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Introduction 
  
 At the 2013 Georgia Tech Fault and Disturbance Analysis Conference, Dominion Virginia 
Power and Softstuf presented on the application of the IEEE C37.114 Double Ended Fault Location 
Method after months of collaboration.  That paper and presentation detailed the team’s findings on 
applying the Double Ended (DE) method to real system faults on Dominion’s electric grid, 
developing programs and software tools to apply the method, and practices on selecting the best 
data to use in the method. 
 In the two years since that paper was published, the Dominion and Softstuf team has 
continued to collaborate on the DE method.  One of the main goals in this timeframe was to 
automate the application of the DE method, allowing computers and servers to calculate DE fault 
location results from any fault data available from the electric grid.  This type of automation is 
desired to allow rapid analysis and decision making abilities, ultimately to help restore electric 
service to customers and transmission equipment as fast as possible. 
 This quest for automation has led to many breakthroughs in implementation of the DE fault 
location method, which will be shared in this paper.  This paper will present the findings and 
results from actual faults on the Dominion system.  The team has found through these real system 
cases where the DE method doesn’t perform according to initial expectations.  Comparisons and 
study of the real fault data have lead to determining new best practices and realizations, all of 
which will be shared in this paper. 
 Through these best practices and findings by the Dominion and Softstuf team on the DE 
method, significant improvements were made in the application of the DE method that led to the 
successful automation of the Double Ended fault location method.  
  



 
The Mathematical Approach 
 
The C37.114 double ended method uses sequence components to transpose an unbalanced three 
phase system to a vector sum of two balanced systems (positive and negative sequences) and an 
offset system (zero sequence). For example, an unbalanced three phase system with voltage vectors 
VA, VB, VC is shown in Figure 1. The resulting zero, positive, and negative sequence systems are 
shown in Figure 2 (superimposed with the unbalanced system). 
 
 

 
Figure 1: Three phase voltage vectors in an unbalanced state 

 

 
Figure 2: Resulting Zero, Positive and Negative Sequence Systems 

 (Brown, Blue and Green Respectively) 
 
As seen in Figure 2, the positive sequence vectors VA1, VB1, VC1 are balanced with equal magnitudes 
and 120 degrees angles. The negative sequence vectors VA2, VB2, VC2 are also balanced. The zero 
sequence vectors VA0, VB0, VC0 are equal offsets (shown displayed over each other). 
 
The mathematical relationships between the unbalanced system and the sequence components 
systems are shown in the following vector sum: 
VA = VA0 + VA1 + VA2 



VB = VB0 + VB1 + VB2 
VC = VC0 + VC1 + VC2 
 
Similarly, for unbalanced three phase currents IA, IB, IC we get the following vector sum 
relationships: 
IA = IA0 + IA1 + IA2 
IB = IB0 + IB1 + IB2 
IC = IC0 + IC1 + IC2 
 
The sequence components vectors are calculated as a shifted sum of the unbalanced vectors. The 
sequence vectors for phase-A (meaning with phase-A as the reference phase) are: 
VA0 = ⅓ (VA + VB + VC) 
VA1 = ⅓ (VA + (VB * 1 ɭ120) + (VC * 1 ɭ-120)) 
VA2 = ⅓ (VA + (VB * 1 ɭ-120) + (VC * 1 ɭ120)) 
IA0 = ⅓ (IA + IB + IC) 
IA1 = ⅓ (IA + (IB * 1 ɭ120) + (IC * 1 ɭ-120)) 
IA2 = ⅓ (IA + (IB * 1 ɭ-120) + (IC * 1 ɭ120)) 
 
The sequence vectors for phase-B are: 
VB0 = ⅓ (VA + VB + VC) 
VB1 = ⅓ ((VA * 1 ɭ-120) + VB + (VC * 1 ɭ120)) 
VB2 = ⅓ ((VA * 1 ɭ120) + VB + (VC * 1 ɭ-120)) 
IB0 = ⅓ (IA + IB + IC) 
IB1 = ⅓ ((IA * 1 ɭ-120) + IB + (IC * 1 ɭ120)) 
IB2 = ⅓ ((IA * 1 ɭ120) + IB + (IC * 1 ɭ-120)) 
 
