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OF 
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LINES 

M we d iscussed briefly a t  the  beginn ing  o f  Chap .  4, t he  shun t  admit tance of  a 
transmission  l ine  consists of conductance and  capacitive reactance .  We have 
also men tioned that conductance is usua l ly neglected because its contribution to 
shunt admitt ance is very smal l .  For th i s  reason th i s  chapter has been g iven the 
title of capacitance rather than shunt  adm i t tance.  

Capacitance of a transmission l i ne is the resu l t  of the potent ia l  d ifference 
between  the conductors; i t  causes them to be charged i n  the same manne r  as 
the p lates of a capacitor when there is a poten t i a l  d ifference between them .  The 
capaci tance between conductors is the charge per un i t  of potential d iffe rence.  
Capacitance between paral le l  conductors is  a cons tant  depending on the s ize 
and spacing of the conductors. For power l ines l ess than about 80 km (50 mi) 
long, the effect of capacitance can be sl ight and is often neglected . For longer 
lines of  h igher voltage capaci tance becomes i ncreasingly important .  

An alternating vol tage impressed on a t ransmission l ine  causes the cha rge 
o n  the cond uctors a t  any point to  increase and dec rease with the i ncrease and 
decrease of the instantaneous val u e  of the  vo l tage between conductors at  t he  
point. The flow of  charge i s  current, and  the  curren t  caused by  the  a l t e rna te  
charging  and d ischarging of  a l i ne  due  to  a n  a l ter nat ing voltage i s  ca l l ed  the  
charging current of the l ine. S ince capaci tance i s  a shunt  between conductors, 
charging current flows in a t ransmission l ine even when it is open-circu i ted .  It 
affects the voltage d rop a long the l ines  as  we l l  as  efficiency and power factor of 
the line a nd  the stab i l i ty of  the system of wh ich t h e  1 i n c  is a D 'l f t .  
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The basis of our ana lysis of capacitance is Gauss's l aw for e lectric fields. 
The l aw states that the total e lectr ic charge with i n  a closed surface equals the 
tot al electric flux emerging from t he  surface. In other words, the  total charge 
with in the c losed surface equals the  i ntegral over the  surface of the normal 
component  of the e lectric fl ux dens i ty. 

The l ines of electric flux or ig inate on posi t ive charges and terminate on 
negative charges. Charge dens i ty normal to a surface is designated Df and 
equals kE, where k is the perm itt iv i ty of the  m ater ia l  su rrounding the  surface 
and E is the electric field i n tens i ty .  I 

5 . 1  ELECTRIC FIELD OF A LONG, STRAI G HT 
CON D U CTOR 

If a long, s t ra i g h t  cyl i nd r i c a l conduc tor  l i es in a un i form medium such as a ir  and 
is iso l a ted from other charges so t ha t  t he cha rge is un i formly d i s tr ibuted around 
its per iphery ,  the flux is ra d i a l .  All  poi nts equ id i s t an t  from such a conductor are 
po in ts of equipotent ial and have the  same e lec tr ic  flux  density. F igure 5 . 1  shows 
sllch an i sol a ted conductor .  The e lec t r i c  flux  dens ity at  x meters from the 
conductor can be computed by imagin ing a cyl in dr ica l  surface concentric with 
the cond uctor and x meters in  rad ius .  S ince a l l  p arts of the surface are 
equ id is tant  from the conductor, the cyl i ndr ica l  sur face is a surface of equipoten
t ia l  and the e lectric flux dens i ty on t he surface is equa l  to the flux leav ing the 
conductor per meter of length d iv ided by t h e  area of the surface in an axial 
length of 1 m. The e lectric fl ux dens i ty is 

( 5 . 1 ) 

where q i s  the charge o n  t h e  conductor i n  coulombs per  meter o f  l ength and x 
is t he d istance in  meters from the  conductor to  the  p oint  where the electric flux 
densi ty i s  computed .  The e l ectr ic fie l d  in tens i ty, or  the  negat ive of t he potential 
g r a d i e nt ,  i s  equal  to the e l ec t r i c  fl u x  densi ty d iv ided by the perm i t t iv i ty of the 
med ium.  Therefore, t he  e l ectr ic fie ld i n tens i ty i s  

q 
E = Vim 

2 TT Xk 

E and q both may be ins tan taneous ,  p hasor, or de  expressions. 

( 5 .2) 

l I n  5 1  u n i t s  t h e  permi t t i vi ty of f r e e  space ko is 8.85 X 1 0 - 12  F 1 m  (fa rads  p er m eter). Relat ive 
perm i t t iv i ty  k r is t h e  ratio of the  act u a l  p e rm i t t iv i ty  k of a mater ia l  of t he  permit tivity of free space. 
Th us ,  k ,  = klk Q • For d ry air k r  is 1 .00054 a n d  is ass u m e d  equal  to 1 .0 in ca lculat ions for overhead 
l i nes .  
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FIGU RE 5. 1 

Lines of  electric flux originat ing on the pos i t ive charges u n i 
formly d istribu ted over the  surface o f  an isolated cyl i ndr ical  
conductor .  

S.2 THE POTENTIAL DIFFERENCE 
BETWEEN lWO POINTS DUE TO A CHARGE 
The potent ia l  difference between two points in volts is numer ica l ly equa l  to the 
work i n  joules per coulomb necessary to move a coulomb of charge between t he  
two points. The electric field in tensity is a measure of t he  force on  a charge i n  
the field . The electric field intensity i n  vol ts p er m eter i s  equal to  t h e  force i n  
newtons pe r  coulomb on a coulomb of charge a t  t he  po i n t  cons idered.  Be tween 
two points the l ine integra l  of the force i n  n ewtons a cting on a coulomb of 
positive c harge is the work done i n  moving the charge from the point of lower 
potential to the point of h igher potent ia l  and is numerically equa l  to t he  
potent ia l  d ifference between the two poin ts .  

