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ABSTRACT

This thesis contains a generalized analytical basis for
transmission line loadability curves. It presents an exten-
sion of theoriginal loadability (St. Clair) curve into the
EHV and UHV transmission levels. The approach coordinates
surge impedance loading with voltage levels, power angle,
thermal ratings, active power, reactive power and system-
stability factors. Criteria for surge-impedance loading is
extended to higher voltage levels. Useful expressions and
loadability curves are derived for overhead Tines with and
without series-capacitor and shunt-reactor.compensations. The
effect of voltage increase at the sending end and variation
in power angle (steady-state-stability margin) on the trans-
mission line loadability is documented in the form of graphs.
The use of bundled conductors at higher voltage levels is dis-
cussed. The effects of number of conductors in a bundle, intra-
bundle spacing, phase spacing and conductor size on the trans-
mission line loadability are discussed and corresponding

loadability curves are derived.

It is shown that, for reasonable assumptions, the ex-
pressions derived are applicable to transmission lines of any
voltage level. The loadability characteristics derived are
nearly identical to the original 1oadabif}ty curve. The analy-
tical approach to the transmission line loadability curves is
simple. It enables the user to examine the specific_situations

and helps to make the preliminary design studies.
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NOMENCLATURE

Most of the symbols are explained in the text when
these are used for the first time. Subscripts have been
used to identify the symbols with the appropriate quantities.
For quick reference, a list of important symbols is given
below. For the voltage, current and impedance a bar on
~thé top of the letters represents magnitude of these quantities

otherwise these are vectors.

A - Bundle radius of a bundle conductor

C - Capacitance of the line

GMR - Geometric mean radius of bundle conductor
GMRC - Geometric mean radius of each sub-conductor
GMD - Geometric mean of the distances between the

phase conductor bundles

I - Current at any point on the line

I, I, - Components of current

I> TS - Sending end current

Ips TR - Receiving end current

L - Inductance of the line

N - Number of conductors in a bundle

Nops Noy oo Amount of series and shunt compensation
PS’ Pé - Sending end active power component of

uncompensated and series and shunt compensated
line
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P, P! - Surge‘impedance loading factors for active
power component of uncompensated and series
and shunt compensated line

QS’ Qé - Sending end reactive power component of

uncompensated and series and shunt compensated
Tine

Q, Q' - Surge impedance loading factors for reactive
power of uncompensated and series and shunt
compensated Tine

S; - Sending end complex power of series and shunt
compensated line

S, §! - Surge impedance loading factors for complex
power of uncompensated and series and shunt
compensated line.

SB - Itra-bundle spacing

SIL - Surge impedance loading

v - Voltage at any point on the line

V], V2 - Components of voltage

Vps VR - Receiving end voltage

Vs, VS - Sending end voltage

Xa, Xé - Inductive and capactive reactance at one
foot spacing

Xd’ Xé - Inductive and capacitive reactance factors

XL’ XC - Inductive and capacitive reactance

X& = Inductive reactance of the series capacitors

ZC,Zé,ZE,ZE‘- Characteristic impedance of uncompensated,

series compensated only, shunt compensated only,
series and shunt compensated line



Zp

Lggrlsss?

z YA

SR® “SR

SMALL LETTER

SS

S

C

e

N
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I dv
x® dx

[= X

o

8, B',B",B""

Receiving end impedance

Input impedance of the open circuited, and
short-circuited line

Transfer impedance of the line

Capacitance per unit length

Exponential

Frequency

Conductance per unit length

Operator

Constants

Length of the line

Ratio of sending and receiving end voltages
Resistance per unit length

Actual radius of each conductor

Effective radius of bundled phase
Susceptance per unit length

Impedance per unit length

Rate of change of current and voltage per unit
length

Attenuation constant

Phase constant of uncompensated, series
compendated only, shunt compensated'only, and
series and shunt compensated line

ix



Oss
sp
SR

Propagation constant

Angle of sending end impedance

Angle of transfer impedance

Power angle - Phase angle difference between

VS and VR

Wave length



X1

DEFINITION OF TERMS

\

The following terms are specifically defined for use

throughout the thesis:

Power System

Transmission
Line

Stability

Power Angle

Steady-State-
Stability

Steady-State-
Stability-
Margin

Surge Impedance
Loading

Loadability

Maximum Power

An electric transmission network comprising
ac transmission lines, generators and loads.
Any interconnecting tie between two power
systems.

The ability of power system or interconnected
power system to maintain synchronism.

Phase angle difference between ac voltage
vectors at each end of an-ac transmission line.
The ability of the power system to maintain
synchronism when the power is increased very
gradually.

The difference between maximum power transfer
and rated power divided by the maximum power.
The amount of power delivered over the line

to the load at the receiving end when the load
is equal to the characteristic impedance of
the line.

Power carrying capability of the transmission
line under steady-state conditions.

The amount of power delivered over the line

when the power angle is équal to 90 degrees.
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CHAPTER ONE

INTRODUCTION

1.1 Transmission Line Capability

The subject of ac power transmission line capability
has received periodic attention in the technical literature
since 1941. The most comprehensive paper being that of Clarke
and Crary]. The problem was analyzed mathematically and with
the aid of network analyzer. Summarizing this work, St.
C]airz, published empirical curves in 1953 that expressed
Toadability of transmission Tines in terms of Surge Impedance
Loading (SIL) and line length in miles. These curves were based
upon practical considerations and experience and were drawn

without considering any kind of series or shunt compensation.

The effect of bundled conductors on SIL and transmission

Tine capability was reported by Gabrie]]e? t al., in 1964,

In his text published in 1966, R.A. Hore4 provides a brief

discussion and critical commentary on the subject.

The transmission line capability curves, have been a
valuable tool for planning engineers ever since their
publication in 1953. 1In 1967, the Planning Department of the
‘American Electric Power Service Corporation, modified the
original loadability curve. It made the curve applicable to
Tines of voltage classes higher than 345~kv and 1onger than
400 miles. This curve, like the original curve, was arrived

at through practical considerations. This extended curve has



been widely accepted and used in various industry reportss’6.

The EHV transmission line handbooks, published by EEI7 in
1968 and EPRI in 1975 have both displayed St. Clair's curve

as standard for the industry.

The wide spread use of these curves makes it necessary
to develop and extend the application of these curves into
higher voltage levels. This, unlike 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 validity over many years clearly
demonstrates their genuineness. It should be stressed that
for higher voltage levels the Toading limits depend upon a

number of system parameters.

The expression “"line capability" as traditionally used
is easily confused with physical properties of a line such
as thermal capability. A modified expression "line loadability"
is used further onwards, in this thesis to describe the 1load

carrying capability of a transmission line.

1.2 Intent of Investigation

This thesis is intended to provide the analytical
approach to the determination of transmission line loadability
curves. System parameters can have a significant impact on

the line Toadability in EHV/UHV range. The analytical



approach will enable the planning engineers to examine
specific situations and to avoid misinterpretation of the

generalized conceptual guides at higher voltage levels.

In this dissertion, an analytical basis has been developed
for the St. Clair's line lToadability curves. Basic principles
of transmission line and power transfer theory are combined
to produce idealized expressions in terms of Surge Impedance
Loading, power angle and line length. These expressions are
then used to derive a standardized analytical loadability

curve and it is compared with the original loadability curve.