And finally, the sequence vectors for phase-C are: 
VC0 = ⅓ (VA + VB + VC) 
VC1 = ⅓ ((VA * 1 ɭ120) + (VB * 1 ɭ-120) + VC) 
VC2 = ⅓ ((VA * 1 ɭ-120) + (VB * 1 ɭ120) + VC) 
IC0 = ⅓ (IA + IB + IC) 
IC1 = ⅓ ((IA * 1 ɭ120) + (IB * 1 ɭ-120) + IC) 
IC2 = ⅓ ((IA * 1 ɭ-120) + (IB * 1 ɭ120) + IC) 
 
The concept of the sequence components method is to use the vectors from one of the sequence 
systems instead of using those of the unbalanced system. This provides a formidable reduction in 
processing requirements. For example, if we choose the phase-A negative sequence system then 
instead of having to work with VA, VB, VC, and IA, IB, IC we just work with VA2 and IA2. Similarly if we 
choose the phase-B zero sequence system then we just work with VB0 and IB0. 
 
Accordingly, the accuracy of the sequence components method is based on two choices: 1) which 
reference phase to use, and 2) under which sequence components system. With three phases and 
three components per phase, we get a total of nine combinations. The choice of which combination 
to use depends on the fault characteristics as presented in the Real World Data Approach section. 
 
A number of observations about the mathematical structure are worth noting: 
 
1) Choosing the reference phase is important. It is best to use an unfaulted phase as the reference. 
 



2) Choosing the sequence components system is also important.  The fault type must contain 
appreciable values of the used sequence components to provide reliable locations. For instance, 
while zero and negative sequence can work well for ground faults, balanced 3 phase faults, having 
minimal negative and zero sequence components, require positive sequence for dependable results. 
 
3) Precise time synchronization is not required because the math is vector based. So long as a valid 
set of fault vectors are measured from each end of the line then the equations can be used 
regardless if the measurements are cycles apart. 
 
Perform the calculation twice 
 
One might think simply performing the double ended calculation would be sufficient to provide a 
reasonable location, but we have found that performing the calculation twice, reversing the near 
side and far side quantities, provides valuable insight into the accuracy of the result.  A network 
diagram and the equation are shown below. 
 

 
Figure 3: Double ended network diagram 

 
From the diagram shown in Figure 3 we can derive the equation: 
 
m = (VNS – VFS + ZL IFS) / ZL (INS + IFS) 
 
Under ideal conditions, this equation would yield identical results when swapping the quantities 
from the near side and far side.  In practice, however, we have found this is not always the case.  If 
the results exactly agree on a location, then we have a higher confidence in the results.  If the results 
are notably different, then we will question the results.  When results differ it almost always results 
in “overlap” in the target fault location.  We call it overlap because the results often are too long and 
do not add up to the actual length of the transmission line.  This may seem obvious since overlap 
inherently indicates that the locations do not agree, but this information would not be known if the 
calculation is only performed once.  Visualizing the overlap, or lack thereof, provides a quick 
indication of the quality of the result.  Figure 4 shows an example of a result with no overlap, while 
Figure 5 shows overlapping fault locations. 
 



 
 

 
Figure 4 - No overlap in results 

 

 
Figure 5 – Overlap in results 

 
 
One other variable is the angle of the result.  The double ended equation uses complex numbers as 
the input quantities and therefore the output is also a complex number, usually expressed as a 
magnitude and an angle.  One would expect that a fault location on a transmission line would have 
no angle, or a zero angle, but that is not always the case.  When performing the calculation twice, 
swapping near and far sides, we can end up with a variety of possible results, such as a low angle at 
one end and a large angle at the other.  Through our experience we have found resultant angles of 
15 degrees or less at both ends usually indicate an accurate answer.  



Real World Data Approach 
Fifteen faults, five per voltage level at 500kV, 230kV, and 115kV were evaluated to determine the 
most effective approach for double ended analysis. Events chosen were those we had a known 
cause and a field-verified fault location.  Faults were predominantly phase to ground, but did 
include one two-phase to ground fault and one three-phase fault. Each fault event was tested in 18 
ways, comparing positive, negative, and zero sequence components against each phase reference, 
using two cursor points within the fault.  The measurements recorded are shown in Table 1.   “Vref” 
in Table 1 refers to the reference voltage used when calculating the symmetrical components. 
 

Cursor Stable 1.75 Cycles 
Sequence Positive Negative Zero Positive Negative Zero 

Vref 
A A A A A A 
B B B B B B 
C C C C C C 

Table 1: Measurements from each fault 
 

In Table 1, “Cursor” refers to the point in the fault at which the double ended calculation was made. 
“Stable” indicates the point was chosen based on a visual inspection of a single-ended trend of fault 
stability. “1.75 Cycles” indicates the point used was 1.75 cycles after fault inception time.  Figures 6 
and 7 show cursor placement for the two methods. 
 

