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Validating Transmission Line Impedances
Using Known Event Data

Ariana Amberg, Alex Rangel, and Greg Smelich, Schweitzer Engineering Laboratories, Inc.

Abstract—This paper discusses how to use event data
(voltages, currents, and fault location) from relays at two ends of
a transmission line to calculate positive-, negative-, and zero-
sequence line impedances. Impedances calculated from real event
data can be used to validate relay settings and short-circuit
models.

I. INTRODUCTION

Transmission line positive- and zero-sequence impedances
are usually used in relay settings after being calculated using a
transmission line model or obtained from line commissioning
records. Calculating these impedances can be complex, and
many times, their true accuracy is in doubt. This paper begins
by showing the importance of correct line impedance settings
and how they relate to distance element operation. We then
review the fundamentals of solving for positive-, negative-,
and zero-sequence line impedance parameters. Next, we
present a method to validate these calculated impedance
values using event data gathered after a fault. The impedances
calculated from event data can then be used to validate relay
settings and system short-circuit models.

II. IMPORTANCE OF ACCURATE LINE PARAMETERS

Incorrect line impedance values in transmission line
models can lead to inadequate relay settings that can
potentially lead to distance element misoperations. Distance
relays require knowledge of the positive-sequence (Zi.) and
zero-sequence (Zor) impedances of the line. While Z; is
directly input into the relay as a setting, Zor is needed when
calculating the zero-sequence current compensation factor
(k0), a setting used to relate the Zi1. and Zor of a line for a
phase-to-ground fault, as shown in (1).
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For a phase-to-ground fault, distance elements operate
when the apparent impedance (Zapp) seen by the relay
becomes less than the zone reach setting. The apparent
impedance is calculated using (2)—a combination of the kO
setting, measured zero-sequence current (Ip), and measured
voltage and current of the faulted phase (V¢ and Iy, where
d=A,B,orC).
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One variable that has a significant effect on the zero-
sequence line impedance is ground resistivity (p). A
discussion of the importance of p and how it is typically
determined is found in Section III, Subsection D. A lower
value of p reduces the zero-sequence impedance and, by
observation of (1) and (2), produces a lower value for kO and a
larger value of Zapp. Conversely, a larger value of p increases
the zero-sequence impedance and results in a larger kO setting
and a lower value of Zapp. This effect of p on Zapp can mean
the difference between a distance element operating correctly
versus overreaching or underreaching for a fault.

In addition to their use with distance elements, line
impedances are used in calculating forward and reverse
thresholds for impedance-based directional elements. Line
impedance values can also have an effect on neighboring
utilities that use equivalent impedance models for areas
external to them. These errors are typically made small,
however, when the incorrect line impedance is combined with
other system impedances to form the equivalent model.

III. FUNDAMENTALS OF LINE IMPEDANCE CALCULATIONS

When discussing the relevance of accurate line impedance
values, it is important to understand how these values are
determined. Impedances can be manually calculated, solved
with the help of software tools, or directly measured using test
equipment.

A. Traditional Approach

The appendix of this paper explains in detail how line
impedance values are calculated. Although most utilities no
longer perform these computations manually, it is helpful to
understand the fundamentals of this procedure. A strong grasp
of the fundamentals can help a user intuitively validate the
results of a software calculation tool.

B. Software Tools

For efficiency and to avoid human errors, many companies
use computer software packages to model their transmission
lines and calculate line impedance values. The ASPEN Line
Constants Program™, Electrocon Computer-Aided Protection
Engineering (CAPE) software, Power System Simulator for
Engineering  (PSS®E)  Transmission Line  Constant
Calculation, and  Alternative  Transients  Program
(ATP-EMTP) are several software packages that can perform
these functions. The software allows the user to model both



the physical configuration of the conductors as well as the
electrical characteristics of the line. The parameters that the
software requires include the number of phase and ground
conductors, the conductor type, how far apart each conductor
is from the ground and from the others, any bundling of
conductors, ground resistivity, and so on. Software packages
also allow the user to account for conductor sag and normally
include a database that holds diameter, ac resistance, and
reactance information for common conductor types.

Fig. 1 shows an example of two circuits in a single right of
way modeled in the ASPEN Line Constants Program.
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Fig. 1. ASPEN Line Constants Program screen captures showing the
physical configuration of two circuits in a single right of way

The software also allows the user to split an entire right of
way into different sections, each with a different physical
construction. This allows for instances when one circuit might
parallel another down a right of way, but only for a certain
distance. Fig.2 shows an ASPEN Line Constants Program
model of a line consisting of two different sections, each
having a different tower configuration and distance.
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Fig. 2. ASPEN Line Constants Program screen capture showing two line
sections with different tower configurations

Reports from these software tools give line impedance
values that can be used in load flow studies, short-circuit and
relay coordination studies, and relay settings. Use of these
software tools is highly recommended, and the line models
should be developed as accurately as possible.

