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Abstract

Current and voltage waveforms recorded by intelligent electronic devices (IEDs) are more useful than just
performing post-fault analysis. The objective of this paper is to present techniques to estimate the zero-sequence line
impedance of all sections of a three-terminal line and the Thevenin equivalent impedance of the transmission
network upstream from the monitoring location using protective relay data collected during short-circuit ground
fault events. Protective relaying data from all three terminals may not be always available. Furthermore, the data from
each terminal may be unsynchronized and collected at different sampling rates with dissimilar fault time instants.
Hence, this paper presents approaches which use unsynchronized measurement data from all the terminals as well as
data from only two terminals to estimate the zero-sequence line impedance of all the sections of a three-terminal line.
An algorithm to calculate positive-, negative- and zero-sequence Thevenin impedance of the upstream transmission
network has also been presented in this paper. The efficacy of the proposed algorithms are demonstrated using a test
case. The magnitude error percentage in determining the zero-sequence impedance was less than 1% in the test case

presented.
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1 Introduction
One of the key features in modern intelligent electronic
devices (IEDs) such as digital relays and digital fault
recorders is the generation of event reports during faults.
By analyzing fault event reports, system operators can
understand what happened during the event and the cause
of the event but event reports contains much more valu-
able information. The authors in [1-3] have used event
reports to glean information about relay misoperations
and estimate a variety of system parameters.
Transmission line parameter estimation using different
methods and a variety of data has been a topic of interest
for researchers [4, 5]. The zero-sequence impedance of an
overhead line must be specified by protection engineers
in relay settings and plays a key role in distance and direc-
tional protection [6, 7], and fault location calculations.
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The zero-sequence impedance of a line depends on earth
resistivity. A commonly used practice to determine the
zero-sequence impedance is by using Carson’s equation
and using a typical value of 100 2-m as earth resistivity
[6, 8]. As the earth resistivity depends on various factors
such as soil type, temperature and moisture content in the
soil [9] and is difficult to measure accurately, the zero-
sequence line impedance is subject to much uncertainty.
As a result, to avoid relay mis-operations and incorrect
fault location, efforts must be made to validate the zero-
sequence line impedance using fault event data.
Three-terminal transmission lines are frequently used
by utilities to transfer bulk electrical power and support
loads from three generating sources [10]. Often, utilities
upgrade an existing two-terminal line to a three-terminal
line by simply connecting a line with a generating source
to it. Building three-terminal lines have several advan-
tages. There are low or no costs associated with con-
structing a new substation and procuring power system
equipment. No right-of-way and regulatory approvals are
required. As a result, three-terminal lines are expeditious
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in increasing the operational support necessary to meet
system demands.

Several authors in the past have researched on validating
zero-sequence line impedance but only for two-terminal
lines [6, 11]. Very little work, if any, has been conducted
on validating the zero-sequence line impedance of three-
terminal transmission lines. The event reports from IEDs
at different ends of the line may detect the fault at slightly
different time instants and have different sampling rates.
Furthermore, they can be unsynchronized. Therefore, it
is necessary to devise a methodology that can use unsyn-
chronized measurements to confirm the zero-sequence
impedance of three-terminal transmission lines.

Using the same set of waveform data, the Thevenin
impedance of the transmission network upstream from
the monitoring location can be estimated. The Thevenin
impedance, often referred to as the short-circuit
impedance, plays an important role when calculating the
currents during a balanced or an unbalanced fault [12].
System operators obtain the Thevenin impedance by
performing a short-circuit analysis on the circuit model.
However, to avoid any erroneous fault current calcu-
lations due to an inaccurate circuit model, it is a good
practice to validate the short-circuit impedance from the
circuit model with that calculated from the fault data.
The Thevenin impedance is also required by the Eriksson,
Novosel et al., and other fault-locating algorithms to track
down the location of a fault [8, 13, 14]. Furthermore,
the Thevenin impedance calculated at regular intervals
during a long duration fault can provide insight into the
state of the transmission network upstream from the
fault. Authors in [15] have attempted to estimate the
Thevenin impedance but have not provided the equations
for the same. Authors in [15, 16] have also highlighted
the importance and uses of estimating the Thevenin
impedance. Hence, it is essential to estimate the Thevenin
impedance of the transmission network upstream
from the monitoring location using any available fault
data.

Based on the aforementioned background, the primary
objective of this paper is to estimate the zero-sequence
impedance of three-terminal line from waveform data
captured by intelligent electronic devices during a ground
fault. The contribution lies in developing algorithms
which either use unsynchronized data from all the three
terminals or use unsynchronized data from only two ter-
minals. The second objective of this paper is to estimate
the Thevenin impedance of the transmission network
upstream from the monitoring location using the same
set of fault waveform data. The authors had developed
algorithms for estimating zero-sequence line impedance
for two-terminal lines [5] but this paper explores algo-
rithms for estimating zero-sequence impedance of three-
terminal lines which has barely been studied previously.
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This paper serves as a further extension and as a sequel to
the aforementioned paper.