 
Figure 6: Stable Cursor Location 

 

 
Figure 7: 1.75 Cycles Cursor Location 

 
With each test, a near-side and far-side calculation was made, yielding two locations per test. Each 
terminal is then given an accuracy rating indicating their calculated location’s relative position to 
the known location as a percentage beyond or short of the actual fault location. The terminal ratings 
are then combined into an overall accuracy assessment for the entire test by averaging the absolute 
values of each result’s deviation percentage from the known location. 
 
The tests also calculate an aforementioned “overlap” value indicating what portion of the line is 
encompassed by both locations. If one terminal’s location is beyond the remote terminal’s location, 



you get a positive overlap for the portion of the line between the two locations. A negative overlap 
implies a gap between the two locations from each side. The overlap value is defined as the 
percentage of the line existing within the overlap or within the gap. 
 

Figure 8: Example of Positive Overlap 
 

The angle portion of the double ended result is being considered as well. An angle “accuracy” value 
is determined by averaging each side’s deviation from zero degrees. It averages the absolute values 
of each result’s angle, normalized between -180 and 180 degrees. This value is used to correlate 
angular deviation to overall accuracy. 
 
Each of the fifteen faults also received an inferred resistivity rating based on the relative angles 
between current and voltage on the faulted phase(s). Tighter angles should associate with resistive 
faults, while angles more closely matching the line angle are assumed to be low impedance faults. 
 
 
  



Results 
 

 
Cursor Location 

 

 
Graph 1 

 
Graph 1 compares the accuracy of the two cursor location methods used in our tests. Results are 
sorted by test accuracy. Based on our data, there is little perceivable advantage to using a stable 
region of the fault. Both methods trend very similarly. An argument could be made for slightly 
higher accuracy when using stability toward the far right of the graph, but neither result in that 
region is yielding an accurate location regardless. This also corroborates our finding that precise 
time synchronization is unnecessary. The stability approach in particular makes no effort to 
synchronize cursor points between the terminals, and despite this, it is capable of providing very 
good results. 
 
Voltage level and sequence components used have no notable impact on the cursor region results. 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 



Sequence Components 
 

 
Graph 2 

 
Graph 2 compares double ended result accuracy analysis across positive, negative, and zero 
sequence components. Positive sequence components generally yield the worst results. Negative 
and zero sequence average much better, with negative being the most likely to be very accurate. 
Zero sequence is the least prone to being wildly off, however, nearly always remaining within 20% 
accuracy. 
 
Positive sequence was found to be especially inaccurate at 500kV.  Otherwise no significant trends 
could be seen across voltage level. 
 
 
 

 
Graph 3 

 
 
Graph 3 shows the same spread of data, although limited to results with 20% accuracy or better. 
While the trend is less defined, negative sequence can be seen as the most frequent within 5% or 
better, implying the best precision when correct. This can also be observed in tabular format, seen 
below. 



 
  Overall Within 20% Accuracy 
 % Accuracy Positive Negative Zero Positive Negative Zero 
Max 175.50 83.00 52.50 N/A N/A N/A 
Average 33.10 16.19 9.21 7.23 5.03 6.85 
Median 22.00 5.75 6.00 5.50 3.50 6.00 

Table 2 
 
Table 2 provides the max, average, and median values for our postive, negative, and zero sequence 
results, including both overall results and results filtered down to within 20% accuracy. Zero 
sequence shows the best overall average, markedly better than the negative sequence overall 
average. By contrast, however, the negative sequence overall median is slightly better. This 
juxtaposition implies a higher likelihood of precision with negative sequence despite a worse 
overall average accuracy. The negative sequence median advantage is more pronounced when only 
considering results with better than 20% accuracy, a range in which negative sequence also has the 
best average. Again, the implication is that if not for those negative sequence results that are wildly 
off, it would generally provide the best location. It should be noted zero sequence had the most 
tests coming in under 20% accuracy, with 84 results. Negative and positive had 71 and 43 results 
respectively. 
 
Given the above findings, we may infer the following: If negative and zero sequence largely agree, 
negative sequence should be trusted as the most accurate. If there is significant disagreement, zero 
is likely to provide the better location, although it’s unlikely to be dead on. 
 
