
POl,lER TRANSMISSION LINES LOADABILITY

by

Manj'i t S. Sekhon

A THESIS

SUBMITTED TO THE FACULTY OF GRADUATE STUDIES

THE UNIVERSITY OF MANITOBA

iN PARTIAL FULFILLI'IENT OF THE REQUIREMENTS

FOR THE DEGREE OF MASTER OF SCiENCE

DEPARTMENT OF ELECTRI CAL ENGI NEERI NG

February, ì 981

hIINNIPEG, FIANITOBA



POI..JER TRANSMISSION LINTS LOADABILITY

BY

MAI\.']IT SINGH SEKHON

Ä tllcsir; subnlittccl ltt tlrc Iìaculty ol'(ìradrratc StLrrlics of
tltc Uilivcrsit-v ol l\lartitoLra in partial fulfilllucnt ol tlie lerluircurents

of' tll,r tlcgt ee ol'

MASTTR OF SCIENCE

o" l98 I

Pclnrission has bccri grantùcl to thc LIIIIìARy OF THE UNIVITR-

Sll-\' OF iU,.\Nll'OIJA to lenci or scll co¡rics of'this tliesis, to

rlìr' Ì\r|l'loN¡\L LILIRAIì\'oF cANADA to nricrofilni this

llrr'sis rrrr-i tr.. 1,..n,.1 ol scll co¡ric's ot'tlle filnr, ancl UNIVfiRSITy
Ì\41( iì()lìlL\'f S to ¡rLrblislr un ubstract of tlus thesis.

'l'hc :rirtllrrr. r-escl've s otlre l- pLrblication rights, anci neìther thc

lilesir iirrl r'xtcnsivtr L:\itriìcrs l'ronr it nray,be printecì or other-

tVis| rur¡lr-rcÌrrccrl r.,'itllitLrt tltc autllc¡r's wtittcll ¡lcrnrission.



Dedicated to my son Raman

and

wi fe Penny



ABSTRACT

This thesis contains a generalized analytical basis for
transm'i ssion line loadabi'l ity curves. It presents an exten-

sion of the orf ginal loadability (St. Clair) curve into the

EHV and UHV transmi ssion 'l evel s. The approach coordi nates

surge impedance ì oadi ng wi th vol tage ì evel s, power angl e,

thermal ratings, active power, reactive potver and system-

stability factors. Criteria for surge-impedance loading is
extended to higher voltage levels. Useful expressions and

loadability curves are derived for overhead lines with and

wi thout seri es-capaci tor and s hunt-reactor compensati ons . The

effect of voltage increase at the sending end and variation
in power angle (steady-state-stabiìity marEÍn) on the trans-

mission line loadabÍ1ity is documented in the form of graphs.

The use of bundled conductors at higher vo'l tage levels is dis-

cussed. The effects of number of conductors i n a bundl e, i ntra-

bundle spacing, phase spacing and conductor size on the trans-

mission'l ine loadability are discussed and correspond'i ng

loadability curves are derived.

It is shown thatn for reasonable assumptions, the ex-

pressions derived are appl icabl e to transmission I ines of any

voltage level. The 'loadability characteristics derived are

nearly identica'l to the original loadaUilìty curve. The analy-

tÍcal approach to the transmission line loadability curves is

sinple. It enables the user to examine the specific_situations
and helps to nake the preliminary design studies.
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NOMENCLATURE

Most of the symboì s are expì ai ned i n the text when

these are used for the fi rst time. Subscrì pts have been

used to identify the symbols with the appropriate quantities.

For quick reference, a l'ist of important symbols is gìven

below. For the vo'l tage, current and impedance a bar on

the top of the letters represents magnitude of these quantities

otherwi se these are vectors.

A - Bundl e radi us of a bundl e conductor

C - Capaci tance of the I i ne

GMR - Geometri c mean radi us of bundl e conductor

GMR - Geometri c mean radi us of each sub-conductor
c

GMD - Geometric mean of the distances between the
phase conductor bundl es

- Current at any point on the line

I I , IZ - Components of current

I^, Ï- - Sending end currents' s

IR, ÏR - Receiving end current

L - Inductance of the line

- Number of conductors in a bundle

NSt, NSH Amount of series and shunt compensation

D Dr - Sending end active power cemponent ofr s, .s
uncompensated and series and shunt compensated
line

N



vl't't

P ' P' - Surge impedance r oadi ng factors for acti ve
power component of uncompensated and series
and shunt compensated I ine

Qs ' aÄ - sending end reacti ve power component of
uncompensated and series and shunt compensated
I i ne

Q, Q' - Surge impedance loading factors for reactive
power of uncompensated and series and shunt
compens a ted 'l i ne

s; - sending end comprex power of series and shunt
compensated I ine

s, s' - surge impedance ì oadi ng factors for compì ex
power of uncompensated and series and shunt
compensated line.

SB - Itra-bundle spacing

SIL - Surge impedance loading
V - Voì tage at any point on the I ine
Vl, VZ - Components of voìtage
VR, VR - Recei ving end vol tage

VS, V, - Sending end voì tage

xa, x; - Inducti ve and capacti ve reactance at one
foot spacing

xd'xå - Inductive and capacitÍve reactance factors
XL, XC - Inducti ve and capaci ti ve reactance
x¿ Inductive reactance of the series capaci tors

zc,7L'z'¿"2'¿' - characteristic impedance of uncompensated,
serìes compensated only, shunt compensated onìy,
series and shunt compensated I ine



.IX

c

e

f

7A - Recei vi ng end impedance

ZS0,ZSS,ZSS - input impedance of the open circu.i ted, and
short-circuited line

ZSR, Zr* - Transfer impedance of the I i ne

5[A!!_LEUM
- Capaci tance per uni t length

- Exponenti al

- Frequency

- Conductance per unit length

- 0perator

kl, kZ - Constants

I - Length of the ìine
n - Ratio of sending and receiving end voltages
r - Resistance per unit ìength

rb - Actual radi us of each conductor

rB - Effective radius of bundled phase

y - Susceptance per uni t ì ength

z - Impedance per unit length

dI dv
|i, A_ - Rate of change of current and vol tage per uni t

length

- Attenuation constant

3, ß'rß"rß"'- Phase constant of uncompensa.!ed, series
compendated onìy, shunt compensated onìy, and
series and shunt compensated t i ne

0



y - Propagation constant

0SS - Angl e of sendi ng end i mpedance

eSn - Angl e of transfer impedance

ôSR - Power angìe - Phase angle difference between
VS and VR

À - Wave I en gth
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qEFINITION OF TERMS

The fo'l lowing terns are spec'i fjcally defìned for use

throughout the thesis:

Power System An e'l ectríc transmission network comprising

ac transmission'l ines, generators and loads.

Transm'issÍon Any interconnecting tie between two power
Li ne

sys tems .

StabÍ'l ity The ability of power system or interconnected

power system to maintajn synchronism.

Power Anqle Phase angìe difference between ac voìtage

yectors at each end of an ac transmission line.
Steady-State- The ability of the power system to maintain
Stability

synchroni sm when the power i s i ncreased very

gradually.

Steady-State- The di fference between maximum power transfer
Stabi I i ty-
Ilargin and rated power divided by the maximum potver.

Surge Impedance The amount of povver del i vered over the I i ne
Load'i ng

to the I oad at the recei vi ng end when the I oad

is equal to the characteristic impedance of

the I i ne.

Loadabi'l ity Power carrying capability of the transmission

line under steady-state conditions.

llaxinum Power The amount of power del i vered over the I i ne

when the potver angìe is equal to 90 degrees.
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CHAPTER ONE

I NTRODUCT I ON

Transmission Line Capabjlity

The subject of ac power transmission line capab.i ìity
has received perÍodic attention in the technjcal I iterature
since .l941. 

The most comprehensive paper being that of clarke
't

and crary'. The problem was analyzed mathematica'l 'ly and wjth
the aid of network analyzer. summarizing this work, St.

?clair-r published empirical curves in lg53 that expressed

loadability of transmission lines in terms of surge Impedance

Loading (SiL) and l'ine ìength in miles. These curves were based

upon practica'l considerations and experience and were drawn

without considering any kind of series or shunt compensation.

The effect of bundled conductors on SIL and transmission
line capabiìity was reported by Gabrìelle? ., ô1., in j964.

In his text published in 1966, R.A. Horeo o.ovides a brief
discussion and critical commentary on the subject.

The transmission line capabirity curves, have been a

valuable tool for p.lanning engineers ever since their
publication in .l953. In '1967, the planning Department of the
American Electric Power service corporation, modified the

original ìoadabil ity curve. It made the .curve appt icable to
lines of voìtage classes higher than 34s rv and longer than

400 míles. This curve, ìike the originaì curvee was arrived
at through practical considerations. This extended curve has
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been widely accepted and used in various industry reportrs,6
ïhe tHV transmission Iine handbooks, published by EErT in
1968 and EPRI in 197s have both d.isplayed st. ciair,s curve
as standard for the industry.

The wide spread use of these curves makes it necessary
to deveiop and extend the app'l ication of these curves into
higher voltage levels. Thís, unl ike the development of
existing curves, cannot be done by using "judgement based
upon practical considerations and experience" for no such
experience yet exists. The conception of ,the existing
curves and their proven varidity over many years cìear.ry
demonstrates their genuineness. It should be stressed that
for higher voì tage revers the roading r imits depend upon a

number of system parameters.

The expressíon ,'l

i s eas i ìy confused wi th

as thermal capabílity.
is used further onwards

carrying capability of

ine capability,' as traditionaì1y used

physicaì properties of a line such

A modified expression',line loadability,,
in this thesis to describe the load

transmission line.
t

a

1 .2 Intent of Inves ti ga ti on

This thesis is intended to provide lh. anaìyticar
approach to the determination of transmission Iine loadabiìity
curves. system parameters can have a significant impact on
the 'l ine Ioadabitity in EHV/UHV range. The analyticaì



approach wi I I enable the planning engineers to examine

specific situations and to avoid misinterpretation of the
general i zed conceptuaì gui des at h.i gher vol tage level s.