Effects of the following system and line design parameters

on the transmission line loadability have been studied:

1. Voltage increase at the sending end.
2. Power angle.

3. Series compensation.

4. Shunt compensation.

5. Bundled conductors:

(i) Number of conductors in a bundle
(ii) Intra-bundle spacing
(ii1) Phase separation

(iv) Conductor size.

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 lToadability curve.
Based on these comparisons, general conclusions are drawn

for the use by planning engineer.



CHAPTER TWO

INTRODUCTION TO TRANSMISSION LINE THEOQRY

In this chapter, basic fundamentals of electric trans-
mission Tines are discussed. A lossless Tine is assumed and
expressions for voltage and current distribution on the line
are derived. The effect of line termination on the voltage and
current distribution is discussed. A criterion for the trans-

mission line loadability is established.

2.1 Long Transmission Lines

The conductors of the line have series resistance
and inductance in every unit Tength of the line. There is
also a capacitance from conductor to conductor and to ground
in every unit length of the line. Current at one end of a
short section of the line differs from current at the other
end as some current is shunted through the capacitance between
phase and neutral. Voltage at one end of the section also
differs from voltage at the other end due to inductance and

resistance of the line.

The distributed inductance, resistance, capacitance,
and conductance of a long transmission line can be represented
by a series of small Tumped elements. Figure 2.1.1 shows a
transmission line 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 voltage. Line constants are assumed to be

independent of current, voltage and time.

The average change of voltage and current per unit
length of the Tine are proportional to current and voltage

between conductors9 respectively. These are expressed as

%¥ = 71 (2.1)
and
g-f;=yv . (2.2)

The impedance and admittance per unit length of the

Tine respectively are

r + j wg (2.3)

N
i

and

g+ J wc (2.4)

<
n

where
rs &, g and c are resistance, inductance, conductance

and susceptance per unit length of the line respectively.

For higher voltage level transmission lines,bundled
conductors are used. The resistance per ynit length of the
lTine is negligible as compared to the reactance per unit length,
Figure 2.1.2 shows a plot of the ratio of resistance and re-

actance with the number of conductors in a bundle and voltage
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level of transmission. It can be seen that with the higher
number of conductors in a bundle or with higher voltage

Tines the ratio r/x is decreasing. For a 1500 KV trans-
mission line with a 12 conductor bundle, this ratio is approx.0.0145.
Hence, it is reasonable to assume the resistance of the line
equal to zero. The conductance at 60 hertz is always

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

By differentiating, the solution of equations (2.1)
and (2.2) is

d?v dI

=z == = zyV : (2.5)
dx? X
and
d’1 _ y dav . zyl . (2.6)
dx? dx

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

voltage and current at any point along the line as

1
Y -(zy)*x
= v, e(zy) + v2 e (2.7)

and

1 1
-1, e(2y)7%x 1, em(2y)% (2.8)

where V], V2 and Ii’ 12 are voltage and turrent components

respectively.

x is the distance from the receiving end.

The propagation constant of the line is given by



o]

Y = (zy)? = o + jB (2.9)

where
o is the attenuation constant; and,

B is the phase constant.

Equations for voltage and current can then be written as

Vo= v, %X IBX Ly g-ax -iBx (2.10)

2 e

I = I, e®* @IBX 4 | g-aX ,-JBx (2.11)

The attenuation constant is zero for the lossless line.

Equations for voltage and current are then:

eIBX Ly, e IBx (2.12)

2

and

edBX 4 I, e JIBX (2.13)

At the receiving end x is equal to zero. Voltage and
current at the receiving end, from equations (2.12) and (2.13)

are:

Ve =V + v, g (2.14)

IR = I1 + I2 . (2.15)
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It is possible9 to show that

V] = I]ZC (2.16)
and
V2 = -IZZC (2.17)
where
ZC is the characteristic impedance of the transmission
line.
For a lossless line, the characteristic impedance is
_ 1z g _ ljwl £ _ 2 2 _ L
o B B
where

XL is the inductive reactance of the line.

XC is the capacitive reactance of the line.

2.2 Traveling Wave Theory

From the above discussion, it can be seen that both
current and voltage on the transmission line are the sum of
two components each respectively. These components act as
two trave]ﬁing waves. These waves produpe 1égging voltage

or current at each point as they travel along the trans-

mission line.
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The negative sign in equation (2.17) shows that the
two waves travel in opposite directions. One wave travels
from the generator toward the load and is called the incident
wave. The other wave travels from the load toward the

generator and is called the reflected wave.

The incident wave brings energy from the generator to
the load. The rate at which the load absorbs energy is
determined by the load impedance. When the load impedance
is unable to absorb energy, the rejected energy flows toward

the generator in 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 characteristic impedance of the line. The
relationship of the reflected wave to the incident wave at
every point of the line is determined by the nature of the
Toad. Thus, the voltage énd current on the transmission line

are determined in terms of receiving end impedance.

The receiving end impedance of the line is

(2.19)

~

The voltage and current anywhere along the line interms
of receiving end quantities are calculated from equations

(2.12 - 2.17). The voltage and current anywhere on the
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line expressed9 in the receiving end quantities are

V = VR COSBx + j IR ZC SinBgx (2.20)
r

I = I, cosBx + j =— sinBx . (2.21)
R ZC

The voltage and current anywhere along the line in the

hyperbolic functions are given by]9

vV = VR coshBx + IR chinhjsx (2.22)
VR

I = IR coshBx + Z—Sinhjex . (2.23)
c

At the sending end, the voltage and current are given by

vS = vR coshBe + IR ch1nhj82 (2.24)
and
VR
IS = IR coshgg + v sinhgg . (2.25)

c
where 2 is the length of the line.
Equations (2.24) and (2.25) are solved to obtain the

voltage and current at the receiving end,

VR = VS coshBg - IS chinhjsz . | (2.26)
and
vS
IR = Is coshpe - Z—sithRR (2.27)

c
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2.3 Wave 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 voltages
(or currents) produced by the wave differ in phase by one
complete cycle. Figure 2.3.1 shows the wave length of a trans-
mission line.

Wave length is expressed as

\ =-2-Bﬂ . (2.26)

A wave travels one wave length in the time of one cycle.
It travels as many wave lengths in a second as there are cycles

in a second. The velocity at which the wave travels is given by

1
z

v o= Af = —/— = == % (LC) (2.27)

On most overhead lines, the phase velocity is the speed of

lightzo. From equation (2.27), phase constant is

- W
B = 5 (2.28)
L

where

Vo is the speed of 1ight and its experimental va]ue34
is 186,282 miles/sec.

Converting radians into degrees, the value of the phase
constant from equation (2.28) is equal to 0.116 degrees per
mile.

The value of B is affected only s]ibht1y19'for different

lTines and can therefore, be assumed constant. The correspond-
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ing value of wave length is 3,100 miles.

2.4 Effect of Line Termination on Voltage and Current
Distribution on the Line

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 their effects on the voltage and current

distribution on the line are discussed here.

2.4.1 Open circuit termination

When the Tline is terminated in an open circuit, the
receiving end impedance is infinite and the corresponding
current is zero. The voltage and current on the line are
then calculated by putting IR equal to zero in equations

(2.22) and (2.23),

coshBy (2.29)

< <
o o

|

sinhjge . (2.30)

~N

c

Input impedance to the line is

Zgo = I cother = -y Z  cotgL . (2.31)

The voltage and current distribution on an open circuijted

Tine are shown in Figure 2.4.1. It can be seen that for
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extra long distance transmission lines of about quarter-wave
Tength long, the sending end voltage is less than the receiv-

ing end voltage.

