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Dominion Energy has spent several years implementing automated fault location algorithms on
our system events, and over that time we have become familiar with the various available fault
location methods. We have come to understand these formulas and want to share what we
have learned.

Many people are intimidated by the formulas used to calculate fault locations. The intent of
this paper is to step through the math involved in calculating fault locations from DFR or relay
data and simplify it in a way that is easy to understand. In this paper, we will cover the simple
single end impedance based fault location methods. The math involved is relatively easy to do
with a handheld calculator. By stepping through the calculations we intend to give the reader
better insight into the data that goes into the resulting locations. Once you understand these
simple methods, the lessons learned can be used to understand the more complex methods
used to achieve even better accuracy.

This paper will step through examples using real fault data for each fault type. The simplest,
mathematically speaking, are phase to phase faults, so we begin with that example, followed by
three phase, and finally we go through a phase to ground example.
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Phase to Phase faults

IEEE C37.114 lists the simple methods available for single ended fault location. Perhaps the
easiest to understand is the formula for a phase to phase, or line to line, fault. Consider the
diagram below (Figure 1) with a source, load, and two lengths of wire connecting them.

10Q
Figure 1 —Simple
Source S
100 V circuit with a source,
load, and two lengths
of wire.
10Q

Under normal conditions the source sees 20 ohms of resistance plus the resistance of the load.
Now suppose there is a fault (short circuit) bridging the two wires at 60% of the length of the
wire (Figure 2).

6Q —mM—>
Figure 2 — Phase to
Source phase fault 60%
100V .
down line from the
source.
6Q —m—>

In this case the source now sees 6Q + 6Q of resistance for 12 ohms total. Also assume we
measure voltage and current at the source, the equivalent of a smart relay or Digital Fault
Recorder (DFR). For this fault we would measure 100 volts and 8.33 amps, which results in a
resistance of 12 ohms. Since the total resistance of the circuit is 20 ohms, the distance to fault
calculation would be determined as follows:

Comparing the measured resistance to the already known total resistance will result in a
percent distance to fault, assuming that the resistance is the same along the entire length of

the line.

measured R

j %) =—X%1
distance to fault (%) —— 00

dist t lt(fy)—lmxloo
istance to fau ) =00

distance to fault (%) = 0.6 X 100 = 60%
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At this point it is a simple matter to multiply the line length by the percentage given by the
equation to get the physical distance to the fault.

Now let’s look at the equation given in the IEEE C37.114 for a phase to phase fault. In this case

it will be a fault between A and B phases.

Vap
Zp = -2
f Iab

This gives impedance to the fault location, assuming the fault itself has zero (or negligible)
impedance. Compare this measured impedance to the total impedance to get a calculated fault
location. Vg, is defined as V,-Vy, and lab is defined as I,-l,. In the example above the voltage is
100-0, or 100 volts and the current would actually be twice the loop current because we are
subtracting the out of phase return current from the outgoing phase current.

100 100

Zr = 8.33—(-833) 1666 60

Note that because we effectively doubled the current in the equation, we cut the impedance in
half. Instead of 12 ohms, we got an answer of 6 ohms. This is method is convenient in that it
doesn’t require we count the impedance of both outgoing and return current paths. We just
use the impedance of a single wire to calculate location. In this case the calculation is 6 ohms
divided by 10 ohms, which gives us the correct answer of 60% of total line length.

One advantage that does exist in using both the outgoing and return current is that we can take
into account real world unbalance that exists in the impedances and load flows on each phase.
It isn’t, however, mandatory for a decent location.

Up to this point we have been using simple circuits using only DC resistance. Since the power
system is AC and has resistance and reactance, you use the same formulas but plug in the
complex values of voltages and currents. Here is a real world example of a phase to phase
fault, complete with the calculations shown. The fault recorder data for a fault on a 230kV
transmission line is shown below in Figure 3. The values are derived from one cycle of data
between the solid vertical bar and the preceding dotted vertical bar.
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CH Eﬂ 3k B RS Phaze EL)

70071191 152294

72648.067 1263617

Figure 3 —DFR
Measurements from a

138866819 8797 W

1677403 152043 A phase to phase fault.