In this dÍssertion, an ana'lyti cal basis has been deveìopecJ

for the st. clair's line loadab'i ìity curves. Basic princìpies
of transmission line and power transfer theory are combined

to produce i deal i zed express i ons i n terms of Surge Impedance

Loading, pov'/er angle and ìine ìength. These expressions are
then used to derive a standardized anaìytical loadabilíty
curve and it is compared with the originaì loadabiìity curve.

Ef f ects of the f o'l ì owi ng system and I i ne des i gn pa rame te rs

on the transmission line loadability have been studied:

To observe the effect of these parameters, a set of
curves for each system parameter is produced. These curves
are then compared with the analytical loadability curve.
Based on these comparisons, genera'l conclusions are drawn

for the use by planning engineer.

I . Voì tage i ncrease at the sendi ng end.

2. Power angìe.

3. Series compensatíon.

4, Shunt compensation.

5. Bundled conductors :

(i) Number of conductors in a bundle
(ii) Intra-bundte spacing

(íii) Phase separation
(iv) Conductor size.



CHAPTER Tt¡JO

INTRODUCTION TO TRANSMISSION LINE THEORY

in this chapter, basic fundamentars of erectric trans-
mission Jines are discussed. A rossress rine ís assumed and

expressíons for voìtage and current distribution on the line
are deri ved. The effect of r'ine termination on the vortage and
current distribution is discussed. A criterion for the trans_
mission line loadability is established.

2.1 Long TransrLi ss ion Lines

The conductors of the I ine have series resistance
and inductance in every unit ìength of the ìine. There is
al so a capaci tance from conductor to conductor and to ground
in every unit length of the line. current at one end of a

short section of the rÍne differs from current at the other
end as some current is shunted through the capaci tance between
phase and neutra'l . voì tage at one end of the section also
dÍffers from voìtage at the other end due to inductance and

res i s tance of the I i ne .

The distributed inductance, resistance, capacitance,
and conductance of a 'rong transmí ss i on r i ne can be represented
by a series of smal I I umped elements. Fii¡ure 2.1 .l shows a

transmission I ine represented by a number of series impedances
and shunt capacitances connected in a ladder network. The

line is assumed to be carrying steady-state and sinusoidal
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current and vol tage, LÍne constants are assumed to be

independent of current, voìtage and time.

The average change of vor tage and current per uni t
length of the I ine are proportional to current and voì tage
between conductors9 respecti vely. These are expressed as

(2 .1)

and

(2 .2)

The impedance and admi ttance per uni t 'rength of the
line respectiveìy are

z=r+j¿,ll (2 .s)
and

y=g+jo¡c (2 .4)

where

r' L, g and c are resistance, inductance, conductance
and susceptance per uni t ìength of the r Íne respecti veìy.

For higher voìtage rever transmission rines,bundred
conductors âre used. The resistance per.unit rength of the
line is neglÍgibìe as compared to the reactance per unit ìength.
Figure 2.1-2 shows a plot of the ratio of resistance and re-
actance with the number of conductors in a bundle and voìtage

dV
dx LL
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level of transmission. It can be seen that w'i th the hi gher

number of conductors in a bundle or with higher vo'l tage

lines the ratio r/x is decreasing. For a r500 KV trans-
mi ss i on l i ne w j th a 12 conductor bundl e, this ratjo .is approx.0.0l45.

Hence, i t is reasonable to assume the resi stance of the I i ne

equal to zero. The conductance at 60 hertz is a'lways

neglected thus the line is assumed to be a lossless line.

d2V dIL_= zï= zyU (Z.S)
dx2 oX

and

d2I dVi-3 3 y * = zyI (2.6)
dx2 - oX

(2.7)

and

(2.8)

where vl' vz and Ii, rz are voìtage and Èurrent components

res pecti vely.

x is the distance from the receiving end.

The propagation constant of the line is given by

By differentiating, the solution of equations (2.1)

and (2.2) i s

The solution of equations (2.5) and (2.6) gives

voìtage and current at any point a'l ong the line as

[ = v.l 
"(=v)u 

+ uz 
"-(zv)u*

t = Il "(rv)4* + rz"-(rv)u*
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where

is the attenuatfon constant; and,

is the phase constant.

Equations f or vo'l tage and current can then be wri tten as

[ = Vl eoX .jßx + UZ e-oX .-jßx (2.10)

0

ß

v = (zy)1 0 + jg (?.e)

(2.11)

lossless line.

(2.12)

(2.13)

il eo* .jBx + IZ e-oX .-jßx

The attenuation

Equati ons for vol tage

constant is
and current

zero for the

are then:

V = Vl .jßx + uz.-jßx

and

Il .jßx + rz s-jßx

At the receiving end x

current at the receiving end,

a re:

is equal to zero. Voìtage

from equations (2.12) and

and

(2.13)

vR = vr

IR = Ir

vz (2 .1 4)

+ rz (2.1s)
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It is possible9 to show that

V, = I-Ztlc (2.16)

and

V^ = -I^7¿ ¿ c
(2 .17 )

where

7^ is the characterîstic impedance of the transmissionc

I i ne.

For a lossless line, the characterjstjc impedance js

z,=[il' =[#.J* = [å]'=(xrx,)L (z.r')

where

X, i s the i nducti ve reactance of the I i ne.L

X^ i s the capaci ti ve reactance of the I ine.c

2.2 Traveling [,lave Theory

From the above discussion, it can be seen that both

current and vol tage on the transmission 'l ine are the sum of
two components each respecti vely. These components act as

two travellÍng waves. These waves produce tagging voìtage

0r current at each point as they travel along the trans-
mission line.
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The negative si gn in equation (?.17 ) shows that the
two waves travel in opposite directions. 0ne wave travels
from the generator toward the load and is called the incident
wave . The other wave trave I s from the I oad towa rd the
generator and i s cal led the reflected wave.

The i ncident wave brings energy from the generator to
the load. The rate at which the load absorbs energy is
determined by the load impedance. l.lhen the load impedance

is unable to absorb energy, the rejected energy flows toward
the generator i n the form of the reflected wave.

The electrical behaviour of a transmission line can

thus be described in terms of two traveling waves. voltage
and current components in each wave are related to each

other by the characteri sti c impedance of the I i ne. The

re'lationship of the reflected wave to the incident wave at
every point of the line is determined by the nature of the
load. Thus, the vo'l tage and current on the transmÍssion line
are determi ned in terms of recei ving end impedance.

The rece i vi ng end impedance of the ì i ne i s

VR

E- ZR (2.te)

The voltage and current anywhere along the
of receiving end quantities are calculated from
(2.12 - 2.17). The voltage and current anywhere

lineinterms
equations

on the
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[=Incosßx+jþsjnßx (z.zj)
c

The vo'l tage and current anywhere along the line in the

hyperbol ic functions are given byl9

line expressed9 in the receiving end quantities are

[ = VR cosßx + j In Z, sinßx

[ = VR coshßx + In Z.si nli jßx

and

IR coshß,Q, + sinhßl, (Z.ZS)

(2.20)

(2.?2)

J = IR coshßx - þrinhjßx (2.23)
c

At the sendi ng end, the vo'l tage and current are gi ven by

V, = VR coshBg + IR Z.sinhjß!. (2.24)

h
z

c
s

where L is the Iength of the Iine.
Equations (z.za) and (?.zs) are solved to obtain the

voltage and current at the receiving end,

VR = V, coshB.a. - Is Z.sinhiß!,

IR = I, cosh3.l, - þrintrjß.e.
c

(2.26)

and

(2 .27 )
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2.3 l,Jave Length and phase Constant

The waves on the transmission line travel with a velocity
of propagation and have wave length. The wave length is the
distance between the points at which the alternating voìtages
(or currents) produced by the wave differ in phase by one

compiete cycìe. Figure 2.3.1 shows the h,ave ìength of a trans_
mission line.

l,lave length i s expressed as

|=4-ß (2.26)

A wave travels one wave length in the time of one cycìe.
It travels as many wave lengths in a second as there are cycìes
in a second. The veiocity at which the wave travels is gíven by

up=Àf ='+=ä=u2(tc¡'". (2.27)

0n most overhead 'l ines, the phase veìocity is the speed of
light20. From equation (Z.Zl), phase constant is

^(¡
IL

(2.28)
where

u.q, is the speed of t i ght and i ts experimental uul r.34
i s 186 ,282 mi I es/sec .

converting radians into degrees, the val ue of the phase

constant from equatíon (z.zg) is equal to 0. I ì6 degrees per

mile

The value of ß is affected only sligrrilyl9 for different
I i nes and can therefore u be assumed constant. The correspond-
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ing value of l^lave ìength is 3,100 mi les.

2.4 Effect of Line Termingtion on Voltage an
u'tstrlou

It was stated in Section 2.2 that computations of

transmission line operation should begin with conditions

of load at the receiving end. Various cases of load

termination and thei r effects on the vol tage and current
distribution on the I ine are discussed here.

2.4.1 0pen circuit termination

l,Jhen the I ine is terminated in an open ci rcui t, the

receiving end impedance is infinite and the corresponding

current i s zero. The vol tage and current on the I i ne are

then calculated by putting IR equal to zero in equations

(2.22 ) an d (2.23) ,

[ = VR coshßt

vD
I = frinhiß1,

c

(2.2e)

( 2 . 30 )

Input impedance to the I ine is

Zro = Z, cothß.e. = -i Z, cotßL (2.3r)

The voltage and current distribution on an open circuited
line are shown in Figure 2.4.1. It can be seen that for
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extra 'long d'istance transmission I ines of about quarter-wave

ìength'long, the sending end voltage is less than the receiv-
i ng end voi tage.

It can be seen that vo'l tage and current go to zero at
al ternate quarter-wave length points and are g0 degrees out
of phase. At points where either current or voltage is zero,
the transfer of power down the I ine is zero.

Figure 2.4.2 shows that when the transmission I ine
length is less than the quarter-wave length, the input
impedance is imaginary and negative. For more than quarter-
wave length ìong ìines, the input impedance is imaginary and

positive. It is clear that there can be no transfer of power

down the line.

