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An e lectric transmission l i ne  has four  parameters which affect its ab i l i ty to fulfill 
i ts function as part of a power system:  resistance,  inductance , capacitance , and 
conductance.  In  t h is chapter we discuss the  first two of these parameters, and we 
sha l l  consider capacitance i n  the  next  chapter .  The fourth parameter, conduc
tance ,  ex i s t s  be tween conductors or between conductors and t h e  ground .  Con
ductance accounts for the  l eakage current at the insulators of overhead l ine� 
and t h rough t h e i nsu la t ion of cables .  S i ncc leakage at insu la tors of overh ead 

l i n es i s  n e g l i g i bl e ,  the  co n d u ctance between conductors of an ove rh e a d  l ine is  
usu a l ly neglecte d .  

Another reason for n eglecti ng conductance is tha t  s ince i t  i s  qu i te vari ab le ,  
th ere i s  no  good way of  ta k i ng i t  i n t o  accou n t .  Le akage at  i n su l a tors,  the 
pr inci pa l  sou rce of conductance, changes appreciably wi th  atmospheric condi
t ions and with the conduct i ng  propert ies of d i rt that co l l ects on the insulators. 
Corona ,  which resu l ts  in l cakage between  l ines ,  is also qui te  variable wi th 
atmospheric condi t ions .  It i s  fortunate that  the effect of  conductance is such a 
negl igib le component of shuht  admit tance.  

Some of the propert ies of an  e lectr ic circuit can be explained by  the 
e lectric and magnet ic fields which accompany i ts current flow. Figure 4 .1  shows 
a s ing le-ph a se l i ne  and i ts associa ted magnet ic and electric fields .  The l ines  of  
magne t ic flux form closed l oops l ink ing t h e  circu i t ,  and the l i nes of' e lectr ic flux 
originate on the positive charges on one conductor and terminate on the 
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Magnet 

FI G U R E  .. U 
M ag n et i c  a mI  e lec t r i c  t i t: k � s  assoc ia ted  w i t h  
a two-w ire  l i nc .  

negat ive charges 0 11 t h e  othcr  cond u ctor.  V a r i ,l l io l1 o f  t h e  c u r re n t  i l l t h e  
conductors causes a change i n  t h e  number of  l ines o f  magne l l c  n u x  l i n k i n g  
t he  c ircu i t .  Any change i n  the  ftux  l in k i ng a c i rcu i t induces a vol tage i n  the  
c ircu i t  which i s  proport iona l to  the r a t e  of c ha nge of tl ux .  The i n d ucta nce of the  
circuit  relates the  vol tage induced by  chang ing  flux to  t he  ra t e  of  change of  
current .  

The capaci tance which ex i s t s  between the  conductors is defined as the  
charge on  the conductors per un i t  of poten t i a l  d iffe rence between them.  

The resistance and i nductance u niformly d is t r ibuted a long the l i ne form 
the series impedance. The conductance and capaci tance exi s t ing be tween con
ductors of a s ingle-phase l i ne or  from a cond  uctor to neutral of a three-phase 
l ine form the shunt admit tance .  Alt hough the resistance , inductance, and 
capacitance are  distr ibu ted, the equ ivale n t  circui t of a l ine  i s  made up of  
lumped parameters, a s  we sha l l  see  when we d iscuss them.  

4.1 TYPES O F  CONDUCTORS 

In the early days of the transmission of  e lectr ic power conductors were usua l ly 
copper, bu t  a luminum conductors have completely replaced copper for over
head l i nes because of the much lower cost and l ighter  weight of an a l um inum 
conductor compared with a copper conductor of  the  same res is tance.  The fact 
that  an a luminum conductor h as a l a rger d i ameter t h a n  a cop p e r  conductor  of 

t he  same res istance i s  a l so an advantage. W i t h  a l a rger d iame ter ,  the l i nes of 
e l ectr ic fl ux orig inat ing on the conduc tor wi l l  be far ther apar t  at the conductor 
surface for the same vol tage. This  means the re is a lower vol tage grad ien t  at the 
conductor surface and l ess tendency to ionize the a i r  around the con ductor. 
Ionization produces the undes irab le effect called coron a .  

Symbols ident ify ing d ifferent types of a luminum conductors are as fo l lows: 

AAC 
AAAC 
ACSR 

a l l -a lum i num conductors 
a l l -a luminum-a l loy conductors 
a luminum con d uctor, stee l -rei nforced 
., 1 "  rn ;  n" rn .... A n  r1 " ,... r n ,- -:l l l ",,_rp ; n fon'prJ 
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FIGURE 4.2 
Cross section of a stee l - r e i n forced conductor, 7 steel 
s trands ,  a n d  24 a l u m i n u m  st rands. 

Aluminum-a l loy conductors have h igher  tens i le strength than the ordinary 
electr ical -cond uctor grade of a luminum .  ACS R consists of a central core of 
s tee l  s trands su rrounded by l aye rs of a l u m i n u m  s t rands .  ACA R has a central 
core of highe r-s t re ng th a l u m i n u m  s u r ro u nded by l ayers of e lcct rica l-conductor
grade  a l u m i n u m .  

Alternate l ayers o f  w i re o f  a s t randed cond uctor are sp ira led i n  opposite 
d i rect ions to preven t  unwind ing  and to make the outer rad i us of one l ayer 
co inc ide wi th the i n·ner  rad ius of the  n ex t  layer. Strand ing provides flexibil ity for 
a l a rge cross-sect iona l  area. The number of strands depends on the number of  
I"ayers and  on  whether a l l  the strands a re of  the  same d iameter. The  total 
number  of strands in concen t rical ly s tranded cables, where the total annular 
space is fi l led wi th  s trands of un i form d iameter. is 7, 1 9, 37, 6 1 , 91 ,  or  more.  

Figure 4.2 shows the cross sect ion of a typical steel-reinforced aluminum 
cable (ACS R) .  The conductor shown has 7 steel strands forming a central core, 
around which there are two l ayers of  a luminum strands. There are 24 aluminum 
strands in the two outer layers .  The conductor stranding is specified as 24 Al/7 
St, or  simply 24/7. Various tens i le s trengths,  current capacit ies ,  and conductor 
sizes are obtained by using different  combinat ions of steel and aluminum. 

Appendix Table A�3 gives some e l ectrical characte r is tics of ACSR. Code  
names ,  un iform th roughout the  a l uminum industry, have been assigned t o  each  
conductor for easy reference. 

A type of conductor known as expanded ACS R has a fil ler such as paper 
separat ing the inner s tee l  s t rands from the outer a luminum strands. The paper 
gives a larger d iameter (and hence ,  l ower corona) for a given conductivity and  
tensi le strength .  Expanded ACSR i s  llsed for some extra-high-vol tage (EHV) 
l ines .  

4.2 RESISTA N C E  

The resistance of  t ransmiss ion- l ine conductors is the  most important  cause of  
power loss i n  a t ransmiss ion l ine .  The term " resistance," un less specifically 
qua l ified, means effective resistance. The effective resistance of  a conductor is 

R =  powe r l o ss i n  conductor 
----------�------ n 

) J  1 2  
(4 . 1  ) 
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where t he  power is i n  watts and I is the rms cu rrent in  t he  conductor i n  
amp eres. The effective resistance i s  equa l  to t h e  dc resistance of t h e  conductor 
only if the d i s tr ibution of curren t  throughout the conductor i s  un i form. We sha l l  
discuss nonuniformi ty of  curren t d istr ibut ion b ri efly after reviewing some funda
mental concepts of dc  resistance. 

Di rect-current res is tance is given by the form ula 

pI Ro = - fl  A 
where p = resistivi ty of conductor 

I = l eno th  I::! 

A = cross-sect ional area 

( 4 . 2) 

Any con s istent set  of un i ts may be used . In  power work in the eni ted S tates / i s  
usual ly given in  feet, A i n  c ircular mi l s  (cmi I ) ,  and  p i n  ohm-ci rcu l a r  mi l s  per 
foot,  sometimes cal led ohms per circu lar  m i l -foot .  In  S 1  units I i s  in  meters ,  A 
in square meters and p i n  ohm-meters . l 

A c ircu lar  mi l  is the area of a c i rcle having a d iameter of 1 mi l .  A mi l  is 
equal to 1 0 - 3  in .  The cross-sect ional  area of a sol id cyl indrical conductor i n  
circu lar  m i ls  i s  equal t o  the square of  t he d iameter of  the conductor expressed 
in mils .  The n umber of circu lar mi l s  mu l t ip l ied by 17/4 equals the n umber of 
square mi ls .  Since manufacturers i n  the U nited S ta tes ident ify conductors by 
their cross-sectional area in  circu lar  m i ls ,  we must use th is  unit  occas iona l ly .  
The a rea  in  square mi l l imeters equals the area i n  c ircular m i ls mul t ip l i ed  by 
5.067 X 1 0 - 4. 

