Validation of Transmission Line Relay
Parameters Using Synchrophasors

Brian K. Johnson
University of Idaho

Cat Wong
Entergy

Sal Jadid
Schweitzer Engineering Laboratories, Inc.

Presented at the
41st Annual Western Protective Relay Conference
Spokane, Washington
October 14-16, 2014

Originally presented at the
68th Annual Georgia Tech Protective Relaying Conference, April 2014



Validation of Transmission Line Relay
Parameters Using Synchrophasors

Brian K. Johnson, University of Idaho
Cat Wong, Entergy
Sal Jadid, Schweitzer Engineering Laboratories, Inc.

Abstract—This paper proposes a method to measure
transmission line parameters for protective relay settings. This
method relies on synchronized phasor measurements taken at
both ends of the line and compares them with the calculations
from both the equivalent PI circuit and the distributed constant
line parameters. This comparison determines which method
provides more accuracy for determining relay settings. The
method used for the calculation depends on whether the line is
transposed or untransposed. The performance of the proposed
method is verified using simulation software and field data from
Entergy phasor measurement units (PMUs) on a transmission
line. This paper discusses the data collected from the PMUs and
compares the calculation from the measured data with actual
relay settings. Finally, the paper proposes a method for
validating the relay settings.

I. INTRODUCTION

The offline calculation of transmission line impedance has
long been used by engineers to determine appropriate distance
relay settings. Accurate calculation is paramount for reliable
distance relay operation and correct fault location.
Transmission line impedance is estimated based on the tower
configuration and physical properties of the conductor. These
transmission line impedance estimates are based on
assumptions and approximations such as ground resistivity
and temperature.

Several methods have previously been proposed to identify
transmission line parameters using phasor measurement units
(PMUs). References [1] and [2] use the short line model for
the calculation of only positive-sequence impedance,
neglecting the shunt capacitance. Reference [3] includes the
shunt capacitance but still only computes the positive-
sequence impedance. For fully transposed transmission lines,
the three sequence networks (positive, negative, and zero) are
completely decoupled and the positive-sequence impedance
parameters are determined by only the positive-sequence
voltages and currents. However, for untransposed
transmission lines or transmission lines that are not fully
transposed, the three sequence networks are mutually coupled.
Using only the positive-sequence measurements to estimate
the positive-sequence parameters in these cases can generate
inaccurate parameter estimates.

Reference [4] addresses zero-sequence parameters and
describes the requirements for introducing an unbalance by
tripping and reclosing a single-phase circuit breaker

automatically or with an external voltage source.
References [1] through [4] provide theoretical and simulation
analysis, but they do not show practical implementation or a
comparison of the results with data from field-installed
synchrophasor units.

The method proposed in this paper validates the relay
settings parameters derived from the positive- and zero-
sequence impedances using measurements from synchronized
phasors at both ends of a line. The method used for the
calculation of the positive- and zero-sequence impedances
depends on whether the line is transposed or untransposed. In
the case of a transposed line, zero-sequence parameters are
calculated from steady-state load conditions if there is
sufficient unbalance in the measured voltage. The minimum
amount of unbalance required to perform the calculation is
characterized. The equations to calculate the positive- and
zero-sequence impedances and shunt admittances for a
transposed line can be clearly defined and then solved if there
is sufficient standing zero-sequence voltage unbalance during
normal system operation. The resulting set of equations is
much more difficult to solve using measurements from steady-
state operation if the line is untransposed.

In the case of untransposed lines or transposed lines
without sufficient measured zero-sequence voltage unbalance,
the parameters are calculated based on remote fault conditions
involving ground in the system. These fault conditions are not
necessarily on the line itself but can be anywhere that can
generate enough zero-sequence unbalance. This unbalance is
quantified.

In this paper, we use field data from Entergy PMUs
installed on a 230 kV transmission line to compare these
calculations with the relay settings derived from line constants
programs. A method for checking the relay settings is
proposed based on the parameter calculations from the PMUs.

This paper is organized as follows:

e Section II discusses line modeling and the models
used for transmission lines.

e Section III discusses the calculation of parameters for
both transposed and untransposed lines. Simulations
using PSCAD"/EMTDC"" software are used to
validate the results and verify the accuracy and
limitations of the calculation method.

e Section IV discusses the setup of synchrophasors on
an Entergy line.



e Section V discusses the results of the parameter
calculation and compares them with the line constants
and line distance settings that are presently
programmed in the relay. A method for validation is
then presented.