C. Impedance Measurements Using Test Equipment

Another way to determine or validate line impedance is by
using a test set. One test set that is currently available from
Omicron allows for the measurement of ground resistivity and
line impedances (with or without mutual coupling of parallel
lines). Ground resistivity is measured with the test set as a
standalone unit using a four-point test, as described in the next
subsection [1]. Line impedance testing is performed with the
test set in conjunction with a coupling unit that injects currents
into the de-energized test line and sends voltage measurements
back to the test set. One unique characteristic of this unit is its
ability to produce test signals that differ from the system
frequency. Test current frequencies may range from 15 to
400 Hz, but testing is often performed at 40 Hz, 80 Hz, and a
few higher frequencies selected by the user in order to reduce
interference from other electrical sources.

When mutual coupling from parallel lines is not present,
the impedance tests are performed seven times to measure
different loop combinations—each single-phase-to-ground
loop (3 times), each phase-to-phase loop (3 times), and a
three-phase-to-ground loop (1 time)—with all three phases
grounded at the remote end during each test. Current is
injected and voltage is measured for each test as shown in
Fig. 3. After the tests for all seven loop combinations are
performed, the test set uses the measured voltages and injected
currents to calculate the line impedance by processing the
combined results from all tests through an algorithm.
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Fig. 3. Test set connections for a (a) single-phase-to-ground loop test,
(b) phase-to-phase loop test, and (c) three-phase-to-ground loop test

If mutual coupling from parallel lines is present on the test
line, the same seven tests are performed three times with
(1) the parallel line energized, (2) the parallel line
de-energized, floating on one end and grounded at the other,
and (3) the parallel line de-energized and grounded at both
ends. This makes a total of 21 tests.



D. Importance of Ground Resistivity

There has been much discussion in the electric power
industry concerning ground resistivity, or p, and its influence
on line impedance values. Values for ground resistivity vary
depending on physical conditions of the soil, such as moisture
and temperature. For a nationwide map of ground resistivity
values, refer to [2] or [3].

From surveying various utilities in the south and central
United States about their practices, we found the values used
for ground resistivity ranged anywhere from 10 to 200 Q-m.
We discovered a mixture of practices. Some companies used a
single standard value (e.g., 100 Q-m everywhere) while others
measured various areas of their system and used generalized p
values over those areas (e.g., 25 Q-m for short lines in urban
areas, 50 (-m in rural areas with typical soil conditions for the
region, and 200 Q-m in extremely sandy soil conditions).
Another company took ground resistivity readings across their
service territory and averaged the readings, using the same
average for every installation. When it came to specific
measurement locations, one company used readings taken at
new substation sites for ground grid design while another
tested at new substation sites, as well as along the actual
transmission right of way.

One common method for measuring ground resistivity is
the Wenner four-point method, which uses four probes
inserted into the ground in a straight line at equal distances
from each other (see Fig. 4). The distances between the probes
determine how deep the soil will be tested. The outer two
probes are used to generate a known current while voltage is
measured across the inner two probes. Using Ohm’s law, the
resistance is calculated and used in an equation along with the
depth and spacing of the probes to calculate ground resistivity
in Q-m. This method is further described in [1].
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Fig. 4. Wenner four-point method for measuring ground resistivity

To study the effect of ground resistivity, we obtained three
different line models from a utility in Texas. The line lengths
varied from 9 to 200 miles and included various tower
configurations (one circuit, two circuits, and a combination of
one and two circuits). We modeled each line with a
continuous ground wire, a segmented ground wire, and no
ground wire at all. Using these models, the value of p was
varied from 1 to 100 Q-m and the effects on line impedances
were observed.

In every case tested, there was no significant change in the
positive-sequence impedance values based on varying p.
However, varying ground resistivity had a significant effect on
both the zero-sequence resistance and zero-sequence
reactance. Across the three line models studied, the zero-
sequence resistance increased up to 148 percent across the
specified range of ground resistivity (p from 1 to 100 Q-m).
Likewise, the zero-sequence reactance increased up to
144 percent. As expected, the higher values of resistance and
inductance corresponded to higher values of p.

When comparing the different grounding methods, we
found that the same impedance values were obtained from
segmented ground wires as from no ground wires at all. We
also found that p had more of an effect on lines with
segmented or no ground wires than on lines with continuous
ground wires. This makes intuitive sense, because in the case
of no ground wires, the only ground return path is through the
earth.