Consider a long, straight wire carrying a positive charge of q elm, as 
shown in Fig .  5 .2 . Points P I and P 2 are located a t  distances D) and D2 meters, 
respectively, from the center of the  w i re .  The wire is an equipotent ia l  surface 
and the u ni fonnly distributed charge on the wire is equivalent  to a c harge 
concen trated at  the cen ter of the wire fo r ca lcu la t ing flux exte rnal to t he  wire .  
The posit ive ch a rge on the w i re w i l l  exe rt  t I  repel l i ng fo rce 01 1 , \  pos i t ive  c h a rge 
placed in the field. For this reason a n d  because D2 in t h i s  case i s  gre a t er t h a n  
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FIG U RE 5.2 

Path of i n tegrat ion between two points external  to a 
cyl ind rical conductor h aving a un i formly d ist.-ibuted 
pos i t ive charge. 
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D I , work must be done on a posi t ive charge to move i t  from P2 to PI ' and PI is 
at a h igher potent ia l  than P2 . The d ifference i n  potent ia l  i s  the amount of work 
done per coulomb of charge moved. On the  other hand, i f  the one  coulomb of  
charge moves from PI to  P2 , i t  expends energy, and the amount of work, or  
energy, in newton-meters i s  the  vol tage drop fr<?m P I to  P2 • The potentia l 
difference is i ndependent of the path fol lowed. The s implest  way to compute 
the vol tage drop between two po ints is to com pute the voltage between the 
equipotential surfaces pass ing th rough PI and P2 by i n tegrating the field 
i n tens i ty over a radial path  between the  equipotent ia l  su rfaces. Thus, the 
instantaneous voltage d rop between PI and P2 is 

(5 .3) 

whe re q is the instantaneous charge on the wire in  coulombs per meter of 
leng th .  Note that  t he vol tage d rop between two points, as given by Eq. (5.3) , 
may be pos i t ive or negative depending on whether the charge causing the 
pote n t i a l  d i ffe rence is posi t ive or negat ive and on whether the vol t age drop i s  
computed from a point n ea r  t h e  conductor t o  a poin t  far ther away, o r  vice versa. 
The sign of q may be e i ther pos i t ive or negative, and the logar i thmic term is 
e i ther positive or negative depending on whether D2 is greater or less than D I . 

5.3 CAPACITANCE OF A TWO-WIRE LINE 

Capaci tance between the conductors of  a two-wire l ine is defined as the charge 
on the conductors per un i t  of potent ia l  d ifference between them. In the form of 
an equat ion capaci tance per un i t  l ength of the line is 

q C = - Fjm (5 .4) 
v 

w h e re q i s  t h e  c h ,lr g e  o n  t h e l i n e  i n  co u l o m bs per  me t e r ,I nd  v i s the potent ia l  
d i l le r e n ce b e t w e e n  t he co n d uct ors i n  vo l t s .  Here a ft e r, for con ve n i ence ,  we re fer  
to cul)(lcitul /cC !)(.'r i ll / it h'l I/.',r/t , I S  c([pacitallce e l ml i n d  i c ,l t e  the correct d imens ions 
[or t h e e q u a t ions d e r ived . The capaci tan ce be tween two conductors can be  
fou n d  by subst i tut ing in Eq . (SA) the expression for v i n  terms of q from Eq .  
(5 . 3 ) .  The vol t age U"h b e twe e n  the  two con ductors of the  two-wire l ine  shown in 
Fig .  5.3 c a n  be fou n d  by de t e rm i n i n g  t he poten t i a l  d iffe rence between t h e  two 
co n d uctors of t h e  l i ne ,  first by comput ing t he vol tage d rop due to the charge qa 
on con ducto r a a nd then by comput ing the vol tage d rop d ue to the charge qb on 
conductor b . By the principle of superposi t ion the vol tage d rop from conductor 
a t o  conductor b due to the cha rges on both conductors is the sum of the 
vol t age drops caused by each charge a lone .  

The cha rge qa  on conductor a of F ig .  5 . 3  causes surfaces of equipotent ia l  
i n  the vicinity of  conductor b ,  which are shown in Fig .  SA. We avoid the 

I 
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FIGURE 5.3 

Cross section of a paral le l-w i re l i ne .  

distorted equ ipotent ia l  surfaces by i n tegrat ing Eq . (5 .3) a long the a l te rna te  
rather t han  the  d i rect path o f  Fig. 5 .4 .  In  determ i n i ng  V a b  due to qu '  we fo l l ow 
the pa th  through the undistorted region and  see t h a t  d is tance D \  of  Eq. (5 .3 )  is 
the rad ius ra of conductor a and d is tance D2 i s  the cen ter- to-center  d i s ta nce 
between conductors a and b .  S im i l a r ly ,  in de term i n ing v a /> due to q" , we find  
that the d istances D2  and D \ a re  t il and  D ,  respect ive ly .  Convert i ng  t o  phasor 
notation (q n and q,} become phasors), we obta in  

( 5 .5 ) 
-

due to qa due to qb 

and s ince qa = - qb for a two-wire l ine ,  

V = -- I n  - - I n  - V 
qa ( D  rb ) 

ab 2rrk ra D 
( 5 . 6) 

Equipotential 
suriaces 

Direct path of integration 
from a to b FIGU RE  5.4 

Eq u ipoten t i a l surfaces of a por
t i o n  of the electr ic  fi e l d  caused by 
a charged conduc tor  a (no t  
shown). Cond uctor b causes the  
equipoten t i a l  su rfaces to become 
distorted.  A rrows ind icate  op
t ional  paths of i n tegrat ion be
tween a po i n t on  the equ ipoten
t ia l  s u rface of  conductor b a n d  
t h e  conductor a , whose c h a rge qa 
creates t he equ i poten t i a l' su rfaces 
shown .  
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or by combining the logari thmic terms, we obta in  

The capacitance between conductors is 

If r = rb = r u ' 

27Tk  ----- Fjm In( D2jra rb ) 

'TT k 
Cub = Fjm 

I n ( Djr ) 

( 5 .7) 

( 5 .8) 

( 5 .9) 

Equat ion (5.9) gives the capac i tancc between the conductors of a two-wire 
l in e .  If the l i n e i s  supp l i ed  by a transformer hav ing a grounded center tap,  t he  
potent ia l  d ifference between each conductor and ground i s  h a l f  t he  pote nt i a l  
d ifference between the two conductors and  the  capacitance t o  ground, or  
capacitance r o  neutral ,  is 

Can = Cbn = = ---- F jm to neutra l  I n ( Djr )  ( 5 . 1 0) 

The concept of capacitance to neutra l  is i l lustrated in  Fig. 5 . 5 .  
Equat ion (5 . 1 0) corresponds t o  Eq .  (4.25) for inductance. One  difference 

between the equat ions for capac itance and inductance shou l d  be  noted care
fu l ly .  The radius in the equat ion for capaci tance is the actual outside radius of 
the conductor and not the geometric mean ra t io (GMR) of  the conductor, as  in 
the  i nd uc tance form u l a .  

Equa t ion (5 .3 ) ,  from \vh ich Eqs. ( 5 . 5 ) t h rough ( 5 . 1 0) were derived , i s  based 
on the assumption of  un i form charge d is tribution ove r the su rface of the 
conductor .  Whcn other  charges are  present ,  the d istr ibu t ion of  c harge on  the 
surface of  the conductor i s  not  u ni fo rm and  the equations derived from Eq. (5 .3) 
are not str ict ly correct. The nonuniformity of charge d istribution, h owever, c an  

aO _______ --I1 ,---( ------10 b 
eM 

( a )  R e p rese n lation of  l i n e  -to - l i n e  c a paci tance 

FIG U RE  5.5 

( b )  R e p resentation of l i n e -to - n e utral capac i tance 

R e l a t io n s h i p  b e tween the conce p t s  of l ine- t o - l i n e  capacitance and l i n e -to-n e u t ra l  cap aci tance.  
I 
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be n eglected ent irely in overhead l ines s ince the  error in Eq . (5 . 1 0) is on ly  
0.01 %, even for such a close spac ing as that  where the  ratio D Ir = SO. 