The i n t e rn a t i o n a l  s t a n d a rd o r  co n d u c t i v i ty i s  l i l ; l l  o f  a n n e a l ed cop p e r. 

Commerc ia l h ard -d raw n copper  w i re h a s  <J7 .YYo a n d  a l um i n um  hJS  6 1  % o r  the  
conductivity of s t andard annea led copper .  At 20°C fo r hard-drawn copper  p i s  
1 .77 X 1 0 - H  fl . m 00.66 n . cm i l/h ). For a l um inum a t  20° C p i s  2 . 83 X 1 0 - 1)  
.n . m ( 1 7.00 n . cmiljft). 

The dc resistance of s t randed  conductors is greater than the value com
puted by Eq.  (4 .2) because spira l ing  of the  s t ra nds m a kes the m longer than the 
conductor i tself. For each m i le of conductor the current in  a l l  strands except the  
one  i n  t he center flows i n  more than a m i l e  of wire .  The increased resistance 
due to spira l ing is es t imated as 1 % for th ree-strand conductors and 2% for 
concentrical ly stranded conductors. 

The variation of resistance of meta l l ic  conductors with temperature is 
practically l inear �ver the norm a l  range of operat ion .  If temperature is p lotted 
on  the vert ical axis and resistance on the horizonta l  axis ,  as in  Fig .  4 .3 , extension 

lSI i s  the  official  des ignat ion for the I n ternat iona l  System of  Un i ts . 
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FIGURE 4.3 
Resistance of a metal l ic  con ductor as a fu nction of tem

p e r ature .  

of the straigh t- l ine port ion of the graph provides a convenient method of 
correcting res istance for changes in tempera ture .  The point of in tersection of 
the extended l ine with the tempera ture axis at zero resistance is  a constant 
of the materi a l .  From the geometry of Fig .  4.3 

( 4 .3 ) 
where R l  and R 2 are the resistan ces of the  conductor a t  temperatures t 1 a n d  
f2 ' respectively, i n  degrees Ce ls ius  a n d  T i s  the constant  de termined from t h e  
graph .  Values o f  the constant  T i n  d egrees Celsius a r e  as  fol lows : 

{ 234 .5 
T = 241 

228 

for annea led  copper of 1 00% conductivity 

for hard-d rawn copper of 97 . 3% conductivity 
for ha rd-drawn a luminum of 6 1  % conductivity 

Uniform distribu tion of curren t  t h roughout the cross section of a conduc
tor exists only for d i rect curren t .  As the  frequency of a l terna t ing current 
i ncreases, the nonun i form i ty of  d is t r ibu t ion becomes more pronounced. An 
increase in frequency causes nonun i fo rm cu rrent  dens ity .  This phenomenon is  
cal led skin effect . In  a c ircu lar  conductor the curren t  d ens i ty usually increases 
from the interior towa rd the surface .  For conductors of sufficiently large radius, 
however, a current  density osc i l l a tory wi th  respect to radial d is tan ce from the  
center may resu l t .  

As  we shal l see when d iscuss ing inductance, some l ines o f  magnetic flux 
exist in side a conductor. Filaments on the surface of a conductor are not l inked 
by internal flux, and the flux l inking a fi lament near the surface is less than the 
flux l inking a filamen t  in  the i n te rior .  The alternat ing flux induces higher 
vol t ages act ing on the inte r ior fi l aments  than are ind uced on fi laments near the 
surface of the  conductor. By  Lenz's l aw the induced vol tage opposes the 
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changes of current p roducing i t ,  and the h igher i nduced voltages act ing on  
the inner filamen ts cause the  higher current dens i ty i n  filaments nearer the  
surface, and  therefore higher effect ive res istance resul ts .  Even a t  power system 
frequencies, skin effect i s  a s ignificant factor i n  large conductors. 

4.3 TABULATED RESISTANCE VALUES 

The dc resistance of  various types of conductors i s  easi ly found by Eq. (4 .2) ,  a n d  
the increased res is tance due  to  sp i ra l i ng  can be est imated .  Tempera tu re correc
tions a re determined by Eq. (4 .3) .  The increase i n  res i s tance caused by sk in  
effect can be calculated for round wires and tubes or  so l id  ma ter ia l ,  and c u rves 
of R/Ro are ava i lab le for these s imple  conductors . 2 This information i s  not 
necessary, however, s ince manufact ure rs supply tables of e l ect r ical character i s
t ics of the i r  conductors. Tab le  A .3  is a n  exampl e o r  some o r  t h e  ( Li l a  ava i l a b l e .  

Example 4.1 .  Tables o f  e leclrical character i st ics o f  a l l - a luminum .\fa rigo!d s t r a n d e d 

conductor l i s t  a dc resistance of 0 . 0 1 5 5 8  D per 1 000 ft a t  200e a n d  a n  a c  re s i s t ance 
of 0 . 0 9 5 6  Djmi a t  5 0°C. The conductor has 6 1  s t rands and i t s  size is 1 , 1 1 3 ,000 
cmi l .  Verify the  dc resistance and find the rat io of ae to dc res i s t a n c e .  

Solution . At 2 0 0 e  from Eq. (4.2) with  an increase of 2 %  for sp i ra l i n g  

1 7 .0 x 1 00 0  Ro = 1 1 1 3 
X 1 0 3 X 1 . 02 = 0 . 0 1 558  D per 1 000 ft 

At a temperature of 500e from Eq. (4.3) 
228 + 5 0  Ro = 0 .0 1 5 5 8  = 0 . 0 1746 n p e r  1 000 ft 
228 + 2 0  

R 0 .0956 
------ = 1 .037 Ro 0 .0 1 746 x 5 .280 

Skin effect causes a 3.7% i ncrease in resistance. 

4.4 INDUCTANCE OF A CONDUCTOR DUE 
TO I NTERNAL FLUX 

The inductance of a transmission l ine  is calculated as flux l inkages per ampere.  
If permeabi l i ty  IL i s  constant ,  s inusoid a l  current produces s inusoidal ly  varying 
flux in phase with the current .  The resu l t ing flux l inkages can then be expressed 

2See The Aluminum Assoc ia t ion ,  Aluminum Electrical Condurlnr Handbouk , 2d ed. ,  Wash i,ng ton ,  
DC, 1 982. 
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as a phasor A ,  and 

L 
A 

I ( 4 .4) 

I f  i ,  the instantaneous va lue of  current, is subst i t uted for the phasor 1 in 
Eq. (4.4), then A should be the va lue  of the i nstantaneous flux l inkages 
produced by i. Flux l i nkages are measu red in weber-turns, Wbt. 

Only flux l ines externa l  to the conductors are shown in Fig .  4. 1 .  Some of 
the  magnetic field ,  however, exis ts  i n s ide  the conductors, as we ment ioned when  
cons ider ing sk in effect .  The  changing l i nes  o f  flux  inside the conductors a lso 
con tr ib u te to the induced vol t age of t he  c ircui t  and therefore to the inductance. 
The correct va lue of inductance due  to  i n ternal A ux can be computed as t he  
ra t io  o f  flux l i n kages t o  cu rre n t  by  t a k i n g  i n t o  account  the fact t h a t  each l i ne o f  
i n terna l  fl u x  l i n ks on l y  ,I fr<'lc t ion o f  t he tot a l  cu r re n t . 

To obtain a n  accurate va lue  for the  inductance o f  a transm ission l ine ,  i t  i s  
necessary to  consider t he  fl ux ins ide each  conductor as  wel l as  the  external flux. 
Let us consider the l ong cyl ind rical conductor whose cross section is shown in 
Fig. 4.4. We assume t ha t  the return path  for the current  in th is  conductor is so  
far away that i t  does not appreciably affect the magnetic fie ld of t he  conductor 
shown. Then ,  the l ines of flUX are concentric with the conductor .  