These results show that obtaining an accurate value of
ground resistivity can have significant impact on line
impedance and the value used for p should be carefully
considered when attempting to generate an accurate line
model.

IV. VALIDATING LINE IMPEDANCES WITH FIELD DATA

Now that we have discussed the basics of line impedance
calculation, we present a method to validate line impedances
using data gathered by relays after a line-to-ground fault. The
only data that are needed to perform this calculation are
voltage and current information from relays at both ends of the
line, as well as the actual fault location known from the post-
event inspection.

A. Method Derivation

Reference [4] introduces a fault location method for two-
terminal lines that uses negative-sequence current and voltage
values from relays at both ends of the line, as well as a known
line impedance value, to calculate fault location (m). One
benefit of this method is that it does not require time-
synchronized data for voltages and currents. Although this
method is used to solve for fault location in [4], it can be
modified to solve for the line impedances if the fault location
is known.

Fig. 5 and Fig. 6 show a two-source system and its
corresponding sequence network diagram during a phase-to-
ground fault. The flags in Fig. 6 represent relay locations.
Because the positive- and negative-sequence line impedances
are typically the same, we have a choice of using the positive-
or negative-sequence network to solve for Zir and Zor. The
authors of [4] chose the negative-sequence network because it
is not affected by load flow, fault resistance, power system
nonhomogeneity, or current infeed from other line terminals.
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Fig. 6. Sequence network diagram for a phase-to-ground fault on a two-
source system

Focusing on the negative-sequence network in Fig. 6, the
negative-sequence voltages and currents from the local (Vs
and I»s) and remote (Var and Ir) terminals, along with the
known fault location (m, in per unit), are used to find the
negative-sequence line impedance (Z.). Node analysis is
performed at the point of the fault to obtain two equations
with two unknowns (Vr and Zsp).

The voltage drop to the fault from the S terminal is:

Vas — s emeZor = Var 3)
The voltage drop to the fault from the R terminal is:
Var — ok °(l—m)'22L =Var 4)

Because the voltage at the fault is the same from either side
of the system, we can set these equations equal and solve for
Zo1.

= VZS_V2R
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In a similar fashion, the zero-sequence line impedance can
be obtained through node analysis on the zero-sequence
network. The resulting equation for Zoy is:

= vOS_Y]‘OR
ZoL == —
Tos *m —Ior '(l—m)

(6)

Equations (5) and (6) can be used to calculate positive-,
negative-, and zero-sequence line impedances based on
sequence voltages and currents measured by relays at two

ends of a transmission line during a line-to-ground fault with a
known location.

Zero-sequence mutual coupling occurs in lines that share
the same right of way. For lines with zero-sequence mutual
coupling, we can expect to see an error in the zero-sequence
impedance calculation using this method. If there is a line-to-
ground fault on one of two parallel lines, the zero-sequence
current that flows in the healthy line induces a zero-sequence
voltage on the faulted line. The zero-sequence voltages
measured by the relays protecting the faulted line now have a
term in them that is not accounted for in the single line model
of (2) or (6), which is a function of the zero-sequence current
on the coupled line. Because the method proposed here does
not take into account this error term, the calculated zero-
sequence line impedance will not match the actual zero-
sequence self-impedance of the line.

This error is easily seen when looking at the zero-sequence
network of two mutually coupled parallel lines, as shown in
Fig. 7.
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Fig. 7. System configuration and zero-sequence network for two mutually
coupled lines

Io B is the zero-sequence current flowing in the unfaulted
line. This current magnetically couples with the closed-loop
circuit of the faulted line, inducing a circulating current in that
loop. The zero-sequence voltage measured at the relay is now
a function of the sum of the original (Ip ) and induced (Iy B)
zero-sequence currents on the faulted line. However, because
of the location of the relay, it only measures the original zero-
sequence current (Ip o) and is blind to the mutual current
(Io_p). For further explanation of mutual coupling and the error
produced, refer to [5], [6], and [7].

B. Simulation Results

To wvalidate the proposed method, simulations were
performed using a standard short-circuit program and a power
system model consisting of various transmission lines (from
69 to 345 kV) with known line impedances. A fault was
placed at a known location, and the program generated
voltages and currents at each end of the line. These negative-



and zero-sequence voltages and currents, along with the
known fault location, were applied to (5) and (6) to solve for
the line impedances. The calculated impedances were then
compared to the known line impedance values in the model.