A question arises about the va lue  to be used in the denominator o f  t h e  
argument of  the logar i thm i n  Eq. (5 . 10) when  the conductor is a stranded cable 
because the equation was derived for a sol id  round conductor. S ince e lec tr ic  
flux is perpend icu lar  to the surface of  a pe rfect conductor, the  e lec t r ic  fi e l d  a t  
t he  surface of a stranded conductor is not the same a s  the fie ld at the  su rface o f  
a cylindr ical  conductor. Therefore, t h e  capaci tance calcu la ted for a stranded 
conductor by subst i tu t ing the  outs ide rad ius  of the  conductor for r in Eq . ( 5 . 10 )  
will be s l ightly in e rror because o f  the  d ifference be tween the  fie ld in the  
ne ighborhood of  such a cond uctor anci t he fie ld  ncar  a so l id cond uc tor  fo r wh ich 
Eq.  (5 . 1 0) was derived .  The error i s  ve ry smal l ,  however, si ncc on ly the fi e l d  very 
close to the  surface of the conductor is  affected .  The outside rad ius of the 
stranded conductor is used in calcu la t ing  the capaci tance .  

After  the capaci tance to neu t ra l  h a s  been determined ,  the capac i t ive 
reactance exist ing between one conductor and  neutra l  for re la t ive perm i t t ivity 
k r = 1 is found  by using the  express ion for C given in Eq. (5 . 1 0) to y i e l d  

1 2 .862 X - = c - 2Tf fC f 

D 
X 1 0 9  I n  - .n . m to neutral  

r 
( 5 . l 1 )  

Since C i n  Eq. (5. 1 1 ) is in fa rads per  m eter, the p roper un its for Xc must  be 
ohm-meters. W e  should also note t h a t  Eq. (5 . 1 1 ) expresses t he reactance from 
l ine to n eutra l  for 1 m of l ine .  S i nce  capac i tance reactance is in para l l e l  a long 
the  l ine ,  Xc i n  ohm-meters must be  divided by  the length  of the l ine in  m e ters 
to obtain the  capaci t ive reactance in  ohms to neutra l  for thc ent ire length of the  
l ine .  

When Eq .  (5 . 1 1 )  is d ividcd by 1 609 to  convcrt to  ohm-mi les, we obta in  

1 . 779 D Xc = -- X 1 0 () I n  - .n . O1 i to neutra l  
f r 

( 5 . 1 2 ) 

Table A.3 l ists the outs ide d i ameters of  the most widely used s izes of 
ACSR. If D and r in Eq. (5 . 1 2) a re in feet, capacitive reactance a t  l -ft spacing 
X� is the  first term and  capacitive reactance spacing factor X� is the second term 
when t h e  equation is expanded as fo l lows : 

1 .  779 1 1 .  779 
Xc = -- X 106  In - + -- X 10 6  I n  D n . m i  to neutra l  

f r f 
( 5 . 13 )  

Table A . 3  i ncludes values o f  X� for common sizes o f  ACSR, and  s im i lar  tab les 
. a re readi ly  avai lable for other types and sizes of  cond uctors. Tab le  A.S in  t he  
Append ix l ists values of  X� which, o f  course, i s  different  from the  synchronous 
mach ine  t rans ient reactance bear ing the same symbol .  
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Example 5.1 .  Find the capaci t ive susceptance per mile of a s ingle-phase l ine 
opera t ing at 60 Hz. The conductor is Partridge, and spacing i s  20 ft between 
centers. 

Solution. For th i s  conductor Table A.3 lists an ou ts ide d iameter of 0.642 in, and so 

and from Eq.  (5 . 12) 

0 .642 
r = = 0 .0268 ft 

2 x 1 2  

1 . 779 20 
Xc = "60 x 1 Q 6 l n  

0 .0268 
= 0 . 196 1  x 1 0 6 n . mi to neutral 

1 
Be = - = 5 . 1 0  X 1 0 - 6 Simi  to neu tral 

Xc 

o r  i ll t e rm s  o f  c J p ac i t ivc re ac t a n ce at l - n spac ing and capac i t ive reactance spacing 
factor from Tab les  A.3 and A.5 

X; = 0 . 1 074 M n  . m i  

X�. = 0 .0889 M D  . m i  

Xc = 0 . 1 074 + 0 .0889 = 0 . 1 963 M n  . mi  per conductor 

Line- to- l ine capaci t ive reactance and susceptance are 

Xc = 2 x 0 . 1 963 X 1 0 6 = 0 .3926 X 106 n . mi 

1 
Be = - = 2 .5 5  X 1 0 - 6 Sim i  

Xc 

5.4 CAPACITANCE OF A THREE-PHASE LINE 
WITH EQUILATERAL SPACING 

The t hree ident ica l  conductors of  radius r of a three-phase l ine wi t h  equi lateral  
spacing a re shown i n  F ig .  5 .6. E q u a t i o n  (5 .5 )  expresses t h e  voltage between two 
conduc tors due to the c harges on ea ch one if the charge d istr ibut ion o n  the 
conductors can be assumed to be  un iform. Thus, the vol tage Vab of the 
t hree-phase l ine  due only to the cha rges on conductors a and b I S  

Vab = . -�-- ( q I n  
D 

+ q b i n � )  y 
2 Tfk a r D 

( 5 . 14) 
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D 

FIGURE 5.6 a c 
Cross sect ion of a three-phase l i ne w i t h  e q u i l a t e r a l  s p a c i n g .  

Equat ion (5 .3) enab les  us to i nc l u d e  the e f fect  o r  q c  s i nce u n i form c h 'lrge 
d istribution over the surface of a conductor  is  equiva len t  to a conce n t ra ted 
charge at the center of the conductor. Therefore, due on ly to the c h a rge CJ( , 

qc D 
Vab = -- I n  - V 2Tfk D 

which is zero s ince qc is equidistant from a and b .  However, to s how tha t we 
are considering all three charges, we can  wri te 

1 ( D  r D ]  
Vab = -- qa In - + qb I n  - + qc In D V 2Tfk r D 

Adding Eqs. (5 . 1 5) and (5 . 1 6) gives 

( 5 . 15 ) 

( 5 . 1 6) 

( 5 . 1 7 )  

I n  deriving these equations, we have assumed tha t  ground i s  far enough away to 
have negligible effect .  Since the voltages a re assumed to be s inusoidal  and 
expressed a s  phasors, the charges are s inusoidal and expressed a s  phasors. I f  
there a r e  n o  other charges i n  t h e  vicini ty ,  the  sum of the charges on t h e  three 

conductors is zero and we can subst i tute - qa in Eq. (5 . 1 7) for qb + qc and 
obtain 