By Ampere 's  law the magnetomotive force (mmi) i n  ampere-turns  around 
any  closed path i s  equal to  the  ne t  curren t  i n  amperes enclosed b y  the pa th ,  as  
d iscussed i n  Sec .  2 . 1 .  The mmf equa l s  t he  l i ne  in tegral around the closed pa th  
o f  the component of  the  magnet ic  fie ld  i ntens i ty tangent to  the path and  i s  given 
by Eq . (2.4), now written as Eq . (4 .5) : 

mmf = ¢ H . ds = J At 

- - -

//;:-- - -::�� I I _ �\ I I \ \ 
I f \ \ 
I I x \ �x I 
\ \ f I I \ / ' 

, I / 
, " / / 

" "' ,/ / 
........ ........ -- - .....-- _ /  ..... / ' �(' - - -Flux 

FIGURE 4.4 

Cross sect ion of a cyl i n d rica l  cond uctor. ' 

( 4 .5 ) 
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where H = magnetic field intensi ty ,  At/m 

s = dis tance along path , m 

I = curren t  enclosed , A 

' Note that H and I are shown as phasors to represent s i nusoidal ly a lternat ing 
quantities s ince our work here appl ies equa l ly to a l ternat ing and d i rect curren t .  
For simpl icity the  current I could be in terpreted a s  a d irect cu rrent  and H as  a 
real number. We reca l l  that  the dot be tween H and ds i nd icates t ha t  the  va lue 
of H is the component of the fie ld in tens i ty tangent  to  ds . 

Let the field intens i ty at  a d is tance x meters from the center  of t he  
conductor be designated Hx ' Since t he  fie ld  is symmetr ica l ,  Hx is constant  a t  a l l  
points equid istant from the  center of  the  cond uctor . I f  the  in tegrat ion i n d icated 
in Eq. (4 .5) i s  performed a round a circu l a r  path concen t ric with  the conductor 
at x meters from the center, fIx i s  constan t  over the pa th and tangen t  to i t .  
Equ at ion (4 .5) becomes 

( 4 . 6)  

and ( 4 .7)  

where Ix i s  the current enclosed .  Then ,  a ssuming uniform current  dens i ty ,  

( 4 . 8 )  

where I i s  the  to ta l  current  in the  con ductor .  Then ,  subst i t u t i ng  Eq . (4 .8)  I n  
Eq . (4 .7) and  solving for Hx ' we obta in  

The flux dens i ty x meters from the cent e r  o f  the  conductor i s  

/-LxI 2 B = J.LH = Wb/m x x 2 7T" r 2  

where J.L i s  the permeab i l i ty of the con ductor. 3 

( 4 .9) 

( 4 . 10 )  

In  the tubular element of  th ickness dx the  flux  d¢ is  B x t imes the  
cross-sectional area of the element normal  to  the flux l ines ,  the area being dx 

J1 n  SI uni ts the permeabi l i ty of free space is /.Lo � 4 7T  X 10 - 7  Him, and the  re la t ive permeab i l i ty is 
ILr = J-L / J-Lo· 
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t imes the axial length. The flux per  meter  of length i s  

J.LxI 
d¢ = 2 

2 dx Wb/m 
TT'f 

( 4 . 1 1 ) 
The flux l inkages dA per meter o f  length ,  which are caused by t h e  flux in the 
tubu lar  e lement, a re the p roduct of the flux per meter  of  length and the fraction 
of the current l i nked .  Thus ,  

1T X 2 j.L lx J  
d A  = rr r 2 de/> = 

4 dx Wbt/m 
2 TT r  

( 4 . 12) 
I ntegrat ing from the cen te r  of the conductor to i ts outs ide edge to find A inp the 
tota l  flux l i nkages i ns ide the conductor, we ob ta in 

r J.L lx 1  f..L I 
A j rll = 1 4 d'( = - Wbt/m 

o 21Tr  8rr 
For a re lat ive permeab i l i ty of 1 ,  J.L = 4 7T  X 1 0 - 7  Him, and  

I 
A in t  = '2 X 10 - 7  Wbt/m 

1 L i n t  = - X 1 0 - 7  Him 
2 

( 4 . 13)  

( 4 . 14) 

( 4 . 15)  
We have computed the inductance per un i t  length (henrys per  me te r) of a 

roun d  conductor at tr i buted only to the flux ins ide  the conductor. Hereafter, for 
conven ience, we refer to inductance per unit length s imply as inductance, but  we 
mus t  b e  ca refu l  to use the correct d imensional un i ts .  

The va l id i ty of comput ing the i nternal  i nductance of a sol i d  roun d  wire by 
the method of part ia l  flux l i nkages can be demonstrated by deriving the internal 
i nductance in an  ent i re ly d ifferent manner. Equat ing energy stored in  the  
magnet ic fie ld  with i n  the co n d uctor pe r un i t  length at  any instant  t o  L int i 2/2 
and solving for L i l l t  wi l l  y ie ld  Eq. (4 . 1 5 ) .  

4.5 FLU X LINKAGES B ETWEEN TWO 
POINTS EXTERNAL TO AN ISOIATED 
C O N D UCTOR 

As a step i n  computing inductance due  to flux external to a conductor, let  us 
der ive an expression for the flux l i n kages of an isol ated conductor due only to 
tha t  port ion of the external flux wh ich l ies  be tween two points at  D I and D2  
me ters from the center of the cond uctor. I n  Fig. 4 .5  P I and P2 are two such 
po in ts .  The cond uctor carr ies a current of J A .  S ince the flux paths are 

J 
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FI C U R E  4.5 

A conductor alld externa l  poi n ts PI  and P2 ' 

concentric c i rcles around the conductor, a l l  the flux between PI and P 2 l ies 
within the concentr ic cyl indrical surfaces ( ind icated by solid circu lar l i nes) w hich 
pass t h rough Pl  and P2 ' At the tubu lar  e lement  which is  x meters from the 
center of the conductor the field i ntensi ty i s  Hx ' The mmf around the element  i s  

( 4 . 16 )  

Solving for Hx and mul t ip lying b y  J.L y ie ld  the  fl ux dens i ty Ex i n  the  e lement  so 
that 

The flux dcjJ in  the tubular c lement  of th ickness dx I S 

j.L /  
d(p = -- dx Wb/m 

2 rr x  

( 4 . 1 7)  

( 4 . 18) 

The flux l inkages di\. per  meter are numerical ly equal t o  the  flux d¢ s i nce fl ux 
externa l t o  t h e  conductor l inks al l  t h e  c u rrent  i n  t h e  cond uctor on ly  once. So, 
between PI and P 2 the flux l inkages are 

or for a relative permeabi li ty of 1 

D 2 A 1 2  = 2 X 10 7 I I n  - Wbt / m D ,  

( 4 . 19 ) 

( 4 .20) 
, 
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The inductance due only to the flux included between P I and P2 i s  

4.6 INDUCTANCE O F  A SINGLE-PHASE 
TWO-WIRE LINE 

( 4 .21) 

We can now de termine the i nductance of a s imple two-wire l i ne composed of  
sol i d  round conductors. Figure 4 .6 shows such a l ine having two conductors of  
rad i i ' 1 and ' 2 ' One conductor is the  re turn c i rcu i t  for the other .  First, consider 
only the flux  l i nkages of the c i rcu i t  caused by the current in conductor 1 .  A l ine 
of flux se t up by cu rrent in conductor I at a d is tance eClua l  to or greater  than 

D + ' " from t h e  ce n t e r  of cond uctor 1 docs not  l i n k  thc c i rcu i t .  At  a d i s tance 
less t ha n  D - r2 t h e  fr" c l ion  o f  t h e t o t a l  c ur re n t l i n ked by a l i n e  o f  fl ux is 1 .0. 
Therefore , i t  is l ogical when D is much greater  than ' I and ' 2  to assume that  D 
can b e  used ins tead of D - ' 2 o r  D + ' 2 ' I n  fact, i t  c a n  be shown that 
ca lcu lat ions made w i t h  t h i s  assumpt ion are correct even when D is  smal l .  

We add inductance due  to  i n ternal flux  l inkages determ ined  by Eq. (4. 15) 
to i nductance due to exte rnal flux l i nkages determ ined by Eq.  (4 .2 1 )  with ' 1  
rep lac ing D 1 and D replacing D2 to  obtain 

( 4 .22) 
which is the  inductance of the circu i t  due  to the curren t  i n  conductor 1 only. 