2.4.2

zero voltage at the receiving end of a short-circuited
I i ne makes the recei ving end impedance equa'l to zero. From

equations (2.22) and (2.23) " by putting vR equal to zero,
vol tage and current on the I i ne are gi ven by

[=

Short ci rcui ted I i ne

IR Z.sinhjß¿

IR coshßl

(? .32)

The i nput impedance of the I i ne i s

(2.33)
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7, tanh ßZ = tan (2 .34 )

FÍgure 2.4.3 shows the voltage and current distribution on a

short-circujted line. Voltage and current are in quadrature

and the transfer of power down the line is not possible.

Figure 2.4.4 shows the magnitude of input impedance to

the line. For Iine lengths of quarter-wave length and less the

impedance is positive and power transfer is possible. The in-

put impedance Ís imaginary in the second quarter-wave length

and power transfer is unrealistic in this case.

2.4.3 Li ne termÍ nated i n characteri sti c impedance

[,Jhen the load impedance is equal to the characteristic

impedance of the líne, the magnitude of the voltage and current

are equal to the receiving end voìtage and current magnìtude

(See Fi gure 2.4.5) . Fi gure 2.4.6 s hows the angl es of vo'l tage

and current for di fferent I i ne I engths. Fi gures 2.4.7 and

2.4.8 show that the angìe and magnitude of impedance is equal

to the characteristÍc impedance all along the 'l ine. It is

clear from above that the incident wave is entire'ly absorbed

by the load, and energy loss due to the reflected wave is zero.

}'lhen the I oad i s di fferent from the characteri sti c i mpe-

dance, the load is unable to absorb all fhe incident wave energy

and some energy is reiected in the form of a reflected wave.

Fi gures 2.4.9 and 2.4.10 show the vo1 tage and current di stri -
bution on the line when the load impedance is greater and less

than the characteristÍc impedance respectiveìy.

BL7 ss
j 7c
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load impedance is greater and less than the characteristic
impedance respectively.

llli th the load impedance greater than the charactetistic
impedance, the line behaves between the open circuit condition
and the line load equal to the characteristic impedance condition
when the load impedance is less than the characterjstic
impedance, the line behaviour is in between the short circuit
and the line termination with the characteristic impedance.

It is clear from the preceding discussion that the ideal
condition for the transmission of power down a line is when

its load is equal to its characteristic impedance. in
practical cases, the termination of the transmission line
depends upon the amount of connected I oad.

2 "5 Surge Impedance Loadi ng

The load deìivered over a I ine to a receiving end

impedance which is equal to the characteristic impedance of
the line, is called the Surge Impedance Loading.

The receiving end current of the ìine under these load

conditions is

i - vR I'R- ß"7

The bar on VR and IR denotes the corresponding

(2.3s )
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magni tudes of

receiving end

I i ne to I i ne vo'l tage and

respectíve1y.

current at the

vo'l tage and current

it is terminated

impedance Thus, the

(2 .36)

It is stated in Section 2.4.3, that
are the same everywhere on the I ine when

with a load equal to Íts characteristic
Surge Impedance Loading (SIL ) ,

sIL=6V* V*

ß.2
c

(vn),
--7-

c

It is seen that the sIL is a natural consequence of the
physical constants of the rine and the choice of an operatìng
vo'l tage level at the receiving end. It can be used as a

basis for comparison of roadability of transmission lines
which have changed physicaì constants and are operating at
different voltage levels.

It was also seen in Sectíon 2.4.3, that the voltage

and current peaks on a line are reduced due to the absence of

the reflected wave when it is terminated with ìoad equal to
its characteristic impedance. The line insulation and energy

losses become ìower due to the reduced vol tage and current
on the line. Thus operation ofatransmÍssion line is most

economical when it is terminated with a load equal to its
characteri sti c impedance
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. CHAPTER THREE

FACTORS AFFECTING LINE LOADABILITY

The transmission line loadabi'l ity expressed as a per

unit surge impedance loading and the criterion for natural

loading were establ ished in the previous chapter. In this
chapter the standard loadabjlity curve developed by st. clajr is
discussed. The effect of various factors which limit and

improve the transmission line loadability are discussed.

3.l Standard Loadability Curve

Figure 3.1.t shows the loadabiìity of transmission

lines in terms of their surge impedance loading for lengths
up to approximately 400 mi les. The curve as deveìoped by

St. Clair is based on practical considerations and experience.
It assumes that the loadabiìity varies direcily as the square

of the voltage2. The curve has a 3.0 SiL at S0 miles and a 1.0

sIL at 300 miles as two bench-mark points. The 300 mile
point considers that the stored inductive and capacitive
energies that oscillate between the magnetic and electric
fields of the line respectively are equal to each other at
this point. Thus, 'l ínes of 300 mile ìength operate with very
little or no reactive power supplied from either end of the

transmission I i ne

At the 50 mile point the loadability is restricted by the
'fhermal limitations of the conductors of the transmission
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loading at this point has been selected jn

the loadabiìity curve.

3.2 Factors Affectin Transmission Line Loadabilit

The loadabiìity of transmiss.ion lines is limited
and determined by a number of factors. l,lithout rimitations
the loadabiìity of transmission lines is equal to their
surge impedance ìoading, independent of r ine ìength and
frequency of transmission. The factors affecting the load-
abiìity are discussed below:

3.2.1 Voltage level

Voìtage leve'l is the biggest factor in determining the

ssion lines. Table 3.1..l shows

I oadi ngs per ci rcui t for di fferent
of surge impedance loadings with
shown in Figure 3.2.1. it can be

of the 'l ines varies directìy with

3.2.2 Stabitity

stability is the most important limiting factor for
_2longer I ines' at any voìtage revel. The sending end voìtage
angle is advanced over the receiving end voltage to bring
about fl ow of pon'er over the r i ne. Fi gure 3.2.2 shows that

loadability of the transmi

different surge impedance

voltage levels. The p'lot

correspondi ng voì tages is
seen that the loadabi'l ity
the square of the voì tage.
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maximum transfer of power is possible when the difference of

angì e between the term'i nal vol tages at the two ends of the

line is 90 degrees. Without stability limítations, the

economic transmission dictates heavier load'i ngs per circuit
with the increase in distance. For live loads or synchronous

interconnections, the transmíssion system is required to

deveìop upon major disturbances (such as faults) sufficient
sychroni zi ng torque to keep the connected synchronous mach'i nes

in synchronism. l*lhen the system is maintained in the above

stab'le conditÍons, severe limitations are imposed on the trans-
mission iine loadability with the'i ncrease in distance. For

transmission of power over I ines having synchronous terminal

equipment, the ìimiting distance is about 300 miles at 60 cycles

with a power angle of over 30 degrees. The operation of trans-

n¡ission lines is reasonable at a power angìe of 30 degrees with

a steady-state-stabi I i ty margi n of 50 perc.ntl 2. when the ter-
mi na'l system reactances are taken i nto account the val ue of
power angl e hi gher than 30 degrees i s poss i bl e.

3.2'.3 Li ne Current

Li ne current ri ses di rectìy wi th the vol tage I evel and

requi res I arger conducti vi ty. Large s i ze conductors are

required to. avoid corona at EHV and UHV'levels and provide the

larger conductivity required for the increased current. The

increased transmission line 'loadabiìity available with higher

voltage leyels is not restricted by the line current. But, it
is an important factor for consideration of ¡2n and ttt,- 'losses.
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3.2.4 Resistance losses

Resistance losses increase w'ith the rise in current

and are controlled with'i n limjts by the s'i ze of conductor.

These losses are important for the selectjon of the conductor(s)

size but are not a limiting factor in the line loadabì'l ity.

3.2.5 Temperature ri se

The temperature rise in ìine conductors is a crjtical
prob'lem in the case of short I ines at lower voì tage ìevels

when these are heav'i ly loaded. The'l ine terminating equip-

ment, such as wave-traps and sub-station equìpment have their
thermal I im j ts as wel'l . These restri ct the amount of power

f I ow through the 'l i ne. At extra hi gh vo'l tage I evel s, the

thermal capabi I i ty of the I ine conductors exceeds the network

requi rements for the transfer of power through the I ine. Thus

for EHV/UHV levels, temperature rise does not create a serious

limitation on the transmission line loadabì'l ity.

3.2.6 Net reacti ve I osses

The operation of the 'l ine is possible under the f o'l 'lowing

condi ti ons wi th vari abl e I oads :

(i ) Natural or surge impedance load.

( i i ) Load greater than natural' I oad.

(iii ) Load less than natural 'load.

Net reactive ìoss is zero when the line is carrying a



natural load, Rêactive losses increase and jimit the load-
ability of shorter Jines under heavy 'l oad conditions. Net

reacti ve potver i s resu'l ti ng f rom the I i nes operati ng under

1Íght load conditions but does not cause limitation to the

line loadabiiity.

3.2.7 Transmission distance

The seri es i nducti ve reactance

wi th the i ncrease i n I ength of the I i

amount of power del i vered over the I i
increase in transmission line length

seen in Figure 3.1.1.

3.?.8 Termi nal system impedance

of the line Íncreases

ne. It decreases the

ne. The effect of

on loadabi'l ity can be

35

di stances, the trans-

of total investment.

The combined reactance of step-up transformers and

generators, as wel I as recei vi ng systems reactances, add

di rectìy to the reactance of the I i ne. The effect of system

strength is significant on the utilization of Ínherent load-
ability of the line. At extra high vortage ìeveìs, with
system strength not fully deve'loped, the loadability of the
'l ine is limited considerabìy.

3.3 llethods for 0vercomin Stabilit and Loadin Limitations

with

nission line
the increase in

cost becomes a

transmission

grea ter pa rt
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It is of economic importance to maintain or increase the
círcuit loading, to avoid the addition of extra transmission
lines or higher vo'l tage transmission levels. The economic
line is achieved by optimization of stability and .loadìng

I imi tations. Fo|r owing methods are consi dered for the above
purpose:

3.3..l Quadrature-boost transformers

The phase angu'lar disp'lacement between the sending and

recei vi ng end systems can be decreased wi th the use of
quadrature-boost transformers. The method accompl ishes this
for a given load, but also decreases the anguiar displacement

at which puìl-out occurs. This results in no gain but a

possible decrease in stability for the same line voìtage.

