location along line;, see transe
position drawing Fige. 3le



Distances between Conductors for Pl and P2 Lines. Let the

conductors of PL line be called a, b, and ¢ and the conductors of

P2 line be called d, e, fs The equations for these lines will be
worked out in general terms so that they may be used for subsequent
lines, The positions of the conductors in succeeding sections of the

line will be detailed when transpositions are considered,

Sab will designate distance from a conductor to b conductor

and will be abbreviated ab.

ab = 6 bd = 104
ac & 6 be = 12,
be = 6 bf = 159
ad = 12. cd = bo
ae = 15,9 ce = 104
af = 18 ef = 12,

In order to calculate the characteristics of this line, the
quantities desired will be worked out from first principles where

necessary and the theory developed to explain these principlese

Positive-and gégative—Sequence Impedance (either circuit)e
Z11 = v £ jO.00L66 f loggﬁz abebcoca  vector ohms per mile (1)
—_— ,

r = resistance per mile of conductor = 01306 ohms
d = GoM.R, of the conductor

Zaal z Zddl g Zaal2 g Zdd2

19




06306 # 3 06279 1ogfj§3[6 x 6 x 6

0601592

N
4]

b}

06306 # j 06717 ohms per mile(actual length 76.8 miles.)

The line Pl has identical phase conductors spaced at the vertices

of an eguilateral tr;angle ab = bec s ca = 6 feete Therefore in any

relationships involving log 10N/ 6 x 6 x 6 = log 1 = O there can be

no value of impedance, This is true of the single circuit cross=sequence

mutual impedances, The cross-circuit cross=sequence mutual impedances

will be developed hereaftere

Mubual Impedances between Pl & P2 Transmission Lines. The mutual
impedance betwéen thé two lines may represent a considerable portion
~ of the total drop of either line., In the genersl case there are
mutual impedances between the sequence networks between lines as well
as between conductors of each line.

Consider first the flow of only positive=sequence currents in
cifcuit d, e, £ (P2)s Then the fall of potential per mile in
‘conductor a of circuit a, b, ¢ (Pl) will be in vector volts per mile

for the first section of line untransposed,

Va s j 0,00466 £ (log L #a° log 1 #a log L) Idl )

; ad ae af ‘

Vb = § 0,00466 £ (log L4 a®loglséalogl )T (3)
bd be bf

Ve & § 000466 £ (Log L # a° log L # a log 1 ) Td1 (%)
cd ce ef




The positive-, negative~and zero-sequence compconents of voltage

in conductor a can be determined from the above three equations,
and equations 8, 9 and 10 from Chapter II

Vao = j 0,00466 £ (log _ 1 4 2% log 1 4 alog 1 )IdL (5)

3 adebdecd ae.besCe, af,bfectf
Val = j 0,00466 £ (log # a? log__1  #alog )Idl (6)
“”"“g”“‘“ adaoe.cf ae.bf,cd afebdece
Va2 = j 0500466 £ (log 42°log_ 1 4alog )1d1 (7)
3

ad.bf,ce ae.bd,cf afgbe.cd

If o is written =0,5 # j 0,866 and a2 is written «0.5 = j 0866

and the real and imaginary terms collected with all terms divided by

'~ the equations become

6 ‘
Vao = § 0,00466 £ (log%Jée.ﬁe,ceeaf.bf.cf #

adebdecd
j 0866 1ogf3£eabe.ce)1dl (8)
afobLeCE
Val = j 0.00466 f (logAVQe.bf@cd.af,bd.ce 4
J 0,866 logglaesbfecd)Idl (9)
‘ ,afgbdpce .
y4 - )
Va2 = j 000466 £ (log %aev.bd.cf.af.be,cd #
adebfece
j 0,866 log 7he.bd.cr )IdL (10)
afsbescd .

All the above eguabions are in vector volits per mile,



The positive-sequence mutual impedance between two parallel
eircuits is defined as the ratio of the positive-sequence voltage
‘induced in one circuit to the positive=sequence current flowing in
the other circuit which produces it.

The positive-sequence mutual impedance Zadl ¢ Val
Idl

6; .
and Zadl = j 0,00466 £ (logA/aeebfecd.afebdece #
Afesbe,ct

j 0,866 logééﬁeobf;cd) vector ohms per mile (11)
afe.bd.ce ,

likewise the negative=sequence mutual impedance between two parallel

circuits is defined as the ratio of the negative=sequence volbage

induced in one circuit to the negative=sequence-current flowing in

the other circuit which produces ite The negativewand the zero=sequence
| mutual impedances will be considered in detail later,

The same positivemneggtive and zero-sequence mutual impedance can
be obtained for circuit 2 with respect to circuit 1 by considering the
flow of positive=seguence currents flowing in circuit a, b, c, (P1l).
The fall of potential per mile in the three conductors of circuit d, e,
£, (P2) may be written down by inspection from equations 2, 3, and L.
This is effectively the same as changing the ietterﬁ a, by ¢ for 4, e,
f, respectively.

