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ABSTRACT

This paper contains the development of an analytical basis for the St. Clair
line loadability curve and presents the extension of its use into the EHV and
UHV transmission area, A brief historical background describes the origin and
pertinent aspects of the St. Clair curve including the fact that the old curve, ori-
ginally intended for transmission voltages up to 330-kV, is derived empirically
based upon practical considerations and experience. In order to extend the use-
fulness of such line loadability characteristics into the EHV and UHV range, a
simplified representation of the system, which incorporates flexibility to include
both line and system parameters, is utilized to compute maximum line loadability
subject to assumed system performance criteria, It is shown that, for a reason-
able and consistent set of assumptions, with regard to system parameters and per-
formance criteria, EHV and UHV transmission line loadability characteristics are
nearly identical to the original St. Clair curve. The paper further illustrates the
relative influence of these assumptions on the derived characteristics, In parti-
cular, the electrical strength of the sending- and receiving-end systems is found
to have an increasingly important influence on the loadability of transmission
lines as the voltage class increases. The analytical approach to determination
of transmission line loadability curves enables the user to examine specific situ-
ations and assumptions and to avoid possible misinterpretation of generalized
conceptual guides - particularly in the EHV/UHV range where system parameters
can have a significant impact on loadability.

INTRODUCTION

The transmission line power-transfer capability curves, also known as *'St.
Clair curves,” have been a valuable tool for planning engineers ever since their
publication in 1953.(1) These curves, having been extrapolated for use with long-
er lines, are generally accepted in the industry as a convenient reference for esti-
mating the maximum loading limits on transmission lines.

The widespread use of these curves warrants the extension of their develop-
ment for application into the UHV area. This, unlike the development of existing
curves, cannot be done by using ‘‘judgment based upon practical considerations
and experience,”’ (1) for no such experience yet exists. While the conception of
existing curves and their proven validity over many years clearly demonstrate the
genius of their author, it should be stressed that at higher voltage classes the
loading limits depend not only on the transmission line itself, but also, to a grow-
ing degree, on the strength of terminal systems, This new element, the system
strength, becomes especially important when considering UHV lines.

Since the expression *line capability” -- as traditionally used in the past
-- is easily confused with physical properties of a line (such as thermal capa-
bility), a modified expression *‘line loadability'" is used throughout this paper to
describe the load carrying ability of a transmission line operating under a speci-
fied set of performance criteria.

HISTORICAL BACKGROUND

The original St. Clair curves of 1953, presented in Figure 1 below, show
the loadability of transmission lines in terms of their surge impedance loading
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Figure 1. St. Clair curves

(SIL) for line lengths of up to 400 miles. It is interesting to note how these
curves, and in particular the ‘‘Heavy Loading' curve B, came about. It had
been a well established fact, even long before 1953, that a conventional 60-Hz
line approaching 300 miles in length has a loadability of about 1.0 SIL. Lines
of that length were known to operate with very little or no reactive power supplied
from either end, owingto the equalization of stored inductive and capacitive energy
that oscillates between the magnetic and electric fields of the line. This 300-
mile rating of 1.0 SIL was taken by St. Clair as one of the two bench-mark points
he used in establishing his line loadability characteristic.

The other bench-mark point on the curve B in Figure 1 is the 50-mile line
length at which the thermal limits, more than any other factor, were responsible
for setting a ceiling of 3.0 SIL on the line loadability. It appeared at first that
the entire curve, above and below 300 miles, could have been constructed on the
basis of a constant kW-mile product; but, if such were the case, then the 50-mile
line loadability would need be equal to 6.0 SiL, which was deemed *‘impracticable
not only from a current and loss standpoint but also from the standpoint of reason-
able amount of power to be concentrated in a single circuit, with due regard to
service and reliability.’’(1) Thus, for lines shorter than 300 miles, this kW-mile
product was progressively reduced and ‘‘the extent of this reduction was a matter
of judgment based upon practical considerations and experience, '*(1)

In 1967, the Planning Department of the American Electric Power Service
Corporation -- faced with a growing need for similar curves applicable to lines
of voltage classes higher than 345-kV and longer than 400 miles -- modified the
St. Clair’s curve, as shown in Figure 2. This figure, just like the original curve,
was arrived at through practical considerations, rather than through a rigorous
analytical derivation. This extended curve has been widely accepted and used
in various industry reports, (23)

In order to extend the transmission line loadability concept to future EHV
and UHV applications it is necessary to (1) develop an analytical basis for deriv-
ing such characteristics including appropriate criteria and assumptions, (2) de-
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Figure 2. Revised line loadability curve (heavy loading)

monstrate its validity when applied to existing levels of transmission line volt-
ages by verifying against the empirically derived St. Clair curve, and (3) extend
the concepts to EHV and UHV lines incorporating consistent assumptions and
criteria. This will be the subject of the remainder of this paper.

ANALYTICAL APPROACH AND VERIFICATION

In this part of the paper, attention is focused on the development of the
model and computational procedures for establishing loadability characteristics,
on limiting factors and assumptions, and on verification of the analytical approach.
The extension of this analytical approach to the development of EHV and UHV
transmission loadability characteristics will be treated separately in the next
section.

Model

The basic analytical model used in this study of the transmission line load-
ability is shown in Figure 3. It is comprised of a variable-length line which is
modeled by a positive-sequence equivalent-7r circuit, shunt and series compen-
sation, and a positive-sequence equivalent system representation at the sending
and receiving ends of the line, Series compensation, although not studied here,
was included in the model for the sake of generality. The real and reactive power
flows were monitored at the terminals, as indicated in Figure 3, and were express-
ed in per-unit of the SIL of the line studied.
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Figure 3. Mathematical model developed for line loadability study

R - positive-sequence resistance*
X - positive-sequence inductive reactance*
B - positive-sequence capacitive susceptance*

* corrected for long-line effect

607

X1 X - equivalent sending- and receiving-end system positive-
sequence reactances (includes reactance value of
generators, transformers, and any associated transmis-
sion)

N - percent series compensation

Ng, Ng - percent shunt compensation at the line sending- and

receiving-end, respectively
IEgl, IEp1f0° - specified voltage quantities

(gL - limiting value of receiving-end line-voltage (uniquely
defines line-voltage-drop criterion)

GOV limiting value of sending-end system-voltage angle

(uniquely defines steady-state-stability criterion)

For a suitable control of the line voltage drop and the angular displacement
across the entire network, a reference point was chosen at E (with its magnitude
and angle given), and the magnitude of Eg was specified. Then, a maximum per-
missible value of the voltage drop across the line element was introduced by
specifying the magnitude of ER as a desired voltage solution atthe line receiving-
end. To start the solution procedure, the angle of E; was increased until either
IER| matched the desired value, (IERI)|, or the angle 8 reached its allowed limit,
(81)L, whichever came first. These limits are discussed in more detail later.
The remaining voltage magnitudes and angles were found based on the outcome of
this test.

With all voltages known, the sending- and receiving-end power flows were
then calculated. The entire procedure, which was computerized, is illustrated in
the flowchart shown in Figure 4.
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Figure 4. Flowchart of line-loadability solution procedure
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