( 5 . 18) 

Figure 5.7 is the phasor d iagram of voltages. From this  figure we obtain the 
following relations between the l ine vol tages Vab and Vac and t he vol tage Van 



5.4 CAPACITANCE OF A THREE,PHASE L I N E  WITH E Q U I LATERAL SPACI NG 179 

F IGURE 5 . 7  

P h asor d i agram of the ba lanced voltages of  a three-phase l ine .  

from l ine a to the neutral  of the th ree-phase c i rcu i t :  

V:I1> = 13- V:1 I1� = 13 V:'1 I( 0 .866 + )0 .5 ) 

Val = - Veil = /3 V:'" I - 30° = 13 Va,, ( 0 .866 - )0 .5 )  

Add i ng Eqs. (5 . 1 9) a n d  ( 5 . 20) gives 

Suhs t i t u t ing  3Van for Vab + Vac in Eq. (5 . 1 8), we obta i n  

qa D 
Van = -- I n  - V 

2 TTk r 

( 5 . 1 9 )  

( 5 .20) 

( 5 .2 1 ) 

( 5 .22) 

S ince capaci tance to neutra l  is the  rat io of t he charge on a conductor  to the 
vol tage be tween that conductor and neutra l ,  

27Tk 
---- F jm to neutral 
I n ( Djr ) 

( 5 .23 ) 

Comparison of Eqs .  (5 .23) a n d  (5 . 10 )  shows t h a t  the two are iden t ica l .  
These equa t ions express t he  capac i tance to neu t ra l  for s ingle-phase and  equi
l a t e r a l l y  spaced t h ree-phase l ines ,  respective ly. S i m i l a r ly, we reca l l  tha t  the 
equat i ons for inductance per conductor are the same for s ing le-phase a nd 
equ i l a t eral ly spac�d th ree-phase l ines .  

The t e rm charging current is appl ied to the current associated w i th  the 
c a p �l c i t a n c e  o f  a l i n e .  For a single-phase c i rcu i t  t h e  ch a rg i n g  cu rre nt is  the 
produc t  of t h e  l i n c - t o- l i n e  vo l t age and t h e  l i ne - to - l i ne susceptance, or as a 
phasor ,  

(5 .24 ) 

For a three-phase l ine t he  cha rg ing current is found by mul t iplying the  vol tage 
to n e u t ra l  by t he  capaci tive susceptance to neutra l .  This gives the  charging 

I 
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curren t  per p hase and is in accord wi th the  calculat ion of balanced three-phase 
circuits on the  basis of a single phase with n eutra l  return .  The phasor charging 
current in phase a is 

(5 .25) 

Since the  rms voltage varies along the l ine ,  the  charging current is not the  same 
everywhere. Often the vol tage used to obta in  a va lue for charging current is  the 
normal vol tage for which the l ine is designed, such as 220 or 500 kY, which is 
probably not t he actual vol tage at  e i ther a generat ing station or a load .  

5.5 CAPACITANCE OF A THREE-PHASE LINE 
WITH UNSYMMETRICAL SPACING 
When the conductors of  a t hree-phase l i ne  a re not  equi lateral ly spaced ,  t h e  

problem o f  calculating capacitance becomes more d ifficul t .  In the u sua l  un t rans
posed l ine the capacitances of each phase to neu tral are unequal .  In a t rans
posed line the average capacitance to neutra l  of any phase for the com plete 
t ransposit ion cycle is the same as the average capacitance to neutral of any 
other phase s ince each phase con ductor occupies the same pos i t ion as every 
other phase conductor over an equal  distan ce a long the transposit ion cycle .  The 
dissymmetry of the u ntransposed l ine  is s l igh t  for the usual configurat ion ,  and 
capaci tance calculations are carried out  as though a l l  l ines were transposed .  

For the  l ine shown in  Fig .  5 . 8  three equat ions are found for Vab for the 
three d ifferent parts of  t he transposit ion cycle .  With phase a in posi t ion 1 ,  b i n  
position 2 ,  and c i n  position 3 ,  

1 ( D 1 2 r D21 ) V;l/J = 27Tk q" I n -r- + q,) I n D 1 2 + (j, I n D 3"\ V ( 5 . 26 )  

With phase a i n  position 2, b i n  posit ion 3 ,  and  c i n  posit ion 1 ,  

( 5 .27) 

2 

FIGURE 5.8 

Cross sec t ion  o f  a t h ree-phase l ine with u nsym metr ica l  

1 3 spac ing .  
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and  with a in  posi t ion 3 ,  b i n  posi t ion  1 ,  and c i n  position 2 ,  

( 5 .28) 

Equat ions (5 .26) through (5 .28)  a re sim i l a r  to Eqs. (4.5 1 )  t hrough (4.53) for 
the magnetic flux l i nkages of one  cond uctor of a transposed l ine .  However, i n  
t he  equat ions for magne t ic fl ux l i n kages we  note t ha t  t he  current i n  a n y  p hase 
is the same in every part of the transposit ion cyc le .  In Eqs. (5 .26) through (5 .28), 
if we d isregard the voltage drop a long the l ine ,  the vo ltage to neutral of a p hase 
in one par t  of a t ranspos i t io n  cyc le  is equa l  to the vol tage to neutra l  of tha t  
p hase i n  a ny part of  the  cyc l e .  He nce,  t he vol t age between any two conductors i s  
t h e  same in a l l  pa r t s  of t h e  t r anspos i t ion cyc l e .  I t  fo l lows t h at t he  charge on  a 
con d uctor m ust be d iffe ren t  when the pos i t ion of the conductor changes wi th  
respect to o ther  conductors. A t rea tmen t  of  Eqs .  (5 .26) th rough (5 .28) ana logous 
to that of Eqs. (4 .5 1 )  through (4 .53) is  not rigorous. 