II. LINE MODELING

Fig. 1 shows the model of a three-phase transmission line
with mutual impedance [5].
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Fig. 1. Model of a three-phase transmission line with mutual impedance.

The transmission line is characterized by four parameters:
series resistance R due to the conductor resistivity, shunt
conductance G due to leakage currents between the phases and
ground (this term is neglected because it has a very small
impact on the types of studies that use the model), series
inductor L due to the magnetic field surrounding the
conductors, and shunt capacitance C due to the electric field
between conductors.

The line parameters are defined by the shunt admittance
matrix (Y = jB Q' per mile) and the series impedance matrix
(Z =R + jX ohms per mile) for a lossless transmission line.
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From (2), the symmetrical component matrix for an
untransposed line can be computed (see [5]) using the
symmetrical component transformation matrix and found to be
the following:

Zyy Zo Zgy
Zsym=\|Z,, Z, Z, 3)
Zyy Zy Zy

where:
Zy 1s the zero-sequence impedance.
Z1, 1s the positive-sequence impedance.

75, is the negative-sequence impedance.

Zy is the mutual impedance between the zero and
positive sequences.

Zy, s the mutual impedance between the zero and
negative sequences.

7, is the mutual impedance between the negative and
positive sequences.

For a fully transposed line, the off-diagonal terms in (2) are
the mutual impedances between conductors and are equal. For
a transposed line with a flat line configuration, the self-
impedances and self-admittances are equal and provide the
equations derived in [5].

[ Yself Ymutual Ymutual
Y =| Ymutual  Yself  Ymutual @)
| Ymutual Ymutual — Yself
[ Zself  Zmutual Zmutual
Z=|Zmutual Zself  Zmutual (5)
| Zmutual Zmutual — Zself

The symmetrical component matrix for the transposed line
is shown in (6).

Z0 0 0
Z012=| 0 Z1 0 (6)
0 0 Z2

In the symmetrical component matrix, the diagonal terms
70, Z1, and Z2 are the zero-, positive-, and negative-sequence
impedances of the transmission line, respectively. Note that
the off-diagonal terms are zero and indicate that there is no
coupling between the positive-, negative-, and zero-sequence
networks for the transposed line. The method that relies on the
calculation of the impedance based on sequence components
is only valid for transposed lines; however, off-diagonal terms
are often approximated as zero for untransposed lines.

A. Equivalent PI Circuit

Fig. 2 shows the per-phase equivalent PI circuit of a three-
phase transmission line [6].
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Equivalent PI circuit of a three-phase transmission line.

Fig. 2.



The relationship between the currents and voltages is
expressed using the following equations:

N+12=Y+(V1+V2) (7)
VI-V2=2Z-1d (8)

where:
Id=11-Y-VI1 9)

B. Steady-State Distributed Line Parameters

Fig. 3 shows the relationship between the current and
voltage along the line in terms of the distributed parameters.

Fig. 3. Distributed model of a three-phase transmission line.

Equation (10) defines the model of the distributed
parameter line.

av =7 a =YV

dx dx

The solution of (10), in terms of the sending and receiving
voltage and currents [6], is defined as follows:

\%! cosh(T') sinh(T'1)Zo |[V2
= . (11)
11 Yo sinh (Fl) Yo cosh (Fl) Zo|| 12

where:
I=(@ZY)"”
Zo=TY'=T"Z
Yo=YI'=Z'T

(10)

C. Classification of Transmission Lines

Overhead lines can be classified according to length based
on the approximations justified in their modeling [7]. They are
classified as follows:

e Short lines are shorter than 50 miles. They have
negligible shunt capacitance and may be approximated
as series impedance.

e Medium lines have lengths in the range of 50 to
125 miles. They can be approximated by the
equivalent PI circuit. The majority of lines fall under
this category, and this model is suitable for our
analysis.

e Long lines are longer than 125 miles. For such lines,
the distributed effects of the parameters can be
significant and need to be represented by the
distributed line parameters.

III. CALCULATION OF PARAMETERS

A. General Overview

The proposed method uses synchronized PMUs to obtain
the phase voltages and currents at both ends of a line. These
devices must have accurate time information. Global
Positioning System (GPS) satellite-synchronized clocks with
microsecond accuracy provide this information through
demodulated IRIG-B signals. Proper time synchronization
allows for obtaining time-synchronized samples of voltages
and currents for use in calculating the impedance and
admittance matrices.