It can be seen that voltage and current go to zero at
alternate quarter-wave Tength points and are 90 degrees out
of phase. At points where either current or voltage is zero,

the transfer of power down the line is zero.

Figure 2.4.2 shows that when the transmission line
length is less than the quarter-wave length, the input
impedance is imaginary and negative. For more than quarter-
wave length long lines, the input impedance is imaginary and
positive. It is clear that there can be no transfer of power

down the Tine.

2.4.2 Short circuited line

Zero voltage at the receiving end of a short-circuited
Tine makes the receiving end impedance equal to zero. From
equations (2.22) and (2.23), by putting Vp equal to zero,

voltage and current on the line are given by

-
]

IR chinthQ (2.32)

-
|

IR coshpl . - (2.33)

The input impedance of the line is
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ZSS = ZC tanh BL = j ZC tan BL . (2.34)

Figure 2.4.3 shows the voltage and current distribution on a
short-circuited 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 line lengths of quarter-wave length and less the
impedance is positive and power transfer is possible. The in-
put impedance is imaginary in the second quarter-wave length

and power transfer is unrealistic in this case.

2.4.3 Line terminated in characteristic impedance

When the load impedance is equal to the characteristic
impedance of the line, the magnitude of the voltage andcurrent
are equal to the receiving end voltage and current magnitude
(See Figure 2.4.5). Figure 2.4.6 shows the angles of voltage
and current for different line lengths. Figures 2.4.7 and
2.4.8 show that the angle and magnitude of impedance is equal
to the characteristic impedance all along the line. It is
clear from above that the incident wave is entirely absorbed

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

When the load is different from the characteristic impe-
dance, the load is unable to absorb all the incident wave energy
and some energy is rejected in the form of a reflected wave.
Figures 2.4.9 and 2.4.10 show the voltage and current distri-
bution on the line when the load impedance is greater and less

than the characteristic impedance respectively.
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Distance from short-circuited end of line—

<— dduepadwy JoO
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Magnitude of Input Impedance to Short-

Circuited Line.

Figure 2.4.4:
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Figure 2.4.5: Voltage and Current Distribution on the
Line Terminated with Characteristic Impedance.
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Figure 2.4.6: Angle of Voltage and Current Relative to
Receiving End Quantities for the Line
Terminated with Characteristic Impedance.
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Figure 2.4.9: Voltage and Current Distribution on the Line
with Higher Load Impedance than Characteristic
Impedance.
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Figure 2.4.10: Voltage and Current Distribution on the Line
with Lower Load Impedance than Characteristic
Impedance.
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load impedance is greater and less than the characteristic

impedance respectively.

With 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 characteristic
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 déwn a 1line 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 load.

2.5 Surge Impedance Loading

The load delivered dVer a line to a receiving end
impedance which is equal to the characteristic impedance of

the Tline, is called the Surge Impedance Loading.

The receiving end current of the line under these load

conditions 1is

f
=
—

s T . v : (2.35)

]
1

e
)

~N
(o]

The bar on VR and IR denotes the corresponding
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magnitudes of Tine to line voltage and current at the

receiving end respectively.

It is stated in Section 2.4.3, that voltage and current
are the same everywhere on the line when it is terminated
with a Toad equal to its characteristic impedance. Thus, the

Surge Impedance Loading (SIL),

SIL _ 73 VR vR

_ B3V Voo (W2

V3 . ZC e

(2.36)

It is seen that the SIL is a natural consequence of the
physical constants of the line and the choice of an operating
voltage level at the receiving end. It can be used as a
basis for comparison of Toadability of transmission lines
which have changed physical constants and are operating at
different voltage levels.

It was also seen in Section 2.4.3, that the voltage
and current peaks ona line are reduced due to the absence of
the reflected wave when it is terminated with load equal to
its characteristic impedance. The line insulation and energy
losses become Tlower due to the reduced voltage and current
on the line. Thus operation ofatransmission line is most
economical when it is terminated with a load equal to its

characteristic impedance.
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CHAPTER THREE

FACTORS AFFECTING LINE LOADABILITY

The transmission line loadability expressed as a per

unit surge impedance loading and the criterion for natural

Toading were established in the previous chapter. In this

chapter the standard loadability curve developed by St. Clair is
diécussed. The effect of various factors which limit and

improve the transmission line loadability are discussed.

3.1 Standard Loadability Curve

Figure 3.1.1 shows the loadability of transmission
Tines in terms of their surge impedance loading for lengths
up to approximately 400 miles. The curve as developed by
St. Clair is based on practical considerations and experience.
It assumes that the Toadability varies directly as the square
of the vo]tagez. The curve has a 3.0 SIL at 50 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, lines of 300 mile length operate with very
Tittle or no reactive power supplied from either end of the

transmission line.

At the 50 mile point the loadability is restricted by the

thermal Timitations of the conductors of the transmission
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line. A 3.0 SIL loading at this point has been selected in

the derivation of the Toadability curve.

3.2 Factors Affecting Transmission Line Loadability

The Toadability of transmission lines is limited
and determined by a number of factors. Without Timitations,
the loadability of transmission lines is equal to their
surge impedance loading, independent of line length and
frequency of transmission. The factors affecting the load-

ability are discussed below:

3.2.1 Voltage level

Voltage level is the biggest factor in determining the
loadability of the transmission lines. Table 3.1.1 shows
different surge impedance Toadings per circuit for different
voltage levels. The plot of surge impedance loadings with
corresponding voltages 1sbshown in Figure 3.2.1. It can be
seen that the loadability of the lines varies directly with

the square of the voltage.

3.2.2 Stability

Stability is the most important limiting factor for
longer 1ine52 at any voltage level. The‘sending'end voltage
angle is advanced over the receiving end voltage to bring

about flow of power over the line. Figure 3.2.2 shows that
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maximum transfer of power is possible when the difference of
angle between the terminal voltages at the two ends of the

line is 90 degrees. Without stability limitations, the
economic transmission dictates heavier loadings per circuit
with the increase in distance. For live loads or synchronous
interconnections, the transmission system is required to
develop upon major disturbances (such as faults) sufficient
sychronizing torque to keep the connected synchronous machines
in synchronism. When the system is maintained in the above
stable conditions, severe limitations are imposed on the trans-
mission l1ine loadability with the increase in distance. For
transmission of power over lines having syﬁchronous terminal
equipment, the limiting distance is about 300 miles at 60 cycles
with a power angle of over 30 degrees. The operation of trans-
mission lines is reasonable at a power angle of 30 degrees with

12 When the ter-

a steady-state-stability margin of 50 percent
minal system reactances are taken into account the value of

power angle higher than 30 degrees is possible.

3.2.3 Line Current

Line current rises directly with the voltage level and
requires larger conductivity. Large size 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 loadability available with higher
voltage levels is not restricted by the line current. But, it

2 2

is an important factor for consideration of IR and I XL losses.
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3.2.4 Resistance losses

Resistance losses increase with the rise in current
and are controlled within 1imits by the size of conductor.
These losses are important for the selection of the conductor(s)

size but are not a limiting factor in the line loadability.