3.3.2 Frequency changers

The I oadabi I i tv per ci rcui t can be i ncreased w.i th
frequency change rs wh i ch produce I ower frequency for the
line. The drawback of lou¡er frequency is that a líne
cannot be easi'ly tapped and integrated into the system net_
work as when operated at normal frequency.

3.3.3

stabiìity of very rong distance rines is improved by
the use of conversion equipment. An impedance equaì to the
surge impedance of the line is inserted at the receiving end,
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thus improvi ng

limited to very

miles in length

the stability.
long distance

The use of th i s method i s

transmiss'ion lines of over 700

3.3.4 Tuned transmission I ines

Tuned transmission lines operat'ing at higher than

normal frequencies are used to increase the transmission
distance. The disadvantage of this method is the use of
conversion equipment and a possibility of dangerous line
voltages during fault conditions.

3.3.5 Use of cables

The I imits of ac transmission are increased by the use

of cables. The cabl es have inherentìy I ow reactance and

al low a considerable increase in the distance to which the

desired circuit loadings could be maintained.

High costs limit
particular areas. Long

cabìes depends upon the

favourabìy in cost with

the use of cabl es onìy to some

distance transmission of power by

desígn of cables which can compete

the ove rhea d ì i ne .

3.3.6 DC transmi ss i on

transmi ss i on can be and i s used to transmÍ t power. I t
the loadability considerabìy for the same voltage
conductor size. The advantages of di rect current

DC

increases

level and
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transmission over the al ternating current increase with the

increase in transmission distance. The disadvantage of dc

transmission is the high cost of terminal equipment at both

ends of the line. It is advantageous to use this type of
transmission when the I ine cost is higher than the terminal
equi pment costs.

3.3.7 Use of series capacitor compensation

The inductive reactance of the transmission rines is
the princípal factor in limiting their loadabi'l ìty. This

can be reduced by the following ways:

(i ) Constructing an additional transmission I ine in paraì'le'l

with the existing transmission I ine.

(ii) Inserting a series capacitor in the transmission line.

(iv) Inserting a shunt capacitor in the transmission line.

The introduction of series capacitors on existing r ines

is less expensive than the addition of new I inesl3. series
capacitors are usual ly the economic solution with respect to
both steady-state and transient stabilityl3' ì4' l5u 16.

The inductive reactance of the I ine is reduced

wi th the i ntroducti on of seri es capaci tors . The

reduced inductive reactance reduces the surge impedance and

(i i i) Removi ng a shunt reactor compensation off the trans-
mission line
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hence the loadabi'l ity of the 'l ine is increased. The trans-
mission I ines are compensated up to a certain degree of

series compensation after which the gain in loadabi'l ity is
not economical as compared to cost of increased series
compensation. The d'iminishìng returns from higher degree of
series compensation are caused by the increased I2R losses

accompanied with the higher loadabi'l ity.

The location of series capacitors somewhat affect the

loadabiìity of the transmission lines. A suitable locatíon
for the placement of capacitors is at the middle of the ljne.
satisfactory operation is a'lso possible when the capacitors
are pìaced at the receiving en d17. series capacitors at the

receiving end are advantageous for voì tage reguìation, al though

i t i ncreases the reacti ve power I osses. To al I ow benefi ts of
cost, opêration and maintenance, the capacitors tend to be

pì aced at ei ther end of the I i ne 
I B.

The optimization of the location of the series capacitors
is a subject matter in itseìf and is not discussed in this
dissertion. The series capaci tors are assumed to be p'laced

at either end of the transmission line for the analysis
purposes.

3. 3.8

Transmission lines operate at varying loads. Figure

3.3..l shows the profite of the voìtages when the line
operates under different load conditions. The sending and
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receiving end voìtages are maintained at one per unit.
Sudden load rejections cause the transmission I ine to operate
at bel ow the natural I oad and the l'i ne produces an excess of re-
active power. ThÍs causes a voìtage rise at the centre of the
line (see no load curve' Figure 3.3.1) and resurts in corona, radio
interference and higher insulation costs. The operation of
transmission lines under heavy load conditions causes the
voìtage to sink at the middle of the ìine (see heavy load crrrve,
Figure 3.3.1) and reactive po',,rer is consumed by the rine.

The problems of over-voìtage, corona, radio inter-
ference and voìtage dip are related to the balance and flow
of reactive power. Shunt reactor compensation is used to
reduce the shunt susceptance and hol d down over-voì tages aì ong
the I ine. It consumes the reactive power that is requi red by
the line under heavy roadings. consequent'ry, it is one of
the major aspects of the shunt reactor compensation scheme to
control reactive power frow during steady-state condition.
It has to provide an optimum voìtage profile of the system
with respect to transmission losses and maintain voltage
withÍn the limits at each network bus.

The duty of reactíve power compensation in EHV systems
is to adjust the var infeed in such a way that the active
po,uer loadability of ìong transmission ri'nes is utirized
to an optimum. The reactive compensation can be provided by
the foììowing means:
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3. 3.8. t

Excitation control of a synchronous machine connected
to the ac bus provides a controlled reactive power suppìy. The

machines that are especia'l ìy designed for the control of reactive power

are known as synchronous compensators. In transmission net-
works synchronous compensators are used at the receiving
ends of long transmission lines.

Typicaìry a synchronous compensator when under_excited
can absorb about ha r f of i ts over-exci ted var rati ng.

Unl ike static devices, synchronous compensators have
stored kinetic energy in their rotors. Hence it can exhibit
transient osci I lations of real povúer about a mean val ue of
zero, during or fol ìowing disturbances.

Also, the starting of such a machine can create a sub_
stantial vol tage dip. when running, the synchronous
compensator has its own stabÍìity problem in the event of a

system fauTt due to its inertia.

The high capital investment, operating and maintenance
costs and I osses of a synchronous compensator add to i ts
shortcomings 

"

3.3.8.2 StatÍ c compensators

Generalìy these type of shunt var compensators do not
.r"t

i-:'3'u-'':"':;'ir';;-'r""
't

è(rd¿,t!
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contribute to the system short circujt capacity, anci have lower
initial investment. They are less costly to operate and

maintain compared to synchronous compensators.

static compensators can be divided into two main

classes accordjng to their composite make up:

(a) Fixed elements; and,

(b ) Control I abl e devi ces.

(a) Fixed Elements:

(i) Shunt capacitors

Shunt capacitor banks are used with mechanical switches
to compensate the inductive reactive power at major load
terminals in order to maintain the ac voìtage at the rated
value.

It may however read to an excessive vortage rise on

account of a sudden loss of load.

The inductance of these reactors is independent of
their loading. They often are air_cored or gapped type
reactors.

Permanently connected I inear reactors are used to
compensate the excessive capacitive power on long ac trans_
mission Iines. These suppress the voltage aJong the line and

(ii) Linea r shunt reactors
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its terminals under ìight load conditions.

0ptimum I ine compensation requires shunt reactors to
be switched out of service under heavy load transmission.
This leaves the system open to transient over-voltages in
case of a sudden loss of load. Also switch.i ng-in of the
reactors causes an undesi rable step vo'l tage variation.

(iiÍ) Saturable shunt reactors

The non-Jinear reactor is less ef fectÍve in ì.imiting
instantaneous over-vol tages, since a specific vol tage-time
area is requi red for changing the reactor magnetic state.
0ver-voltages are possible due to the partiaì shunt compensation
not elimínating the Ferranti effect under light load
conditions. This type of reactor, in conjunction with
saturation effects of transformers, introduces some risk of
sub-harmonic instabi I ities.

(iv) Gap connected shunt reactors

An arc gap is used to either switch a iine shunt
reactor in or out. The reactor assembìy may take eíther
form (a) or (b) as shown in Figure 3.3.2. The gaps are
shunted by circuit breakers which are switched ol by a

trigger derived from the gap breakdown cÍrcuÍt. Gap

connected reactors provide an economic but crude compensation
means.
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(b)(a)

Figure 3.3.2: Gap Connected Reactors.
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l,JINDING

DC

CONTROL
I.JINDING

Figure 3.3.3: Transductors
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(b) Controllable Devices

(i) Transductors

A transductor is a reactor with direct current

contro'l led saturation, i.e. the effective react jve impedance

and the primary alternat'ing current are controlled by a

direct current fed into a separate winding (See Fìgure 3.3.3).

This type of control led saturatÍon compensators has

the major drawback of slow response due to the dc circuit
time constant and the dead time required to build up direct
flux in the magnetic core.

Unfortunateìy, under system faul t conditions the dc

control winding is difficult to protect.

( i i ) Thyristor-swì tched shunt reactors

Thyristor bridges are used as fast swi tches to connect

a number of shunt reactors in small steps (FÍgure 3.3.4).
The swi tch i ng i s preferred at vol tage peaks to avoi d dc

current components being injected into the ac s.ystem. This form

of díscrete controì requires a ìarge number of components

and hence increases the cost and deteriorates the rel iabi I ity
of the device.

The saturated reactor is designed to operate in the

saturated region at normal operating voltages. Hith a

Saturated reactors(iii)
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Fi gu re 3. 3.4: Thyristor-Switched Shunt Reactor.

Figure 3.3.5: Thyristor-Swi tched Capaci tor.
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series and shunt capacitors combination it automatica'l 'ly

varies the reactive power output and holds the terminal
vol tage constant. However, in appì ication to weak ac systems
it causes high current harmonic content and ferroresonant
sub-harmonic instabi I ity due to the presence of the sìope
correctÍng series capacitor.

(iv) Thyristor phase-control led reactors

A smoother control of reactive power is
using thyristor phase angìe control of current
linear reactor.

achieved by

through a

(v)

Thyristor'swi tched capaci tors are arso used as

reactive power supply scheme as shown in Figure 3.3.5. This
scheme has the drawback that the capacitors used are of the ac

type which are less suitable for direct voltage but are
subjected to dc vo'l tage in the standby state. provisions
have to be made to repolarize them at regular intervals
simulating a low frequency ac voltage, which compl ícates the
control of thyri s tor bri dges .