B. Transposed Lines

1) Equivalent PI Circuit Analysis

A test setup using PSCAD/EMTDC software was used to
simulate the conditions, and the setup validates the proposed
solutions. Fig. 4 shows the test setup for the line.
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Fig. 4. PSCAD/EMTDC test setup and model for testing.




Because the line is transposed, there are three unknowns in
the Y and Z matrices. Equations (13) and (14) can be used to
solve for these parameters. One unbalanced condition seen by
the line is required for the solution. This condition can be an
external fault in the power system that generates enough zero-
sequence voltage and current at the measurement locations. A
measure for the unbalance is the ratio of positive-sequence
current to zero-sequence current (I0/I1). The simulation was
done with a close-in fault, moving the fault location away
from the line under study. Good results were achieved with an
10/11 ratio as low as 5 percent.

For the calculation of the Y matrix when we define (12),
(7) takes on the form of (13).

[=11+12 V=V1+V2 (12)
I=VY (13)
The Y matrix can be determined using matrix inversion.

Similarly, Id from (9) can be calculated. If we define
V'=V1-V2, (8) becomes the following:

V =Id+Z (14)
The Z matrix can also be solved for using matrix inversion.

2) Distributed Line Parameters

For the distributed line parameters, (10) can be solved for
directly using numerical integration in the complex domain
and a nonlinear iterative solution. Alternatively, (11) can be
solved using a nonlinear iterative solution. The same line
modeled in Fig. 4 was used for the calculation.

3) Results

Table I shows the line impedance comparison between the
PSCAD/EMTDC simulation versus the equivalent PI circuit
and distributed parameters.

C. Untransposed Lines

Most transmission lines fall under this category, so
developing a solution for untransposed lines is essential. The
solution focuses on the equivalent PI circuit analysis. The
distributed parameter line solution is complex and requires
extensive calculation because there are 18 equations to solve
for iteratively. In the case of a fully transposed line, there is no
significant difference between the two methods.

Because we have more unknowns in the Y and Z matrices
for untransposed lines compared with transposed lines, three
independent states from the power system are needed to solve
(13) and (14).

The conditions to solve (13) and (14) require (14) to have
full rank. This can be achieved by having one state based on
load conditions and two other states with an unbalanced
condition. Similar to the transposed lines, the unbalanced
condition does not have to occur on the untransposed line; it
can occur anywhere in the power system that can generate
unbalance. A measure of 10/I1 can indicate the amount of
unbalance from the fault. Simulation results show even small
unbalance (as low as 3 to 5 percent) can be used. The
advantage of using three states (one from the load and two
with unbalanced conditions) for the calculation is that remote
faults in the system can be used for the calculation of the
impedances and internal line faults are not required. The / and
V' equations from (13) and (14) represent A-, B-, and C-phase
currents and voltages from three different states. The solution
for Y and Z uses the generalized (pseudo) inverse matrix
operation, which gives the least squares solution [8].

Table II shows the line impedance comparison between the
PSACAD/EMTDC simulation values versus the equivalent PI
circuit.

TABLE 11
LINE IMPEDANCE COMPARISON FOR UNTRANSPOSED LINE
Positive- Positive- Zero- Zero-
Calculation Sequence Sequence Sequence Sequence
Method Df;é';::;e Angle Df;f;;::;ﬁ Angle
ohms) (degrees) ohms) (degrees)
PSCAD/
EMTDC 15.021 85.435 40.184 70.825
simulation
values
Equivalent
L 15.214 84.582 40.345 72.478
PI circuit

The results show that the calculation using the equivalent

TABLE I
LINE IMPEDANCE COMPARISON FOR TRANSPOSED LINE
Positive- Positive- Zero- Zero-
Calculation Sequence Sequence Sequence Sequence
Method Dg;é‘;;‘;;e Angle Dg;é‘;;‘;;e Angle
r r
ohms) (degrees) ohms) (degrees)
PSCAD/
].EMTD.C 37.485 85.435 100.277 70.825
simulation
values
Equivalent
N 37.43 85.457 101.93 71.433
PI circuit
Distributed 37.536 85.444 101.868 71.324
parameters

A comparison between the equivalent PI circuit and
distributed parameter calculations shows negligible difference,
and both methods calculate the positive- and zero-sequence
impedances accurately.

PI model for an untransposed line closely matches the actual
line impedance used in the simulation.