The resulting equations for zeros, pbsitiveu, and negatives
sequence components of the mutuallyinduced potentizls in line d due
to positive-sequence components of current in the a, b, ¢, circuit

are:s
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6
Vdo = J 6.00466 £ (logﬂgﬁb.eb.fbedcoec,fc #
%%daaeagfa

(12)

Jdeezcefr

6,
Vdl = j C.00466 £ (log4/dbeecs

3 00866 logz

£/ CQae8CelC . .

5 00866 1og<éb,.eca,af)1a1
desaeefh (13)

————

afodceaeebf

6, |
Vd2 = § 0,00466 £ (log4dbeeasfeedcesbefa #

%ﬁaoeC¢fb

fbeeasfc)lal : (1)
Vdeeebofa

3 03866 log}

A1l expressed in vector volts per milge

With the spacings listed previously for these conductors, the
actual values of zero sequence mubual impedanée permile for the first
untransposed section for each of the lines when positivessequence
currents flow in the other line, are:

Vdo = ~0,0338 < j 0,0419 ohms per mile
Ial :

Vao = 40,0193 # § 0,050k ohms per mile
a1

The ratio of Vdo/Ial does not equal Vao/Idl
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1
This finding agrees with the statement that:

"In a static network, the mutual impedances between two
conductors are reciprocal; in the sequence networks, the

mutual impedances are not, in general, reciprocall,

Lgon% also agrees with this in his book,

This is particularly true of the lines under consideration
‘because of their disposition on the tower, More will be said of this
later,

Val = #0300875 # j 0,0461 ohms per mile
Idl |

Vdl = =0.00875 # j 0.0461 ohms per mile
Tal

The ratio Val/Idl is the negative of the conjugate of the ratio

Vdl/Iale

1 ;
Edith Clarke - Circuit Analysis of A.Cs Power Systems,
Vole I poh20. Loc, cite

2 WeVe Lyon - Applications of the Method of Symmetrical
Components. pelhls Loce cit,
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From an inspection of eguations 10 and 14 itkcan be seen that the
ratio Va2/Idl equals the ratio Vd2/Ial, This value will not be cals
culated for the untransposed section of the line, however its
numerical value will be determined for the complete line, see Equation
2, Chapter III.

Dealing with the same section of liné, the zero,=positive=and
negativewsequencefcamponents of potential in the circuit ag by, ¢ (P=l1)

can be determmined for the flow of negativessequence currents in circuit

d, e, £ (P=2), The equations for Va, Vb and V¢ due to negative=sequence

current Id2 are the same as equations 2, 3, and 4 except that 2% will

replace a and vice-versa, likewise Id2 will take the place of Idl,
Fellowing the same procedure that was used in developing equations 8,

9, and 10 we can write down

Y e
Vao = j 0,00466 f-(1og4fae.begcegaf.b£¢cg oo
J 00866 logdfeebeece ) 1d2 (15)
Yafsbfect

Val = j 000466 £ (loggﬁegbd!@f!af¢be¢cd e
' Jadebisce
J 0,866 log3 faesbdgct ) Id2 (16)
/ afsbescd

Va2 & J 0,00466 £ (10g4?;e.bf,cdaaf.bd,cé s

%}adgbe,cf

3 0.866 log

(17)
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all in vector volts per mile,

These expressions for the zero=, positive=and negative-sequence

voltage give impedance ratios Vao/Id2, Val/idz, and Va2/ Id2 respectively,

The same positive-, negativewé and zero=sequence mutual impedances
can be obtained for circuit 2 with respect to circuit 1 by considering
the flow of negative~sequence currents in circuit a, b, ¢ (Pl)s The
fall of potential per mile in the three conductors of circuit d, é, b
(P2) may be written down by dinspection from equations 2,‘3, and 4, when
a? replaces a and Id2 replaces Idl, This/igcqmplished_by changing the
letters a, b, ¢ for d, e, £, respectively.

The resulting equations for zero», positive~, and negative=-sequence
components of the mutually induced potentials in line d due to negative=

sequence components of current in the a; b, ¢, circuit are =

Vdo & j 0.00466 £ (l@g@{dbqbe,fbgdcgecgc -
%%ad.ea@af

5 04866 log? ;ﬁdbgb"e".bmi‘ ) Ia2 (18)
Ce€CeC .

