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Abstract 
This paper, in the form of a tutorial, examines some aspects of transmission loadability.  
Starting with the concept of Surge Impedance Loading (SIL), the paper develops the St. 
Clair Curve using the later development by Dunlop et al on transmission loadability, to 
demonstrate the maximum loading of transmission lines.  The methods used to develop 
the St. Clair Curve are also useful in protection applications such as the setting of 
synchronizing relays. 
 
It is important for application engineers and relay test technicians to understand the 
system aspects of how transmission lines are loaded and how they perform under 
contingency conditions.  A clear understanding of these concepts will ensure proper 
application of protection to power systems.  This paper develops some of the basic 
relationships of transmission loadability for both real and reactive power.  The use of 
short cut methods will allow the application engineer and relay test technician to assess 
relay performance in the field.  This is especially important during commissioning and 
system contingency conditions when field decisions may be required to get transmission 
systems energized. 
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Line Loading According to the St. Clair Curve 
Before proceeding to the St. Clair Curve, a review of some basics is in order.  These 
basics are fundamental to the development the St. Clair Curve and give an 
understanding of transmission loadability.  These concepts are Surge Impedance 
Loading, Reactive Support, Voltage Drop and Angle, and Maximum Power Transfer.  
Each will be developed in turn. 
 

Surge Impedance Loading 
One way to model a transmission line is to distribute the series elements of resistance 
and inductive reactance and the shunt elements of capacitive reactance along the 
transmission line as discrete elements.  See Figure 1.  For our discussion, we will ignore 
the series resistance elements.  At higher voltages, (> 230 kV) the effect of series 
resistance becomes negligible. 
 

 
 

Figure 1: Transmission Line 
 
When the line is energized by closing the breaker at the sending end, a voltage is 
applied to the shunt capacitance and this capacitance charges up to a value equal to 
½CV2.  See Figure 2. 
 

52

 
 

Figure 2: Transmission Line Energized from the Sending End 
 
When the breaker at the receiving is closed, current begins to flow to the load and the 
series inductance consumes energy at the rate of ½LI2.  See Figure 3.  In Figures 2 and 
3, the generator is shown on the left and the load is on the right. 
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Figure 3: Transmission Line Delivering Power 
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As the load increases, the energy consumed by the series inductance increases until the 
energy consumed in the series elements equals the energy produced by the shunt 
elements.  This point is termed the Surge Impedance Loading (SIL) of the line.  
Mathematically, we can calculate the Surge Impedance (SI) of the line by equating the 
two energies. 
 

½ CV2 = ½ LI2 
 

C
L

I
VSI ==  

 
This very important result has wide implications to power engineers.  SI is a real number 
when the line resistance is ignored and very nearly a real number when the line 
resistance is included.  SI has a small negative angle.  SI remains relatively constant for 
single conductor transmission lines, i.e. one conductor per phase.  Around 230 kV the 
practice of bundling the phase conductors starts, i.e. the use of two or more conductors 
per phase to increase power transfer.  The effect of bundling reduces L and increases C, 
with the result that SI decreases.  SI starts at around 400 Ω at lower voltages and 
decreases with bundling to around 225 Ω at 1500 kV.  These values are dependent 
upon conductor size, bundling and spacing.  Using these results, we can construct a 
table of line constants at various transmission voltages.  Table 1 shows these results. 
 

Voltage (kV) SI (Ω) R (Ω/km) X (Ω/km) Charging 
(kVAr/km)

SIL 
(MW) 

X/R 

69/72 370 0.4 0.5 15 13/14 1.2 

138/144 370 0.2 0.5 70 50/55 2.5 

230/240 
single 

340 0.07 0.45 225 170 6 

230/240 
bundled 

300 0.07 0.4 290 180/195 6 

345 bundled 285 0.026 0.365 525 415 14 

500 bundled 250 0.018 0.345 1340 990 20 

 
Table 1: Transmission Line Constants 

 
With the exception of the 345 kV data, the values calculated above are typical for the 
Alberta Interconnected Electric System.  The reader is advised to develop this data for 
their own particular system since the values in the table reflect transmission line designs 
specific to Alberta conditions.  This is especially true for higher voltage systems where 2, 
3, or 4 conductors are used in the bundling arrangement. 
 