Generaìly, controlted static compe.nsators are more

suitable for reactive power fìow. Regardìess of the type
of shunt compensators empìoyed, the basic compensation
principles are the same, Fêgui ring the generation of Vars
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or induction of an appropriate voltage across the ac system

ìmpedance to regulate the termina'l voìtage. To restrìct
the insulation stresses caused by over-vo'l tages fol'l owìng

sudden load rejections, a part of the shunt reactive

compensation is left permanently connected.

3.3.9 Use of bundled conductors

Bundled conductors are used to control, corona losses

and radio interference at extra high voìtages levels. It
is stated in chapter one that the surge impedance ìoading depends

on the constants of the ìine. Electrical characteristics of

a transmission I ine change wi th the use of bundled

conductors. Impedance and susceptance of phase conductors

are important parameters in the transmission line design.

The effect of bundled conductors on these parameters is studied

here.

Inductive reactance of a transm'ission I jne is given

by:

XL = Xu + Xd (s.t¡

where

X_ is the inductive reactance at a one foot spacing,a

and,
Xd is the inductive reactance spacing factor.

xu = kl los (#) (3.2)



50

where

by

kl is a constant equal to 0.2794

GMR i s the mean radi us of bundl ed phase and i s gi ven

l

GMR = [N(GMR^)(A)*-t]Ñc' (3.3)

N i s the number of conductors in the bundl e

GMRc i s the geometri c mean radi us of each sub-conductor

Bundle radius A - S (s.4)
2 sin ft

where

S is the distance between the sub-conductors

Xd = kl log GMDìin. (3.5)

The geometric mean distance of the line is the geometric
mean of the distances between the phase conductor bundles.

capacitive reactance of the transmission I ine is
gi ven by

Xa = Xu' n Xd' (3.6)

where

xu' is the capaci ti ve reactance at a one foot-spaci ng,
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and

Xd' is the capacitive reactance factor.

xu' = kz los t*r) (s.t¡

where

kZ is constant equal to 0.06g3.

(3.8)

rb is the actuar radius of each conductor in a bundre.

Xd' = kZ log (GMDline) (3.9)

It is crear that inductive and capacitive reactances
of the line can be affected with a change in number of
conductors in a bundres, phase separation, intra bundre
spacing and conductor size. It changes the surge impedance
of the transmission rine and hence roadabiìity is affected.

The effecti ve radi us of the bundl ed phase i s

l

,B = (N.rb nN-l)F
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CHAPTER FOUR

TRANSMISSION LINE LOADABiLITY CURVES

In thi s chapter, an anaìyti car approach i s made to co_
ordinate surge impedance ìoad'ing with voltage revels, power

angle, active power, reactive power! comp'lex power and system
stability factors. Generalized expressions are derivecl for
overhead lines with and without series-capacitor and shunt_
reactor compensations. A generalized analytical method is
presented as wel l. Effects of various sytem parameters on

the transmission line loadabiìíty are analyzed and are
documented i n the form of graphs.

4. t Representati on of L-C Network

Figure 4. l. I shows a power transfer network. Each
phase of the transmission I ink between two points in the
system is assumed to be a loss'less four-termínal network
connected between two source terminals. The receiving enci

voltage is assumed as a reference voltage with a zero angìe.

The sending end power equations for the rear and

reacti ve power are gi ven byl 9

v" 2 ^ vsvR
Ps = z; cosor, - ff.ot (usnoSsR)

sinorr-ffrrr(usn+ôsn)

(4.1)

Qs= (4.2)
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L - C NetWork

Fi gure 4. I . I : Power Trans fer Network.
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trhere

ZSS is the sending end impedance

short circuited and is given by equation

wi th the

(2.34) .

receiving end

ZSn is the transfer impedance of the'line.

0SS is the angìe of the sending end impedance.

0Sn is the angle of transfer impedance.

ôsR is the power angle - difference of angles between

the sending and receiving end voìtages.

For a lossìess line

0Sn=eSS=90". (4.3)

The transfer impedance of the line with the receiving
end short-circuited from.equation (2.24) is

"sR
lvs I

lÇ1,*
Z" tanhjBt = jZc tangl

=Q 
L (4.4)

The val ues of the

from equations (2.34) and

(4.1) and (4.2)"

end and transfer impedances

are substituted in eguations

sending

(a"a¡

Ps= VSVn Sin6r*

-;5ïîBr (4.5)
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vst
Qs= tanß.Q.

c

VSVR cos ôr*
- -ic sìnTT- (4.6)

By putti ng the

ing end voltage equal

become

ratio of send'ing end voìtage to recej

to n, the equations (4.5) and (+.0¡

V-

n_nVñSin6r*rs- 
4-SlnTT-

Qs=T(Tã*Br-ï#)

(4.7)

(4.8)

Per un i t s urge impedance I oadi ng

reactive pot,lers are calculated by

and (4.8) by the surge impedance

in for the value of ß

factors for acti ve and

dividing the equations (a.7)

of the I ine and substituting

n sin6^-ñ - 5K' sin 0.116[

a = rì ra¡rî.¡-aa - -.lll\+-¡

The transmission rines carry both active and

powers. The per uni t surge impedance I oaCing factor

(4.e)

(4.'t0)

reacti ve

for compìex
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power carried by the line is

g = (P, o qr)'" - 
(Ps'-o.Qf)%

sIL (4'll)

or

S = 
n Fl r -2 ^^^2tn t1.^\ .-1-5ä--0llT6-¿ [ì + n, cost(0.It6¿) - 2ncosôr*cos(0.]l6e)lz

(4.12)

4.2

In the previous chapter Ít bras stated that extra high
voìtage'l ines are provided with series capacitor and shunt-reactor
compensations. To derive the loadabÍìity curves for the
compensated .lines, expressions for both series and shunt
compens ati on are de ri ved.

Series capacitors reduce the inductive reactance of the
I i ne. l,ri th the di stri buted seri es compensation on the ì í ne,
the amount of i nducti ve reactance I eft i n the I i ne

after series compensation is

Xi = (l - Nsr) xl (4.13)

where

NSf is the percent series compensa.tion expressed
in decimal form.
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The characteristic
of the series compensated

impedance and phase constant

I ine are respecti veìy,

=i
L

(l NsE ) 1,

1

t¡L
7',

c

z¿'

(l *rr)% z, (+.r+¡

and

ß' t(l - Nse ) øL x ^cf\ = [t - NSr]% ß

The shunt compensation reduces the
of the I i ne. l,li th the di stri buted s hunt

oc

oL

capacitive susceptance

compensation on the

(+.ts¡

(4.16)

line, the net shunt capacÍtíve susceptance after the shunt
compensation is

X'
c

where

Nst¡ i s

decimal form.

The characterfs

the shunt compensated

the percent shunt compensati on expressed in

(l - NsH) t,lc

tic impedance and phase constant of
I ine are respecti vely,

z'
c (4.17 )(l NsH)\ ^' (l *r, )k
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and

for a s

equatio

Pt =

and

ß " = [oL (l - NSH ) ucf''i = (l - NsH)% ß

impedance

are

ppen

(4.18)

factors

f rom

loading

lculated

A),

ca

dix

lne

eA
L

H)''

the surge

ensated I

(A.7 ) ( se

sR('t - Ns

The express ions

eries and shunt

ns (4.3), (4.5)

n

for

c0mp

and

Sin6

(l - Nsr) sin t{(t - Nsr) (l - NsH) } 0.il6s1

Q, = n [] = ittJt t' "' tt" - -rt)" 
I' lr-nsEj ['in[{(t-NsE)(ì l

(4.1e)

(4.20)

s,= fì 
[+;eJ'

+ n2cos'[{(r - Nsr)(l - NsH) i% o.l'lo¿]

2n cos t{(t - NSE)(t - NsH )l\o.tt6d cos ôr*

1r.
t-

I

sin [{(t - NsE)(] - NsH)t\ o.ll6sl

(4.21)
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4.3.1 Analytical loadability curves

To study the active and reactive power behaviour of

the transmission line loadability, the surge impedance loading

factors from equations (4.19 to 4.21) are p'l otted separateìy

(See Figure 4.3.ì), with power angle equal to 30 degrees. The

transmission line length varies from 50 to 600 miles with equal

voltages at the two ends of the line. The curves are plotted

wÍth no serÍes-capacitor and shunt-reactor compensations.

4.3.2 Standard analytical loadability curve

For short lengths, the values of loadings given by

the compìex povler loadabi'l ity curve in Figure 4.3.1 are not

practical due to thermal capabilities of the lines. Also,

the re'l iabi'l ity of the porver supply Ís reduced with the lines

operatÍng at such heavy loadings. It can be seen from Figure

4.3.2 that'l oadability values can possibly decrease for shor-

ter di stances with the reduction i n por.rer angl e. The val ue

of 3.0 SIL is fixed in the analyticaì curve at a 50 mile

I ength for the compari son of thi s curve wi th the standard

curve. However, wi th the use of bundl e conductors , i t 1 ooks

as though 4.0 p. u. SI L woul d be acceptabl e. The pot.rer

angì e i s ca'l cu'lated to be equal to l5 degrees at the 50

miles point for a 3.0 SIL loadabi'l Íty. The variable power

angle curye x'yz'is plotted with a gradual increase in
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Analytical Loadability Cürves.
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Figure 4.3.I:
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the power ang'le f rom r s degrees at 50 mi I es to 60 degrees to
600 miles with the voltage ratio maintained equal to unity.
(see Figure 4.3.2). The constant power ang're curve xyz is
the complex loadability curve from Figure 4.3.1 with a

constant po'uer ang'le of 30 degrees. The portìons x'y and yz
of these curves are joined ancl the standard analytical load_
ability curve Ís plotted as shown in Figure 4.3.2.

4.4 System Studied

The transmission I ine assumed for the study has

cons tan ts as s hown i n Tab I e 4.-l .

TABLE 4.I

Base Quantities

Base Power lj,l50 MVA

Base Vol tage .l,500 
KV (f_f¡

Base Impedance ZOA 0

Li ne Cons tructi on

(50 - 600) miles, Flat Tower configuration, .12

Conductor bundle

Line Spacing

Phase-to-Phase = 6g.5 feet
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Cons tan t Power Ang'le Curve (6SR = 30 degrees)

Standard Analyticaì Loadabi'lity Curve

2.0

1
J

aJ1

=
o- B-...