Vdl & j 0,00466 £ (log ‘daeasvi‘wdc,bewa.;. -
j 06866 log 3fbd.ceect ) Ia2 (19)

dcobeefa

de -] j 0900466 f (l@g‘g‘dbgeCQanCdoeaqbf e
»/%‘ ;‘gdgbeg Gf

J 0.866 log3jbdeecera ) Ia2 (20)
deeeaebf

Tquations &, 9, 10, 12, 13, 14, 15, 16, 17, 18, 19, and 20 can be
compared and the following generalities writien downe
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The impedance ratio Val/Id2 (16) is the negative of the conjugate
of Va2/Id1 (10). |
The impedance ratio Va2/Id2 (17) is the negative of the conjugate
of Val/Idl (9).
The impedance ratio Val/Id2 (16) equals Vdl/Ia2 (19)e
The impedance ratio Va2/Id2 (17) is the negative of the conjugate
yaz/1d2 (20). | |

The impedance ratio Vdé (12) equals the impedance ratio Vdo (18)
Jal Ia2.

The impedance ratbio yg._?_ (15) equals the impedance ratio Vao (8)
' Id2 Idl

And hence these relaﬁionships follows

Val/Idl # Vd2/Ia2 = = conj (Va2/Id2)
| g » conj (Vdl/Ial)

Va2/Idl & Vd2/Ial =& = coﬁ% (Val/Id2)

1 8

- conj (Vdl/Ia2)

Yo = Vdo and Vao & Vao
Tal Ia2 Id2 Idl

From these general relations i,yon states "that it is necessary
to compute only the positive=and néga.tive sequence components of the
potential induced in the first circuit by positive-sequence current

in the second circuito"t

1
Lyon pelh2 Loc. cite
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It is of interest to note that the ratio of the positive=
sequence voltage drop to the negative=sequence current preducing it
is not the same as the ratio of the negative=sequence voltage drop
to the positive=sequence current producing it. This is the negative
of the conjugate in this cases The other cross-sequence mutual
impedances except in special cases as further explored will be unequal
in the general case,

Before progressing with this section of the line, the effects of
transpositions and the Earth will be consideied and then tﬁese general

equations applied to the entire lines

Transpositions on P1 and P2 lines, The transpositions occur on

Pl and P2 as shown in the following tabulation,.

0 edfedf 0O beabea
5 2

O fedfed 0 dfedfe O cabeab 0 abecabe
6 : L 3 1
P2 Pl

The first letters indicate the original position of the conductor,
the second letters indicate the conductor position in the second itranss
position section and so one These transpositions may be seen on the

Plan of Transpositions, Figs 31.
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Positive~Sequence Mutual Tmpedance (PL and P2 Tinos)e. The

transpositi@ﬁs aré symmetrical and thé line is symmetrically transposed
for its lengthe The mutual impedances for the line should be the
average of the three values for the first three sections, This average
value can be obtained from equation 9 expanded to include the three

sections (a complete transposition) as follows,
1i/ée.bf¢cd.af.bd.ce

cfeadsbescdoaecbf
Val = j 000466 £ (LlogA/ bdecesatsbesctead v

( :

( 9 ad' Cel

( cesaflobd
bf.cdeae

3 04866 log ?| &f
| cd:ae:bf
i besclad

§ 141 (21)
) |

Using values from page 19 Chapter III

| " T
Val = J 0,279 élOg’i/V 26410 x 10" 4 5 6,866 10,

Tl O in

Nt S s’

Zadl = O,@@ ohms per mile,

Thus the positive-sequence mutual impedance between Pointe #1 and

Pointe #2 lines is zero,

The positive=sequence impedance of two transmission lines connected

in parallel and fed from the same source at each end has an impedance

Z = ZaaZdd = Zgad (22)
Zaagldd = 2Zad
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Proof of this can be obtained by referring to po.32 Chapter I of
Ee Clarke's book referred to earlier, Since in this case Pl = P2
in design‘and physical characteristics, equation 22 reduces to

Z = 1/2 (Zaa ¢ zad) (23)

The arrangement of the conductors can be changed to alter the
value of Zade /

If the mptual coupling between the two circuits for pésitiveaand
negativeasequence‘ﬁxﬁ neglected and using the average mutual impedance
given by equation 21, then 23 will be a minimum when Zad has its maximum
negative value, If Pl line is arranged so that phases a, b, and ¢
occupy positions 1, 2, and 3, then P2 line can be in positions 4, 5,
and é, in several different arrangementse From equation 21, it is
evident that the distances ad, be, and cf between conductors of the
same phases should be large relative to distances between conductors éf
different phasésﬁb give Zad its maximum negative value, There is no
easy way of arriving at this conductor configuration. The "cut~ands
try" l'method‘should be resorted tos

Lyon doeg show conductor arrangements for a pair of lines with
vertical configurationz in which the mutual reactance is found to be
negative if the conductors of the two lines roll counter-clockwise,
whereas if the a,b, ¢ and d, e, f circuits occupy the same relative
position on the tower then the mutual reactance is positive,

1 Ph2l
E. Clarke. Vol. I./loc, cite

. 2 Page 145, WeVe Lyon. Loce cite
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Cross=Sequence Cross=Circuit Mutual Impedance (Z21). The negative

sequence potential induced in the first circuit by positive~sequence
current in the second circuit can be found from equation 10 expanded

to include three transpositions of line.