IV. CASE STUDY

Entergy received a Smart Grid Investment Grant (SGIG)
from the U.S. Department of Energy and installed PMUs on
multiple lines of their system as part of the Entergy PMU
Hardening Project. The goal was to leverage the achievements
and experience of the existing prototype Entergy system of
phasors and reshape it into a wide-area monitoring system
ready for operation. A transmission line with the setup shown
in Fig. 5 was chosen to provide the data for this analysis. The
untransposed line is 230 kV and 31 miles long. The PMUs
installed are independent from the line protection. The data are
retrieved and archived in a substation computer. Fig. 6 shows
the setup and the requirements for the collection of data used
in the calculation of relay parameters.

Substation 1 Substation 2

Primary
Protection

Backup
Protection

Primary
Protection

Fig. 5. PMU one-line diagram for the case study.
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Fig. 6. PMU setup and requirements.

Fig. 7 through Fig. 9 show example data collected from the
PMUs from one of the states used for the calculation of the
line impedance. The unbalance state was a B-phase-to-ground
fault on the 230 kV system. Three-phase currents and voltages
were captured from the synchrophasors showing the prefault,
fault, and post-fault window.
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Fig. 7. Measured currents from the PMUs during prefault and post-fault load
conditions and the unbalance state.
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Fig. 9. Positive-sequence voltage angle difference between the two stations
from the PMUs during prefault and post-fault load conditions and the
unbalance state.

V. CASE STUDY RESULTS AND DISCUSSION

Fig. 10 and Fig. 11 compare the calculated line impedances
from three different line constants calculation (LCC)
programs: Entergy LCC, PSCAD/EMTDC, and ASPEN LCC.
The Entergy LCC was used to develop the settings. There is a
slight difference between the positive-sequence impedance
and the zero-sequence impedance. This can be attributed to
how the LCC programs internally calculate these values and
the assumptions made.

20
PSCAD/EMTDC

ASPEN LCC

Positive-Sequence Reactance
(primary ohms)
=

0 0.5 1 1.5 2
Positive-Sequence Resistance (primary ohms)

Fig. 10. Comparison of the positive-sequence impedance vectors calculated
from the three LCC programs.
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Fig. 11. Comparison of the zero-sequence impedance vectors calculated
from the three LCC programs.

Fig. 12 and Fig. 13 compare the calculated line impedance
of the three LCC programs and the line impedance derived
from the synchrophasor measurements. The positive-sequence
impedance measured by the synchrophasors closely matches
that from the Entergy LCC. The zero-sequence impedance
differs from the LCC programs, specifically the magnitude. Its
percentage of error is about 19 percent; however, the zero-
sequence angle is within 6 percent. This could be due to many
factors, such as the earth resistivity assumption used in the
LCC programs, current transformer (CT) errors,
synchrophasor filtering and sampling, and fault duration that
needs to be investigated further. However, the data are still
useful for checking distance relay settings.
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Fig. 12. Comparison of the positive-sequence impedance vectors calculated
from the three LCC programs and synchrophasors.
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Fig. 13. Comparison of the zero-sequence impedance vectors calculated
from the three LCC programs and synchrophasors.

Distance-based line protection uses positive-sequence
impedance and a zero-sequence compensation factor k0, along
with voltage and current measurements, to determine if faults
are inside the protection zone. One method to estimate the
distance to the fault for A-phase-to-ground faults by mho
elements is provided in (15) [9].

Re(Va+ Vpol")

= : (15)
Re(Z1L+(Ia+k0+IG)* Vpol')

where:
Va is the faulted phase voltage.
Vpol is the polarizing quantity.
Ia is the faulted phase current.
IG is the residual current.
Z1L is the positive-sequence line impedance.
kO is the zero-sequence compensation factor.
Z0L—-Z1L
kO=——
3Z1L
The zero-sequence compensation factor is the parameter
used for the ground distance relay calculation. Fig. 14
compares the zero-sequence compensation factor vectors

calculated from the three LCC programs and the
synchrophasor-based method.
0 0.5 1 1.5

0

Synchrophasors
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PSCAD/EMTDC
ASPEN LCC

Zero-Sequence Compensation Factor Reactance
(primary ohms)

Zero-Sequence Compensation Factor Resistance
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Fig. 14. Comparison of the zero-sequence compensation factor vectors
calculated from the three LCC programs and synchrophasors.

