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A BSTRACT
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.(2,3)

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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X1, X2 - equivalent sending- and receiving-end system positive-
sequence reactances (includes reactance value of
generators, transformers, and any associated transmis-
sion)

N - percent series compensation

percent shunt compensation at the line sending- and
receiving-end, respectively

specified voltage quantities

limiting value of receiving-end line-voltage (uniquely
defines line-voltage-drop criterion)
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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 limitingfactors 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-Tr 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.

SENDING-END RECEIVING- END
SYSTEM TRANSMISSION LINE SYSTEM

Figure 3. Mathematical model developed for line loadability study

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

(-Gj)L 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 E2 (with its magnitude
and angle given), and the magnitude of ES 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 E1 was increased until either
IERI matched the desired value,(IERI)L,or the angle 01 reached its allowed limit,
(4s)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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LIMITATIONS: LINE VOLTAGE DROP(I E,l)L

S-S STABILITY MARGIN(8I)/

Figure 4. Flowchart of line-loadability solution procedure

3.0

2.5

-J-i

: 2.0
a

-J0
w 1.5

NS, NR

IESI, IE21LfO

(IER )L

r

* corrected for long-line effect

Authorized licensed use limited to: Iowa State University. Downloaded on November 8, 2008 at 19:17 from IEEE Xplore.  Restrictions apply.



608

Limiting Factors and Assumptions
Of all limiting factors that normally set a ceiling on how much power can

be carried by a particular transmission line, three major line loading limitations
were considered here:

(1) thermal limitation
(2) line-voltage-drop limitation
(3) steady-state-stability limitation

The thermal limitation can be qualified as a line design -- rather than oper-
ating -- problem. It is basically a problem of proper conductor selection, once its
current-carrying requirements and its ambient operating conditions are known. The
thermal limitation is critical primarily in case of lower voltage lines of 50 miles
or less.

At the EHV, and even more so at the UHV transmission level, environmental
considerations such as corona discharges and field effects dictate line design
characteristics which result in very high thermal capabilities. The thermal
capability derived from typical bundle-conductor arrangements at EHV and UHV
operating levels generally exceeds, by a significant margin, network requirements
for transfer of power through a given line. In such cases line terminating equip-
ment, wave traps, and substation design provide a more restrictive thermal limit
than the line itself.

Consequently, from the viewpoint of determining line loadability, thermal
capability is significant only for very short lines at 138-kV and below. Thus,
for EHV and UHV transmission lines, the only practical limitations to line load-
ability are provided by line-voltage-drop and by steady-state-stability consider-
ations.

In the initial stages of this work, it became apparent that some of the exist-
ing literature on the subject assume a flat voltage profile over the entire line
length, and some do not even mention the concept of a voltage-drop criterion alto-
gether in their analysis of the line loadability. It will be shown here, that the
voltage-drop limitation is a very important one; in fact; fo.r moderate-length EHV
lines of up to 200 miles it is the controlling factor on line loadability. Thus, it
needs to be considered on an equal basis with the steady-state-stability limitation.

The voltage-drop limitation across the line was set at 5% maximum. Line
loadings at more severe voltage drops could be investigated but, it is the consid-
ered judgment of the authors that this value (5%) adequately represents the con-
dition of a line carrying heavy, but permissible, loads without encountering un-
usual operating problems.

In contrast with the line-voltage-drop limitation, the steady-state-stability
limitation has been discussed quite extensively in the technical literature. How-
ever, one important point is rarely made or given proper emphasis; that is, the
stability limitation should take the complete system into account, not just the
line alone.(4) This has been a common oversight which, for the lower voltage
lines generally considered in the past, has not led to significant misinterpretations
concerning line loadability. This is because at lower voltage levels, say 345-kV
and below, the line impedance comprises a major portion of the total equivalent
reactance from source to load -- provided this line is long enough (over 200 miles)
in the firstplace,to be limited by stability rather than voltage-drop considerations.

At higher voltage classes such as 765-kV and above, the typical levels of
equivalent system reactance at the sending- and receiving-end of a line become a
significant factor which cannot be ignored in determining line loadability as lim-
ited by stability considerations.

The steady-state-stability limitation is defined in terms of the desired mar-
gin between the maximum power transfer ability of the system (Pmax) and the
operating level (Prated) (5)

% Stability Margin = Pmax - Prated ( 100)
Pmax

This margin is chosen so as to provide for stable system operating performance
following a variety of credible contingencies which may cause steady state and/
or transient increases in a given line loading. Such changes in loading may be
caused by line switching operations, by changes in generation-dispatch, and by
transient disturbances such as temporary faults or loss of generation.

The amount of margin which is desirable in a given situation is dependent
on many factors. For the general application of developing conceptual guides to
line loadability, the level of margin becomes a matter of judgment which reflects

the on-going philosophy of a particular system with regard to planning criteria and
desired level of operating reliability. The authors believe that a steady-state-
stability margin of 30-35% is a reasonable level for typical heavy line loading
situations. As shown in Figure 5, this corresponds to about 44-400 angular dis-
placement across the system; i.e., the complete system from source to load, in-
cluding the line under study together with the equivalent reactance of the sending-
and receiving-end systems.
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Figure 5. Steady-state stability margin

Test Case and Verification with St. Clair Curve

The original line loadability curve was published in 1953, which is also
when the world's first 345-kV line went into operation on the AEP system -- ini-
tially operated at 330-kV. Since such a line was included by St. Clair in his
early loadability chart as shown in Figure 1, it was used here to demonstrate
the validity of the analytical method.

The system strength at each end of the line, for a heavy loading condition,
was based on the 50-kA fault duty which is representative of a well developed
system. This, at the 345-kV level, corresponds to a 3-phase fault equivalent of
about 30,000 MVA.

The system operating criteria were set at the levels established in the pre-
vious section on "Limiting Factors and Assumptions"; namely, a line-voltage-
drop limitation of 5% and a steady-state-stability margin of 35%. Accordingly,
the separate computer runs were carried out; each with only one constraint at a
time, holding throughout the full range of line lengths between 50 and 600 miles.
The result is shown in Figure 6.

The basic line-loadability curve, as shown in Figure 6, is derived from the
two loadability-limiting curves intersecting at a line length of about 200 miles.
To the left, there is a "Region of Line-Voltage-Drop Limitation," where the
voltage-drop criterion is more restrictive than the stability limitation curve. To
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