3.2.5 Temperature rise

The temperature rise in line conductors is a critical
problem in the case of short lines at lower voltage levels
when these are heavily loaded. The line terminating equip-
ment, such as wave-traps and sub-station équipment have their
thermal Timits as well. These restrict the amount of power
flow through the Tine. At extra high voltage levels, the
thermal capability of the line conductors exceeds the network
requirements for the transfer of power through the line. Thus
for EHV/UHV levels, temperature rise does not create a serious

lTimitation on the transmission line loadability.

3.2.6 Net reactive losses

The operation of the line is possible under the following

conditions with variable loads:

(i) Natural or surge impedance load.
(ii) Load greater than natural load.

(iii) Load less than natural load.

Net reactive loss is zero when the line is carrying a
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natural load, Reacfive losses increase and limit the load-
ability of shorter lines under heavy load conditions. Net
reactive power is resulting from the lines operating under
Tight load conditions but does not cause limitation to the

line loadability.

3.2.7 Transmission distance

The series inductive reactance of the line increases
with the increase in length of the line. It decreases the
amount of power delivered over the line. The effect of
increase in transmission line length on loadability can be

seen in Figure 3.1.1.

3.2.8 Terminal system impedance

The combined reactance of step-up transformers and
generators, as well as receiving systems reactances, add
directly to the reactance of the line. The effect of system
strength is significant on the utilization of inherent load-
ability of the line. At extra high voltage levels, with
system strength not fully developed, the loadability of the

line is limited considerably.

3.3 Methods for Overcoming Stability and Loading Limitations

With the increase in transmission distances, the trans-

mission line cost becomes a greater part of total investment.
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It is of economic importance to maintain or increase the
circuit Toading, to avoid the addition of extra transmission
Tines or higher voltage transmission levels. The economic
line is achieved by optimization of stability and loading
Timitations. Following methods are considered for the above

purpose:

3.3.1 Quadrature-boost transformers

The phase angular displacement between the sending and
receiving end systems can be decreased with the use of
quadrature-boost transformers. The method accomplishes this
for a given load, but also decreases the angular displacement
at which pull-out occurs. This results in no gain but a

possible decrease in stability for the same line voltage.

3.3.2 Frequency changers

The loadability per circuit can be increased with

frequency changers which produce lower frequency for the
line. The drawback of lower frequency is that a line
cannot be easily tapped and integrated into the system net-

work as when operated at normal frequency.

3.3.3 Uselbf conversion equipment

Stability of very long distance lines is improved by
the use of conversion equipment. An impedance equal to the

surge impedance of the line is inserted at the receiving end,
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thus improving the stability. The use of this method is
Timited to very long distance transmission lines of over 700

miles in length.

3.3.4 Tuned transmission lines

Tuned transmission lines operating 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 1imits of ac transmission are increased by the use
of cables. The cables have inherently low reactance and
allow a considerable increase in the distance to which the

desired circuit loadings could be maintained.

High costs 1imit the use of cables only to some
particular areas. Long distance transmission of power by
cables depends upon the design of cables which can compete

favourably in cost with the overhead line.

3.3.6 DC transmission

DC transmission can be and is used to transmit power. It

increases the loadability considerably for the same voltage

Tevel and conductor size. The advantages of direct current
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transmission over the alternating 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 Tine cost is higher than the terminal

equipment costs.

3.3.7 Use of series capacitor compensation

The inductive reactance of the transmission lines is
the principal factor in limiting their Toadability. This

can be reduced by the following ways:

(i) Constructing an additional transmission line in parallel

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

(iii) Removing a shunt reactor compensation off the trans-

mission Tine.

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

The introduction of series capacitors on existing lines

13

is less expensive than the addition of new lines Series

capacitors are usually the economic solution with respect to

both steady-state and transient stability]3’ 14, 15, ]6.

The inductive reactance of the line is reduced
with the introduction of series capacitors. The

reduced inductive reactance reduces the surge impedance and
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hence the loadability of the line is increased. The trans-
mission lines are compensated up to a certain degree of
series compensation after which the gain in loadability is
not economical as compared to cost of increased series
compensation. The diminishing returns from higher degree of
series compensation are caused by the increased I%R losses

accompanied with the higher loadability.

The location of series capacitors somewhat affect the
lToadability of the transmission lines. A suitable location
for the placement of capacitors is at the middle of the line.
Satisfactory operation is also possible wﬁen the capacitors
are placed at the receiving end]7. Series capacitors at the
receiving end are advantageous for voltage regulation, although
it increases the reactive power losses. To allow benefits of
cost, operation and maintenance, the capacitors tend to be

placed at either end of the linelg.

The optimization of the location of the series capacitors
is a subject matter in itself and is not discussed in this
dissertion. The series capacitors are assumed to be placed
at either end of the transmission line for the analysis

purposes. -

3.3.8 Shunt-reactor compensation

Transmission lines operate at varying loads. Figure
3.3.1 shows the profile of the voltages when the line

operates under different load conditions. The sending and
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receiving end vo]fages are maintained at one per unit.

Sudden load rejections cause the transmission line to operate

at below the natural load and the line produces an excess of re-
active power. This causes a voltage rise at the centre of the

lTine (See no load curve, Figure'3.3.1) and results in corona, radio
interference and higher insulation costs. The operation of
transmission lines under heavy load conditions causes the

voltage to sink at the middle of the Tine (See heavy load curve,

Figure 3.3.1) and reactive power 1is consumed by the line.

The problems of over-voltage, corona, radio inter-
ference and voltage dip are related to thé balance and flow
of reactive power. Shunt reactor compensation is used to
reduce the shunt susceptance and hold down over-voltages along
the Tine. It consumes the reactive power that is required by
the line under heavy Toadings. Consequently, it is one of
the major aspects of the shunt reactor compensation scheme to
control reactive power flow during steady-state condition.
It has to provide an optimum voltage profile of the system
with respect to transmission losses and maintain voltage

within the Timits at each network bus.

The duty of reactive power compensation in EHV systems
is to adjust the Var infeed in such a way that the active
power Toadability of long transmission lines is utilized
to an optimum. The reactive compensation can be provided by

the following means:
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3.3.8.1 Rotating synchronous machines

Excitation control of a synchronous machine connected
to the ac bus provides a controlled reactive power supply. The
machines that are especially 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.

Typically a synchronous compensator when under-excited

can absorb about half of jts over-excited Var rating.

Unlike static devices, synchronous compensators have
stored kinetic energy in their rotors. Hence it can exhibit
transient oscillations of real power about a mean value of

zero, during or following disturbances.

Also, the starting of such a machine can create a sub-
stantial voltage dip. When running, the synchronous
compensator has its own stability problem in the event of a

system fault due to its inertia.

The high capital investment, operating and maintenance
costs and losses of a synchronous compensator add to its

shortcomings.

3.3.8.2 Static compensators

Generally these type of shunt Var compensators.QO not
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contribute to the system short circuit capacity, and 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 according to their composite make up:

(a) Fixed elements; and,

(b) Controllable devices.

(a) Fixed Elements:

(1) 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 voltage at the rated

value.

It may however lead to an excessive voltage rise on

account of a sudden loss of load.

(ii) Linear shunt reactors

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

reactors.

-

Permanently connected linear reactors are used to
compensate the excessive capacitive power on long ac trans-

mission lines. These suppress the voltage along the line and
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its terminals under 1ight load conditions.

Optimum line compensation requires shunt reactors to
be switched out of service under heavy load transmission.
This leaves the system open to fransient over-voltages in
case of a sudden loss of load. Also switching-in of the

reactors causes an undesirable step voltage varijation.