FIGURE 4.6 
Conductors of different  radii  a n d  the mag

netic fie ld  due  to cu r rent  In con d u ctor  1 
only .  
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The expression for inductance may be  pu t  in a more conCIse form by 
factoring Eq. (4.22) and by noting that In £ 1 /4 = 1 14 ,  whence 

Upon combin ing terms, we ob ta in 

If we subst i tute r ;  for r 1 f - 1 / 4 ,  

D 
L ) = 2 X 10 - 7  I n  -, Him 

r 1 

( 4 .23) 

( 4 .24 ) 

( 4 . 25 )  

The radius r 1 is that of a fict i t ious conductor assumed to have n o  interna l  flux 
but with the same inductance as the actual  cond uctor of radius r I ' The quant i ty 
£ - 1/4 is equal to 0.7788. Equation (4 .25) omi ts the  te rm account ing for i nternal  
flux but compensates for i t  by us ing an adjus ted va lue for the rad ius of the 
conductor. The multiplying factor of 0.7788 , whi ch  adj usts the rad ius in order to 
account  for i nternal flux, appl ies only to sol id round  conductors. We cons ider  
other conductors later .  

Since the current i n  conductor 2 flows in the d i rect ion opposite to that i n  
conductor 1 (or i s  1800 out o f  phase with i t ) ,  the flux  l i nkages p roduced by 
current in conductor 2 cons idered a lone  are i n  the same d i rect ion  t h rough t h e  
circui t a s  those p roduced by  CU ITen t  i n  conductor 1 .  T h e  resul t ing  fl u x  for the 
two cond uctors i s  determined by the sum of the mmfs of both conductors. For 
constant permeabil i ty, however, the flux l inkages (and l ikewise the i nductances) 
of the two conductors considered separate ly m ay be added .  

By comparison with Eq . (4.25), the inductance due  to  current in conductor 
2 is 

D 
L 2 = 2 X 10 - 7 In  -, Him 

r2 

and for the complete circuit 

( 4 .26 )  

( 4 .27) 
. 
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If r� = r; = r' , the total i nductance reduces to 

D L = 4 X 1 0 - 7 In - Him 
r' 

( 4 .28) 

This va lue of inductance is somet imes cal led the inductance per loop meter or 
per loop mile to d is t inguish it from that component of the inductance of the 
circui t  a t t r ibuted to the current in one conductor only. The latter, as g iven by 
Eq . (4. 25), is one-half the total i nductance of a s ingle-phase l ine and is called 
the inductance per conductor . 

4.7 FLUX LINKAGES OF O N E  CONDUCTOR 
IN A GROUP 

A more genera l  problem than that of the two-wire l i ne i s  presented by one 
conductor i n  a group of  conductors where the sum of  the currents i n  a l l  the 
conductors i s  zero. Such a group of conductors is shown in Fig. 4.7. Conduc
tors 1 , 2, 3 , . . .  , n carry the phasor currents 1 1 , 12 , 13 " " ,  In " The d istances of 
these conductors from a remote point  P are i nd icated on the figure as 
D I P ' D z p ,  D 3 P " ' " Dn P ' Let us dete rmine A I P I '  the  flux l inkages of conductor 1 
due to II i nclud ing internal  flux l i nkages but exc lud ing all the flux beyond the 
point P. By Eqs .  (4. 14) and (4.20) 

( � + 2I ln D l p l 10 - 7 A I P l = 
2 I r I 

( 4 .29) 

( 4 .30) 

The flux l inkages A I P2 with conductor 1 due 10 12 but exc luding flux beyond 
point P is  equal to the  flux  produced by /2 between the  point P and conductor 

n 

FIGURE 4.7 
Cross-sectional view of a group 

of n conductors carrying cur
rents whose sum is  zero. Point 
F is remote from the con d uc

tors. 
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1 (that is, within the l imit ing d istances D 2 f' and D 1 2  from conductor 2), and  so 

( 4 .3 1 ) 

The flux l inkages A I I > w i lh conductor due to aI/ ,l ie conductors I II t h e  group 
but excluding flux beyond point P is 

which becomes, by expanding the loga r i thmic  terms and regrouping, 

A = 2 X 1 0 - 7  I In - + I In - + I I n - + . . .  + In In -( 1 1 1 1 
I P  I r� 

2 
D I2 3 D 13  D I n  

( 4 . 32) 

+ I, In D , p  + I, In D2 P + 13 I n  D3P + . . . + In In Dn p ) ( 4 .33)  

Since the sum of a l l  the currents in  the group is zero, 

_ I I  + 12 + 13 + . . .  + III = 0 

and solving for I" , we obtain 

Subst i tu t i ng Eq. (4.34) i n  the second te rm contammg III In Eq. (4.33) and 
recombining some logar ithm ic terms, we have 

D I P  D2 P D 3P D(n I ) ?  1 1 . . .  + I In - (4 .35) + /1 ln -- + /2 n -- + /3 In -- + n - I  
D Dnp Dn P Dn P  n P 

Now letting the point P move infin i tely far away so that  the set of t.erms 
containing logari thms of ratios of d istances from P becomes infinites imal ,  s ince 
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the rat ios of the distances approach 1 ,  we obtain 

+ In 
In _1_ ) Wbt/m 

D In 

( 4 .36) 

By  le t t ing point P move infin ite ly far away, we have inc luded a l l  the flux 
l i nkages of con ductor 1 i n  our  der ivat ion. Therefore, Eq.  (4 .36) expresses a l l  t he  
fl u x  l inkages of conductor 1 in a group o f  conductors, p rov ided the sum of  a l l  
the  currents is  zero. ] f  t h e  currents  a re al ternating, they must  be  expressed a s  
ins tantaneous currents  t o  obta in i nstantaneolls flux l i nkages o r  as  complex  rms  
va lues t o u h t a i n  the r m s  va l u e  of n u x  l i n k i t gcs as a comp l ex  n umher .  

4 .8  I N D U CTAN C E  OF C O M P OSITE
CO \l D U CTO R LI N ES 

S tranded co n d u ctors cume under  the genera l  c lass ificat ion of composite conduc
tors, wh ich means con ductors composed of two or more e lements or  s t rands  
electrical ly i n  paral l e l . We l im i t  ou rselves to the case where a l l  the  s t rands  a re 
ident ica l  and share the current  equal ly .  The va lues of interna l  i nd uctance of 
specific conductors a re general ly avai l abie from the var ious manufactu rers a n d  
can be found in  handbooks. The method to be  developed ind icates t h e  a p proach 
to the more compl icated problems of nonhomogeneous conductors and unequa l  
d ivis ion of current between strands.  The tnethod i s  appl icable to the determina
t ion of  inductance of l i nes cons i s t ing of circu i ts electri.ca l l y  i n  para l le l  s ince two 
conductors in par all el can be treated as strands of a s i ngle composi te  conductor .  

Figure 4.8 shows a s ingle-phase l ine composed of two conductors. ' In o rder 
to be more genera l ,  each conduc tor forming one s ide of the l ine i s  s hown a s  a n  
arbi trary arrangement o f  a n  indefini te number o f  conductors. The on ly res tric
tions are that the para l l e l fi lamentS are cyl indr ical and share the current  
equal ly .  Cond uctor X i s  composed of n ident ica l ,  para l le l  fi laments, each o f  
which carries t he  current lin . Conductor Y ,  which i s  the return c i rcu it for t he  
current i n  conductor X,  i s  composed of m ident ica l ,  para l le l  fi. l aments, each  of  
which carries the current - /Im . Distances between the elements w i l l  be  
designated by the let ter D wi th  appropr iate subscr ipts .  Apply ing Eq .  (4 . 36)  to  

'-�---...V'_-_J 
Condo  X 

FIG U R E  4.8 

'----v---" S i n g l e-ph ase l i n e  consis t i n g  of t wo compos i t e  c o n -

C o n d o  Y d u ctors.  
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filament a of  conductor X, we obtain for flux l inkages of filament a 

- 7 I ( 1 1 1 1 ) 
A = 2 X 10 - In  - + In - + I n - + . .  , + I n - ) a n r� Dab Dac Dan 

_ 2 X 1 0 - 7 � ( In _1_ + I n _1_ + I n _1_ + . . . + I n _1_ ) ( 4 .37)  
m Doa' Doh' Doc' Dam 

from wh ich 

Vlbt/m ( 4 .38) 

Dividing Eq . (4.38) by the current lin , we find t h a t  the  inductance of fi lament 
a is 

Aa L = - = 2n X 1 0 - 7  I n  
a lin 

l i t  .-----____ ----VDaa' Dab,Dac' . . .  Dam 
n ,----_ -- --Vr�Dab Dac . . .  Dan 

Similarly, the inductance of filament b is 

The average inductance of the fi laments of conductor X is 

La + Lb + L c + . . .  + Ln 
L av = ---------n 

Him ( 4 .39)  

( 4 .40) 

( 4 . 4 1  ) 

Conductor X is composed of n fi laments e lectrica l ly in para l le l .  If a l l  the 
filaments had the  same inductance, the i nductance of the conductor would be  
lin t imes the  inductance of one filament .  Here  a l l  the fi laments have d ifferent 
inductances, but the inductance of a l l  of them in  paral lel is  lin t imes the 
average inductance. Thus, the inductance of conductor X is  

La + Lb + Lc + ' "  + Ln 
n2 

( 4 .42) 

Substituting the logarithmic expression for inductance of each fi lament i� Eq. 
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(4.42) and combining terms, we obta in 

Lx = 2 X 1 0 - 7  

( 4 .43 ) 

where r� , r� , and < have been replaced b y  Dall , Dhb , and Dnn ,  respect ively, to 
make the exp ression appear more symmetr ic a l .  