( Blac.bd.clenlebescd
é [\/ cfoacebdecdealsbe
Va2 = j 0,00466 £ (log bdecfeacebescdeafl 4
(
(

G

5 0,866 log (A B or
T -g9§g§:ée

a:cd.afobe

)
% Id1 (24)
| beocdeaf %

Using values from page 19 Chapter III

Va2

Va2 = 0,01492 = j 0,005525 ohms per mile,
Jdl ‘ ‘

23

Va2 '
T = 221

‘This value is relatively smalle It is brought into the discussion
- here to show the manner in which a positive;sequence current flowing in
an unsymmetrical cireuit and meeting a positive=~sequence impedance Zal
in the circuit will produce a negative-sequence voltage drop in the
negative~sequence networke The positivewsequence network is therecfore
‘coupled with the negative-sequence network. This can be taken into
account in shopt circuit studies using a network analyzer but the
complexity of the networks required to do a rigorous solution by network

reduction methods makes the refinement impractical,
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Cross=Sequence Gross=Circuit Mutual Impedances (ZO1 & 202),

The zero-sequence voltage induced in the first circuit by positives=
sequence current in the second circuit can be found from equation (8)

expanded to include thrse transposition sections of the linee

. cf.afsblocdoadebd
Vao = J 0e2794(log 'bdecdsadebesceose #

. % 9 [adebdecd '
( CeeaBehe
N ¥ bf.cfoaf

9 ECPEN )
cfasaf.bfis
j 0e866 log |bdscdoad
af.bf,ef
cdead.bd
bescesae

( li/ae,be.oe.af,bfocf

Using values from page 19 Chapter IIL
= J 0,279 (log L # j 04866 log 1)
1 1
Yao = 0
Idl

From equation (15) it can be seen that Eéékg equation (25) when
Td2

written for a complete transposition on the lines

The zero-sequence voltage induced in the second cirecuit by positives
sequence current in the first circuit can be found from equation (12)
expanded to include a complete transposition on the line (3 sections),

( 18[db.eb.B.d5s
( aesafeadebesbfodb
Ed@é j 002?9L|. (;.Og Gfocdia Geoa’feadoae %

D ey

Ial E 9 fdagseasfa
( i ecocfoed

bfgbdgbe

9 db.ebsTh

lagsafqsad

J 0,866 1o@ cfocdace
| fgeBeeds

tafsadeae

(26)

\.)\./\./\_/
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Using values from page 19 Chapter III

Tp = 0
Ial

From equation (18) it can be seen that Vdo = equation (26)
Ia2

when written for a complete transposition on the line.

Effect of Ground Wirese "For a line that is properly transposed,

the poéitivemand negative~seguence components of line drop are not
affected by the presence of ground wires." 1 This reference justifies
the omission of ground wires from our consideration of the positive-and
negative-sequence mutual impedances, The P3 and P4 steel tower line has
a light steel ground wire for approximately half its length and two
light steel ground wires for the remaining lengthe Theeffect of the
light steel ground wires or wire on the P3 and PL steel towers has not
been taken into the calculation of the mutual cross—circuil impedances
or the cross=sequence cross~circuit mutual impedances of Pl and P2 lihes,
The ground wire will not be considered in calculating the zero=sequence
mutual impedance of the Pl and P2 lines, It will be considered when the
P3 and Ph‘lines are calculated, "Light steel ground wires affect zeros
sequence selfeénd matual reactanceé but slightlye" 2 This refers to
light steel ground wires on the same towers, while the ground wires in

question are some 4O feet distant from Pl and P2 lines,

1 Lyone. Page 135, Loce cite

2 E, Clarke. pellle Loc, cite
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Effect of Barth, "There can be no conductor currents in the earth due

to the‘positivenand negative~sequence component currents in the conductors
ginece the sum of cach of these components in the three conductors is
Zeroe!

' The earth is a conducting body and will carry induced currents due
to. the action of both positive=-and negative-sequence currentse This has
the effect of increasing the apparent resistance of the conductersa
There is also a decreasing effect on the reactance of the conductors due
to the magnetic field surrounding the induced currents in the earth,

| ‘benz finds that for a typical line the difference between the
impedance to positive and negative sequence currents when calculated
by the two methods, namely, considering the effect of the earth and
neglecting it, is not large enough to justify taking the earth into
account, However, for zero-sequence currents which flow by conduction
in the earth, its effect must be t aken into account.