The results are presented in phasor form (|Z]|£0) instead of
rectangular form (R + jX) because modern relays require the
phasor form for line impedance settings. Defining percent
error in rectangular form produced misleading results.
Because a transmission line is mainly reactive with a very
small resistive component, any small change in resistance
looks like a very large percent error expressed as a fraction of
the resistance. This is also true for calculating percent error of
the angle in phasor form, which has units of degrees. Using
traditional methods, a change from 1 to 2 degrees results in a
large error. Using a traditional percent error method to report
error of the phasor magnitude while using a simple angle
difference to report angle error is the best indicator of actual
error. Equations (7) and (8) are the equations used in
calculating error.

The results of 12 different simulations are shown in
Table I. We found that the errors in the negative-sequence
impedances are very low (less than 3.1 percent in magnitude
and less than 9.5 degrees). The zero-sequence calculations
also worked well for lines with no mutual coupling. However,
as expected from the discussion in Section IV, Subsection A,
the zero-sequence impedances have a large error in most cases
of mutual coupling.

Three deviations from this expected behavior were found
in Lines 5, 6, and 7. These lines had mutual coupling, but their
zero-sequence errors were very low. In an attempt to
understand these results, we compared various aspects of these
lines (line length, number of lines coupled, areas of lines
coupled, and percentage of lines coupled) to the mutually
coupled lines that did produce a high zero-sequence error.
From this analysis, we did not find a pattern that explained the
low zero-sequence error on these mutually coupled lines.

Next, the fault locations were moved on Lines 5, 6, and 7,
and the simulations were run again. Moving the fault location
caused a significant increase in the zero-sequence error in all

Z —1Z .
EITOT, ynitude = ” ““““' | calewlaed 14100 percent (7) ofthese cases (see Table II). This illustrates that for some fault
ii{ . . .
|Zactua1| locations, we may get relatively good results despite mutual
coupling, because of the different ways the measured zero-
Error, . =|Angle — Angle degrees 8 . . )
e = [ANEIE e glecues| deg ®) sequence current and the current in the parallel line or lines
interplay.
TABLE I
SIMULATION RESULTS
Z:1 Error Zov Error
Li Line Voltage | Line Length | Fault Location, Mutual
e (kV) (miles) m (pu) Magnitude Angle Magnitude Angle Coupling?
(%) © (%) ©
Line 1 69 9.8 0.8 0.13 0.84 0.01 0.46 No
Line 2 138 12.12 0.8 0.00 0.81 16.30 3.84 Yes
Line 3 69 100 0.3 3.07 1.87 5.58 5.41 No
Line 4 345 34 0.7 0.05 0.06 60.50 2.09 Yes
Line 5 345 51.49 0.75 0.02 0.44 1.94 0.02 Yes
Line 6 138 2.73 0.5 0.10 293 4.10 0.15 Yes
Line 7 138 4.96 0.2 0.06 1.41 0.15 0.61 Yes
Line 8 138 10.18 0.4 0.08 1.00 23.70 1.89 Yes
Line 9 345 18.01 0.4 0.31 4.47 29.25 2.64 Yes
Line 10 69 9.8 0.95 0.89 0.96 0.11 1.45 No
Line 11 138 4 0.4 1.25 8.84 44.07 2.90 Yes
Line 12 138 9.49 0.3 2.66 9.22 12.82 4.88 Yes
TABLE II
SIMULATION RESULTS OF LINES 5, 6, AND 7 WITH NEW FAULT LOCATIONS
Zov Error
. Line Voltage Line Length . .
Line (kV) g (miles)g Fault Location, m (pu) Magnitude Angle Mutual Coupling?
(“o) )
Line 5 345 51.49 0.25 24.59 1.9 Yes
Line 6 138 2.73 0.25 8.74 1.48 Yes
Line 7 138 4.96 0.9 169.24 10.5 Yes




The proposed method produces very reliable results in the
negative sequence, as well as in the zero sequence in cases of
no mutual coupling. However, caution must be exercised
when using this method to validate the zero-sequence line
impedance on mutually coupled lines.

C. Using Event Data

Once we validated this method using simulated data, we
investigated using the method with real event data from relays
on two ends of a transmission line after an internal line-to-
ground fault occurred with a known fault location. When
selecting negative- or zero-sequence current and voltage from
the two relays, it is important to obtain phasors from stable
fault data regions (i.e., the magnitude and angle values are not
changing with time). This is shown in Fig. 8 as the area
between the two dashed vertical lines. When the fault data are
not stable, better results can be obtained from viewing both
events in the same event viewer software and lining up the
phase fault currents as precisely as possible (see Fig. 8). Data
can then be taken at the same point in time in order to
correspond to the same point in the fault.