Note tha t  the  numera tor of  t he  a rgument of the logari thm in  Eq .  (4 .43) i s  
the mn th root o f  mn  terms, which are the prod ucts of t he d i s tances from a l l  t he  
n fi l aments of conductor X to a l l  the In filaments  o f  conductor Y .  For each 
fi l amen t  in cond uctor X t h e re a re 11/ d istances to fi lamen ts  in conductor Y, a nd 
there a re !l fi l aments in  conductor X. The prod uct of m distances for each of n 
fi l aments resu l t s  i n  /7111  t e rm s. The mnth  root of the prod uct o f  the mn 
d i s t ances is cal led the geometric mean distance between conductor X and  
conductor Y .  I t  i s  abbrev i a ted D", or G M D  and is also cal led t he  mutual GMD 
between the two conductors. 

The denominator of the argument of the logar i thm in Eq. (4.43) i s  the n 2 

root of n 2  terms. There are n filaments ,  and for each fi lament t here are n terms 
cons i s t ing of r '  for that fi l ament t imes the d i stances from that fi lament  to every 
other fi l ament in conductor X. Thus, we account for n 2  terms .  Somet imes r� i s  
cal led the  d is tance from fi l ament  a to  i tse lf, especia l ly  when i t  i s  des ignated as  
Daa .  With th is  in m ind, the terms u nder the radical in the denominator m ay be 
descr ibed a s  the prod uct of  the d istances from every fi l ament in the conductor 
to i tse l f  and to eve ry other fi l amen t .  The n2 root of these terms  i s  ca l led the self 
GMD of conductor X, and the r' of a separate fi lament  is ca l l ed  the se lf  GMD 
of t he  filament .  Se l f GMD is  a lso ca l led geometric mean radius , or GMR.  The  
correct ma themCl t i c a l  express ion is s e l f  G M D, bu t  common prac t ice h as made  
GMR more prevalent .  We use  GMR i n  orJe r  to conform to  th i s  pract ice and 
ide n t i fy i t  by  D \ .  

I n  terms of Dill and D, Eq. (4.43) becomes 

f)1Il . L x  = 2 x t o  7 I n  - H j m  
Ds 

ThL: reader should compare Eqs. (4.44) and (4.25 ). 

( 4 .44 ) 

The inductance of conductor Y i s  determined in  a s im i l a r  ma nner, and  the  
inductance of the  l i ne  i s  

L = Lx + Ly  
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6 m  

6 m  

Example 4.2. One ci rcui t  of a s ing le-phase tra nsmission l ine is composed of t h ree 
solid O.2S -cm-radius wires. The return ci rcu i t  is composed of  two O .S -em-rad i u s  
wires. T h e  arrangement of conductors i s  shown i n  Fig .  4 . 9 .  Fi nd  t he  i n d u ctance 

due to the cu rrent in each s ide of the l i ne and the i nductance of the comp le te l ine 
. i n  henrys per meter ( and  i n  m i l l i hen rys per m i le) .  

So/utioll. Find t he GMD be tween sides X and Y: 

6 ____ ------

D = V92 X 15 X 1 1 7 3/2 = 1 0 .743 m III 

Then, find the GMR for side X 

9 ,--------- ----,.-----
= V(O.25 X 0 . 7788 X 10 - 2 ) 3 X 6 4  X 12 2  = 0 . 48 1 m 

10 c 
'--y---' 
Side X 

'--r--' 
S i d e  Y 

FIGURE 4.9 
A r r a n g e m e n t  of con d uctor s  for Exa m p l e  4 .2 .  
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and for side Y 

4 ,-__________________ __ 

Ds = V (O . S  X 0 . 7788 X 1 0 - 2 ) 2 X 62 = 0 . 1 5 3  m 
- 7  10 .743 Lx = 2 X 10 I n  = 6 . 2 1 2 X 1 0 - 7 Him 

0 .4 8 1  

1 0 .743 
L y  = 2 X 1 O - 7 1n = 8 .503 X 1 0 - 7  Him 

0 . 1 5 3  

L = L x  + L y  = 1 4 .7 1 5  X 1 0 - 7  Him 

( L = 1 4 . 7 1 5  X 1 0 - 7 X 1 609 X 1 0 3  = 2 . 37 mH/mi) 

I n  Examp le  4 .2 t he conduc t ors i n  para l l e l  on one s ide o f  the l ine  are 
separated by 6 m, and  thc  d i stance between the two s ides of the l i ne is 9 m.  
Here t he ca lcul at ion of  mu tua l  G M D  i s  importan t .  For s t randed conductors the 
d istance between sides of  a l i n e  composed of one cond uctor per s ide i s  usua l ly  
so  great that  the mutua l  GMD can be taken as equal to the  center-to-center 
d i stance with neg l ig ible error .  

If the effect of the steel core of ACSR is neglected i n  ca lcu la t ing 
i nduct ance, a h igh degree of  accuracy results ,  provided the a luminum s t rands  
are in  an  even number of l ayers .  The effect of the core i s  more apparent for an  
odd number o f  layers o f  a lum inum strands, bu t  t he  accuracy i s  good when  the  
calcula t ions  are based o n  the a lum inum strands a lone.  

4.9 THE USE OF TABLES 

Tables l is t ing values of G M R are genera lly ava i lable for standard conduc tors 
and p rovide other i n format ion for calcu lat ing i nductive reactance as wel l  as 
shunt capac i t ive reactance and resistance. S i nce i ndustry i n  the Un ited States 
cont i nues to use un i t s  of  i nches ,  fe e t ,  and m i les, so do these tables .  Therefore, 
some of our examples wil l  use fect and m i les, but others will use meters and  
k i lometers. 

I nduct ive reactance ra ther  than i nductance is usual ly des i red .  The i n duc
t ive reactance of one conductor of a single-phase two-conductor l i ne  is 

( 4 .45 ) 

or ( 4 . 46) 
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where Dm is the d istance between conductors. Both Dm and Ds must be i n  the 
same units, usual ly e ither meters or  feet .  The GMR found in  tables is a n  
equ ivalent Ds '  which accounts for s k in effect where i t  i s  appreciable enough to  
affect inductance. Of course, sk in effect is greater a t  h igher frequencies for a 
conductor of a given d iameter. Values of Ds l i sted i n  Table A.3 of the Appendix 
are for a frequency of 60 Hz. 

Some tab les g ive values of i nduct ive reactance in add it ion to GMR. One 
method i s  to expand the  loga ri thmic te rm o f  Eq . (4 .46) ,  as  fo l l ows :  

1 XI, = 2 .022 x 1 0  - :If In - + 2.022 x 1 0 :If I n  Dill D j m i  
D." 

( 4 .4 7 )  

I f  both  Ds and  Dill arc in feet ,  the fi rs t  term in Eq . (4.47) is t hl: induct ive 
reactance of one conductor of a two-conductor l ine h aving a d is tance of 1 ft 
between conductors, as m ay be  seen by com p a r i n g  Eq . (4.47 / w i t h  Eq .  (4 .4 () ) '  
Therefore, the  first term of Eq.  (4 .47) i s  c a l led the inductive reactance a t  l -ft 
spacing Xa ' I t  d epends on the GMR of  t he  conductor and the  frequency. The 
second term of Eq.  (4.47) i s  ca l led the  inductive reactance spacing factor Xd . 
This  second term is independent of the type of conductor and depends on  
frequency and  spacing only. Tab le  A.3 i nc l udes va lues o f  induc [ ive reactance a t  
I-ft spacing, and  Table  A . 4  l ists va lues o f  t h e  inductive reactance spacing factor. 

Exa mple 4.3. Find the inductive reactance per m i le of a s ingle-p:"ase l i ne opera t i ng  
at  60  Hz. The conductor is Partridge, and  spacing is 20 ft between cen ters . 