The resistivity of the earﬁh varies from 500 to approximately

- 1,000,000 ohms per centimetef cube% An average value of 2500 ohms per
centimeter éube is still one billion times that of copper. Therefore
the eddy cu:rents induced in the earth by the action of the currents in

the transmission lineconductors are of minor importance.

1 . ;
Es Clarke Vol. I, p.hl‘?o Loc, cite
2 Lyon pol29q Loce cite

3 Clem, JeE. Reactance of Transmission Lines with Ground Return,
American Institute of Electrical Engineers, Vol, 50 p,90l.
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Zero=Seguence Quantitiese The theory outlining the zero=sequence

guantities has been developed very concisely in Vole I of E, Clarketls
book Circuit Analysis of A.C. Power Systemse The work that follows ‘

in calculating the zero-=sequence self-and mutual impedanceé of the

lines will rconfori : to the method contained in the book mentioned,
‘Thefautllne of the theory here required is not contained in Chapter II
of this thesis as no credit for the theory is claimed herein. Ratherk
the method of using the equations to obtain the desired mutual impedances
and their effect on the calculation of short-~circuit currents in
transmission networks is sought, Full use will be made of the charts
and t ables contained in the aforementioned book to arrive at values of

zero~sequence impedance for the lines discussed,

Mutual Impedance to Zero-Sequence. By definition, zero-sequence line

currents and voltages to ground in the three phases at any point in the
system are equal in magnitude and phase, Zero=sequence mutual impedances
- are therefore independent of the arrangements of the phases of the two
circuits in their tower positions,

Comsidering Pl and P2 lines (Fig. 30). The zero=sequence selfe
impedance of either of the two circuits is its self-impedance with the
other circuit open, Equation 47 page 388 of E, Clarks!s book
Circuit Analysis of A.C, Power Systems =~ Vol, I expresées the zero-

sequence in ohms permile as follows:
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72280 = TOO = J gog

11

=Zaa- g 4 2735 -8
7220 = (rc £ R5h = g # 2RED = g) # J(X52 = g # 2XBD = g £ Xi) (27)
Where bars over the subscripts indicate average valuese

d = diameter of Conductor . «605" refer to Fige 30 page 17

ro = resistance of " 0¢306 ohms per mile,

Xg = internal reactance in ohms per mile

k3]

Xi 2 TRELOD(0.7411 toggo_x ) | (28)

where r & radius in feet

gmr 5 equivalent self geometric mean radius of the conductor in
feetb,

Xi = 0,0549 ohms per mile

AD = A6 x 6 x 6 = 6 feet
h = height above ground~é§‘conductors

The line spans are 600 feet with a sag of 23 feet at 60°F, The

effect of the sag in the transmission line conductors may be accounted for

by choosing the height h,«as‘the minimum clearance above the conducting

mass of tﬁe earth plus one~third of the sage Conductors are 50 to 55

- feet above the ground and an average value of h = 4O feet will be

reasonable,

Vole 50 ATEE Transactions p.30l

H z horizontal spacing between two conductors in feeb,
H = 0 for self impedance

= 1/3(6 # 3 ¢ 3) = & feet for mutual impedance of one line,
From Figure 32 with earth resistivity in ohms per meter cube =

¥ = 100 being an average valueol

Jdefis Clem ~ Reactances of Transmission Lines with Ground Return.
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Raa = g = 0.0925 ohms per mile

Rab = g = 0.,0925 ohms per mile

i

From Fige 33, with ¥ = 100 and d = 505"
X8% = g (conductor height neglected) = l.4]1 ohms permile
From Fige 34 with? = 100 and s = 6 feet
Xab =~ g (conductor height neglected) = 0,745 ohms permile
The corrections to allow for conductor height above ground from
Fige 35 withe 100, h = 40, and H = O and 4 feet for self-and mutual
reactances respectively _
delta X34 -~ g = 0,003 ohms pernile
delta X35 - g = 0,003 olms per mile
adding these correction factors ;
Xaa = g = ls413 ohms per mile
¥8b = g = 0,748 ohms per mile
and substituting these values in equation (27)
Zaao = 06306 # 3(040925) £ F(L.413 # 2(0.748) # 0.0549)
7220 = 0458 # j 2,96 ohms per mile

Only the zero-sequence components of voltage induced by zero-
sequence currents flowing in an adjacent line will be large enough to
warrant consideration at this time. The zero-sequence mutual impedance

between two parallel transmission circuits will be defined as the ratio

of the zero-sequence voltage induced in one circuit to ‘the zero=sequence :

current per phase flowing in the other circuit which induces ite
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The mutual impedance for two parallel circuits with no ground
wiresel
zado = 3(Rad~g # § Xad-g) (29)
Fron Fige 30
Conductor average height above ground 40 feet,
Average horizontal spacing between conductors of Pl circuit and
those of P2 circuit ié 12 feet.