(ii1) Saturable shunt reactors

The non-linear reactor is less effective in Timiting
instantaneous over-voltages, since a specific voltage-time
area is required for changing the reactor magnetic state.
Over-voltages are possible due to the partial shunt compensation
not eliminating the Ferranti effect under light load
conditions. This type of reactor, in conjunction with
saturation effects of transformers, introduces some risk of

sub-harmonic instabilities.

(iv) Gap connected shunt reactors

An arc gap is used to either switch a line shunt
reactor in or out. The reactor assembly may take either
form (a) or (b) as shown in Figure 3.3.2. The gaps are
shunted by circuit breakers which are swi}ched on by a
trigger derived from the gap breakdown circuit. -Gap
connected reactors provide an economic but crude compensation

means.
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(b) Controllable Devices

(1) Transductors

A transductor isa reactor with direct current
controlled saturation, i.e. the effective reactive impedance
and the primary alternating current are controlled by a

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

This type of controlled saturation 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.

Unfortunately, under system fault conditions the dc

control winding is difficult to protect.

(i) Thyristor-switched shunt reactors

Thyristor bridges are used as fast switches to connect
a number of shunt reactors in small steps (Figure 3.3.4).
The switching is preferred at voltage peaks to avoid dc
current components being injected into the ac system. This form
of discrete control requires a large number of components
and hence increases the cost and deteriorates the reliability

of the device.

(iii) Saturated reactors

The saturated reactor is designed to operate in the

saturated region at normal operating voltages. With a
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series and shunt capacitors combination it automatically

varies the reactive power output and holds the terminal

voltage constant. However, in application to weak ac systems,
it causes high current harmonic content and ferroresonant
sub-harmonic instability due to the presence of the slope

correcting series capacitor.

(iv) Thyristor phase-controlled reactors

A smoother control of reactive power is achieved by
using thyristor phase angle control of current through a

lTinear reactor.

(v) Thyristor-switched capacitors

Thyristor-switched capacitors are also 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 voltage in the standby state. Provisions
have to be made to repolarize them at regular intervals
simulating a low frequency ac voltage, which complicates the

control of thyristor bridges.

Genéfa]]y, controlled static compensators are more
suitable for reactive power flow. Regardless of the type
of shunt compensators employed, the basic compensation

principles are the same, requiring the generation of Vars
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or induction of an appropriate voltage across the ac system
impedance to regulate the terminal voltage. To restrict
the insulation stresses caused by over-voltages following
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 voltages levels. It
is stated in chapter one that the surge impedance loading depends
on the constants of the line. Electrical characteristics of
a transmission Tine change with 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 transmission line is given
by:
X, = Xa + Xd (3.1)
where
Xa_is the inductive reactance at a one foot spacing,
and,

Xd is the inductive reactance spacing factor.

- 1
Xa - k] 109 (GMR) (3-2)
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where

k] is a constant equal to 0.2794

GMR is the mean radius of bundled phase and is given

by : 1

N-1N
6MR = [N(aMR_)(A)V T3 (3.3)

N is the number of conductors in the bundle

GMR . is the geometric mean radius of each sub-conductor

S

Bundle radius A = - (3.4)
2 sin N
where
S is the distance between the sub-conductors
Xq = ki Tog GMD]ine (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 line is

given by
X = X_"'"+ X! (3.6)

where

Xa‘ is the capacitive reactance at a one foot ‘spacing,
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and

Xd' is the capacitive reactance factor.

- 1
Xa = k2 log (rB) (3.7)
where

k2 is constant equal to 0.0683.

The effective radius of the bundled phase is

1
N
I
rg = (Nerg ANTT) | (3.8)

rb is the actual radius of each conductor in a bundle.

Xd' = k2 log (GMD ) . (3.9)

Tine

It is clear that inductive and capacitive reactances
of the line can be affected with a change in number of
conductors in a bundles, phase separation, intra bundle
spacing and conductor size. It changes the surge impedance

of the transmission line and hence loadability is affected.
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CHAPTER FOUR

TRANSMISSION LINE LOADABILITY CURVES

In this chapter, an analytical approach is made to co-
ordinate surge impedance Toading with voltage levels, power
angle, active power, reactive power, complex power and system
stability factors. Generalized expressions are derived for
overhead lines with and without series-capacitor and shunt-
reactor compensations. A generalized analytical method is
presented as well. Effects of various sytem parameters on
the transmission Tine loadability are ana]yzed and are

documented in the form of graphs.

4.1 Representation of L-C Network

Figure 4.1.1 shows a power transfer network. Each
phase of the transmission link between two points in the
system is assumed to be a lossless four-terminal network
connected between two source terminails. The receiving end

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

The sending end power equations for the real and

reactive power are given by]9
VSZ V.V

SR
Pe = 5=— cose = 5 €0S (Bcp + Sep) (4.1)
S{ Zgs ss Zgp SR " °SR
V.2 V.V
S . SR .
Q. = sing - sin (8., + 8cp) (4.2)
S T Zgg SS T Zgp SR © °sr
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Figure 4.1.1:

Power Transfer Network.
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where

ZSS is the sending end impedance with the receiving end

short circuited and is given by equation (2.34).
ZSR is the transfer impedance of the line.

6gg 1s the angle of the sending end impedance.
b¢p is the angle of transfer impedance.
6gp s the power angle - difference of angles between

the sending and receiving end voltages.

For a lossless line

bsp = 6gg = 90° . (4.3)

The transfer impedance of the line with the receiving

end short-circuited from equation (2.24) is

= ZC tanhjpa = jZC tanBg . (4.4)

=0

The values of the sending end and transfer impedances
from equations (2.34) and (4.4) are substituted in equations
(4.1) and (4.2),

VSVR Siné

= SR (4.5)

p
S Z_SinBg
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2
0 - V.S ) VSVR coscSSR (4.6)
S ZC tanRy ZC Sing4 : :

By putting the ratio of sending end voltage to recejv-
ing end voltage equal to n, the equations (4.5) and (4.6)

become

R SR
Ps Z_ STREx (4.7)
n yz2 cos§
_ R n SR
QS T 7 (tan82 T singg ) (4.8)

Per unit surge impedance loading factors for active and
reactive powers are calculated by dividing the equations (4.7)
and (4.8) by the surge impedance of the Tline and substituting

in for the value of B

n sing
P = SR

sin 0.716% (4.9)

- ( n i c056SR )
tan 0.116% sin 0.116%

L
1

(4.10)

The ‘transmission lines carry both active and reactive

powers. The per unit surge impedance loading factor for complex
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power carried by the Tine is

1
N (Psz_ + Qsz)z

S = (P74 Q)7 - (4.11)

STL
or
- n 2 2 5
S = TR [T+n? cos?(0.1162) - 211costRcos(O.1162)] .
(4.12)
4.2 Expressions for Compensated Lines

In the previous chapter it was stated that extra high
voltage lines are provided with series capacitor and shunt-reactor
compensations. To derive the loadability curves for the
compensated lines, expressions for both series and shunt

compensation are derived.