Solution. For th is conductor Table A.3 l i sts D s = 0.02 1 7  ft. From Eq. (4 .46) for 
onc conductor 

20 XL = 2 .022 X 1 0 - 3 X 60  I n  - --

0 . 0217  

= 0 .828 fl/m i  

The above calcu lation i s  u sed  only i f  Ds i s  known. Table ..\ .3 ,  however , l i sts 
i nductive reactance at 1 -ft spacing Xa = 0.465 fl/m i .  From Tab le  A.4 the i nduct ive 
reactance spacing factor i s  X" = 0.3635 O/mi,  and so the i n d '-lc t ivc reactance o f  

one conductor is 

0 .465 + 0 .3635 = 0 .8285 fl/m i  

S ince the conductors composing t h e  two s i des o f  t he l i ne arc iden t ica l ,  t he  
i nductive reactance of the  l ine i s  

2 XL = 2 X 0 . 8285 = 1 .657 fl/mi  
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FIGURE 4. 1 0  

Cross-sect iona l  view of t h e  equ i l ateral ly spaced conductors o f  a 
three-ph ase l i ne .  

4.10 I N D UCTAN C E  OF THREE-PHASE LINES 
WITH EQUILATERAL S PACING 

So fa r in our  d iscussion we  have cons idered only s ingle-phase l i nes .  The 
equa t ions we have deve loped a re qu ite easily adapted,  however ,  to the cal cula
t ion of the ind uctance of th ree-phase l i nes .  Figu re 4 . 1 0  shows the conductors o f  
a three-phase l i ne spaced a t  t h e  corners o f  an  equi latera l  t r iang le .  I f  we assume 
that there is no neutral w i re, o r  if we assume ba lanced three-phase p hasor 
currents ,  I a + Ib + Ie = O.  Equat ion (4 .36) dete rmines the flux l inkages of 
conduc tor  a :  

A a = 2 X 1 0 - 7  1a I n  - + Iii In  - + Ie I n  - Wbt/m ( 1 I I I 
Ds D D 

S ince Ia = - ( Jb + Ie ), Eq. (4.48) becomes 

( 4 .48) 

A a � 2 X 1O - 7 ( fa I n  �, - fa I n  � 1 � 2 X 1 0 - 7  fa In � Wbt/m (4 .49 ) 

D 

and La  = 2 X 1 0 - 7  In  - Him 
Os 

( 4 .50) 

Equa t ion (4.50) is the same in form as Eq .  (4.25) for a s i ngle-phase line except 
tha t  Ds repl aces r ' .  Because of symmetry, the ind uctances of cond uctors b and  
c a re the , same a s  the i nductance o f  conductor a .  S ince each phase cons i sts of  
on ly on e  co n d u ctor ,  Eq . (4 .50) gives t he i n d uctance  per  phase of  the  three-phase 
l i n e .  

4. 1 1  lNDUCTANC E O F  THREE-PHASE LINES 
WITH U N SYMMETRI CAL SPACI N G  

When the  conductors o f  a three-phase l i ne  a re  no t  spaced equi la tera l ly, the 
probl em of find ing the inductance becomes more d ifficult .  The flux l inkages a n d  
ind uctance o f  each phase are not t he same. A different i nductance i n  e ach 

. \, 
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Pos. 1 
Condo a Condo c 

Pos. 2 
Condo b Cond. a 

Pos. 3 Condo c Co ndo  b 

FIGURE 4 . 1 1  

Transposi t ion cycle. 

Condo b 

Condo c 

Condo a 

p hase resu l ts i n  an  unbal a nced c i rcu i t .  Ba lance of t h e  t h ree ph ases can be 
restored by exchanging the pos i t ions of  the  conductors at regular i n t ervals a long 
t he  l ine so that each conductor occup ies the or ig i na l  pos i t ion of every o ther  
conductor over an  equa l  d istance. S uch an  exchange of  conductor posit ions i s  
cal led transposition . A complete t ra nspos it ion cyc le  is shown i n  F i g .  4 . 1 l .  The 
phase conductors a rc des ignated a ,  b, a nd c ,  and thc posit ions occupied a re  
n umbered 1 ,  2 ,  and 3,  respectively. Transpos i t ion results in each conductor 
having  the same average inductance over the whole cycle .  

Modern power l i nes are usua l ly no t  transposed at  regular i ntervals a l 
though an  i nterchange in the pos i t ions of the conductors may be made at  
switching stat ions i n  order to ba lance the i nductance of the  phases more closely. 
Fortunately, the d issymmetry between the phases of an un transposed l ine  is  
smal l  and neglected in most calcu lat ions of i nductance.  I f  the d issymmetry is 
neglected, the inductance of the u ntransposed l i ne  i s  taken as equal to the  
average value of  the inductive reacta nce of one p h ase of the same l i ne correc t ly 
transposed .  The der ivations to fol low a re for t ra nsposed l ines .  

To find the average i nductance of one con ductor o f  a transposed l ine ,  we 
first determine the fl ux l i nkages of a con ductor for each posit ion i t  occup i es in 
the transposit ion cycle and then dete rm ine the  average fl ux l i nkages .  Apply ing 
Eq. (4.36) to cond uctor ( /  0 [' r i g .  4 . 1 I l o  f I n d  t h e  r l 1 ; l s or e x press i o n  fo r t h e  n u x  
l inkages o f  a i n  posit ion 1 when  /; is  i n  pos i t i on  2 a n d  c i s  i n  posi t ion 3 ,  we 
o btain 

Aa l = 2 x 1O - 7 ( Ia In _1 + I" In _1_ + Ie I n  _1_ ) Wbt/m Ds D 1 2 D 3 1 
With a in  position 2, b i n posit ion 3 ,  and c i n  posit ion 1 ,  

( 1 1 1 ) Aa 2 = 2 X 10 - 7  Ia I n  - + Ib I n  - + Ie In - Wbt/m 
Ds D23 D ! 2 

and, with a i n  position 3 ,  b in posit ion 1 ,  and c i n  position 2, 

( 4 .5 1 )  

( 4 . 52) 

( 4, .53)  
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The average value of the flux l inkages of a is 

With the rest r ict ion that  1a = - ( Jb + J), 
2 X I O - 7 (  1 1 1 

A" = ---- ] /  I n - - I I n  -----3 Ii D, Ii D 1 2  D �.' D J I 

.1 �2 /)2J U J I  
. = 2 X I ( ) ' 7 I I n  Wbt m Ii 

and the a verage ind uctance per phase is 

where 

D 
L = 2 X 1 0 - 7  I n  � Him a Ds 

( 4 .55)  

( 4.56) 

( 4.57) 

and Ds i s  the GMR of the conductor. Deq , the geometric mean of the three 
d is tances of the unsymmetr ical  l ine ,  i s  the equ ivalent  equ i lateral spacing, as may 
be seen by a compar ison of Eq. (4 .56) with Eq .  (4.50) . \Ve should note the 
s im i l ar ity between a l l  the equat ions fo r the inductance of a conductor. If  
the inductance is in henrys per meter ,  the factor 2 X 1 0 - 7  appears in a l l  the 
e qua t ions ,  and t h e denom i na tor  of t h e  logar i t hm ic term i s  a lways the GMR of 
th e  co n d u ctor .  The n u m e r a t or i s  t h e d is t a n ce b e tween w i res  of a two-wire l i ne ,  
the mutual  GMD be twe en s i des of a composi te-conductor s i ngle-phase l ine, the  
d istance between conductors of  an  equ i la tera l ly spaced l ine, o r  the equivalent 
equ i l ateral  spacing of an unsymme tr ica l  l i ne .  

Exa m p l e  4.4.  1\ s i n g l e -c i rcu i t  t h re e - p h ase l i n e  ope ratecJ a t  60  H z  i s  arranged, as 
shown in  Fig.  4 . 1 2 . The conduc tors a rc ACS R Drake. Fi n d  the induct ive reactance 
pe r mile  per  ph ase. 