\r. \ z- Variable Power Anole Curve/
--g_.- (ôsR = l5oto60o)

- ---\ --+ -.G -oz,

200 300 400

Li ne Length ( In Mi ì es ) --+
(No Compensation)

Standard Anaìyticaì Loadabiìity Curve.Figure 4.3.22



63

Conductor:

l78l MCM, ACSR,84/19.

A base case wjth parameters shown in the Table

4.4.1 was studied. A number of cases were studied by vary-

i ng the magni tude of the parameters of the base case.

TABLE 4.4.1

Transmission Line Length

Phase separation

vs' vn

6sR

Nsr

NsH

VaryÍng from 50 - 600
Miies

68.5 feet

1.0 P.u.

30 degrees

0 percent

0 percent

12

l4 i nches

N

S

The effects of variation of these'parameters are

indicated by different sets of graphs.
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4.5 Vari ation of Vol tage Ratio

in a transnission line operation under varying load

condi tions, the vo'l tage ratio can be expected to vary wi thi n

the (+5 percent ) al'l owed 'l imi ts due to the response t.ime of
the compensating schenes. An increase in the vo'l tage at the

sending end increases the vo'l tage ratio more than unity and

hence the loadabil ity of the I ine increases.

Figure 4.5.1 shows a set of 'loadabil ity curves with

vo'ltage.rise of 3 percent and 5 percent at the receiving end

The curves for 2 and 4 percent are purpose'ly not drawn to

more cìearly distinguish the various curves from the base

curve of 0 percent change.

4.6 VariatÍon of Power Anqle

A power

operation of a

angì e of 30 degrees is reasonabl e for stabl e

long transnission line network. A variation



65

3.0

2.0

1.0

r

$-

\

tro/

3%

0%

1
J

(î,

j¿
-

'100
500

Line Length (In Mi'les)-+
(No Compensation)

Effect of Voìtage Increase at Sending End on
Line Loadability.

200 400300 600

Figure 4.5.'l :
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To study the transmission r ine behaviour, operating
at different power angles, a set of curves is obtained wjth
p0wer ang'le varying f rom 20 degrees to 60 degrees. (see
Figure 4.6. I ). The vortage ratio is maintained equar to
unity.

tn power angle is possjble
protecti on and compensa ti ng

and vo'l tage stabilÍzation,
rejecti ons and fau I ts.

due to response tímes of
schemes for clearing the faul t

respecti veìy, due to sudden load

Series compensati on

increases the load-

4.7 Vari ati on of Compensati on

It was stated in chapter Three that long transmission
lines have to be provided with both series and shunt
compensations or static compensator.

reduces the inductance of the line and

ability of the lines. Reactive power flow of the line is
controlled by the shunt compensation. The effect of variation
of series and shunt compensations on the line ìoadabiìity is
studied separateìy for activeu reactive and compìex power.

4.7 .1 Varfation of series-ca

The amount of series
of load and the transmission

depends on the amount

transmission line

compensati on

distance. A
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Effect of Power Angle on ùine Loadability.Figure 4.6.1:
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can be expected to carry more than its designed load due to
system growth. It creates the need for addition of more

series compensation on the existing lines.

series compensation vari es from 0 percent to 75

percent and two sets of graphs are p'lotted for active and

reactive power components in Figures 4.7.1 and 4.7.2,
respective'ly.

To compare the effect of series compensation on

the loadab'i'l ity with the base case, a set of curves in
Figure 4.7.3 is drawn for the complex power.

4.7.2

variation in the amount of shunt compensation can

aìways be expected in a transmission I ine operating under

varying load conditions. As a reactive power controìler,
i t i s expected to af fect the reacti ve power 'loadabi'l i ty
of the line.

The effect of shunt compensation is studied on

active and reactive components of power loadability of the

I i ne. The amount of shunt compensati on varies from 0 to ls
pe rcent. Two sets of curves are pì otted for acti ve and

reactive power components in Figures 4.7.4 and 4.7.s"
respectively.
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Figure 4.7.6 shows the effect of variation of shunt
compensation on the overall loadabi'l ity of the transmission
line.

The extra high vo'r tage r ines requi re both series and

shunt compensations. The effect of both series and shunt
compensations is studied with different combinations of varying
degrees of series and shunt compensations. series compensation
is fixed at zs oercent and the amount of shunt compensation
is varied from 0 to 50 percent. The set of curves obtaÍned
is shown in Figure 4.7.7a. Figure 4.7.7b shows the curve
for 50 oercent series and 50 oercent shunt comoensation.
Figure 4.7.7c shows the curve with serÍes and shunt
compensations maÍntained at ls percent and 70 percent respec_
tiveìy.

4.8 Variation in Line Design parameters

In the transmission rine design,permissibre rímits
of corona losses, radio noise and vortage rever of trans-
mission. change the transmission ìine parameters. con-
seeuentlv these Darameters change the Ioadability of the
transmission line.
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4.8. I Variation of number of conductors per phase

To study the effect of changing the number of
conductors in a bundle three different cases are considered.

The number of conductors per phase has been varied from the

base case figure of 12 to 14, l6 and rB. The ana'lytícal
results obtained are plotted along wi th the base case as

shown in Figure 4.8..l.

4.8.2 Variation of intra-bundle spacing

For the reasons stated above, and with an increase

i n the number of conductors, a change i n the i ntra-bundl e

spacing is possible.

The spaci ng has been varied from 14 i nches to I 6,

l8 and 20 inches. The results obtained are plotted in
Figure 4.8.2

4.8.3 Variation in phase separation

Figure 4.8.3 shows the different curves obtained

with varying the phase separation from 68.5 feet to gB.s

feet in equaì steps of 5 feet each.

4.8.4 Variation in conductor size

To observe the effect of conductoÈ size on line
loadability, different conductor sizes as shown in Tabte
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4.8.1 has been used in the analysis. The results obtained
are pìotted in Figure 4.8.4.

ÏABLE 4.8.1

I78] MCM

2156 MCM

2312 MCM

2515 MCM

ACSR

ACSR

ACSR

ACSR

84/19

84/19

84/19

84/19
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' CHAPTER FIVE

DISCUSSION OF RESULTS AND CONCLUSIONS

In the previous chapters the effects of various
parameters on the transmission ríne ioadability have been
studied. The resuits obtained from these studies have been
documented in the form of graphs. In this chapter, these
results are anaìyzed and their significance interpretted.
Based on these studies and ana.lysis, conclusions have been
drawn.

5.1 Loadabí I Í ty Express ions

It can be seen that the equations for active, reactive
and compìex power surge impedance ìoading factors (see
equations 4.19, 4.20 and 4.21) for series and shunt
compensated r ines are generar ized. These are app.r icabre
to any I ine operating at any voìtage. The expressions are
simpìe and give an idea of the loadabiìity of transmission lines
as a function of distance and power angre without the use
of a computer. They provide the opportunÍty for examination of
the effects of series-capacitor and shunt-reactor
c0mpensations, voltage drops powêr angìe and transmission
line design parameters on the loadabiìity. Thesg rejations
give better understanding of the principìes of transmission
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line operation and should he'r p the transmission planning
engineers to make reasonable estimates of the line load-
abiììty.

5.2 Anal.vtical Loadability Curves

F'i gure 4.3. I shows the acti ve ! reacti ve and compl ex

power loadability curves of the line. 1.0 sIL points occur
at a I ine length of approximately ze,0 mi res f or
the active power loadability curve. It also can be seen

from the reactive power curve that the var input to the line
is zero at the same I ine length (260 mi les ). It shows that
the flow of reactive power is in the reverse direction of
active power' requiring compensation of the voltage drop (ohmic
drop) to zero. The negative (defficient) values of vars
shown by the curve beyond 260 miles indÍcate that to main-
tain equal voìtage at both ends of the ìine, the sending end

mus t rece i ve va rs from the I i ne .

The upward trend i n the compìex power loadabi I i ty
curve at the ends shows the effect of reactive power

components at the sendi ng and rece i vi ng ends of the trans _

mission'l ine.

Fi gure 4.3.2 shows the standard anaìyticaì curve
derived from the constant and variable power angìe curves.
The constant power angìe curve xyz gives very high ìoadabi ì ity
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values for lines 50 to 170 niJes long. The loading of lines

at these values is not possib'l e due to their thermal limita-
tions. Howevere for short-distance bundled conductor 'ì ines,

loadabiìity at 4.0 P.U. SIL is poss'i ble as the current is
shared by different conductors in the bundle and hence thermal

linitatÍon is not a problem. The curve satisfies the stabiìity
and thermal limitations for the transmÍssion lines from 170

miles to 600 miles in length. The varjable power angle curve

x'yz ' sati sfi es the thermal and stabi ì i ty 1 imi tati ons for 50

to I70 miIe long 'l ines. For Iine lengths between 170 to 600

miles, Ít shows that the stabi'l ity limitations are not satis-
fied and the increase in loadabi'l ity is achieved at the cost

of steady-state-stabil ity margin.

The curve x'z obtained by joining the constant and

variable power angle curves as shown in Figure 4.3.2 satisfies
the therma'l and stabìl ity I imitations.

5.3 Comqarigon of 0riginal Standard and Standard Analytical
Loadab'i I i ty Curves

Figure 5.3.1 shows the difference between the ana'lyticaì

and the original standard IoadabÍìity curves. For line ìengths

of t40 to about 600 miìes, the analytical curve gives lower

loadability values than the originaì loadabiìity curve. It
can be seen that the ana'lytical curve givès a 1.0 SIL point

at 260 niles and not at 300 mi1es, a generaìly accepted value

as given by the origina'l standard loadability curve. [^lith

an increased power angle of 35 degrees (and not 30 degrees
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as genera'l'ly accepted) the ana'lytical curve gives a 1 .0 sIL
point at 300 mj'les. It shows that the ana'lytica'l curve

represents a more conservative evaluation of the'loadab'i ì'i ty

than the standard curve.