The rigorous so lu tion for capac i ta nces i s  too i nvolved to be p ract ica l  
except  perhaps for fia t  spac ing wi th equa l  d istances bet\veen adjacent conduc
tors. With the  usua l  spacings and  conductors, sufficient accuracy is obta ined by 
assuming tha t  the charge per  u n i t  l ength on a cond uctor i s  the same in  every 
part  of the transposition cyc le .  When the above assumption is made with rega rd 
to charge, the voltage between a pa i r  of conductors is different for each pa rt of 
the transposit ion cyc le .  Then an average va l u e  of voltage between the cond uc
tors can b e  found and the capac i tance calcu l ated from the average voltage. We 
obtain the average voltage by add ing Eqs. (5 .26) through (5 .28) and by d ivid ing 
the resu l t  by 3 .  The average vol tage between cond uctors a and b, assum i ng 
the same charge on a conduc tor  regard l ess of i ts posit ion in  the transposi t i on  

1 • 

cyc .e ,  IS  

where 

S imi l a rly, the  average vo l  tage d rop from conductor a to conductor C I S  

1 ( Dcq r 1 
V = -- q I n  - + q In - V a c 2 k a . C D 7T t eq 

( 5 . 29) 

( 5 .30) 

(5 . 3 1 ) 



182 CHAPTER 5 CAPACITANCE OF TRANSM ISSION LINES 

Applying Eq. (5 .21) to find  the vol tage to neutra l ,  we have 

a nd  

_ 1 ( Deq r r ) 
3Van - Vab + Vac = 2k 2qa In - + qb I n  -D + qc I n  -D V ( 5 .32) 

Tr r eq eq 

q" e" = = ---- F / m  to neu tra l  
I n ( Dcq/r )  

( 5 .3] ) 

( 5 .34 ) 

Equat ion (5 .34) for capacitance to neutra l  of a transposed t h ree-phase l i ne  
corresponds  to Eq .  (4.56) for the i n ductance per  phase of a s im i lar  l i ne .  I n  
finding capaci tive reactance t o  neutra l  correspond ing t o  en , we can sp l i t  t h e  
reactance  in to componen ts o f  capacit ive reactance t o  neutral a t  I - ft spacing X� 
and capaci t ive reactance spacing factor X� , as defined by Eq. (5 . 13) .  

Example S.2. Find the capaci tance and the  capaci t ive reactance for 1 mi  o f  the  
l ine described i n  Example 4 .4 .  I f  t he  length o f  the l i ne  i s  1 75 mi and the  norma) 
operat ing voltage is 220 kV, find capaci t ive reactance to neutral for the ent ire 
leng t h  of  the l ine,  the charging current per mi le ,  and the tota l charging 
megavoltamperes. 

Solution 

1 . 1 08 
r = = 0 . 0462 ft 

2 X 1 2  

Dcq = 24 .8 ft 

ell = 2IT x 8 .85 x 1 0  - 1 2 

1 n (24.8/0 .0462) 

1 0 1 2  

= 8 . 8466 x 1 0 - 1 2 F /m 

X = 0 . 1 864 X 10 6  .0. . mi 
c 

= 2-rr x 60 x 8 . 8466 x 1609 

or from tables 

X� = 0 .0912 X 10 6 x� = 0 .0953 X 1 0 6  

Xc = (0 .0912 + 0 . 0953)  x 1 0 6  = 0 . 1 865 X 1 0 6  .0. . m i  t o  neutra l  J 
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For a length of 175 mi 

Capacit ive reactance = 
0 . 1 865 X 1 0 6 

1 75 

220 , 000 I fchg l = 13 Xc 

= 1 066 n to neutral 

220 ,000 X 10 - 6  13 x 0 . 1 865 
= 0 .681 Ajmi 

or 0.68 1  x 1 75 = 1 1 9  A for the l i ne .  Reactive power is Q = 13 X 220 X 1 1 9 X 
1 0 - 3  = 43 .5 Mvar. This amou n t  of reac tive power absorbe d by the d istr ibuted 
capac i tance is negat ive i n  keeping with the convent ion d iscussed i n  Chap. 1 .  In 
o t he r words ,  pos i t ive re ( lc t ive power  i s  be ing [?('l I eratecl b y  the  distr ibuted 
C <l fl a c i t ( l I l C C  or the  l i l l c .  

5 .6  EFFECT OF EARTH O N  THE 
CAPACITANC E  OF TH REE-PHASE 
TRANSMISSION LINES 

Earth affects the capacitance of a t ransmission l ine because its presence a lters 
t he e lectric fie ld of the l i ne .  I f  we  assume that the earth is  a perfect conductor 
in the form of a horizonta l  p l ane  of i nfinite extent ,  we real ize that the electric 
fie ld  of charged conductors above the  ear th  is no t  the same as it wou ld  b e  i f  t he  
equ ipotent ia l  su rface of  t he  ea r th  were not  p resent .  The e lectric fie ld  of  t he  
charged conductors i s  forced to  conform to  t he  presence of t he  earth's su rface. 
The assumption of a flat, equ i poten t i a l  su rface is, of course, l imi ted by the  
i r regu lar ity of  terra in and the type o f  surface of  t he  ear th .  The assumpt ion 
enables us ,  however, to  understand  the effect of  a conduct ing earth on capaci
t ance calcu la t ions .  

Consider a c ircui t  cons i s t ing of  a s i ng le  overhead conductor with a re turn 
pa th  through the earth .  In cha rg ing the  cond uctor, charges come from the earth 
to res ide on the conductor, and a potent ia l  d ifference exists between the  
conductor and the earth .  The  ea r th  has  a charge equa l  i n  magni tude to  tha t  on  
t he  conduc tor bu t  of  oppos i te s ign . The  e l ectric fl ux from the cha rges on the  
conductor to the charges on  the  ea r th  i s  perpend icu l a r  to t he  earth's equ ipoten
t i el l  su rface s ince the su rface i s  assumed to be a perfect conductor. Let us 
imagine a fictit ious conductor of t h e  same size and shape as the overhead 
cond uctor ly ing di rectly be low the  or ig ina l  conductor at a d is tance equa l  to 
t w i ce the  d i s t a n ce of t h e c o n d uctor  a bove the p l ane of the ground . The fictit ious 
conductor is be low the su rface of tbe e a rth by a d i s tance equal to the d i s tance 
of  the overhead cond uctor ahove the ea rth .  If the ear th  i s  removed and a cha rge  
equa l  and oppos ite to  tha t  on  the  overhead conductor i s  assumed  on the  
fict it ious conductor, t he  p l a ne m idway between the or ig ina l  conductor and  the  
fict i t ious conductor is an equ ipoten t i a l  surface and  occupies t he  same posit ion 
as  the equipotent ia l  surface of  the  ea r th .  The el ectric flux between the overhead 
con ductor and th is equ ipoten t i a l  surface is the same as that w� ich ex is ted  
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between the conductor and the ear th .  Thus, for purposes of calcu l a t ion of 
capacitance t h e  earth may be replaced by a fict it ious charged conductor b e l ow 
the surface of the earth by a d istance equa l  to that  of the ove rh e ad conduc tor 
above the e arth.  Such a conductor has  a charge equal  i n  mag n i t u d e  a n d  
opposite i n  sign t o  that  of the or igi na l  conductor a n d  i s  ca l l e d  t h e  image 

conductor . 

The method of calcu lat ing capacit a nce by replacing the ea r t h  by t he image 
of an overhead conductor can be extended to more than one conductor .  I f  we 
locate a n  image conductor for each ove rhead conductor ,  t he  A u x  hctwc c n  the  
orig ina l  conductors and  their images i s  perpend icula r  to  t he  p l ane wh ich 
repl aces the earth ,  and that  p lane i s  a n  equ i potent i a l  su rface .  The A u x  above 
the plane is the same as i t  is when t h e  earth is presen t  i n s tead  ur t he image 
conductors .  