Series capacitors reduce the inductive reactance of the
Tine. With the distributed series compensation on the line,
the amount of inductive reactance left in the line

after series compensation is

X, = (1 - N

[ (4.13)

se) X
where
NSE'is the percent series compensation expressed

in decimal form.
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The characteristic impedance and phase constant

of the series compensated line are respectively,

L
(1 -.NSE) wl
wcC

- = e
Zc = = (1 - NSE) ZC (4.14)

and

L L
B' [(1 - NSE) wl x wc]® = [1 - NSE]2 B . (4.15)
The shunt compensation reduces the capacitive susceptance

of the Tine. With the distributed shunt compensation on the
line, the net shunt Capacitive susceptance after the shunt

compensation is

X = (1= Ngy) wc (4.16)

where
NSH is the percent shunt compensation expressed in

decimal form.

The characteristic impedance and phase constant of
the shunt compensated line are respectively,

Z L]
zr' = wt - ¢ (4.17)

(1 - NSH)*ﬁ we (1 - NSH{%
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and

B'' = [wL (1 - N wel? = (1 -NSH)I/2 B . (4.18)

SH)

The expressions for the surge impedance loading factors
for a series and shunt compensated line are calculated from

equations (A.3), (A.5) and (A.7) (see Appendix A),

. 5
n S1n6$R(1 - NSH)

= L I
(1 - NSE)2 Sin [{(1 -NSE)(1 -NSH)}2 0.1162]

P 1

(4.19)

1
2

Q' = n ’: - NSHJ% [n cos [{(1-Ngp)(1 - Ngy) ) 0.116x] - cossgp
=N ) r
SE sin [{(1 - Ngp) (1 - N )3? 0.1162]
(4.20)

and

1 2 2 _ _ L 1
st = g 1 -NSH L1 1+n%cos?[{(1 NSE)(1 NSH)} 0.1162] 5

1 -NSE

SR-

- 2n cos [{(1-Ngp)(1-Ng,)1¥0.1164] cosé
Sin [{(1 - Ngg) (1 - Ng,) 1% 0.1164] .

(4.21)
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4.3.1 Analytical loadability curves

To study the active and reactive power behaviour of
the transmission Tine loadability, the surge impedance loading
factors from equations (4.19 to 4.21) are plotted separately
(See Figure 4.3.1), 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

with no series-capacitor and shunt-reactor compensations.

4.3.2 Standard analytical loadability curve

For short lengths, the values of 1o§dings given by
the complex power loadability curve in Figure 4.3.1 are not
practical due to thermal capabilities of the lines. Also,
the reliability of the power supply is reduced with the lines
operating at such heavy loadings. It can be seen from Figure
4.3.2 that loadability values can possibly decrease for shor-
ter distances with the reduction in power angle. The value
of 3.0 SIL is fixed in the analytical curve at a 50 mile
length for the comparison of this curve with the standard
curve. However, with the use of bundle conductors, it looks
as though 4.0 p.u. SIL would be acceptable. The power
angle is calculated to be equal to 15 degrees at the 50
miles point for a 3.0 SIL loadability. The variable power

angle curve x'yz' is plotted with a gradual increase 1in
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Figure 4.3.1: Analytical Loadability Cd}ves.
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the power angle from 15 degrees at 50 miles to 60 degrees to
600 miles with the voltage ratio maintained equal to unity.
(See Figure 4.3.2). The constant power angle curve xyz is
the complex loadability curve from Figure 4.3.1 with a
constant power angle of 30 degrees. The portions x'y and vz

of these curves are joined and the standard analytical load-

ability curve is plotted as shown in Figure 4.3.2.

4.4 System Studied

The transmission line assumed for the study has

constants as shown in Table 4.1.

TABLE 4.1
Base Quantities
Base Power 11,150 MVA
Base Voltage 1,500 KV (L-L)
Base Impedance 200 @

Line Construction

(50 - 600) miles, Flat Tower configuration, 12
Conductor bundle
Line Spacing

Phase-to-Phase = 68.5 feet
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Figure 4.3.2: Standard Analytical Loadability Curve.
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Conductor:

1781 MCM, ACSR, 84/19.

A base case with parameters shown in the Table
4.4.1 was studied. A number of cases were studied by vary-

ing the magnitude of the parameters of the base case.

TABLE 4.4.1
Transmission Line Length Varying from 50 - 600
Miles
Phase separation 68.5 feet
VS’ VR 1.0 P.U.
GSR 30 degrees
NSE 0 percent
NSH 0 percent
N 12
S 14 inches

The effects of variation of these\parameters are

indicated by different sets of graphs.
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4.5 Variation of Voltage Ratio

In a transmission Tine operation under varying load
conditions, the voltage ratio can be expected to vary within
the (+5 percent) allowed limits due to the response time of
the compensating schemes. An increase in the voltage at the
sending end increases the voltage ratio more than unity and

hence the loadability of the line increases.

Figure 4.5.1 shows a set of loadability curves with
voltage rise of 3 percent and 5 percent at the receiving end.
The curves for 2 and 4 percent are purposeTy not drawn to
more clearly distinguish the various curves from the base

curve of 0 percent change.

4.6 Variation of Power Angle

A power angle of 30 degrees is reasonable for stable

operation of a Tong transmission line network. A variation
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Figure 4.5.1: Effect of Voltage Increase at Sending End on

Line Loadability.
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in power angle is possible due to response times of
protection and compensating schemes for clearing the fault
and voltage stabilization, respectively, due to sudden load

rejections and faults.

To study the transmission line behaviour, operating
at different power angles, a set of curves 1is obtained with
power angle varying from 20 degrees to 60 degrees. (See
Figure 4.6.1). The voltage ratio is maintained equal to

unity.

4.7 Variation of Compensation

It was stated in Chapter Three that long transmission
Tines have to be provided with both series and shunt
compensations or static compensator. Serijes compensation
reduces the inductance of the line and increases the load-
ability of the lines. Reactive power flow of the line is
controlled by the shunt cdmpensation. The effect of variation
of series and shunt compensations on the line Toadability is

studied separately for active, reactive and complex power.

4.7.1 Variation of series-capacitor compensation

The -amount of series compensation depends on the amount

of Toad and the transmission distance. A transmission line
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Figure 4.6.1: Effect of Power Angle on Line Loadability.
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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 varies from 0 percent to 75
percent and two sets of graphs are plotted for active and
reactive power components in Figures 4.7.1 and 4.7.2,

respectively.

To compare the effect of series compensation on
the Toadability with the base case, a set of curves in

Figure 4.7.3 is drawn for the complex power.

4.7.2 Variation of shunt-reactor compensation

Variation in the amount of shunt compensation can
a]ways‘be expected in a transmission line operating under
varying load conditions. As a reactive power controller,
it is expected to affect the reactive power loadability

of the line.

The effect of shunt compensation is studied on
active and reactive components of power loadability of the
Tine. The amount of shunt compensation varies from 0 to 75
percent. Two sets of curves are plotted for active and
reactive power components in Figures 4.7.4 and 4.7.5,

respectively.
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Figure 4.7.1: Effect of Series Compensation on Active
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Figure 4.7.3: Effect of Series Compensation on Complex
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Figure 4.7.4: Effect of Shunt Compensation on Active Power
Component. ‘
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Figure 4.7.5: Effect of Shunt Compensation on Reactive
Power Component.
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Figure 4.7.6 shows the effect of variation of shunt
compensation on the overall lToadability of the transmission

1ine.

The extra high voltage lines require 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 25 percent and the amount of shunt compensation

is varied from 0 to 50 percent. The set of curves obtained

is shown in Figure 4.7.7a. Figure 4.7.7b_shows the curve

for 50 percent series and 50 percent shunf compensation.