5.4 Influence of Voltage Increase at Sending End

The voltage increase at the sending end affects the

vo1 tage ratio between the two ends. It can be seen from

the curves in Figure 4.5.'l that the loadabif ity of the line
increases wjth an increase in voltage at the receiving end.

The curves show that the effect of voltage increase is more

si gni f i cant beyond the .l70 
mi'l e poi nt. The i ncrease i n

loadabÍlity with voltage increase of 3 percent and 5 percent

is 0.9 percent (90 Ml^l) and 1.8 percent (lB0 Ml.l) respectivêly,
for 600 mile long lines.

It s hows that the vol tage can be i ncreased at the

sending end within permissible limÍts (i.e., up to 10 percent

from +5 percent permissÍbl e variation range) and the increased

loadability can be used to meet the sudden peaks of load ìarger
tha n the normaì peak I oads . The operati on of transmi ss i on

I ines under such conditions is possibl e for very short periods

as sustained conditions wi'll affect the transmission line
efficiency.
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5.5 Influence of P_qISf 3ry1_q

Fi gure 4.6. I s hows the i nfl uence of a change i n power

angle on the line loadab'i lity and hence the steady-state-

stability margin. The curve for a power angle of 20 degrees

shows that the operation of transmìssion I ines approximate'ly

170 mi'l es in 'l ength is safe from stability and thermal

I imitations point of view. Transfer of more power js

possible on these lines by increasing the power ang'l e to 30

degrees without the risk of loosing the stabìlity of the

polver system. The operation of 1 ines at a 20 degree power

angle severely reduces the loadability of lines longer than

170 miles.

The loadability curve with a power angle equal to 30

degrees has a 'l .0 SIL at 260 mjIes length. The transfer of

more power on the lines of this length is possible at the

cost of ìoosing the stabiìity.

I t can al so be seen that the

wi th the i ncrease i n eac h degree of

mately the same, giving an increase

abi 1i ty for 60 degrees power ang'l e.

relationship between the power ang'l e

line loadability.

increase in loadabi'l ity
power ang'l e is approxi-

of 50 percent in load-

It shows the 1 i near

and the transmi ssion
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5.6 Infìuence of Compensation

5.6. I Influence of series-capacítor compensation

Figure 4.7.1 shows the effect of series compensation

on the active power component of transmission I ines.
The set of curves shows that the loadabirity increases

substantiaìly as the compensation increases. A 1.0 sIL pojnt
0ccurs at 340 mi les with 25 percent and at approximate'ly

540 mi les wi th 50 percent series compensation. For 7s per-

cent series compensation curve a 1.0 SIL point occurs beyond

600 mi I es. It shows that the operati on of extra 1 ong

distance transmission lines at a 
.l.0 sIL is possible with

increased series compensation.

Figure 4.7.2 shows the effect of series capacitor
compensation on the reactive power flow on the I ine. The

distance of the zero var point increases with the increase of
the series compensation. It occurs at 500 miles with 50

percent series compensation, ôñ increase of 240 miles from when

the line is not compensated. It shows that series compensation

suppl ies a portÍon of the reacti ve power requi rements of the

I i ne requi red to mai ntai n equal voì tages at both ends of
the line. The amount of shunt compensation required is
reduced consíderabty with the appl ication of series capacitor
compensation. It can al so be seen that the effect of series
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compensation on the reactive power flow reduces as the I ine
length increases. It indicates the increased reactive
power demand f or compensati on due to the i ncreased ohm.i c

voltage drop as the line 'length increases.

The comp'lex power loadability curves for the series
c0mpensated lines are shown in Figure 4.7.3. l^lith 50 percent
series compensation the unÍty surge impedance loading point
occurs at 600 miles for complex power instead of 540 miles as

for acti ve power I oadabi r i ty curves. It shows that the
reactive power supp'l ied by series capacitors increases the
utilization of the active power loadabiìity of the ljne.

It can also be seen that there is a greater Ímprove-
ment in loadabiìity with every additional percent of series
compensation. Thus making extra ìong distance transmission
economical and suitable for stable operation.

5.6-2 Influence on shunt-reactor compensation

Figure 4"7.4 shows that there is no effect of shunt
compensation on the active power component of the trans_
mission li ne loadabil ity. The effect on the reactive power

comp0nent can be seen in Figure 4.7.5 and is clearer for
lines longer than zoo miles. It shows th.e need of shunt
compensation for I ines longer than approximately 200 mí les.



93

it can also be seen that the distance of the zero var point

increases with an increase in the shunt-reactor compensation

it shows the capability of the shunt compensation to meet

the reactive power needs of the system with the increase jn

the transmission distance.

Fi gure 4.7 .6 shows that when the transmi ss i on I i ne

is shunt compensated on'ly, the complex power loadability is
impaired. The .l.0 sIL point occurs at 240 mires with 7s

percent compensation instead of 260 mi les with 0 percent

shunt compensation. This makes clear that when the amount

of shunt compensation is more than requi red to balance the

reactive power needs of the I ine, instead of improvement

of the active power component utilization the loadabil ity
is hindered by it.

level for the extent to which a trans-
shunt and series compensation can be

of curves as shown in Figure 4.7.7

be seen from Fi gure 4.7 .7 (a) that
nt compensation higher and/or equal

tion, the loadabiìÍty is reduced as

it is less than series compensation.

From the discussion in the preceed.ing sections, it
is clear that the series capacitor compensation has the

advantageous self-adjusting feature of adjusting the generation

An approxi mate

mission line requires

obtained from the set

(a, b and c). It can

with the amount of shu

to the series compensa

compared to that when
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of react'ive var supply required wjth the increase in load.

It thus enables a larger load to be transmitted without

requiring the increased reactive demand to be supplied by

the shunt reactor compensat'ion.

5.7 Variation of Line Design Parameters

5.7 .1 Infl uence of number of conductors per-phase

The increase in the number of conductors of a bundle

reduces the inductive and capacitive reactances of the

transmission line. The effect of this reduction on the

line loadab'i lity is shown in Figure 4.8.1. The curves show

an increase of 5 percent,9.5 percent and l3 percent in the

'l ine ìoadability with the increase in the number of conductors

in the bundle from 260 to 300 miles with the use of l8 con-

ductors per bundle instead of 12 conductors. The loadabì1ity

of bundl ed conductor I i nes i s not I imi ted by the thermal

limitations, but heavy'l oadings for short distance lines

will increase i2R losses.

5.7 .? Effect of i ntra- bundl e spac i nq

The inductive and capacitive reactances are reduced

with the increase in the intra-bund'l e spacing. This resul ts
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in the increase in the loadabi'l ity of a transmission line.
ït can be seen from Figure 4.8.2 that the distance at which

1.0 sIL occrlrs, is increased by zo miles when the spacing is
i ncreased from 12 i nches to 20 i nches. The percentage i ncrease

of 4 percent in the loadabi'l ity is uniform with each increase
in the bundle spacing and the effect of this change is clearìy
on the'l ong lines. The gain in loadabìlity wjth larger intra-
bundle spacing needs to be economically optimized wíth the

i ncreased costs associated wi th I arger spaci ngs .

5.7.3 Effect of phase separation

The increase in phase separation increases the

i nducti ve and capaci ti ve reactances of the j i ne. The per-

cent reduction in loadability is uniform (1.5 percent) for
equal steps of 5 feet each, increase in the phase separation.
Figure 4.8.3 shows that loadabi'l ity gained with the use of
bundled conductors diminishes to a greater extent with in-
creased phase separation.

5.7.4 Effect of conductor size

The increase in
conductor size is negl

s hows that the choi ce

the loadability of the

loadability with

igible as shown by

of conductor si ze

I i ne.

the increase in

Figure 4.8.4. I

is not related to
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5.8 Conclusions'

l. The expressions deveìoped for calculating the load-

ability of ac transmission lines are simp'l ified
equations as functions of distance and power angle

As transmission lines are getting longer and carry-
ing more power, the relationshi p of distance, power

angìe, and load is very useful for pre'l iminary

des i gn purposes .

2. Using these relationships, it is simple to obtain the

I oadabi ì i ty curves that are comparabl e to the ori gi na I

loadabiìity curve. These provide a much wider choice

of system parameters, as well as the opportunity to

examine the effects of series capacitor and shunt

reactor compensati ons and other parameters.

3. The expressions and the corresponding curves are

generaì in nature. [,lhen mu]tipl ied by the approximate

base power, they wi I I generate I oadabi 1 i ty i nformati on

directly.

4. The concept of transmission rine ìoadability expressed

in per unit surge impedance loading is extendable to

EHV/uHV levels. The loadabÍrity curves for alì voltage
levels seem to be identical to the'original load-
ability curve.
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5. The voltage Íncrease at the sending end increases

the Joadabi'l ity of the'l ine. The reliability of

the system can be i ncreased duri ng sudden and momen-

tarily increases in the load by increasing loadabilìty

with an increase Ín send'ing end voltage wÍthin 5 per-

cent.

6. The variation in line loadability appears to be

related in a 'l inear fashion to the change in power

angl e from 20 to 60 degrees, that is, equal steps

of power angle increase bring about almost equal-

sized increments in the line loadability.

7. Every additional percent of series compensation

yi e'l ds i ncreas i ngly greater improvement i n the

transmission line loadabil'i ty without rísking the

stability. This fact tempts us to increase the

series compensation to achieve greater econoffiJ,

but dimi ni s hi ng returns due to i ncrease¿ t2R

losses restrict its use up to a certain level.

8. The increased loadability achieved with the in-

sta'l 'lation of series capacitor can be used in

the power system expansion of existing trans-

mission lines.
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9. shunt compensation which is generalry required for
over-voltage control purposes at EHV levels and

above, has a decreasing effect on the'l ine load-

abif ity when app'l ied in excessive amounts.

10. l.lith an increase in number of conductors, to trans-
mit a certain amount of power, it is possib'l e to
reduce the voltage level.

ll. Increases in bundled-conductor spacing increases

the loadabi'l ity.

12. Conductor size has negligible effect on the line
loadability. The choice of conductor depends upon

the current carryi ng capabi'l i ty, the economi cal

evaluation of t2R losses and structural require-
ments of transmission I ine towers.