2363.585 3308w A

703.757 141.403° A

159.639 23182 A

Given the following line data and using the recorded values shown in Figure 3.
Line Length = 17.86 miles
Zy,,,=(9.951£81.872)

Vap =V, — Vpy = (700712152.3°) — (726482126.4°) = (320822 — 126.2°)

Iy =1, — 1, = (16772152.9°) — (2364,331°) = (4040,151.7°)

, Ve _ (32082£-12620) . o,
fault = 7 (40402151.7°) =@ 1)

Zrqur _ (7.94£82.1°)
Ziine  (9.951281.872°)

Fault location (per unit) = = (0.79820.18°)

Fault location = 0.798 X 17.86 = 14.25 miles

In this case 14.25 miles is the correct answer. Note that the fault location result includes an
angle. Normally the field crews do not expect an angle to be given with the mileage, so we
should determine if the angle is meaningful. Since the distance to the fault should simply be a
magnitude, we expect that the angle of the result should be close to zero. In this case it is very
close to zero and can be ignored. If the angle gets very large, there may be an error in the
calculation or errors in the data. We use a rule of thumb of about +15 degrees as a guide as to
when the location calculation may be less accurate. If the angle is within 15 degrees of zero, it’s
likely a good result, however more research is needed in this area.

Reactance
IEEE C37.114 lists the simple reactance method, which is similar to the calculations shown
above, except that only the reactive portion of the numbers are used when calculating the per
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unit distance to fault. By using only the reactance, any errors due to resistance of the fault are
reduced. However, when fault resistance becomes too high, the reactance method does not
provide reliable results. In our calculations, we would convert the polar form of the numbers to
rectangular in order to find the reactance portion of the values.

Zraue _ (7.94482.1°)  1.0913 + 7.865i
Zime  (9.951281.872°)  1.407 + 9.851i

Fault location (per unit) =

7.865

Fault location (per unit) = 9851 = 0.798

In this case the reactance method yields the same answer you get by using the simple
impedance method.

The reactance phase to phase method can also be used for phase to phase to ground faults. It
even gives reasonable results for three phase faults.

Three phase faults

Distance to fault calculations for three phase faults can be made using the same methods used
for phase to phase faults. Choose two of the three phases and perform the calculations as
shown above. A slightly more accurate method, however, would be to simply use the positive
sequence voltage and current values.

Vi
Fault Z = —
I
Zy
Fault location (per unit) = —Jault
leine

Here is an example of a real three phase fault with DFR measurements. The line had a three
phase fault 7.92 miles from the substation. The values recorded by the DFR are shown below.
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Phase

Units

44

33304.698

| 37956307

38835.801

E156.475

BE58.371

£008.058

1521.937

326.061°

207317

a7.758°

251.283°

130.285°

17.575°

120.541°

Figure 4 —DFR
Measurements from a
three phase fault.

The positive sequence components for this fault are:
V. = (387164327°)
I, = (62644£253°)

The line parameters are
Zime = (28.551£75.607°)
Line Length = 36.46 miles

V1 (38716£327°)

=—= = 6.18274

= (62642£253°)

FL _ 618274 02162 — 1.6
(W) = e ee1 /7560~ O '

FL (miles) = 0.216 X 36.46 = 7.87 miles

If we use only the imaginary portion of the fault impedance and the imaginary portion of the

line impedance we get the following:
Zyg (rect) = 1.7034 + 5.9406i

Zy ;. (rect) = 7.1003 + 27.654i

5.9406

27 654 0.2148

FL (pu,reactance method) =

FL (miles,reactance method) = 0.2148 X 36.46 = 7.83 miles

This method works for three phase as well as three phase to ground faults.
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Phase to ground faults

Phase to ground faults are fundamentally different from phase only faults in that the
return path taken by the ground or zero sequence current has a different impedance
(being an entirely distinct and parallel path) than the line phase conductor. Again, the
voltage and currents are measured at the source. The formula for finding the positive
sequence fault impedance for an A phase to ground fault, according to C37-114 is:

Va
Positive sequence Z; = —————
1 7 g + kL)
The k (or ko) factor introduced in this formula is called the zero sequence compensation factor.
The k factor is applied to the neutral current in the impedance calculation. This results in an
impedance that is relative to the positive sequence impedance of the line. The formula for
calculating the k factor is shown below.

— (ZOL - ZlL)

k
374y,

Where
Zo = Zero sequence line impedance
Z1; = Positive sequence line impedance

Fault location is then determined by

Z
Fault location (per unit) = Z_f
1
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Figure 5 shows phase to ground fault data from a DFR for a fault located 10.2 miles from the
station.