Figure 4.7.7c shows the curve with series and shunt
compensations maintained at 75 percent and 70 percent respec-

tively.

4.8 Variation in Line Design Parameters

In the transmission line design,permissible limits
of corona losses, radio noise and voltage level of trans-
mission. change the transmission line parameters. Con-
seaquently these parameters change the loadability of the

transmission Tine.
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4.8.1 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, 16 and 18. The analytical
results obtained are plotted along with the base case as

shown in Figure 4.8.1.

4.8.2 Variation of intra-bundle spacing

For the reasons stated above, and with an increase
in the number of conductors, a change in the intra-bundle

spacing is possible.

The spacing has been varied from 14 inches to 16,
18 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 88.5

feet in equal steps of 5 feet each.

4.8.4 Varjation in conductor size
To observe the effect of conductor size on line

loadability, different conductor sizes as shown in Table
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4.8.1 has been used in the analysis. The results obtained

are plotted in Figure 4.8.4,

TABLE 4.8.1
1781 MCM ACSR 84/19
2156 MCM ACSR 84/19
2312 MCM ACSR 84/19

2515 MCM ACSR 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 line Toadability have been
studied. The results obtained from these studies have been
documented in the form of graphs. In this chapter, these
results are analyzed and their significance interpretted.
Based on these studies and analysis, conclusions have been

drawn.

5.1 Loadability Expressions

It can be seen that the equations for active, reactive
and complex power surge impedance Toading factors (see
equations 4.19, 4.20 and 4.21) for series and shunt
compensated lines are generalized. These are applicable
to any line operating at any voltage. The expressions are
simple and give an idea of the loadability of transmission lines
as a function of distance and power angle without the use
of a computer. They provide the opportunity for examination of
the effects of series-capacitor and shunt-reactor
compensations, voltage drop, power angle and transmission
line design parameters on the loadability{ Thesg relations

give better understanding of the principles of transmission
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line operation and should help the transmission planning
engineers to make reasonable estimates of the line load-

ability.

5.2 Analytical Loadability Curves

Figure 4.3.1 shows the active, reactive and complex
power loadability curves of the line. 1.0 SIL points occur
at a line length of approximately 260 miles for
the active power Toadability curve. It also can be seen
from the reactive power curve that the var input to the line
is zero at the same line Tength (260 miles). 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 indicate that to main-
tain equal voltage at both ends of the Tine, the sending end

must receive vars from the line.

The upward trend in the complex power Tloadability
curve at the ends shows the effect of reactive power
components at the sending and receiving ends of the trans-

mission line.

Figure 4.3.2 shows the standard analytical curve
derived from the constant and variable power angie curves.

The constant power angle curve Xyz gives very high loadability
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values for lines Sd‘to 170 miles long. The loading of lines
at these values is not possible due to their thermal limita-
tions. However, for short-distance bundled conductor lines,
loadability at 4.0 P.U. SIL is possible as the current is
shared by different conductors in the bundle and hence thermal
limitation is not a problem. The curve satisfies the stability
and thermal 1imitations for the transmission Tines from 170
miles to 600 miles in length. The variable power angle curve
x'yz' satisfies the thermal and stability limitations for 50
to 170 mile lTong lines. For line lengths between 170 to 600
miles, it shows that the stability Timitations are not satis-
fied and the increase in loadability is achieved at the cost

of steady-state-stability margin.

The curve x'z obtained by joining the constant and
variable power angle curves as shown in Figure 4.3.2 satisfies
the thermal and stability limitations.

5.3 Comparison of Original Standard and Standard Analytical
Loadability Curves

Figure 5.3.1 shows the difference between the analytical
and the original standard loadability curves. For line lengths
of 140 to about 600 miles, the analytical curve gives lower
loadability values than the original loadability curve. It
can be seen that the analytical curve gives a 1.0 SIL point
at 260 miles and not at 300 miles, a generally accepted value
as given by the original standard loadabjlity curve. With

an increased power ang}e of 35 degrees (and not 30 degrees



SIL —

P.U.

3.0

2.0

1.0

|

Analytical Loadability Curve

| I | 1

88

Standard Loadability Curve

100

Figure 5.3.1:

200 300 400 500

Line Length (In Miles)—
(No Compensation)

Comparison of Analytical and Original
Standard Loadability Curves.

600



89

as generally accepted) the analytical curve gives a 1.0 SIL
point at 300 miles. It shows that the analytical curve
represents a more conservative evaluation of the loadability

than the standard curve.

5.4 Influence of Voltage Increase at Sending End

The voltage increase at the sending end affects the
voltage ratio between the two ends. It can be seen from
the curves in Figure 4.5.1 that the loadability of the line
increases with an increase in voltage at the receiving end.
The curves show that the effect of vo]tage:increase is more
significant beyond the 170 mile point. The increase in
Toadability with voltage increase of 3 percent and 5 percent
is 0.9 percent (90 MW) and 1.8 percent (180 MW) respectively,

for 600 mile long lines.

It shows that the voltage can be increased at the
sending end within permissible Timits (i.e., up to 10 percent
from +5 percent permissible variation range) and the increased
loadability can be used to meet the sudden peaks of load larger
than the normal peak loads. The operation of transmission
lines under such conditions is possible for very short periods
as sustained conditions will affect the transmission line

efficiency.
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5.5 Influence of Power Angle

Figure 4.6.1 shows the influence of a change in power
angle on the line loadability and hence the steady-state-
stability margin. The curve for a power angle of 20 degrees
shows that the operation of transmission lines approximately
170 miles in length is safe from stability and thermal
limitations point of view. Transfer of more power is
possible on these lines by increasing the power angle to 30
degrees without the risk of loosing the stability of the
power system. The operation of lines 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 1.0 SIL at 260 miles length. The transfer of
more power on the lines of this length is possible at the

cost of loosing the stability.

It can also be seen that the increase in loadability
with the increase in each degree of power angle is approxi-
mately the same, giving an increase of 50 percent in load-
ability for 60 degrees power angle. It shows the linear
relationship between fhe power angle and the transmission

N

line loadability.
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5.6 Influence of Compensation

5.6.1 Influence of series-capacitor compensation

Figure 4.7.1 shows the effect of series compensation
on the active power component of transmission Tines.
The set of curves shows that the loadability increases
substantially as the compensation increases. A 1.0 SIL point
occurs at 340 miles with 25 percent and at approximately
540 miles with 50 percent series compensation. For 75 per-
cent series compensation curve al.0 SIL point occurs beyond
600 miles. It shows that the operation of extra long
distance transmission lines atal.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 line. 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, an increase of 240 miles from when
the line is not compensated. It shows that series compensation
supplies a portion of the reactive power requirements of the
Tine required to maintain equal voltages at both ends of
the Tline. The amount of shunt compensation required is
reduced cohsiderab]y with the app]icatiop of series capacitor

compensation. It can also be seen that the effect of series
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compensation on the reactive power flow reduces as the line
Tength increases. It indicates the increased reactive
power demand for compensation due to the increased ohmic

voltage drop as the line length increases.

The complex power Toadability curves for the series
compensated lines are shown in Figure 4.7.3. With 50 percent
series compensation the unity surge impedance loading point
occurs at 600 miles for complex power instead of 540 miles as
for active power loadability curves. It shows that the
reactive power supplied by series capacitors increases the

utilization of the active power loadability of the line.