The gometric mean spacing between conductors of PL circuit and

those of P2 circuit is

SR o215 97081001215 s Gxbrl Oghcl2
S8 = 1260
From Fige 32 RAQ=g = 0,0925 ohms permile
From Figs 34 Xgawg = 0,67 ohms per mile
Zado = 3(0.0925 # 3 0,67)
Zado & 0,277 # j 2,01 ohms per mile

3

Summary of Impedances for Pl and P2 Lines, The self-and mutual

impedances to all sequences for'Pl and P2 lines may be conveniently

summarized as follows:

* Equation 76 Page 4Ok E. Clarke Vol. I Loc, cite
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Caleculations of Relative Effects of
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CHAPTER IV
CALCULATIONS OrF RELATIVE EFFECTS OF MUTUAL IMPEDANCE

Section of Network Considered. The effect of mutual impedances in

Pl and'?Z transmission lines for a short=circuit at Rover Avenue 80 kv
tie bus will be considereds

The connections assumed for this study are shown in Fige 41, The
Pl and P2 lines are paralleled at both ends by means of the tie bus
located in each station. There are eight generators available to feed

the two lines with 33,750 kva rated capacitye There are also two
15,000 kva transformer banks, which for the purpose of this study we

shall assume are connected deltaswye to provide a path for zer&«sequence

currents into the transmission lines under consideratione The wye is
s0lidly groundeds The comnections external to this network will not be

considered,

Assumptions, The following standard assumptions will be made in

kreducing this portion of the networke

le The load currents will be neglected,

20 Generated internal voltages of all synchronous machines feeding
these lines will be considered equal in magnitude and in phase
with each other,

3s From statement 2 above it follows that all points in the

positive~sequence network, where positive=sequence internal

L5
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voltages appear, may be connected together,

Lumped line constants will be used,

Effedts of capacitance and transformer magnetizing currents
will be neglectéda

Assume positive direction of current flow the same in each of
the sequence networks,

Phase a will be used as reference phase as heretofdre;

A1l voltages unless otherwise specified are phase~to-neutrale
Resistance will be neglected in machines and transformers but

will be t aken into account in transmission lines.

The short=circuit will be taken on the Rover Avenue end of Pl
line,
A1l impedances will be in ohms on the HeTe line base of a

nominal 66 kv,
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Positive-Negative and Zero-Sequence Diagrams.

=

. Pointe
i du
7/ Bois
e’ Generators #1 = #8, 33750 kve total
g X4 » 24,5 ohms |
n WL#?' X2 = 4642 ohms
w A N/ Banks #1 & #2, 15000 kva each
VI AAAS
\ Y Ratio 6600=72C00 = 10,92
il
h Reactance = jl9,07 ohms
Pl Lines Pl & P2 Line Voltage 72000 volts

| ] J

X

- Rover Ave,

'ﬂ? #1 | sgﬁw-g#z

P2

v

P2

Zaal = Zddl = 2365 £ 355,1 ohms

Banks
Reactance = # j19,07 ohms

Iines
Za2o @ Zddo = 44956 # 3227.4 ohms

Zaco = 2dao g 21,28 £ j1544L4 ohms

Fige 41 Impedance Diagrams. All values on a nominal
66 kv Base,
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Positive~ Sequence Network. Two lines in parallele, The positive=

sequence network will readily be seen from Fige 4le The reduction of this

network produces a positive=sequence equivalent impedance of 11,75 # j61le58
chims,

Negative-Sequence Network. Two lines in parallel, The negative=

sequence network is identical with the positive-sequence network in all
but the generator reacbance. The reduction of the negative-sequence

network produces an equivalent impedance of 11.75 ¢ j83.28 chmse

Zero-Sequence Network, Twé lines in parallel, The equivalent circuit

fer two parallel'and équal transﬁission lines with mubtual impedance
between them produces an equivalent impedance = of 1/2(Zaao ¢ Zado)e
Using the equivalent circuit for two parallel transmission lines with
mutual impedance between them the zero-sequence network (as shown in
Figure L41) reduces to 32,92 # jR00eL43 ohmse

When mutual impedance to zero=sequence currents is disregarded, the

zero=-sequence network impedance is 22,28 # jl23.23 ohmse

‘Fault Currents = Short-Circuit on P1 at Rover Avenue. Using a voltage

of 72,000 volts, the shortecircuit current at the Rover Avenue end of Pl

line for the case considering mubual impedance is given by i ;_123000
AB3(56042 ¢ 3345629)

Here i = 119,5 amps.as against 153,0 ampse. when mutual impedance is
disregarded. This represents an increase of 28,0%, a value which cannot be
disregarded in short-circuit calculations. The &fect of transmission line

resistance in the positive~, negative,~ and zero-sequence network is considred,

1 B, Clarke, Vole Io pe32. Loce cite
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Positive-Sequence Network. P2 Line open Rover Avenues

Theryesulting value of positive=sequence impedance is 23,5 #

38913 ohmse

Negative~Sequence Network. P2.© Line open at Rover Avenue.