CH Elﬂ A =T+ RS Fhase Urits
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Z1,ine = (18.102£79.203°)
Zoiine = (40.7482,73.809°)
Line Length = 23.62 miles

First, calculate kO.
= (40.748473.809°) — (18.102479.203°)

= = (0.41964£ — 9.676°
0 3 x (18.102279.203°) ( )
Now, calculate measured impedance for this C phase to ground fault.
|7
Positive sequence Zy = m

49630451.27°

4234,338.46° + (0.41962 — 9.676°) X (46662335.4°)
= 8.058.,76.829

Positive sequence Zf =

Fault location (pu) = 8.058276.829° = 0.4452 — 2.374°
autt tocation \pw) = 16102,79.203° '

Fault location (miles) = 0.445 x 23.62 = 10.5 miles
Using reactance only yields the following

8.058476.829 = 1.8361 + 7.846i
18.102279.203 = 3.3911 + 17.7815i
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7.846

Fault location (pu, reactance method) = 177815 = 0.441

Fault location (miles,reactance method) = 0.441 X 23.62 = 10.4 miles
In this case, the reactance method results in a slightly more accurate location.

It’s not a simple task to directly illustrate the kO factor using a simple DC circuit. The kO factor is
derived from a combination of mutual impedance of all three phase conductors as well as the
self-impedance of the conductors. Some descriptions of the kO factor indicate that it was
derived to compensate for the difference between the positive and zero sequence impedances.
While this is true, it’s not a complete description.

One thing to consider when taking measurements to be used in these formulas is where in the
fault the measurements should be taken. In a previous paper, we tried various cursor
placements to see if there was an impact on fault location accuracy. We found that most of the
time using a window between 0.75 and 1.75 cycles into the fault provides good results. This
allows time for the fault currents and voltages to stabilize.

Note that when the math is done on these calculations, the result also includes an angle, with
the exception of the reactance only methods. Ideally this angle should be close to zero since
fault location is a simple scalar value. In the examples shown in this paper the result angle is
less than 3 degrees.

For phase to ground faults where the angle between the voltage and current is significantly less
than the line angle, the fault is often a high impedance fault. Typical angle values for our
transmission lines are between 70 and 80 degrees. We have found we are less likely to get
accurate results on faults where the angle between the faulted phase voltage and current is
less than 40 degrees. In this case, algorithms that performs better with high impedance faults
should be considered.

Compensating for load

In the examples shown so far we have used either ideal values or values recorded during the
fault. The fault values do not take into account the effect of load on the measured fault values.
By using the imaginary, or reactive, portion of the data, the effect of load is reduced. Several,
more advanced, algorithms do take load into consideration in an effort to obtain more accurate
results. Some of these do so by measuring the pre-fault load values, particularly current values,
and subtracting them from the mid-fault values to isolate current generated by the fault. In
doing so, the formulas are now working with the change in current created by the fault,
thereby resulting in a more accurate fault location.
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Calculating Fault Impedance

Once the actual fault location is known, then it should be possible to calculate the actual
impedance of the fault. The formulas and algorithms discussed in this paper assume that the
fault impedance is zero. Therefore if you obtain an accurate fault location using these
methods, it’s safe to assume that the impedance of the fault is relatively close to zero.
However, if the calculated and actual locations are different then the problem could be that
there was a non-zero fault impedance, or that there are errors in the line data.

In the case of phase to ground faults, the sources of error are usually inaccurate zero sequence
impedance model data or high fault impedance. While it should be possible to calculate the
zero sequence impedance for a phase to ground fault, given the fault location, it’s not a simple
task. The difficulty lies in the fact that in order to calculate the measured fault impedance you
must use the kq factor. The kg factor includes the zero sequence impedance, which is the
guantity that you are trying to solve for. This is a topic for future discussion.

At Dominion Energy, we have automated processes calculating fault location using the
reactance methods discussed in this paper. We have been collecting statistics on the accuracy
of these calculated locations. A summary of the fault locations is shown in Table 1. This table
shows only locations generated by the reactance methods outlined in this paper. Our
automation also gathers fault locations from relays, DFRs, traveling wave locators, and system
models as well as double ended location calculations if enough information is available. The
impedance based reactance method is one part of all the data that is presented by the
automation. When multiple methods agree on a location, then it gives good confidence in the
results.

Fault type Operations | Average error (miles) | Median error (miles)
Phase to ground 109 1.32 0.45
Phase to phase and PPG 25 1.30 0.48
Three phase and 3PG 11 2.91 0.95

Table 1 — Reactance method fault locations

Conclusions

The basic fault location algorithms are not too difficult to understand once the steps are
explained and you work through them manually. All of the examples in this paper are using
data from real faults and only a handheld calculator was used to perform the math. The intent
was to walk through the calculations and allow for a better understanding of how the locations
are calculated. Once you understand the algorithms, you are in a better position to look for
sources of error and improve on the results.

One single method of fault location by itself is good, but multiple methods combined give a
much better indication of the actual fault location. By comparing results from single ended
impedance based methods, double ended methods, traveling wave, and lightning correlation
you can get a very good idea of the confidence of the accuracy of the locations provided.
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