To apply t he method of images to t he  ca l cu la t ion  of  c a r a c i l a n c c  ror a 
three-phase l ine ,  refer  to Fig .  5 .9. We ass u me tha t  the  l i ne  is t ran sposed a n d  

77/ 7 

FIGURE 5.9 

Three-phase l i n e  and i ts  image .  
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that  conductors, a ,  b, and c carry the  charges q a' qb ' and qc and occupy 
pos it ions 1, 2, and 3, respec tively, in the first par t  of the transposition cycle. The 
plane of the earth is shown ,  and  below it a re the conductors with the i mage 
charges - qa '  - qb ' and - qc Equ ations for the three parts of the transposition 
cycle can be written for the voltage drop from conductor a to conductor b as 
determined by the three charged conductors and their images. With conductor 
a in posit ion 1 ,  b in pos i t ion 2, and  c in pos it ion 3, by Eq .  (5 .3) 

( 5 .35) 

Simi lar equations for Vall a re wri t ten for the other par ts  of the t ra nsposit ion 
cyc l e .  Accepting t h e  approxim ate ly  correct assumpt ion of constant charge per 
unit length of each conductor t h roughout  the transposi t ion cycle a l lows us  to 
obta i n  an  average va lue of the phasor Vall '  The equat ior. for the average value 
of the phasor Vac is  found in a s im i l a r  manner, and 3 Var. is obtained by adding 
t he average values of Vll n and  Vac - Knowing tha t  the sum of the charges is  zero, 
we then find 

c = n 

( DCq ) 
I n  -r- - I n  

""\ 1 F 1m to neutra l  

. .,; H l �  HZ3 H3 1 
J r----
yH) H2 H3 

( 5 .36) 

Compar i son of Eq s .  (5 .34) and (5 . 36)  shows that  t h e  effect of the earth is  
to in crease  the cI [J <1 c i t il n c c  o f  , I  I i n c .  To , ICCO li n t  fo r t he e a r t h ,  t he denominator 
of Eq . (5 .34) must  ! l , IVC s u b t ra c t e d  fro m i t  t h e term 

I f  the conductors are h i gh  a bove ground compared with the d istances between 
them, the d iagonal distances i n  t he numera tor of the correction term a re nearly 
equal to the vertical d i s tances in the denominator, and the term is very smal l .  
This  is the usua l  case, and  the effect of ground is general ly neglected for 
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three-phase l ines except for calcu la t ions by symmetr ica l  components  when the  
sum of  the  three l ine  currents i s  not  zero.  

5.7 CAPACITANCE CALCULATIONS 
FOR BUNDLED CONDUCTORS 
Figure 5 . 1 0  shows a bu nd led-conductor l i ne for wh ich  we ca n write an equat ion 
for the voltage from conductor a t o  con ductor b as we did i n  der iv ing  Eq . (5 .2fl), 
except tha t  now we must consider the ch a rges on a l l  s ix  i n d iv i d u a l  conductors. 
The conductors of any one bundle a re in para l l e l ,  and we can assume the charge 
per bund le  d ivides equa l ly between the conductors of  the bund I e  s ince t he  
separation between bundles i s  usua l ly more  than  15  t imes the spaci ng between 
the conductors of  the bund le .  A l so, s i nce D 1 2  is much  greater  than d ,  we can 
use DJ2 i n  p lace of  the  d is ta nces D I 2 - d and D I 2 + d and make o t h e r  s i m i l a r  

subst i tu t ions o f  bund le  separat ion d is tances i nstead of  us ing  t he  m o re exact 
expressions that occur in finding Val) ' The d ifference due to this app roxima t ion 
cannot be detected i n  the final  resu l t  for usua l  spac ings even when the 
calculat ion is carried to five or s ix s ignificant  figures. 

If charge on phase a is qa ' each of conductors a and af has the charge 
qa/2; s imi lar  division of charge i s  assumed for phases b and c .  Then ,  

1 l q a ( D 1 2  D J 2 ] -- - In - + I n  -- + 
2rrk 2 r d 

� �  

a a' 

qc ( D21 D21 1 j 
+ - I n  --" + I n  -' 

2 f) .1 \  D -:, \ 
�-- -----------

c c' 

b b' 

( 5 . 37 ) 

The l e tters under each loga r i thmic term ind icate the  con ductor whose charge is 
accounted for by that  term. Combin ing  te rms g ives 

1�----------- D3 1 ------------�� 1 
1 ...... --- D12 ----· 1----- D23 -----... � 

a 0 0 a' I� d -l  
b o O o c o o c' 

I-d-\ I-d -I 

( 5 . 38 ) 

FIGURE S.lO 
Cross section of a bundled-con 
ductor t h ree-phase l i ne .  
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Equation (5 .38) is the same as Eq. (5 .26), except  that VrJ has replaced r .  I t  
therefore follows that i f  we  cons ider t h e  l i ne  t o  b e  t ransposed, we  find  

e'l = --( -D--) F 1m to neutral 
eq 

In --Vrd 
( 5 .39) 

The Vrd i s  the same as D:' for a two-conductor bundle , except t ha t  r has 
rep l aced DJ • Th is leads us to the very import ant conc lus ion that a modified 
geome t r ic mean d i s tance ( G M D )  me t hod app l ies to t he calcu la t ion of capaci
t a nce  of a h u n d l ed -cond uc tor  I h r ee -rhase l i ne hav ing two conductors per 
h u n d l e .  Thc mOll i f i c a t i on  is I h , 1 I wc a rc l I s i n g  o u t s i d e  r a d i u s  in p l a ce of  the 
G M R of  a s i ngk conducto r. 

I t  i s  log ie <i l to conc lude t h a t  t h e  mod i fl e d  G M D  method a pp l ies  to other 
b u n d l i n g  co n fi g ur a t ions .  If we l e t  f):� s t a n d for t he  mod i fi e d  G M R  to be used 
in capac i t a n ce ca l cu l a t i o n s  to  d i s t i ngu i sh  i t  from D;" used in inductance ca lcu la
t i o n s .  w e  have 

2 ... k 
-�n-(-D-�q-) F 1m to neutral 

Dsc 

The n ,  for a two-s trand bund l e  

fo r a t h ree -s t ra nd bund l e  

and for a four - s t rand hun d l e  

4 
1 . 09 ..; rdJ 

( S AO) 

( S Al )  

( 5 .42) 

. ( 5 .43) 