Fig. 8. Selecting negative-sequence current and voltage magnitudes from
two relays for a phase-to-ground fault for Event 1

This method was used to find the negative- and zero-
sequence line impedances from three events on three different
transmission lines. Because the true impedances of the lines
were not known, our results were compared to line impedance
settings in the relay when calculating error. The results are

shown in Table III. Event 1 (Fig. 8) shows a very accurate
negative-sequence calculation with a significant error in the
zero-sequence calculation. Based on the prior results obtained
through simulation, this inaccuracy is likely due to the mutual
coupling present on the line. Event 2 (Fig. 9) shows a very
accurate negative- and zero-sequence calculation, which is
expected for a line with no mutual coupling. Event 3 (Fig. 10)
shows some error in both the negative- and zero-sequence line
impedance calculations. The cause of this error is likely due to
fast breaker clearing time, which is discussed in the next
subsection.

Fig. 9. Negative-sequence current and voltage magnitudes for Event 2
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Fig. 10. Negative-sequence current and voltage magnitudes for Event 3

TABLE III
EVENT DATA RESULTS
. . Z>1 Error ZoL Error Fault-
Line Line Fau!t Mutual Clearing
Event Voltage Length Location Magnitude Angle Magnitude Angle . Time
(kV) (miles) ( u) Coupllng.
p (%) © (%) © (cycles)
Event 1 161 82 0.78 3.10 5.24 29.76 1.19 Yes 6
Event 2 345 17.6 0.745 5.37 3.38 1.29 0.61 No 4
Event 3 500 45.1 0.71 17.32 7.17 3.98 11.36 Yes 3




Line Impedance Calculator

— Symmetrical Component Network
Magnitude Angle Real Imaginary
125 4228 -86 294.930371 -4217.700804 @ Negative Seq. 3 7er0 Seq,
V25 29950 -180 -29950 Q
12R 3396 -86 236.8929848 | -3387.727515
V2R 25230 -179 -25226.15735 | -440.3242144
721 13.69607468| 80.6746682| 2.219313547 13.5150697
r Relay Impedance Settings
Line Length 2.29 miles Fault Location
Fault location in p.u. (m) 0.4 per unit 0.916 miles from S @ Polar Form ¢} Rectangular Form
CTR unitless 1.374 miles from R
PTR unitless
Error tolerance - Mag 6 %
Error tolerance - Angle 6 Degrees
Line Z Settings - Polar Coord.
LINE IMPEDANCE SETTINGS
Polar Coordinates OR Rectangular Coordinates @ Primary Values {_}Secondary Values
12MAG 12 R2
Z2ANG 75 X2
RESULTS COMPARISON BOX
Relay Settings | Calculated
Magnitude 12| 13.6960747 gpLNEREEET:
Angle 75| 80.6746682 EENyEISF MY Degrees

Fig. 11. Line impedance calculator created in Microsoft Excel

We used a Microsoft® Excel® spreadsheet, shown in
Fig. 11, to automate the method described in this paper.

D. Phenomena That Can Affect Results

It is important to note that there are several phenomena that
can have a detrimental effect on these calculations. Because
transposition is assumed in the symmetrical component
domain, errors may occur when the line is not transposed.
These errors depend on the phase the fault occurs on, as well
as the physical phase configuration of the line. Any
nontransposed line will have coupling between the sequence
networks that will, in turn, generate currents in the other
sequences. Reference [8] discusses the effect that transposition
can have on distance element overreach and underreach and
shows an example of how a three-phase fault on a
nontransposed line generates negative-sequence and zero-
sequence currents. The method presented here does not
account for errors caused by sequence network coupling due
to nontransposed lines.

Even when lines are transposed, errors can occur because
of nonhomogeneity. Lines have a finite number of
transpositions, and placing the fault (F) somewhere on
line S-R will effectively break the line into two segments (S-F
and F-R). Even though the line S-R is transposed as a whole,
the two segments (S-F and F-R) will not be perfectly
transposed on their own.

Saturation or inaccuracy of the current or voltage
transformers, as well as relay measurement error, can cause
errors in the voltage and current readings that can propagate to
errors in the impedance calculations.

Fast breakers (3 cycles or less), CT saturation, capacitive
voltage transformer (CVT) transients, evolving faults, and
rapidly changing fault resistance values can make it difficult
to find a section of the event report with stable voltage and
current during a fault. The effect of fast breakers is illustrated
when trying to determine the negative-sequence voltage and
current magnitudes in Fig. 10. CVT transients, which typically
last about 1.5 cycles, are a bigger problem when combined
with fast breakers because the short fault duration does not
provide time for the CVTs to stabilize. In these cases when
voltage and current phasors are not stable, better results can be
obtained when the event reports from relays at both ends of
the line are aligned in time. Selecting samples from the same
point in time is made more difficult when relays have low
sampling rates or event data are collected at a low sampling
rate; this can result in an impedance calculation error. The
higher the relay sampling rate, the more accurate the result.
From our experience, relays with 16-samples-per-cycle data or
higher yield good results.