FIGURE 4 . 1 2 
Arra ngem e n t  of conductors for l:::xample 4 .4 .  
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Solution. From Table A.3 

Ds = 0 .0373 ft DCQ = �/20 X 20 X 38 = 2 4 . 8  ft 
2 4 . 8  

L = 2 X 1 0 - 7  I n  = 1 3 .00 X 1 0 - 7  Him 
0.0373 

XL = 2 17 60 X 1 609 X 1 3 .00 X 1 0 - 7  = 0 . 788 .fl/mi per ph ase 

Equat ion (4.46) m ay be useu a lso, or fro m Ta bles A.J and A.4 

XII = O . :W'J 

and by i nter(1o la t io I 1 for 24.l'i n 

Xd = 0 .3896 

XL = 0 .399 + 0 .3896 = 0 . 7886 .fl/mi per phase 

4.1 2  INDUCTANCE CALCULATIO N S  
FOR BUNDLED CONDUCTORS 

At extra-high voltages (EHV), that  is, vo l tages above 230 kV, corona  wi th  i ts 
. resultant power loss and particularly i ts  i n terference wi th communicat ions is 
excessive i f  the c ircu i t  has only one conductor per p h ase .  The h igh-vol tage 
g�adient a t  the conductor in the EHV range is reduced considerably by hav ing  
two or  more conductors per  phase in  close p roximity compa red with the spac ing 

. between phases. Such a l ine is sa id to be composed of bundled conductors. The 
bundle cons ists of two, three, or four  conductors. Figure 4. 1 3  shows the 
a r rangements. The current wi l l  not d iv ide exact ly be tween the conductors of the  
bundle un less there i s  a transposi t ion o f  t h e  conductors w i t h i n  t h e  bund le ,  bu t  
the d iffe rence i s  o f  no  practical import <l 11 ce,  a nd the  G M D  method is accu rate 
.for calcu la t ions. ; 

Reduced reactance is the other equa l ly important  advantage of bund l i ng .  
I ncreasing the  number of conductors i n  a bund le  reduces the effects of  corona  
and  reduces t he  reactance. The reduct ion of reactance resu l ts from the  in 
creased GMR of the bund le .  The calcu l at ion of GMR is ,  of  course, exactly the 
same as that of a stranded conductor. Each conductor of a two-conductor 
bundle, for i nstance, is treated as one strand of a two-strand conductor. If we l e t  D; i nd icate t h e  GMR o f  a bund led  conductor and  Ds t h e  GMR of the  

FIGURE 4 . 13 
B und le  a r r3nge m c n ls .  
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i nd iv idua l  conductors compos ing the bund l e, we find, referring to Fig. 4 . 1 3 : 

For a two-strand bund le  

( 4 .58) 
For a t hree-strand bundle 

( 4 .59)  

For a four-strand bund l e  

] 6  
D;> = V ( D, x d X d X 12 d )  4 = L09 J D, X d J ( 4 . 60) 

I n  comput i ng i nductance us ing Eq . (4 .56) ,  D; of the  bund l e  replaces D� o f  
a single conductor .  To compu t e  Dell ' t he  d is tance fro m the ce n te r of  one  bund l e  
to t h e  center o f  another bund le  i s  sufficie ntly accurate for Doln Dbc '  and  Dca. 
Obta in ing the  actu al G M D  between conductors of one bund le  and those of  
ano ther  wou ld be a lmost i nd is t ingu i shab le  from the center-to-center  d is t ances 
for the usual spacing .  

Exa mple 4 .5 .  Each con d l l c t or of t h e  b u n d l e d-co n d uctor l i n e  s h own i n  Fig.  4 . 1 4  i s  
ACSR, 1 ,272,OOO-c m i l  Pheasan t .  Find t h e  i n d uct ive reactance i n  ohms per 

ki lometer (and p e r  m i l e )  per  p ha s e  for d = 45 c m .  A lso, fi n d  t h e  per- u n i t  ser ies  

reactance of  the l i ne  if  i t s l e n g t h  is  1 60 km and the base i s  1 00 MYA, 345 kY. 

Solution. Fro m Tab l e  A.3 D, = 0 . 0466 f t ,  and we m u l t i p ly  [ee t  by 0.3048 to convert 
to m e t e rs .  

D" 
� /0 .0466 x 0 . .1048 x ( l AS = O . OSO m " 

"\ l O .m� XI. , =  2 rr o() x 2 x 1 0  7 x i O  In -(1 . OS 

� U . 365 fljkm per  phase 
= 0 . 3 65 X 1 . 609 = 0 .5 8 7  i1/ m i  per p h ase 

., 
(345)� 

Base Z = 
1 00 

= 1 1 90 n 

X =  0 . 365 x 1 60 

1 1 90 
= 0 . 049 per u n i t  
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FIGURE 4.14 

d = 45  elm 
Spacing of cond uctors of a bun
d led-conductor l ine .  

4.13 SUMMARY 
Although computer programs are usua l ly ava i l ab l e  or wri tten rather easi ly for 
calcu l at ing i nductance of a l l  k i nds of l i nes, some understand ing of the develop
ment  of the equations used is  reward ing from the standpo in t  of apprec ia t ing the  
effect of variables i n  designing a l in e .  However, tabul a te d  val ues such as  those 
in  Tables A.3 and A.4 make the calcu l a t ions qu i te s imp le  except for para l l e l - c ir
cuit l ines. Tabl e A.3 a lso l ists resistance . 

The important equation for i nduc tance pe r  p hase of s ing le -circu i t  three
phase l ines i s  given here for convenience :  

D L = 2 X 10 - 7  I n  � Hjm per phase Ds 
( 4 . 6 1 )  

Inductive reactance i n  ohms pe r  k i lometer a t  60 H z  i s  found b y  mul t ip ly ing 
i nductance i n  henrys per meter by 2 7T 60 x 1 000: 

or 

Dcq 
XL = 0 .0754 X In - fljkm per phase 

Ds 

Dc<.J 
XL = 0 . 1 2 1 3  x In - fljmi  per phase 

Ds 

( 4 . 62) 

( 4 .63 ) 

Both DCq and  Ds must be in  t he  same uni ts ,  usua l ly fee t .  I f  the l i ne has one 
conductor per phase, Ds is found  d irect ly from tables . For bundled conductors D:, as defined in Sec. 4. 1 2, is subst i tu ted  for Ds .  For both s ingle-conductor and 
bundled-conductor l ines 

( 4 . 64) 

For bundled-conductor l ines Dab '  Dbc ' and Dca are distances between t h e  
centers of the bundles o f  p hases a ,  b ,  and  c .  

For l ines with one conductor per p hase it i s  convenient to determine XL 
from tables by adding Xa for the con ductor as found  in Table A.3 to ){d as 
foun d  in Tabl e AA correspond ing to DCq . 
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PROBLEMS 

4 . 1 .  The a l l -aluminum conductor (AAC) iden tified by the code word Bluebell i s  
composed of  37 strands,  each having a d iameter of 0 . 1672 in .  Tab les of  characteris
tics of AACs list an area of  1 ,033,500 emil for th is conductor (1 emil = (7T /4) X 
1 0 - 6 in2) .  Are these values consi stent with each other? Find the overall area of the 

strands in  square m i l l imeters. 

4.2. Determine the dc res istance in ohms  per km of Bluebell a t  20°C by Eq. (4.2) a n d  
t he  information in  Prob . 4. 1 ,  and  check t he  resu l t  against the value l is ted i n  tables 
of 0.0 1 678 D. per ] 000 [t . Compute  the  dc  resistance in  ohms per k i lometer at 50°C 
and compare the resu l t  with the  ac 60-Hz  resistance of 0. 1 024 D./mi l i sted in  tab les  
for th is  cond uctor at  50°C. Exp l a in  any d ifference in values.  Assume that  the 
increase in  resistance due  to sp i ra l ing  i s  2%. 

4.3.  An AAC is composed of  37 s t r a n ds,  each h av ing a d i a me te r  of  0.333 cm .  Compute  
t h e  dc  res is tance i n  o h m s  p e r  k i l o m e t e r  a t  75°C. Assume that t he increase in  
res is ta nce d u e  t o  s p i r;t l i n g  is  2%. 

4.4 .  The e ne rgy d e n s i ty ( t h a t  i s ,  t h e c l l e rgy pc r L1 l l i t  vo l u m e )  a t  a poi n t  i n  a mag n e t ie 
fi e ld  can be s hown to bl! B 2/2 /-L ,  w h e re [] is th e fl ux d e ns i ty a n d  /-L is the  
perme a b i l i ty .  U s i n g  t h is resul t  a n d Eq (4 . 1 0), show tha t  t h e  tota l  magne tic fie ld  
e n e rgy stored w i t h i n  a u n i t l eng th  of so l i d  c i rcu l a r  con d uc to r carry ing curren t  I i s  
given by JL / 'J./ 1 67T.  Neglect sk in  e ffec t ,  and  thus ver i fy Eq . (4. 1 5) .  