13. An increase in phase separation reduces loadabiiÍty.
This increase is required at high voìtage leveìs,
and the increase in loadabiìity associated with

hi gher vo1 ta ge I evel s and i ncreas es i n the number

of conductors compensates the 'loadabi'l ity lost due

to separation.

14. The obtained results are useful foÈ'the determination

of the most important techni cal choi ces i n the trans-
nission line design. Economic elenents, contingency
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performance, ri ght-of-way I imi tati ons and other

constrai nts nay then be app'l ied to achieve the

final oyeral'l design.

15. The application of fast-control compensating

schenes (such as static compensators) will permit

the operation of I i nes at approxÍmately 60 degrees

and fu'l 'l thermal capabiiity of the lines could be

achieved resulting in an increase of 50 percent in

loadabi'l ity. However, this point would have to be

investigated.

16. The economics of increases in loadabil ity wjth

different parameters is a different subject matter

and shoul d be studi ed separateìy.

17 . The i ncreased compensation i ncreases the amount of

compensati on equi pment and ma kes the system more

complex, and the reliability of the system is

reduced due to reduced redundancy. Al so, the

protection of compensati on scheme becomes more

costìy.

18. In order to arrive at an optimum design of an

EHV/UHV transmission line, the technicaì aspects,

economi c and rel i abi 1 i ty eval uati ons need a ca re-

ful study and coordination between themselves "



t.

El ectri c Power
Reference Book,
1975, p. 24.

REFERENCIS

Research Insti tute
345 KV and Above"

100

"Transmission Line
Palo Alto, EPRI,

Edith Clarke and S.B. Crary, "Stabiìity Limitationsof Long-Distance A.C. Transmission Systeffis',, AitE
Transacti ons, Vol . 60, I94.1 , pp. l0Sl - 1059 , 1?99-1303.

H.P. St. Clair, "Practical Concepts in Capability and
Perf ormance of rransmi ssion L'ines ", AIEE iransacii ons
Vol . 72, December, I 953, pp. I I 5Z- 1157 .

A.F. Gabrielle, P.P. Marchenko and G.S. Vassell,
"Electrical Constants and Relative Capabi l ities ót
Bundled-conductor Transmission Lines", ItEt rransactions
on Pgry.f^Apparatus and Systems, Vol. 83, Janaury 1964,pp. 78-92.

R.Ar Hore, "Advanced studies in Electricar power systemDesign", London: Chapman & Hall, 1966, pp. ?27-232.

Federal Power commission, "National power survey part
II", U.S. Government Printing 0ffice, 1964, pp. 4S-41 ,144-t45.

Federal Power commission, "Natíonaì power survey part
IV", U.S. Government Prínting 0ffice,1970, pp.IV-Z-9,
through 17.

Edison Electric Institute, "EHV Transmission Line
Reference Book", 1972, p. 6.

2

4.

5.

6.

7.

8. t

I

9. Hugh Hildreth Skiììing, "Electric Transmission LinesText Book", .l95.l, p. 7.
.l0. S.B. Crary, "Transmission-Line Electric Loadings,',

AIEE Transactions, Vol. 63, 1944" pp. llgg-1204.
ll. R.D. Dunlop, B. Gutman&P.P. Marchenko,',Anaìyticaì

Development of Loadability characteristic for- EHV and
UHV Transmission Lines" o irrr rransactions on Þo*..
4ppqratus q!{ !yrtems, Vol, 98, No..2o þtarch/Apri l
1979, pp. 606 -617 .



l0l

12. E.l.l. DuBois, J.F. Fairman, Jr., D.E. Martin, C.M.
Murphy & J.B. l^lard, "Extra-Long-Distance-Transmission,',
AIEE Transactjons, February 1962, pp. 1 108-l I 16.

13. S. B. Crary and L. E. Saì'ine, "Compari son of methods f or
improvìng the stabiljty of high-vo'ltage transmission
systems", CIGRE Report No. 307, 1952.

14. G. Jancke, K. S. Smeds fel t and P. Hjertberg, " 390 KV
series capacÍtors in Swedêr", CiGRE Report No. 3ZZ,
1954.

I 5. S . La I ander and
on high voìtage
330, 1959.

L. Norlin, "The use of serjes capacitors
transmjssion systems", CIGRT Report No.

t6 E.[rl. Kimbark, "Improvement of system stability by
s iwtched seri es capaci tors ", IEEE Transacti ons, Þower
Apparatus and Systems, Vol . PAS-85, February I 966,pp. 180-188.

17. A.A. Johnson, J.E. Barkle&D.J. Povejsil, ,,Fundamental
Effects of Serjes Capacitors in High-Voltage Trans-
mission Lines", AIEE Transactions, Vol . 70, .l951,
pp. 526-532.

18. Simpson Li nke, "Surge- Impedance Load'ing and power-
Transmission Capabiìity Revisited", IEEE Transactions,
Paper No. A77-249-6, PAS-96, No. 4, Jujy/August, 1977,p. 1079, Ful I text in IEEE Publ ication TtCH I 190-8
Pl^lR.

.l9.
hli I I iam D. Stevenson,
Analysis", McGraw-Hi 1 l
143.

Jr., "Elements of Power System
Book Compäny, 1962, pp. 120,

20. Ri chard K: Moore, "Travel I i ng-rr,Jave EngÍ neeri ng,' ,
McGraw-Hi I I Book Compdrìy, 1960, pp. 2B-30

21 . J.D. Ainsworth, C.B. Cooper, E. Friedlander and H.L.
Thanawa l a, " Long Di stance A. C. Transmi ss i on Us i ngStatic Voltage Stabilizers and Switched Linear
Reactors ", CIGRE Report No. 3l -01 , 197 4.

22 H.L..Thanawala, 1,1.0. Kelhan and l^l.P. l.lilliams, ,,The

4pp'lication of Static Shunt Reactive Compensators in
Conjunction with Line Series Capaci"tors to Increase
the Transmission Capabilities of Long A.C. Lines,,,
CIGRE Report No. 3l-09, 1976



23.
:

1.0. Barthoj d, H. Becker, J.
H.B. Norman, C.A. Peixoto, K.
and B. Thoren, "static Shunt
Power Contro'1 ", CIGRE Report

24. Al eksa Cavri l ovi c, " Reacti ve
Power", Electrical Review, l7
233.

102

Dalzell, C.B. Cooper,
Reichert, J.C. Toy,

Devi ces for Reacti ve
No. 3l-08, 1974.

Compensat'ion for Electrica
August 1973, pp. 231-

Boost EHV System
Review, Dec.26, ì966,

25. H. schweickardt and G. Romegialli, "The static vARsource in EHV Transrnission Systems and 'its contro'1 ",
Brown Boveri Review, Baden, 9-79, pp. 595-599.

26. L. 9.yrgy'i , R.A. 0tto &T.H. putman, "principies and
Appl i cations of Static-Thyristor control leä shuntcompensators", IEEE Transactions on power Apparatus
and Systems, Vol. PAS-97, No. 5, Sept./}ct.,'lgZA.

27 [. Reichert, J. Kanferle and H. Glavitsch, "ControllableReactor compensator f or r.rore Extens j ve uti I i zati on oi
lig!-Voltage Transmission Systems,', CiGRE paper No.3t-04.

28. R. Banks, E. Friedlander and A. Gavriìovíc, "Applicationto EHV Transmission of Static compensators usiirbsaturated Reactors", power Transmission Divisioñ of
GEc Swtichgear Limited, stafford, England, pp.l53-154.

29. Belur s. All,ok Kunar, K. parthasarathy, F.s. prabhakara,
and H. P. Khi nch, "Effecti veness of seii es capaci torsin Long Distance Transmission Lines", Transabtions on
lo*ql Appgratus and Systems, Vol. pAS-90, No. S/6,
þ1ay/June 1970, pp. 941-95t.

30. 14.7. Tarnavecky, "ELD, EHV/uHV Transmission Line Design,',
Graduate Cl ass Notes for Course No . 24.755.

''Seri.es,-Caplgitors increase EHV Capacity,,, Electrical
üJorl d, May 197 4, pp . 52-54 .

32. A.B. Pyle, "Series Capacitors
Capabi'l ity", Electrícal l,loridpp. 46-48.

33. l.lestinghouse Electric corporation,,'Electrical rrans-mission and Distribution Reference B.ook", t964, pp.
280-Bl , 479.

31

pgvi d Hol l i day and Robert Resni ck n "Fundamental s ofPhysics", New York, John l,liìey & Sons, ì970, p. 796.
34.



103

Characteristic
compensated line from

APPENDIX A

i mpedance of

equati ons ( 4.

series and shunt

and (a.17) is

the

T4)

nt

l=
c

The phase constant

I i ne from equati ons ( a. I 5 )

of the seri es and

and (a.18) is

(A.l)

shunt compensated

(n.el

¡'.2-ibj =
J., - ''rsElz
tr=-N*J

7
c

ßtrr = [(]-NSg)(l-NSH) ,L,rrcl%

= [(] - NSE)(t - NsH) l'2 ß

Th-. va I ues of characteri sti c impedance and phase

constant of a series and shunt compensated ì ine are sub-

s ti tuted i nto equati ons ( a. 7 ) and ( 4.g) . The power equati ons

f or real and reacti ve povuer are then gi ven by

P; = ni 
[-]je]'

sin SSn
(A.s¡

sin {(l - Nsr)(t - Ns ilt% Be
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and

0t ='s

SimplifyÍns (4.4),

'.Fc

fr - NsHlt

t.t 
*--*l tan {(l - NsE)(l - N5r)}%eø

Cos SSR

sin {(l - Nsr)(l - ¡¡rr)}%oø

series and shunt compensated I ine is

+ (a;),1%

(A.4)

(A.6

VR,

Z,0' = n's
[' - *rrl
t1=çl

Complex power of a

S'
s

= [ (P; ),

)'

I - Ns¡r

I - *sr,TI ft 
on'.or'({(l - NsE)(l - NsH )lLse", l'

f- zn .0, ({(t - NsE)(, - *r, )}>,Bn ¡ .oro5pJ

sin t{(l - NsE)(r - NsH)}k ßr l
St =

s