  



Implications of Overlap and Double Ended Result Angle 
 

 
Graph 4 

 
Graph 4 shows the relationship between accuracy, average double ended result angle deviation, and 
overlap. An expected correlation can be drawn between increased overlap and decreased accuracy. 
Significant overlap inherently results in poor accuracy, as the two terminals by definition disagree 
on location. Average DE fault angle deviation from zero degrees also shows a notable correlation to 
accuracy, with tighter angles clearly associating with better accuracy. A slight variation in angle 
seems acceptable, however, with many good results being generated at angles less than 15 degrees. 
Performance across voltage levels was fairly consistent. 
 

 
Graph 5 

 
Interestingly, zero sequence quantities resulted in very little overlap, distinctly less than negative 
and positive sequence, as displayed in Graph 5. As discussed previously, zero sequence may not be 
the most accurate, but it does typically show both terminals as agreeing on location. This may even 
be considered detrimental, as it gives a false sense of certainty compared to negative sequence 
evaluation.  



Impact of Referencing Faulted Phases 
 

 
Graph 6 

 
Graph 6A 

 
Graph 6 shows accuracy broken down by using faulted versus unfaulted phases as your double 
ended reference phase. Results are sorted by decreasing resistivity. Utilizing the faulted phase as 
your refence phase appears initially to result in poor accuracy. However,  when positive sequence 
tests are removed from the evaluation, as displayed in Graph 6A, the faulted phase performs 
comparably with zero and negative sequence, maybe only slightly worse. Even when including 
positive sequence tests, results only appear uniquely worse for resistive faults. Unfaulted phases, 
however, perform generally well across the board and should be used as best practice. 
 

 
 
 
 
 



Fault Resistivity 
 

 
Graph 7 

 
Graph 7 shows the relationship between Fault Angle and Accuracy. Fault Angle is inversely related 
to resistivity, so tighter fault angles can be interpreted as highly resistive faults. Fault resistivity 
appears to have a slight impact on location accuracy, especially in the very resistive region. Again 
though, as discussed in the faulted vs. unfaulted phases evaluation, positive sequence locations are 
prone to inaccuracy for resistive faults. With positive sequence tests removed, resistive faults have 
a minimal influence. 
 
 

 
Graph 8 

 
Interestingly, in our data set, 115kV faults showed a definite trend of decreasing accuracy with low 
impedance faults, as shown in Graph 8. High resistivity faults all came in with good accuracy, 
however, especially with positive sequence removed. This may be a consequence of peculiarities 
with our chosen faults rather than a general truth, however. 
 
 



Outliers 
 
Despite our best efforts to come up with a best practice for using the double ended algorithm, we 
still run into situations where the double ended method fails to provide a good result.  One recent 
example involved a phase to ground fault located right at one terminal of the transmission line.  The 
voltage on the faulted phase collapsed to less than 1% of nominal, which easily provides a close-in 
location to the trained eye.  However this fault presented a challenge for the double ended method.  
Following our best practice, we utilized unfaulted phases as our reference for calculating the 
sequence components and looked at the results using positive, negative, and zero sequence values.  
Only one result using zero sequence values met our criteria, very little overlap and low result 
angles, but, the location given was 5 miles from the station on a 30 mile line.  As mentioned 
previously, zero sequence is prone to little overlap, but tight angles generally imply accuracy. The 
fact alone that only one in six calculations even appeared accurate may imply all results are suspect. 
Perhaps zero voltage faults naturally confuse the equation, although it may well be something else 
entirely. To be sure, further research is needed in this area, as well as more examples of outliers like 
this. 
 
 
Conclusions 
 

• Performing the double ended calculation twice, reversing the near side and far side, 
provides additional data that aids in determining confidence. 

• Precise time sync is not required as long as measurements are taken during the same fault 
state. 

• Choosing a calculation window 1.75 cycles into the fault did not produce results that were 
statistically different than choosing a stable point in the fault. 

• Referencing the unfaulted phase voltage for symmetrical component calculation provides 
better results, particularly when using positive sequence components. 

• Zero sequence components were the most likely to be “in the ball park,” within 20% 
accuracy. 

• Negative sequence is the most likely to have high precision but is subject to notable 
inaccuracy. 

• If negative sequence and zero sequence results largely agree, the negative sequence answer 
is the most likely to be highly accurate.  This also gives a higher confidence that we have a 
good result. 

• There is a very strong correlation between overlap and accuracy.  In addition, visualization 
of overlap is very useful because it allows an analyst to spot it quickly. It should be noted, 
however, that zero sequence component calculations rarely produce overlap and may give a 
false sense of confidence in a result. 

• There is a very strong correlation between low result angle and accuracy. 
• Outliers occur that are difficult to predict. 
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