4 

Reactive Support 
From the above discussion on SIL, it is apparent that at line loadings below SIL there is 
an excess of shunt VArs while at line loadings above SIL, there is a deficiency of shunt 

VArs.  We have assumed that the 
voltages at both the sending and 
receiving ends are held constant.  
For a line loaded to less that SIL 
there is a voltage rise in the middle 
of the line, see Figure 4, and VArs 
will flow out of the line and back 
into the power system.  In similar 
fashion, a line loaded to greater 
than SIL will see the voltage fall in 

the middle and VArs will flow into the line from the power system.  At SIL, the voltage 
profile is flat.  In actuality, the series inductive component of the line causes a voltage 
drop along the line equal to the product of the line current and the series reactance. 
 
Sometimes the application or field engineer is faced with the requirement of determining 
the VAr requirements on a particular part of the system.  This could occur during the 
commissioning process when a long line is being energized for the first time and the field 
engineer wants to know if sufficient VArs are available from the machines picking up the 
line.  From the above table, this is a straightforward forward calculation.  Not so 
straightforward is the VAr requirement at a particular station for an energized system.  
This could occur during system restoration after a storm when some elements are out of 
service. 
 
Let’s look at a 250 km 240 kV single conductor transmission line carrying 1½ SIL and 
determine the VAr requirements at the receiving end.  We have tacitly assumed the 
sending end machine can supply all of the line’s VAr requirements.  This is usually the 
case.  It is useful to use per unit (pu) calculations.  Let SIL equal 1 pu.  The system 
voltage is 1 pu and the current will be 1 pu at SIL.  At 1½ times SIL, the VAr requirement 
will be 2.25 pu.  This is because reactive support is a squared function for both voltage 
and current.  The line already supplies 1 pu; therefore, 1.25 pu VAr support is required.  
Assuming equal voltages at both the sending and receiving ends, half the VArs are 
required from each of the sending and receiving ends.  In this case, a shunt capacitor 
bank may be required at the receiving end.  The calculation proceeds as follows. 
 

250 x 1.25/2 x 225/1000 = 35 MVAr 
 
A similar calculation can be performed for line loadings less than SIL.  In this case, a 
shunt reactor may be required.  These calculations are left to the reader. 
 

< SIL

= SIL

> SIL

Vs Vr

Figure 4
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Voltages and Angles across Transmission Lines 
Consistent with our paradigm, we are ignoring the effect of the line’s series resistance.  
Figure 5 shows a transmission line phasor diagram.  We have chosen the receiving end 
voltage as reference.  The load is purely resistive, so the receiving end voltage and 
current are in phase. 

Using the previous 250 km 240 kV line 
example, the line to ground voltage at the 
receiving end is 139 kV.  At 1½ x SIL, the 
line current is 0.613 kA and the voltage 
across IX is (refer to Table 1): 
             0.613 x 250 x 0.45 = 69 kV 
The angle whose tangent is 69/139 is 
26.4o.  The sending end voltage is 155 kV.  
The voltage drop is measured as the 

absolute difference between the sending and receiving end voltages divided by the 
sending end voltage.  For our example, voltage drop is 10%, which under normal 
operating conditions would be considered excessive.  However, this is a design and 
operating condition.  The receiving end transformers by design may have sufficient tap 
range to accommodate this or larger voltage drops and the system may be designed to 
operate with this voltage drop.  Under contingency conditions, this voltage drop may be 
permissible. 
 
The differential equations used for long transmission lines (> 240 km) give the 
propagation constant in the form (α + jβ).  The phase angle constant is calculated from 
the jβ term is approximately 0.072o/km.  Another, and in the author’s opinion, simpler 
way to derive this constant follows.  Electricity is the ultimate Just in Time product.  In 
order to achieve this, electricity traverses the grid system at the speed of light, c = 3 x 
105 km/sec.  On a 60 Hz system, the system traverses 21,600o in one second.   Dividing 
the speed of light into the degrees gives the constant 0.072o/km.  In US units, this 
constant is 0.12o/mile. 
 
Let’s return to our example, at 1½ x SIL, the line angle is 1½ x 250 x 0.072 = 27o.  This 
number is in good agreement with the previous angle calculation.  There is a linear 
relationship between line angle and SIL.  The angle across the transmission line varies 
directly with the ratio of load to SIL and the line length.  The following relationship 
defines this: 
 

)(
)()(072.0

MWSIL
MWLoadingxkmxlength=δ  

 

Vr

IX

Vs

Figure 5: Phasor Diagram
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Maximum Power Transfer 
The last piece needed to develop the St. Clair Curve is the maximum power transfer 
capability of the line.  The two-machine system is shown in Figure 6 will be used to 
calculate the maximum power transfer. 
 