The r esulting value of negativewsequence impedance is 2305 #

J11C.73 ohms,

Zero=-Sequence Network P2 Line Open at Rover Avenue. If the

circuit ﬁauli is the same, namely Pl line involved in & lixﬁe»twgroxmd
fault at Rover Avenue, then the resulting equivalent circuit will be a
three terminal circuil 1, for the case where mubtual impédsmce is
cgnsidered, The eguivalent circuit reduces toa value of Lle56 #

- 3236.93 ohmsoy If the mutval impedance to zerc sequence currents is
neglected the resulting equivalent impedance for the zero-~seguence

network is Lhe56 # 3236.93 ohms,

Fault Currents - Short on Pl Rine at Rover Avenue P2 Line Open at

Rover Avenuee

The f ault current is the same whether the adjacent line is open or
closed, The magnitude of this current is 173.5 amperes, A further
point to observe is the magnitude of the induced volitage in the open

3 0 »
line, This value approaches 27000 /82,3 vector volis which when added

to normal line voltage is a value to contend with,

1 Ee Clarke. Vol. I ps35. Loce cite
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Further Effects of Z21. With reference to equation (24) Chapter

ITI, the mutual impedance between the pésitiveuand negative=sequence
network is relatively small,

Va2/Idl = Z21 = =0,01492 = j0.005525 ohms per mile, on full line
length 721 = ~Lolk6 = j0.4245 ohms.

This mutual coupling can be used by taking advantage of the
equivalent Gircuits‘l developed for mutual coupling between a two
terminal networke. This is best demonstrated on an A.C. network analyzer.

The effect of the impedance Z21 can be sen when the negative=
sequence voltage drop in line a, b, ¢ (P1) is calculated for positivea
sequence current flowing in line d, e, £ (P2)s If the fault current is
119.5 émperes as determined for the case considering mutual impedance to
zero=sequence, Then

Va2 & =lh6e /200225 which is only 0,203% of

normal line voltage of 72000 volts,

1 Ee Clarke, Vole. Is Pe32 & pol85 Loce cite
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* CHAPTZR V

CONCLUSIONS

In reviewing the preceding work the interesting features are

grouped under the féllowing four main headingse

Mutiiel Impedances affected by Iranspositions. It is to be noted

from equatidns 8 and 12 Chapter III that an untransposed trensmission

line may have non=reciprocal gero-seguence voltage drops due to positive=

seguence currents. These are the impedances Z0Ol in line with the definitions

set forth on page 12, By completely transposing these lines the mutual
‘impedance between the positive»zero%and negative=zero=sequence networks
(Equations 25 and 26 Chapter III) can be made zero, Thus we may
conclude that the impedances ZOL and Z02 for the pair of lines under
consideration sre zero, Generally speaﬁing we could say!that these
impedance values are reciprocsl for the case considered, However, in an
unsymmetrical circuit these impedances are non-reciprocal for the general
 cases

The positive-seguence mutuzl impedahce for the Pl and P2 transmission
lines, as previously pointed oui in Chapter‘III Page‘Bl can have any
reactance value from a negative quantity to a positive quantity depending
upon whether the numerator or ﬂhe denominator of the fraction of the

Jogarithm of the reactance term in equation 21 is the greatere The

resistance or real term in this equation is usually zero.
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The order of magnitude of the positive-sequence mutual impedance is

tysually not more than # 5% of the positive-sequence self-~impedance of
either circuit',

As far s my observations of theavailable literature on this subject
have gone, I believe it has not previcusly been pointed out that the
positive»se@uence mabual impedance (Zadl) for two parallel lines, each
with an equilateral triangle conductor configuration, is zero for
completely transposed lines,

An investigation of the conductor configuration of these lines
that would produce a negabive value of positive~sequence mitual impedance
would be of importance to determine if the regulation of these lines,
when operabing in parallel could be improved, The positive-sequence
mutual impedonce can be made wholly reactive if the two circuits are
arranged symmetrically on opposite sides of an imzginary plane between
circvits in such a menner that conducters of the same phase appear as
images with iespect to this plane, The physical difficulties of such
a scheme for the lines under consideration are many. - It would require

rearréngement of the end connections to the line and the problem hence

resolves itself into an economic study. What would be the saving in
kilowatt hours over a lO-year period? This would have to be balanced
against the cost of rearranging the end connections. The full effect of
any such rearrangement would have to be considered for the other crosse—
circuit cross-sequence impedances before its value could be properly
assesseds

1§, Clarke Vol, I peh20. Loce cits
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There would be no effect on the zero-sequence mubual impedance.