It is also important to note that although a relay may be
capable of a high sampling rate, the user is often able to select
how many samples per cycle are recorded in event reports. It
is worthwhile to inspect event report sampling rate settings
when investigating line impedances using this method. In
addition, although the relay may store the event record at a
high sampling rate internally, it may be up to the user to select
a high sampling rate when downloading the event from the
relay.



E. Future Considerations

The method presented here can also be modified to work
with data from an external fault, as shown in Fig. 12.
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Fig. 12. Solving for line impedances for an external fault

Relays can be programmed to trigger event reports for an
external fault on assertion of a Zone 2 forward or Zone 3
reverse distance element. These data can be used to directly
solve for line impedances without needing the location of the
fault. Looking at Fig. 12, a simple voltage drop equation can
be used to solve for the line impedance when line charging
current is neglected.

Vi =Vs-IsZL ©)
Solving for Z:

Zu =(Vs —vR)/TS (10)

One significant benefit of this method is that it is not
dependent on an accurate fault location. This method is also
not affected by the nonhomogeneity of the line and gives
accurate results for transposed lines. Further study and
validation of wusing external faults for line impedance
calculations are topics for future consideration.

Another possible topic for further study involves solving
the problem of aligning data points in event records when
relays have unstable fault data and low sampling rates.
Synchronized phasor measurements can be used to obtain
time-synchronized samples. It is also possible to align the
prefault data, calculate the necessary time shift, and resample
the data at a higher resolution while accounting for the time
shift.

In order to help remove the errors in the zero-sequence line
impedance calculation in cases of mutual coupling, it is
possible to improve this method to incorporate current on
mutually coupled lines. This would cause complications,
however, when there are multiple coupled lines or when the
lines are only coupled for a fraction of the entire line length.
Complexity is also added when the coupled lines terminate at
different substations because the current data may not be
available locally [6].

V. CONCLUSION

Misoperations such as an underreach or overreach of a
ground distance element can signal problems in the parameters
used in transmission line models or relay settings. Incorrect
line impedance values, sometimes caused by erroneous values
of ground resistivity or mistakes when entering the data into
short-circuit programs or relays, have been known to cause
such misoperations. This paper presents one method for

validating line impedance values and avoiding these
misoperations. By having a known fault location, as well as
voltages and currents seen by relays at two ends of a
transmission line, approximate values for line impedances can
be quickly calculated. We recommend comparing the line
impedances calculated from real event data to short-circuit
models and investigating any significant error in the negative-
sequence impedance. Similarly, any error in the zero-sequence
impedance should be investigated for lines with no mutual
coupling. This method is not reliable in the zero sequence for
lines with mutual coupling. Errors can be introduced when
relays trip fast breakers or have low sampling rates, as well as
in cases involving CVT transients, evolving faults, and line
nonhomogeneity.

VI. APPENDIX

A. Line Impedance Matrix

The standard impedance matrix for a three-phase line with
no ground wires is the following:

Zaa Zap  Zye

Q/mile (11)

Zaoe = Zav Zob  Zne

Zye Zpe Zg

The diagonal terms are known as self-impedances, while
the off-diagonal terms are known as mutual impedances. We
define the impedances from (11) in (12). Notice that each
equation is made up of two terms: a resistance term and a
reactance term.

Zy = (1, +15)+ jokIn D; Q/mile

D

Zy, = (1, +15 )+ jokIn 2 Q/mile

Dsb
Ze, =(1, +14)+ jokIn B* Q/mile

(12)
Z, =1, +jokIn 11))e Q/mile

Zp, =1 + joklIn g:; Q/mile

7y =1, + jokIn ¢ Q /mile

where:

Ia, I, and 1. = resistance in ohms per conductor per mile
(Q/mile), found from tables of test results provided by
conductor manufacturers. Several such tables are
published in [9]. This is usually calculated for various
temperatures and frequencies of interest. Formulas for
calculating resistance at different temperatures are
available in [10].

rqa = earth resistance, 1.588 « 10-*f (/mile, which is
0.09528 Q/mile at 60 Hz. This comes from Carson’s
classic line model, which models an overhead line with
no ground wire as having a ground return conductor
buried in the earth [11]. The value 14 is the resistance of
this buried conductor and is a function of frequency.

wk = inductance multiplying constant, which is 0.12134
in a 60 Hz system with units in miles.



D.=2160,/p/f ft, where p is ground resistivity and f'is

frequency. Reference [3] shows that the depth of Carson’s
buried conductor is a function of p. Data for p can be
calculated from soil tests or can be estimated for various
locations using maps (see Section I1I, Subsection D).
Common practice selects p = 100 Q-m when actual data
are unavailable.