It can also be seen that there is a greater improve-
ment in loadability with every additional percent of series
compensation. Thus making extra long 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 line loadability. The effect on the reactive power
component can be seen in Figure 4.7.5 and is clearer for
lines 1ongér than 200 miles. It shows the need of shunt

compensation for lines longer than approximately 200 miles.
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It can also be seéﬁ 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 in

the transmission distance.

Figure 4.7.6 shows that when the transmission line
is shunt compensated only, the complex power loadability is
impaired. The 1.0 SIL point occurs at 240 miles with 75
percent compensation instead of 260 miles with 0 percent
shunt compensation. This makes clear that when the amount
of shunt compensation is more than requiréd to balance the
reactive power needs of the line, instead of improvement
of the active power component utilization the loadabitlity

is hindered by it.

An approximate level for the extent to which a trans-
mission line requires shunt and series compensation can be
obtained from the set of curves as shown in Figure 4.7.7
(a, b and c). It can be seen from Figure 4.7.7(a) that
with the amount of shunt compensation higher and/or equal
to the series compensation, the loadability is reduced as

compared to that when it is less than series compensation.

From the discussion in the preceeding sections, it
is clear that the series capacitor compensation has the

advantageous self-adjusting feature of adjusting the generation
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of reactive var supply required with 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 compensation.

5.7 Variation of Line Design Parameters

5.7.1 Influence 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 loadability is shown in Figure 4.8.1. The curves show
an increase of 5 percent, 9.5 percent and 13 percent in the
1ine loadability with the increase in the number of conductors
in the bundlie from 260 to 300 miles with the use of 18 con-
ductors per bundle instead of 12 conductors. The loadability
of bundled conductor lines is not limited by the thermal
limitations, but heavy loadings for short distance lines

will increase 12R losses.

5.7.2 Effect of intra-bundle spacing

The inductive and capacitive reactances are reduced

with the increase in the intra-bundle spacing. This results
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in the increase in the loadability of a transmission line.

It can be seen from Figure 4.8.2 that the distance at which

1.0 SIL occurs, is increased by 20 miles when the spacing is
increased from 12 inches to 20 inches. The percentage increase
of 4 percent in the loadability is uniform with each increase
in the bundle spacing and the effect of this change is clearly
on the Tong lines. The gain in loadability with larger intra-
bundle spacing needs to be economically optimized with the

increased costs associated with larger spacings.

5.7.3 Effect of phase separation

The increase in phase separation increases the
inductive and capacitive reactances of the line. 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 loadability 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 loadability with the increase in
conductor size is negligible as shown by Figure 4.8.4. It
shows that the choice of conductor size is not related to

the loadability of the line.
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Conclusions

The expressions developed for calculating the load-
ability of ac transmission lines are simplified
equations as functions of distance and power angle
As transmission lines are getting longer and carry-
ing more power, the relationship of distance, power
angle, and load is very useful for preliminary

design purposes.

Using these relationships, it is simple to obtain the
loadability curves that are comparab]e to the original
Toadability 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 compensations and other parameters.

The expressions and the corresponding curves are
general in nature. When multiplied by the approximate

base power, they will generate loadability information

directly.

The concept of transmission line loadability expressed
in per unit surge impedance loading is extendable to
EHV/UHV levels. The loadability curves for all voltage
lTevels seem to be identical to the original load-

ability curve.



The voltage increase at the sending end increases

the loadability of the 1ine. The reliability of

the system can be increased during sudden and momen-
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tarily increases in the load by increasing loadability

with an increase in sending end voltage within 5 per-

cent.

The variation in line loadability appears to be
related in a linear fashion to the change in power
angle from 20 to 60 degrees, that is, equal steps
of power angle increase bring aboutua1most equal-

sized increments in the line loadability.

Every additional percent of series compensation
yields increasingly greater improvement in the
transmission line loadability without risking the
stability. This fact tempts us to increase the
series compensation to achieve greater economy,
but diminishing returns due to increased 12R

losses restrict its use up to a certain level.

The increased loadability achieved with the in-
stallation of series capacitor can be used in
the power system expansion of existing trans-

mission lines.
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Shunt compensation which is generally required for
over-voltage control purposes at EHV levels and
above, has a decreasing effect on the line load-

ability when applied in excessive amounts.

With an increase in number of conductors, to trans-
mit a certain amount of power, it is possible to

reduce the voltage level.

Increases in bundled-conductor spacing increases

the loadability.

Conductor size has negligible effect on the line
Toadability. The choice of conductor depends upon
the current carrying capability, the economical
evaluation of 12R losses and structural require-

ments of transmission line towers.

An increase in phase separation reduces loadability.
This increase is required at high voltage levels,
and the increase in loadability associated with
higher voltage levels and increases in the number
of conductors compensates the loadability lost due

to separation.

The obtained results are useful for the determination
of the most important technical choices in the trans-

mission line design. Economic elements, contingency



15.

16.

17.

18.

performance, right-of-way limitations and other
constraints may then be applied to achieve the

final overall design.

The application of fast-control compensating

schemes (such as static compensators) will permit
the operation of lines at approximately 60 degrees
and full thermal capability of the lines could be
achieved resulting in an increase of 50 percent in
loadability. However, this point would have to be

investigated.

The economics of increases in loadability with
different parameters is a different subject matter

and should be studied separately.

The increased compensation increases the amount of
compensation equipment and makes the system more
complex, and the reliability of the system is
reduced due to reduced redundancy. Also, the
protection of compensation scheme becomes more

costly.

In order to arrive at an optimum design of an
EHV/UHV transmission line, the technical aspects,
economic and reliability evaluations need a care-

ful study and coordination between themselves.
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APPENDIX A

Characteristic impedance of the series and shunt

compensated Tine from equations (4.14) and (4.17) is

1 i
1 T -N 2 1-N 2
= SE wl - SE
Z. = [1 TN X ch [1 " ) Z. (A.1)

The phase constant of the series and shunt compensated

line from equations (4.15) and (4.18) is

g™ [ —NSE)(1 —NSH) wLwc]%

[(1-Ngg) (1 - N )T% 8 (A.2)

Thg values of characteristic impedance and phase
constant of a series and shunt compensated line are sub-
stituted into equations (4.7) and (4.8). The power equations

for real and reactive power are then given by

1
V. 2 1-N 2 sin S
P; = n R [ SHJ SR (A.3)

T-N . 1
SE sin {(1 -NSE)(] -NSH)} B2
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and

2 3
c_ VRt [T NGy n
oo Zo 1= Nep tan {(1-Neo) (1 - Noy) ey
SE SH g

Cos S
SR } (A.4)

Sin {(1 -NSE)(l -NSH)}282

Simplifying (A.4),

SR

V.2 [] - NSH} n cos ({(1- NSE)(] -NSH)}%BQ) - Cos$
1-N : L
SE sin ({(1 - NSE(]—NSH)} gL )

(A.5)

Complex power of a series and shunt compensated Tine is

s¢ = [(P)? + (q2)21" (A.6)

SH
1-N

Vo2 (1-Ng YR |THRReos?(1(1-Ngp) (1 - N, )V o6e )
{17 Nsg

- L
- 2n cos ({(1-NSE)(1T NSH)} 8L ) cosSep

sin [{(1=Ngg) (1= N, )1* ge

(A.7)