Exa m p l e  5.3.  Fi nd t he capac I t Ive reac t a nce to n e u t r a l  of the l i n e  d escribed in  
Example 4 . 5  i n  ohm -ki l o m e t ers  (and i n  o h m - m i les) per phase . 
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Solution. Computed from the diameter given i n  Table A.3 

r =  
1 . 382 X 0 .3048 

2 X 1 2  = 0 .01755 m 

D:c = JO .01755 X 0 .45 = 0 .0889 m 

3 �----=---...,.. Deq = ""{8 X 8 X 1 6  = 1 0 .08 m 

elll = 271 X 8 .g5 X 1 0 - J 2  

I n  ( 1 0 .O/) ) 
O .08�9 

1 1 .754 X 1 0  - J 2 F / m 

1 0 J 2 X 1 0 - 3  Xc = = 0 .2257 X 1 0 (' f 2  . km p e r  phase to n e u t ra l  27160 X 1 1 .754 

( 
0 .2257 X 1 0 6 

) 
Xc = = 0 . 1403 X 1 0 6 11 . m i  per  phase to neutra l 1 .609 

5.8 PARALLEL-CIRCUIT THREE-PHASE 
LINES 

If two t hree-phase circuits that are ident ica l  i n  construction and operat ing i n  
para l le l  a r e  so close together t ha t  coupl ing exists between them , t h e  GMD 
method can be used to calcul ate the inductive and capaci tive reactances of t heir 
equ iva lent  c ircui t .  

Figure 5 . 1 1  shows a typical a rrangement of  paral lel-circui t th ree-phase 
l i nes on the same tower. Although the l i ne wi l l  probably not be transposed, we 
obtain practical values for inductive and capaci tive reactances j f  transposi t ion is 
assumed.  Conductors a and a' are in para l le l  to compose phase a. Phases b and 

aO---- 18·---0� 

10' 

8-----21' -----0 b b'  

1 81----0J 
FIGURE 5. 1 1  
Typical  arrangement of conductors o f  a para l lel 
c ircu i t  three-phase  l i ne .  
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c are s imilar .  We assume tha t  a and a' take the posit ions of b a nd b' and then 
of  c and c' as those conductors are rotated s imi larly in  the t ransposition cycle. 

To calculate Deq the GMD method requires that we use D:b ,  Dbc ' and 
D(� , where the superscript ind ica tes that  these quantit ies are  for pa ra l lel l ines 
and where D:b means the GMD between the conductors of phase a and those 
of phase b. 

For inductance calcu la t ions Ds of Eq . (4.56)  is replaced by D/, which i s · 
the geometr ic mean of the GMR values of the two cond uctors occupying first 
the pos i t ions of a and a' ) then the posit ions of b and b', and fina l ly the 
pos i t ions of c and c' .  

Because of the s im i l a r i ty between i nd uctance and capacitance ca lcula tions, 
we c a n  assume  tha t  the D/c for ca pac i t a nce i s  t he  same as D! for i nductance, 
excep t  tha t  r i s  used ins tead of D} of the ind ivid ual conductor .  

Fol lowi ng  each step of Examp le S A  i s  possibly the best means of u nder
s t a n d i ng the procedure .  

Exa m p l e  5 .4 . .  A t h re e - p h ase d o u b l e - c i rc u i t  I i n e  i s  compose d o f  300,OOO-cm i l  26/7 
Ostrich cO l l d u c t o r s  a r r a llged a s  shown in  Fig . 5 . 1 1 .  Find the 60-Hz induct ive 

r e a c t a nce and capac i t ive su sce p t a n ce in ohms per m i l e  per p h ase a n d  siemens per 
m i l e  pe r phase,  respect ive ly .  

Solution . From Table  A . 3  for Ostrich 

Ds = 0 .0229 ft 

D i stance a to b :  o r ig i n a l pos i t ion = /1 0 2  + 1 . 5 2 1 0 . 1  ft 

D ista n ce a to b' : or ig i n a l pos i t i on = /1 02 + 1 9. 5 2  = 21 . 9  ft 

The G M Ds be twee l l  p h ases a rc 

1 8 .97 ft 

DCQ = �1 4 . 88 X 1 4 .88 X 1 8 .97 = 1 6 . l  ft 

For i n ductance ca lcu l a t ions the G M R  for t h e paral l e l -ci rcu i t  l in e is found after 

fi rs t  obta in i ng  the G M R  v a l u e s  for the  t h ree posi t ions .  The a c t u a l  d istance from a 
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to a' is ';202 + 182 = 26 .9 ft. Then ,  GMR o f each phase is 

Therefore, 

I n  pos i t ion a - a ' : ../26 .9 X 0 .0229 = 0 . 785 f t  

In posit ion b - b' : ../21 X 0 . 0229 = 0 .693 ft 

In pos i t ion c - c' : -./26 .9 X 0 .0229 = 0 .785 ft 

D;' = �O .n5 X 0 .693 X (�7H5 = 0 . 7 53 I t  
1 6 . 1  

L = 2 x 1 O - 7 1 n -- = 6 . 1 3  X 1 0 - 7  Him per phase 
0 . 753 

XL = 2 11- 60 x 1 609 x 6 . 1 3  x 1 0 - 7 = 0 . 3 -:- 2  D/mi per phase 

For capac i t ive calcu la t ions Die i s  t h e  same as t ha t  of Dj', except tha t  the ou tside 
radius of the Ostrich conductor is used i ns tead of i t s  GMR. Th..-: ou ts ide d i ameter 
of Ostrich i s  0.680 i n :  

0 . 680 
r = = 0 .0283 ft 

2 x 1 2 

Dj'e = ( ";26 .9 x 0 .0283 /21 x 0 .0283 ";26 .9 x 0 .02S3 ) 1 /3 

= /0 .0283 (26 .9 x 21 x 26 .9 ) 1 /6 = 0 .837 ft 

ell = 

2 11"  X � .�5 x 1 0  1 2 

1 (> . 1  
1 11 -O .�37 

l H . H07 x 1 0 - 1 2 F 1m 

Be = 2 11"  X 6 0  x 1 8 .�07 x 1 609 

= 1 1 .4 1  X 1 0 - 6  Simi  per phase to neu tral 

5.9 SUMMARY 
The simi lar i ty between inductance a n d  capacitance calculat ions has been em
phasized t h roughout our discussions. As in inductance calcu la t ions, computer 
programs are recommended i f  a large n umber of ca lcu l ations of capacitance is  
required. Tables l ike A.3 and A.S make the  ca lcu la tions quite s imple ,  however, 
except for p ara l le l-circu i t  l ines .  
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The important equation for capaci tance to neutral  for a s ing le-circuit, 
three-phase l ine is 

c = 
. n --=-- F /m to n eutral Dcq I n -Dsc 

(5 .44 ) 

DSL' is the outside r ad ius r of the conductor for a l i ne  consist ing of one 
conductor per phase. For overhead l ines k is 8 .854 X 1 0 - 1 2 s ince k r for air is  
1 .0 .  Capacit ive reactance i s  ohm-meters is 1 /2 1T!C, v,,'here C is in farads per 
meter .  So, at 60 Hz 

Deq XC' = 4 . 77 X 1 0 4  In -- n . km to neu t ra l  Dse 
( 5 ,45) 

or  upon d ivid ing by 1 .609 km/ mi ,  wc have 

Deq Xc = 2 . 965 X 1 0 4  In - n . mi to neutra l  Dsc 
( 5 ,46) 

Values for capacit Ive suscep tance in  s iemens per ki lometer and S Iemens per 
mi le  are the reciprocals of  Eqs. (5 ,45) and  (5 ,46), respect ively. 