Es Er

I
Xs Xl Xr

 
 

Figure 6: Basic Two-Machine System 
 
Es and Er represent the voltages behind the Thévenin impedances Xs and Xr.  Xl is the 
impedance of the line connecting the two machines.  As before, we will hold Er constant 
in magnitude and phase angle.  The sending end voltage will increase in magnitude and 
phase angle until the required load is satisfied.  This simplifies the mathematics. 
 

)(
)(

XrXlXsj
ErEsI
++

−
=

δ
 

 
P = RE (Es* I) 

RE is the real part or cosine of the expression’s angle and Es* is the conjugate or 
negative angle of Es.  By convention, we use the conjugate of the current to calculate 
power; however, the mathematics is simpler if we use the voltage conjugate.  
Substituting: 
 

)
)(

)(
)(

(((
XrXlXsj

ErEs
XrXlXsj

EEsREP
++

−
−

++
))−

=
δδδ

 

 
The first term is zero since the cosine of -90o is zero.  Letting X represent the sum of the 
reactances between source voltages, the second term reduces to: 
 

δsin
X
EsErP =  

 
Figure 7 was developed using the above equation. 
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Maximum Power Transfer
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Figure 7: Maximum Power Transfer 
 
While the above curve would imply that the system can operate at 1 pu transfer, in 
reality this is not possible.  The power system is dynamic and changing from second to 
second.  Generation is continuously changing as loads come on and off the system and 
power from interconnected or other utilities is being wheeled through the system.  Of 
particular interest to the application engineer is the system’s maximum power transfer, 
since this will effect the setting of the distance relays that employ impedance 
characteristics.  For these and other reasons, the power system is operated below 
maximum power transfer.  This operating point is termed the steady state stability limit 
and it is typically around 45o.  Another way of looking at the steady state stability limit is 
the ratio of (Pm – Po)/Pm, where Pm equals the maximum power transfer and Po is the 
operating point.  Po is typically 0.7 pu giving a 30% steady state stability margin. 
 
St. Clair Curve [1] 
St. Clair developed his curve based entirely on the empirical knowledge of the day 
(1950’s).  Power engineers knew that there were two points that determined line loading.  
For lines 50 miles (80 km) or less in length, line loading was limited to 3 x SIL.  At 300 
miles (480 km) line loading was limited to SIL.  St. Clair developed his curve by noting 
that the relationship between the two points is not linear.  In 1979, Dunlop et al [2] 
revisited St. Clair’s work and developed the analytical basis for his curve.  They 
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demonstrated that line loading is influenced by the voltage drop between line terminals 
and the angle across the system.  The line angle is measured across the whole system, 
see Figure 8, and the voltage drop is measured between Vs and Vr.  The voltage drop is 
measured as a magnitude change.  Allowable voltage drop for normal operation is set at 
5% across the transmission line and from before, the steady state stability limit is set at 
30% or 45o across the whole system. 
 
Dunlop et al demonstrated that the voltage drop is the determining criterion up to 
approximately 200 miles (320 km).  After that, the steady state stability limit is the 
determining factor.  This number is not a hard and fast number.  The available short 
circuit fault level at each end influences the break point. 
 

Es Er

I
Xs Xl Xr

Vs Vr

Angle

Voltage Drop

 
 

Figure 8: Power System for St. Clair Curve 
 
Two assumptions were made in developing the St. Clair Curve.  The first assumed that 
the line series resistance is negligible.  This is true at voltages above 230 kV.  The 
second assumes that sufficient VAr support is available at both ends of the transmission 
line to satisfy the system VAr requirements.  At the sending end, the generator was 
dimensioned to allow sufficient VAr supply.  This arrangement did not present any 
operating problems.  At the receiving end, continuously variable shunt reactors and 
capacitors were applied and they were arranged so that they did not fight each other, i.e. 
shunt capacitors were switched out when shunt reactors were switched in and vice 
versa.  The source impedances at both ends were assumed equal and for both the 
240 kV and 500 kV examples.  A fault level of 20 kA was used for 240 kV and for the 
500 kV line, 50 kA fault was assumed.  The 20 kA fault level represents a moderately 
developed system while the 50 kA fault level represents a fully developed system.   
 
Figure 9 is the St. Clair Curve for the 240 kV system.  Plotted on the same curve is a 
power series trend line – shown as a dotted line.  This produces a smooth curve.  In the 
range from 200 km to 400 km, the influence of both the voltage and steady state stability 
criteria can readily be seen. 
 