Dga, Db, and Dy = geometric mean radius (GMR) of each
conductor in feet, otherwise known as the self-geometric
mean distance. This can be found from tables provided by
conductor manufacturers, some of which are published in
[9]. Normally, these are all equivalent, and this value can
be called D;.

Dab, Dy, and D¢, = distance in feet between the centers of
Conductors a and b, b and ¢, or ¢ and a. See Fig. 13.

a b c

< o -

Fig. 13. Db, Dy, and D, represent distances between conductors

Once the individual terms of the z;. matrix have been
computed, we can multiply each term by the line length in
miles in order to calculate the final Z., matrix of the line in
ohms.

Keep in mind that the matrix in (11) is only valid for lines
with no ground wires. The impedance matrix for a line with
ground or shield wires requires some modification and is
discussed later in this appendix.

B. Bundling

Reducing the inductance of the line can be done by
reducing the spacing between conductors or increasing the
conductor radii. This introduces issues, however, such as with
cost and weight, ease of handling, flexibility, and possible
flashover. Bundling is a method of putting several small
conductors together in the same phase in order to simulate a
larger conductor and is often performed to reduce line
inductance.

The act of bundling effectively reduces the GMR of the
bundle. To calculate the GMR for a bundle of 5 conductors:

D, =(D.d,,...,d};)" (13)
where:
b>2
For example, the GMR of a four-conductor bundle is

calculated as follows:
1/4

D, :(Dsd12d13d14) (14)

where:

di2, di3, and d;4 = the distances between Conductors 1 and
2, 1 and 3, and 1 and 4 in the bundle, shown in Fig. 14.

|—di—|

1 2
f :/9\ C
dys 3 dig

Fig. 14. Distances between conductors in a four-conductor bundle

This larger GMR can now be used in place of Dg,, Dy, and
Dy in (12), while the distances (Dab, Dbe, and Dca) now
become the distances between the centers of each bundle (see
Fig. 15).

a b c
[oXe} [oXe} oo
[oXe} [oXe} oo

|<7Dab4>|<— Dbc >

< Ou -

Fig. 15.  Da, Due, and Dy, for a circuit of four-conductor bundles

C. Transposition

Notice in (12) that the mutual impedances for z, Zne, and
Zca are only equal if Dap = Dpe = Dea. This is only the case if the
conductors are configured in an equilateral triangle. When this
configuration cannot be used, the mutual inductances can be
equalized, ideally, using transposition. Transposition is the
result of physically rotating the positions of the conductors at
various points along the length of the line so that each
conductor occupies each of the three physical positions for the
same distance.

Two rotation matrices are defined as follows:

00 1 010
R,=|1 0 0| R,)=/0 0 1 (15)
010 100

When a line is rotated in the direction shown in Fig. 16,
where the conductor in Position 1 is moved to Position 2, the
conductor in Position 2 is moved to Position 3, and the
conductor in Position 3 is moved to Position 1, the Za,. matrix

is modified by premultiplying by the R? matrix and

postmultiplying by the R, matrix.

(16)

_p-l
ZabcfrotlZ - Rd) ZabcRd)

Fig. 16. Conductor rotation with Position 1 going to Position 2



Conversely, when a line is rotated in the direction shown in
Fig. 17, where the conductor in Position 1 is moved to
Position 3, the conductor in Position 3 is moved to Position 2,
and the conductor in Position 2 is moved to Position 1, the

Zay matrix is modified by premultiplying by the R, matrix

and postmultiplying by the R;l matrix.

)

_ -1
Zabe_rot13 = R ¢ZabcR¢

Fig. 17. Conductor rotation with Position 1 going to Position 3

To obtain the complete Za,. matrix of the entire line, first
identify the segments of the line separated by phase rotations.
Create the zs;. matrix for the first segment of the line, and
modify the matrix for the next segment of the line using the
previous R transformations with respect to how the phases are
rotated. For each segment of the line that follows, use the
resultant z,,. matrix of the previous segment, and modify it
using the appropriate R transformation. Finally, multiply each
Zape matrix by the length of the corresponding line segment,
and sum all the z,,. matrices together to obtain the final line
matrix, Zabc.

Sometimes, instead of a complete conductor rotation, only
two of the three line conductors are transposed. This is called
a twist, and we define three twist matrices for the cases shown
in Fig. 18.