The mubual impedance between the positive~and negative-sequence

networks Br these linss can be used to determine the negative-sequence
voltage drop in the one circuit when positivessequence current is
flowing in the cther ciréuit@ The value of 0,20% of normal line
voltage found in Chapter IV makes this mutual impedancé insignificant
relative to the self impedance of the line, The mutual impedgnce will
depend upori the arrangements of the phases of the two circuits in their

tower positions,

Short=Circuit Studies, In the usu2l btransmission line short-

circuit study, the mutual impedances between parallel lines are
neglected unless a high degree of precision is required, This however
is not true of the zero-seguence mutual impedance found to exist between
Pl and P2 lines, in the discussion of zero-sequence mutual impedances
The summary of mutual and self impedances in Chapter III, pages L3 and
hly, lists the zero-sequence self impedance as Lhe56 # 322754 ohms per
line, The mutual impedance to zero-sequence between lines is 21,28 #
JL5keks ohms; or 67.5% of the zero~sequence self impedance, The effect
on the shortecircuit current for the simple case discussed in Chapter IV
is of considerable importance and must be considered in calculating

fault currents,
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Tn short=circuit studies for circuit breaker application or for

preliminary relay settings on a high~tension system an error of 5%
in the caleunlated values of shorteeircuit current would be negligible.
However the short-circuit current values would be in error by 28,0%
if zero-sequence mutval impedance wére disregarded in the circuit
considered in Chapter IV. This would be entirely unreasonable., We
nay therefore conclude that the mutual jmpedance between adjacent

' - unbalanced

circuits to zem~sequence currents should be consider=sd in all[éhortm

circuit studiess

New Line Design. In new line extensions involving one or more

circuits, the engineermust arrive at a design that is economical as
well as practical. This requires a comprehensive'investigation in
order that voltage drops, energy losses, corona loss, stability and
general performance under normal as well as fault conditions can be
predicted:accurately.

If a new line were built so that each conductor was equidistant
from zll cother conductors carrying current and elso equidistant from
~ the ground, the n the circuit would be completely symmetrical. In this
case the positive-negative~and zero-sequence inductance would be the
same for each phase., However such a line arrangement is impessible,
and the practical slternative to this, to obtain average values of
positive-negative~and zero-sequence reactance is to have each conductor

oceupy each tower position for cne~third the tctal distance,

Sk




If 5 new line or double circuit line were not transposed, then the

unsymnetrical voltage drops would have to be caleculated for each of the
sequences by the methed used in Chapter Ill, The lack of symmetry
between the three phases would result in the introduction of negative-
and. zero~-sequence induced voltage drops in the other conductors. These

in turn would produce their own sequence voltage drop as well as voltage
drops to each of the other sequences, The reduction or total eliminatidn
of the majority of these mutual impedances can be accomplished by
properly transposing the line. This is demonstrated for positive-sequence
mutual impedance by eguations 13 and 21. Equation 13 represents a definite
value of positive=sequence mutual impedance for the first untransposed
section of the line whereas equation 21 for the completely transposed

line produces a zerc- value of Zadl.

Summary. The foregoing investigation into the relative effects of
mutual impedance was carried out for a pair of lines of the City of
Winnipeg Hydrg Flectric Systemts high tension network. The need for taking
the line configwration and transpositionsj_ntokaccount for the positive=and
negative=sequence mutual impedances and the cross—-sequence mubual Impedances
was demonstrated, While transpositions have no effect on the zero-sequence
mutual impedance between parallel lines, this mutual impedance is the most
important of those encountered.

A1l parallel lines in the high tension network will have mubual

impedances for all sequences to varying degrees, depending upon conductor

configuration, proximity of ground wires and adjacent circuitse
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These could readily be calculated for all lines by a similer procedure

to that used in Chapter III taking full advantage of the simplifications
developed therein,

The relative effect on the values of short=circult currents and
induced potentials by using the significant values from these calculations
could be shown for short-circuit fed by the entire network.  However,
it has been demonstrated in Chapter III that the zero-seguence mutual
impedance is the only value of significance for shortecircuit studies
on this particulor pair of lines, Therefore I believe that the relative
effects of the mutual impedance in the zero-sequence network during a

line=to-ground short=circuit involving this pair of parallel lines only,

have been adequately demonstrated in the preceding investigation.
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= HEIGHT ABOVE GROUND-FEET

Firg. 37 6O cycle selfand mutual resistances of the earth.

. From &.Clarke Vol.1 C(?cuifAnalys'l"sfofA.C. Power Systems. '
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REACTANGCE OHMS PER MILE
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CONDUCTOR DIAMETER INCHES

Fléu 33 6O cycl& self reactance external Fo the cond.ud‘or

Height above ground rneglected.

From &.Clarke VoL 1 Circuit Analysls of A.C. Power Sysl—ems. |
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Fra. 35 Correchions ko 6O cycle self and mutual
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