Figure 10 is the loadability curve for a 500 kV transmission line with a short circuit level 
of 50 kA at each end.  As before, a power series trend line is included.  This 500 kV 
curve is smoother than the 240 kV curve.  This was due to a clearer break between the 
voltage and stability criteria. 
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240 kV Line Loading
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Figure 9: 240 kV System 20 kA Fault Level 
 
 

500 kV Line Loading
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Figure 10: 500 kV System 50 kA Fault Level 
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Finally, in Figure 11 we compare the revised St. Clair Curve by Dunlop et al with our 
results from Figures 9 and 10.  As shown below, the results are favorable. 
 

Line Loading

0.00

0.25

0.50

0.75

1.00

1.25

1.50

1.75

2.00

2.25

2.50

2.75

3.00

3.25

0
10

0
20

0
30

0
40

0
50

0
60

0
70

0
80

0
90

0
10

00

Length (km)

Li
ne

 L
oa

di
ng

 (S
IL

)

240 kV
500 kV
St. Claire

 
 

Figure 11: Comparison of Results 
 
The St. Clair Curve provides the application engineer a means of estimating 
transmission system loading and this curve is useful in assessing impedance relay third 
or higher zone encouragement on the load characteristic.  Loadability is given in 
megawatts at unity power factor.  When using the loading for protection work, the load is 
converted to MVA with the range of leading and lagging power factors.  How to assess 
protection performance was the outcome of an IEEE Power System Relay Committee 
work and Henville [3] presented the results of that work to this conference in 2001. 
 
Next, we consider some protection applications related to the above work.  For most 
cases, power system studies are not required to assess both the need for and setting of 
these protection schemes. 
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Calculating the Open Circuit Voltage 
Before proceeding to the setting of synchronizing relays, a method of calculating the 
transmission line open circuit voltage is required.  The Westinghouse Transmission and 
Distribution Book [4] now published by ABB, gives the theory behind this calculation.  The 
open circuit voltage rise or Ferranti Effect of a transmission line is related to the constant 
angle across the line – 0.072o/km.  In this case, the inverse cosine of the line angle gives 
the voltage rise.  Returning to our 240 kV line 250 km in length, the open circuit voltage 
when the line is first energized is: 
 

pu
x

Vrise 05.1
)072.0250cos(

1
==  

 
Setting of Synchronizing Relays 
Consider the following 345 kV parallel transmission line 200 km in length.  Initially, the 
system is supplied by two 415 MW, 0.85 pf machines. 
 

Synch Check
Relay (25)

 
 

Figure 12: 345 kV Synch Check Example 
 
The application engineer sets the synchronizing relays accordingly: 

 Each line carries SIL under normal conditions 
 Under contingency conditions, e.g. one line is forced out of service as the result 

of a fault and, the remaining line is required to carry 2 x SIL. 
 From design considerations, the allowable voltage drop across the line loaded to 

2 x SIL is 10% during this contingency condition 
 The actual voltage drop is 12% using the methods developed in this paper 
 The open circuit voltage rise is 1.03 pu 
 The line angle across the one line loaded to 2 x SIL is 29o 
 Synch check protection with a minimum setting of 30o for the angular difference 

and a voltage difference of 15% would be applied. 
 
In the author’s opinion, no system study was or is required to set these relays.  A review 
of the power system will allow the application engineer to determine the range of 
voltages and angles for their particular system with the result that most synch check 
relays can be set to the same value. 
 
Power Transfers during Single Pole Operation 
At some future date, a third 415 MW generator is added, see Figure 13.  Under loss of 
one line, the line loading goes to 3 x SIL with a corresponding line angle of 43o.  The line 
voltage drop under this condition is 27% and power transfer is not sustainable.  The 
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system planners decide to single pole switch and reclose each line.  The problem is to 
determine the effect the single pole open condition has on line loading and hence 
distance relay performance. 
 
A single pole trip condition has the effect of doubling the line impedance.  The simplified 
symmetrical component diagram for this is shown in Figure 13 for the one pole open 
condition.  The parallel combination of the Z2 and Z0 circuits is connected in series with 
Z1.  In actuality, the line impedance will not double; however, for our discussion this 
figure is good enough.  The power transfer will remain the same, i.e. 3 x SIL will be 
delivered to the load.  The line loading under one pole open condition will split 2/3 on the 
unswitched line and 1/3 on the single pole switched line. 
 