010 0 0 1 1 00
To=|1 0 0| Ty={0 1 0| Tu=[0 0 1| (18)
0 0 1 1 00 010
O - O
@ O OO
O O 6
Tor2 To1s Tozs

Fig. 18. Three cases of conductor twisting

10

If a twist is required instead of a full rotation, follow the
same  procedure  detailed  previously, using the
T transformations in place of the R transformations. A Zapc
matrix after a twist is defined as:

(19)

For To, use whichever twist matrix is appropriate based on
the conductor positions being swapped. Toi2 is used for the
twisting of conductors in Positions 1 and 2. Likewise, T3 is
used for the twisting of conductors in Positions 1 and 3, and
Ta23 is used for the twisting of conductors in Positions 2 and
3.

z abc

_ 1
= T¢z T¢

abc_tw

D. Completely Transposed Lines

When lines are completely transposed or assumed to be in
order to simplify calculations, the za». matrix is defined as:

z, 7, 7z
Zae =| 2 Zy 7 |Q/mile (20)
2 Zx 7
where:
z, =(r, +14)+ jokIn gf Q/mile

z, =1y + jok In o= Q/mile

and:
Deq = (DabDbcha )1/3

Each term in the matrix can then be multiplied by the line
length to obtain the total line impedance matrix, Za,.. Many
modern power lines are not perfectly transposed at regular
intervals. Although it may be tempting to assume a line is
transposed when it actually is not in order to simplify
calculations, this is not recommended. Not taking into account
nontransposed lines can have a significant effect on distance
relay operation, as shown in [8].

E. Nontransposed Lines With One Ground Wire

Often, ground or shield wires are placed above the
conductors to catch and deflect lightning strikes. These wires
do have an effect on line impedances, and the ground wires
are incorporated into the za.,. matrix as extra conductors with
their own self-impedances and mutual impedances between
the phase conductors. A three-phase system with one ground
wire results in a 4x4 matrix, which can be reduced to a 3x3
matrix using matrix reduction techniques.



In the case that the ground wire (w) is solidly connected to
ground at each end of the line, the resulting (reduced)
impedance matrix is as follows:

abc

Zaw Zaw Zaw wa Zaw ZCW
e

Zow Zaw Zbw Zbw ZowZew :
(zba - ) (be — ) (zbc — e ) Q/mile

ww

(ze—) (222 (za—e)
ac ZWW Cb ZWW e ZWW

@n

where:
Zyy = (rW +rd)+joak In D[:CW Q/mile
Zy =Ty + jokIn 5= 0Q/mile
Zy,, =Ty +jokIn [1)); Q/mile
Zoy, =Ty +joklIn [])) Q/mile

and:
1w = the resistance of the ground wire in (M/mile.
Dyww = the GMR of the ground wire in feet.
Daw, Dbw, and Dy = the distances between the phase and
ground conductors.

Complete procedures for solving for line impedances for
transposed and nontransposed lines with one or two ground
conductors are found in [9]. Because procedures involving
more than one ground wire can require more complex matrix
reduction, a computer simulation program should be used for
ease and accuracy.

Keep in mind that the methods previously described are
only valid for ground wires that are continuous and connected
to the station grounds at both ends with zero ground
resistance. Reference [12] shows the large error that can result
when using these traditional methods with segmented ground
wires made of aluminum conductor steel reinforced (ACSR)
cable. Reference [12] discusses a more accurate method of
calculation that has been proven by comparing the results to
actual measured line impedance values.

F. Multicircuit Lines

Because of added complexity, calculating line impedances
for multicircuit configurations is beyond the scope of this
paper. The techniques to account for mutual coupling in the
Zae matrix for multicircuit lines are very similar to the
procedures discussed here and can be found in [9].
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G. Converting to Sequence Components

The line impedance settings required in protective relays
correspond to the sequence components of the Z, matrix. To
convert from Z,. to the sequence component form for a
system with ABC phase rotation, apply the following
A transformation:

Lo, = AilzabcA (22)
where:
1 1 1
A=|1 o’ «
1 o o
o =1£120°

The resulting Zoi> matrix is a 3x3 matrix that provides the
zero-sequence impedance of the line in the (1,1) position, the
positive-sequence impedance in the (2,2) position, and the
negative-sequence impedance (which should be the same as
the positive-sequence impedance) in the (3,3) position. For a
completely transposed line, the resulting sequence component
matrix will have all off-diagonal terms as 0, representing the
lack of coupling between sequence networks.

Often, a line will not have the same physical or electrical
configuration throughout the entire line length. Examples of
this are the tower conductor configurations going from a
horizontal to vertical configuration, a conductor type change
at some point on the line, another line sharing the same right
of way for part of the total line length, and distribution
underbuild for part of the total line length. In cases like this,
simply calculate the impedance matrices of each segment
separately, and then sum the resulting impedances of all line
sections together.
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