4.5.  The conductor of a s ingle -phase 60-Hz l i ne  i s  a sol i d  rou nd  a luminum w i re havi ng  a 
d i ameter of 0.4 1 2  cm.  The conductor spac ing is 3 m .  Determine the  inductance o f  
the l i ne i n  m i l l i henrys per m i l e .  How much of  the inductance i s  d u e  t o  in ternal  flux 
l inkages? Assume skin effect i s  negl ig ib le .  

4.6 .  A singl e-phase 60-Hz overhead power l i ne  is  symmetr ica l ly supported on  a hor izon
tal crossarm. Spacing between the centers of  the conductors (say, a and b)  i s  2.5 m .  
A telephone l i ne i s  also sym metr ica lly  supported o n  a horizontal  crossarm 1 .8 m 
d irectly below the power l i ne .  Spac ing between the centers of t hese conductors 
(say, c and d) is  1 .0 m. 
(a) Using Eq. (4.36), show tha t  the mutua l  inductance per unit length between 

c ircu i t  a -b and c ircu i t  c-d i s  g iven by 

Dud [) J , e  

Dllc lJ ,,,, H / m 

where, for example ,  Dud denotes t he  di stance i n  meters betwe en conductors a 
a n c! d.  (b)  H ence, com p u t e  the m u t u a l  i n d uc t a n c e  per k i l ome te r he tween the  pow e r  l i n e  
a n d  t h e  t e le p h one l i ne .  

(c)  Find  t h e  GO -Hz vo l t age p e r  k i l o m e t e r  i n d uced i n  the t e lephone l i ne  when the  
powe r  l i n e  c a r r i e s  1 5 0 I\. 

4 .7 .  I f  th e  powe r  l i n e  and t h e  t e l e p h o n e  l i n e  descr ibed in Prob .  4 .6  arc in the same 
horizontal p lane and the d is tance b etween the nearest conductors o f  the two l i nes  
is  18  m ,  usc the  resu l t  of  Prob . 4 .6 (a)  to  find the mutual inductance between the  
power and te l ephone c i rcu i ts. Also,  find  the  60-Hz vol t age per  ki lometer i nduced i n  
t he  te l ephone l i n e  when  150  A flows i n  t he power l i ne . 
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4.8. Find the  GMR of a three-strand conductor in terms of r of an  i nd iv idua l  s trand .  
4.9. Find the GMR of each of the u nconvent iona l  conductors shown in  F ig .  4 . l 5  i n  

terms o f  the rad ius  r of an  i n d iv idua l  s trand .  

83 FIGURE 4 . 1 5  

(a) (b) (e) (d) 
Clos�-secl i ( J I l ; t 1  \' it:w (J f U IlCO I1V t: I l 

l i () l l �d C O l l u l i C l ur .'  lur ( 'rob,  4 . l) ,  

4.10. The d i s tance between condu ctors o r  a s i n g l e - p h ase l i ne i s  t o  I t .  E a c h  o f  i t s  

conductors is composed of  s i x  s t rands symmetr ica l ly p laced around one  center 
strand so that there are seven equa l  s trands .  The d iameter of each s trand is  0 . 1 i n .  
Show t h a t  Ds o f  each conductor i s  2. 1 77 times the rad ius o f  e ac h  s t ra n d .  F i nd t h e  
i nductance o f  t he  l i ne  i n  m H/mi .  

4.1 1. Solve Example 4 .2  for t he case where s ide Y of the single-phase l i ne  is ident ical to 
s ide X and the two s ides arc  9 m apart, as shown i n  F ig .  4 . 9 .  

4.12. Find t he  inductive react ance o f  ACSR Rail i n  ohms per ki lometer a t  I -m  spacing. 

4. 13. Which conductor l isted in  Table A.3 has an induct ive reactance a t  7-ft spacing of 
0.65 1 Djm i? 

4. 14. A three-phase l i ne  has t hree equ i l ateral ly spaced conductors of ACSR Dove.  I f  the 
conductors are 10 f t  apart, determine the  GO-Hz per-phase reactance of the l ine in  
D/km. 

4.15. A th ree-phase l i ne is designed wi th equ i l atera l  spacing of 16 fl . I t  is dec ided to 
bui ld the l ine w ith horizontal spacing ( D I 3 = 2 D l2  = 2 Dn). The conduc tors are 
transposed .  Wha t  shou ld  be the spac ing  between adjacent conductors in  order to 
obta i n  the same i n d u c t ance as  in the or ig i n a l  des i gn? 

4.16. A th ree-phase 60-Hz t ra nsm ission l i n e  h as i t s  con J u c tors a r ra n ge d  i n  a t r i angu lar  
format ion so that two of the d is tances between conductors are  25 ft and the  t h i rd 
d is tance is 42 ft . The conductors a rc ACSR Osprey . Determine the induc tance and 
i nduc tive reactance per  phase per mi le .  

4.17. A th ree-phase 60-Hz l i n e  h a s  fl a t  h o r i zo n t a l  spac i n g . T h e  conductors have a G M R  
of 0 .0133 m wi th  10  m between adjacent conductors. Determine the  i nduct ive 
react ance per phase in ohms per k i lometer .  What is the name of th is conductor? 

4 .18. For short t ransmission l ines if resistance is neglected, the maximum power which 
can be transmi tted per phase is equal  to 

where Vs and VR are the l i ne-to-neutral voltages at the send ing and receiv ing ends 
of the l ine and X i s  the i nduct ive reactance of the l ine .  Th is rel at ionship wi l l  
become apparent in  the  study of Chap. 6.  I f  the magni tUdes o f  Vs and Vn are he ld 
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constant , and i f  the cost of a conductor is p roport ional to its cross-sect ional area, 
find the conductor in  Tab le  A.3 wh i ch  has the maximum power-handling capacity 
per cost of conductor a t  a given geometric mean spacing. 

4.19.  A t hree-phase underground d is tr ibut ion l ine is operated a t  23 kY. The three 
conductors are i n sulated w i th 0.5-cm sol id black polyethylene insulat ion and lie 
flat, side by s ide, d irectly next to each other in a d i rt trench. The conductor is 
circular in cross sect ion and has 33  strands of a luminum. The d iameter of the 
conductor i s  1 .46 cm.  The manu factu rer gives the  GMR as 0 .561  cm and the cross 
sect ion of the conductor as 1 .267 cm 2 . The thermal rat ing of the l i ne  buried in 
normal so i l  whose maxi mum temperature is 30°C is  350 A. F ind the dc  and ac  
res istance at 50°C and the i nduct ive reactance in  ohms per ki lometer. To decide 
whether to cons ider sk in effect  in calcu la t i ng resistance, de termine the percent skin 
effect at 50°C in  the ACSR conductor of the s ize nearest that of the  u nderground 
conductor .  Note tha t  the ser ies  impedance o f  the  d istrib u t ion l i ne  is dominated by 
R rather than XI_ because of the very low inductance due  to the c lose spac ing of 
the conductors. 

4.20. The s ingle-phase power l i ne  of Prob. 4.6 is replaced by :1 three-phase l i ne  on a 
horizon ta l  crossarm i n  t he  same posi t ion as t ha t  of t he or ig ina l  single-phase l i ne .  
Spacing of  the  conductors o f  the  powe r l i ne is D ' 3 = 2 D ' 2  = 2D23 ,  and equivalent 
equ i la tera l  spacing is 3 m. The telephone l ine rema ins in  t he posi t ion descr ibed in 
Prob. 4 .6 .  I f  the curren t  i n  t he  power l i ne  is 1 50 A, find the vol tage per kilometer 
induced in the telephone l i n e .  Discuss the phase relat ion of the induced vol tage 
wi th respect to the power- l ine current .  

4.21.  A 60-Hz three-phase l ine composed of one ACSR Bluejay conductor per phase has 
flat horizonta l  spacing of 1 1  m between adjacent conductors .  Compare the induc
t ive reactance i n  ohms per k i lometer per phase of th is l ine wi th that of  a l i ne  us ing 
a two-conductor bundle o f  ACSR 26/7 conductors having the same total cross-sec
tional area of a luminum as t h e  s i ng le-conductor l ine and 1 1 -m spaci ng measured 
from the cen ter of the bund les .  The spacing between conductors in the bundle is 
40 cm. 

4.22 .  Calculate the induct ive reactance in  ohms per k i lometer of a bund led 60-Hz 
three-phase l ine h aving t h ree ACSR Rail conductors per bundle with 45 cm 
between conductors of the  bund le .  The spacing between bundle cen te rs is 9, 9, and  
1 8  m.  