Load

Z1

Z2

Z0

 
 

Figure 13: Single Pole and Trip Example 
 
From Table 1, we calculate the impedances and other values needed to perform the 
calculations.  As before, we will ignore the effects of the series resistance. 

 The unswitched line impedance remains the same at 73 Ω. 
 The single pole switched line impedance doubles to 146 Ω. 
 Total load transfer is to remain the same at 3 x 415 or 1245 MW 
 The load divides between the two lines with the unfaulted line carrying 830 MW 

and the single pole switched line carrying 415 MW 
 The line angle before the single pole open condition is: 

0.072 x 200 x 622.5/415 = 21.6o. 
 During the single pole open condition the line angle across the unswitched line  

increases to: 
0.072 x 200 x 830/415 = 28.8o. 

 The angle across the single pole switched line is: 
0.072 x 200 x (146/73) x (415/415) = 28.8o. 

That is the single pole tripped line’s length is artificially increased by the sum of 
Z1 and the parallel combination of Z2//Z0, however the angle across the two lines 
remains the same 

 Voltage drop is calculated as before and is 12.3% 
 Voltage support in the form of shunt capacitors is may be required 

 
Determining the Requirements for Power Swing Relaying 
Referring back to Figure 7, if the change in generation or load is great enough, the 
system angle will pass through 90o and given sufficient accelerating power will continue 
until one of the voltages is 180o out of phase with the other.  See Figure 14. 
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Figure 14: Voltage Profile during a Swing Condition 
 
To the impedance relays at both the sending and receiving ends of the line, this 
condition will look like a three-phase fault forward of the relays and the relays will issue 
trip signals.   
 
To determine if this condition is possible, the Thévenin source impedances at both ends 
need be determined.  This can be accomplished by removing the line under study and 
applying a three-phase bus fault at the line terminals. 
 
Next, the two Thévenin impedances together with the line impedance are added and the 
sum divided by 2.  This will determine where the system zero lies.  If as in figure 13, the 
resulting system zero lies on the line under study, power swing protection is required.  
The determination whether the protection should block and or trip is left to the 
application engineer.  However, in the opinion of the author, if a system zero occurs as 
shown above, the line should be tripped.  The rational for this is: on either side of the 
system zero there exists a balance between load and generation and by tripping the line, 
two stable islanded systems are created.  One application the author designed had the 
power swing protection block the impedance relay Zone 2 and higher elements and trip if 
the swing entered Zone 1.  A timing circuit was also included to detect if the swing 
stayed in the blocked impedance elements higher than a pre-set time and a trip was 
issued. 
 
Let’s return to our 240 kV example for the last time.  The 20 kA fault level represents a 
Thévenin impedance of 6.9 Ω at each end and the 250 km line has an impedance of 
112.5 Ω for a total impedance of 126.3 Ω.  Half the sum of the impedances is 63.2 Ω and 
the system zero lies forward of both impedance relays.  Power swing protection is 
required. 
 
For a shorter line with much weaker Thévenin impedances, power swing detection may 
not be required.  For example, generation with a sending end short circuit capacity of 
4000 MVA is connected via a 100 km line to a receiving end with a short circuit capacity 
of 750 MVA may not require power swing detection protection.  The system voltage is 
240 kV. 
 

 The 4000 MVA source has a Thévenin impedance of 14 Ω 
 The 750 MVA source has a Thévenin impedance of 77 Ω 
 The line impedance is 45 Ω 
 Half the sum of the impedances is 68 Ω 
 With the system zero past the receiving end bus, power swing detection for 

the transmission line is not required. 
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Conclusion 
This paper, in the form of a tutorial, has developed some quick estimation methods for 
determining the permissible load of transmission lines.  As shown by the examples, the 
application engineer or relay technician can easily determine the line loading, reactive 
support and other system requirements.  This will be beneficial to engineers and 
technicians faced with commissioning and/or restoring power systems under abnormal 
operating conditions.  Additionally, the application engineer or relay technician can 
intelligently question the system planners regarding their plans and the effect these 
plans will have on protection performance. 
 
The St. Clair Curve while generic in nature is specific to each system.  By design, each 
system will have its own voltage drop and steady state stability limits.  It is suggested 
that St. Clair Curves be developed for each particular system. 
 
The short cut methods developed for the application of synch check and power swing 
protection demonstrates the validity and practicality of these methods.  Additionally, 
computer studies for the application of these protections can be obviated by use of the 
short cut methods. 
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