The effect of both the LCC zero-sequence compensation
factor and synchrophasor zero-sequence compensation factor
on the distance element reach for the ground fault can be
analyzed using (15). The per-unit reach along the line for both
zero-sequence compensation factors is calculated for
comparison. Fig. 15 shows the results for a fault current with
80 degrees, lagging phase shift. The calculated Entergy LCC
zero-sequence compensation factor reach at 80 percent of the
line corresponds to a reach of 88percent for the
synchrophasor zero-sequence compensation factor. This result
shows no overreach of the zone distance element.
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Table III through Table VII provide the settings for a
proposed method for checking the relay settings from the
synchrophasor data. The tables summarize the actual in-
service settings of interest in the relay and compare them with
the values derived from the synchrophasors. A difference
between the two values above a threshold can be used to
indicate a discrepancy. The goal of this is to minimize errors
in the settings that can cause undesired operations, such as
distance element overreach or underreach. Zone 1 should
never overreach the remote terminal, and Zone 2 should
always overreach. For Zone 1, if the measured impedance is
less than the set relay reach, the reach should not exceed 5 to
10 percent of the measured impedance. The tolerance can be
smaller if Zone 1 is set to 90 percent of the line versus
80 percent. The checking limit can be different based on the
settings and their impact on the operation of the relay.

The calculation for both positive- and zero-sequence
impedances requires three conditions from the power system
(one steady state and two unbalance states). The positive-
sequence impedance can be determined first from a steady
state when the line is first put in service. The zero-sequence
impedance can be estimated using historical data based on a
ratio of positive-sequence impedance. Once the other two
states of unbalance are made available by monitoring the 10/11
ratio, the calculations can be made for the validation and
verification of relay settings based on the measurement.

TABLE III
RELAY TRANSMISSION LINE PARAMETERS
Relay In- Suggested
Setting Service | Synchrophasor- | Error | Checking
(secondary | Relay Derived Values (%) Method
ohms) Setting (%)
Within
ZIMAG 541 5.1 —5.73 +10
Z1ANG 86.24 86.1 —0.16 Within 5
Within
ZOMAG 15.20 12.3 —19.08 420
Z0OANG 74.35 78.735 5.90 Wil%m

TABLE IV
PHASE DISTANCE ZONE SETTINGS
Relay In- Suggested
Setting Service | Synchrophasor- | Error | Checking
(secondary | Relay Derived Values (%) Method
ohms) Setting (%)
Within
Z1P 4.6 4.34 -5.73 410
Within
Z2P 7.1 6.69 -5.73 410
Within
Z3P 8.2 7.73 -5.73 +10
Within
ZAP 15 14.14 -5.73 410
TABLE V
GROUND DISTANCE ZONE SETTINGS
Relay In- Suggested
Setting Service | Synchrophasor- | Error | Checking
(secondary | Relay Derived Values (%) Method
ohms) Setting (%)
Within
ZIMG 4.6 4.34 -5.73 +10
Within
Z22MG 7.1 6.69 -5.73 +10
Within
Z3MG 8.2 7.73 -5.73 +10
Within
ZAMG 15 14.14 -5.73 410
TABLE VI
ZERO-SEQUENCE COMPENSATION FACTOR
Relay In-
Setting Service | Synchrophasor- | Error Sugges.t ed
. o Checking
(secondary | Relay Derived Values (%)
¢ Method
ohms) Setting
Within
k01IM 0.613 0.5 —18.43 +0.1 ohms
kOTA -18.30 -12.527 -31.55 Within
+5 degrees
TABLE VII
DIRECTIONAL ELEMENT SETTINGS
Relay In- Suggested
Setting Service | Synchrophasor- | Error | Checking
(secondary | Relay Derived Values (%) Method
ohms) Setting (%)
Within
Z2F 2.71 2.55 -5.90 +10
Within
Z2R 2.81 2.65 -5.69 410




VI. CONCLUSION

This paper presents a method to calculate the positive- and
zero-sequence impedances for transposed and untransposed
transmission lines using PMUs. These calculations are used to
verify distance relay settings. The method for checking these
calculations is presented along with the PMU data required for
the calculation and system conditions. The advantage of using
this method to validate the settings is that it does not require
additional changes to the line or conducting any tests or
outages, as long as the line has a PMU that collects three-
phase voltages and currents.

Further investigation is required to verify the accuracy of
this method compared with the LCC-derived settings. If there
is a fault on the line with a known fault location, the
performance of a relay based on the LCC-derived settings and
synchrophasors can be used to determine which method is
more accurate. Another area of investigation is analyzing the
effects that CTs, filtering, sampling, and fault duration can
have on the suggested validation method.
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