Both Deq and Dsc must be in the same u nits ,  usual ly feet .  For bund led 
conductors DsbC i s  subs t i tu ted for Dsc, For both s ingle- and bund led-conductor 
l ines 

(5 , 4 7) 

For bundled-conductor l i nes Dab ' Dhc ' and Dca a re d istances be tween the 
cen ters of the bundles of phases a ,  h,  and c .  

For l i nes w i th  one conductor per phase i t  i s  conven ien t  to determine Xc 
by adding X:/ for the conduc tor  as found  in Tab le  A .3  to X:, as found in Table 
A.S correspond i ng to D"q ' 

I nduc tance, capaci t a  nce ,  <l ncl t he  assoc i a t ed rea c t a n ces of p a ra l l e l -circuit  
l ines are found by fol lowing the p rocedure of Example 5 ,4 .  

PROB LEMS 
5. 1 .  A t h re e - p h a s e  t ra n s m i s s i o n  l i n e  h a s  fl a t  hor izonta l  spac ing with 2 m between 

adjacent conductors. At a c e rt a i n  i n s tan t  the charge on one of t he outs ide 
conductors is 60 ,uC/km, and the charge on the cen ter conductor and on the o ther 
outs ide conductor is - 30 J.L C/km. The radius of each conductor is 0 .8  cm.  Neglect 
the effect of the ground and find the vol tage d rop between the two ident i cally 
charged conductors at the i ns t a n t  specified.  
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5.2. The 60-Hz capacit ive reactance to neu t ral of a sol id conductor, which is one 
conductor of a single-phase l ine w i th  5 - ft spacing, is 1 96 . 1  k O-m i .  What va lue  of 
reactance would be  specified in  a table l ist ing the capac i t ive reac tance i n  ohm -m i les 
to neu tral of the conductor at  I -ft spac ing for 25 Hz? What i s  the c ross-sectiona l  
area of the  conductor in  circu lar  mi ls? 

5.3 . Solve Example 5 . 1  for 50-Hz operat ion and 1 0-ft spacing . 
5.4. Using Eq. (5 .23), determine the capaci ta nce to neutra l  ( i n  p, F /km) of a t h ree-phase 

l i ne with thre e  Cardinal ACS R co n du c t o rs e q u i l a tera l l y  spaced 2(j f t  apar t .  W h a t  i s  
[he charg ing current of the l i ne  (in A/km ) at  60 H z  and 1 00 kY l i ne to  l i ne ? 

5.5. A three-phase 60- Hz t ra nsmiss ion  l i n e  has  i t s  cond u c t ors a rr a n g e d  i n  d t r i , l l1 g u L l r 

format ion so t ha t  two of t h e  d is tances  be twe e n co n d u c to rs a rc 25 :'[ and t he  t h i rd i s  
42 [t . The con quc tors arc ACS R Os"I'ey . D e t e rm i ne the eapae iL tnee to  n e u t r a l  i n  
m icrofa rads pe r m i l e  and t h e ca pac i t i ve  reacta nce t o  n e u t ra l  i n  ll h m - l11 i l es .  If t h e  

l ine i s  1 50 m i  long , find t he capac i ta nce t o  n eu tra l a n d  capae i t i \'e reac tance  o t'  t h e  
l i ne .  

5.6. A three -ph ase 60-Hz l i n e  has fl a t  ho r i zo n t a l spac i ng .  The  c o r. J u e t o r s  have a n  
outs ide d iameter  o f  3 . 2H cm  w i t h  J 2 III be twee n c() n d u c t o r � .  D e t e rm i n e  t h e  

capac i t ive reacta nce t o  n e u t r a l  i n  o h m - m e ters a n d  t h e capac i t ivc r C tl c t d n ce o f  t h e 

l ine in  ohms i f  i ts length is 1 25 m i .  
5.7. (a )  Derive an equat ion for the capac i tance to neu t r a l  i n  farads  pe r  meter  of a 

single-phase l ine ,  t ak ing into account  t he  e ffect of ground .  Use t h e  same nomenc la 
tu re as i n  the equat ion derived for t he  capac i tance of a t hree-phi:: se l i ne where t he  
effect of ground i s  represen ted b y  i m a ge c harges.  
(b) Using the derived equat ion,  calcu la te  the capac i t ance to neu , ra l  i n  farads per 
meter of a single-phase l ine composed of two sol id  c i rcu l a r  cond ucors , each hav ing 
a d i ameter of 0.229 in . The conductors are 10  ft apart and 25 ft  above ground .  
Compare the  resu l t  wi th the va lue obta ined by apply ing  Eq .  (5 . 10) . 

5.8.  Solve Proh . 5 .6 while taking into account  the e ffe c t  o f  gro u n d  . .  -\ssume that  the 
conductors arc horizontal ly placed 20 m above gro u n d .  

5.9. A 60-Hz three-phase l i ne  composed of  one ACSR Blllejay conductor per phase has 
flat horizontal spacing of 1 1  m betw e e n  adj acen t  con d uctors . Compare the capac i 
t ive reactance i n  o h m - ki lometers per  phase of th is l i n e  w i th t h a :  o f  ,I l i n e us in g a 
two-con ductor bundle of ACS R 26/7 conductors hav ing t he same to ta l  cross
sect iona l  area of a lum i num as t h e  s ing le-conduc tor l i ne and the I l -m spacing 
measured between bundles.  The spac ing between conductors in  the bund le  i s  
40 cm . 

5.10. Ca lcu la te the capacitive reactance i n  ohm-kilometers of a bund led 60-Hz three
phase l ine having three ACSR Rail conductors per bundle with 45 em between 
conductors of the bundle .  The spac ing between bund l e  cen ters i s  9, 9, and 18 m. 

S.U. S ix conductors of ACSR Drake cons t i t u te a 60-Hz double-c ircu i t t h ree-phase l i ne  
arranged a s  shown i n  Fig. 5 . 1 1 .  The vert ical spacing,  however, i s  1 4  ft ; t he  longer 
horizonta l  d is tance i s  32 ft ; and the shorter horizonta l  d ist ances are 25 ft .  Find 
(a) The inductance per  ph ase ( in H/mi) and the induct ive reactance Un D/mi) .  

(b)  The capaci t ive reactance to neu t ra l ( i n  n ·  m i) and the charging current in 
A / m i per phase and per conductor a t  138 kY. 