The proposed methods for both estimating the zero-
sequence line impedance as well as estimating Thevenin
impedance from fault waveforms are validated using a test
case. The approach which estimates zero-sequence line
impedance using data from three terminals requires lesser
assumptions than the method which uses data from only
two terminals. Both the methods produced accurate zero-
sequence impedance estimates and the magnitude error
percentage was less than 1%. Similarly, results indicate
the success of Thevenin impedance estimation algorithm
as the magnitude error was less than 1% in the test
case.

2 Estimating the zero-sequence impedance of
three-terminal lines

Three-terminal lines do pose a significant challenge to
the task of validating the zero-sequence line impedance.
The third terminal contributes to the total fault current
and changes the impedance equations which are com-
monly used for two-terminal lines. Furthermore, with the
introduction of a third terminal, there are now two lines
whose zero-sequence line impedances have to be vali-
dated from a single fault event. Based on this aforemen-
tioned background, this section presents two approaches
for calculating the zero-sequence line impedance of three-
terminal lines. The proposed algorithm uses fault current
and voltage phasors from the line terminals for its analy-
sis. The proposed technique should therefore be applied
on the steady state portion of fault waveforms to obtain
accurate results. Hence, it is suitable for application in
ground fault scenarios which contain steady state fault
waveforms. Approach 1 requires the availability of voltage
and current waveforms from all the three terminals while
Approach 2 uses waveforms captured at two terminals
only.

2.1 Approach 1 for estimating zero-sequence line
impedance: data from three terminals

This approach requires the availability of voltage and cur-
rent phasors at all the three terminals during a fault and
is illustrated using the three-terminal transmission line
shown in Fig. 1. Line 2 is homogeneous and connects ter-
minal G with terminal H. Line 2 is of length LL per unit.
Line 1 is also homogeneous and connects terminal T with
Line 2 at a distance of d per unit from terminal G. When
a single or double line-to-ground fault occurs on Line 2
at m per unit distance from terminal G, all three sources
contribute to the fault. Digital relays at each terminal cap-
ture the voltage and current phasors during the fault. The
phasors need not be synchronized with each other.

The steps to validate the zero-sequence impedance of
Line 1 and Line 2 are outlined below.
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Fig. 1 Three-terminal transmission line model used for analysis

2.1.1 Step 1: synchronize terminal T with terminal G
Consider the negative-sequence network of a three-
terminal line during a single or a double line-to-ground
fault as shown in Fig. 2. Let §1 represent the synchro-
nization error between the measurements at terminal T
and terminal G. Therefore, to align the voltage and cur-
rent phasors at terminal T with respect to terminal G, a
synchronization operator, ¢!, is applied to the terminal
T measurements. The value of ¢°! can be determined by
calculating V7,2 from both terminals as

Terminal G : Vupy = Vo — (d X ZaLy x Ig))
Terminal T : Vg = Vipe®l — (ZoLy x ITzejM) (1)

Notations in the Figs. 2 and 3 are defined as follows:

Viap2 is the negative-sequence voltage at the
tap point

Vo, Vaa, Vo are the negative-sequence fault voltages
at terminals G, H and T respectively

Igo, Iyo, I are the negative-sequence fault currents

at terminals G,H and T respectively
are the zero-sequence fault voltages at
terminals G, H and T respectively

are the zero-sequence fault currents at
terminals G,H and T respectively

Vo, Vo, Vo

160,150,110

lg2 + Iz Vo

(m-wzsz}T{m-m)zsz ﬁ'ﬁ
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v

Fig. 2 Negative-sequence network of the three-terminal line in Fig. 1
during a single or double line-to-ground fault

Page 30f 10

leo+ Ito ‘

—{ (m-d)Z0L2 )T{u-m)zom

+

|

Fig. 3 Zero-sequence network of the three-terminal line in Fig. 1
during a single or double line-to-ground fault
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ZyLy is the negative-sequence impedance of
Line 1

ZsLy is the negative-sequence impedance of
Line 2

ZoLy is the zero-sequence impedance of Line 1

ZoLy is the zero-sequence impedance of Line 2

Since terminals G and T operate in parallel to feed the
fault, V7o should be equal when calculated from either
terminal. From this principle, ! can be solved as

G _ Vea — (d x ZaLy x 1)
Vo — (Z2Ly x Ir2)

2)

In effect, this step calculates the phase angle mismatch
between terminal G and terminal T measurements, and
accordingly adjusts the phasors at terminal T by 1.

2.1.2 Step 2: synchronize terminal H with terminals T and G
After the synchronization process in Step 1, the
new negative-sequence voltage and current phasors at
terminal T are Vel and e, respectively, and at
terminal G are Vg and Igp, respectively. This step syn-
chronizes the phasors at terminal H with the phasors
at terminals G and T. For this purpose, a second syn-
chronizing operator, ¢°°2, is applied to the measurements
at terminal H. The value of ¢/ can be calculated from
the fact that the negative-sequence voltage at the fault
point, Vs, must be the same when calculated from either
terminal G or H as

TerminalG :
Viy = Vo — [mZaLy x Io] —[ (m — d) ZaLy x I12€°"]
TerminalH :

Vi = Vind®® — [(1 — m)ZyLy x Ipppé?) 3)

Therefore, ¢°2 is given by

Ve — ImZaly x Iga) — [(m — d) ZyLy x Ir2e!]

52
Via — [(1 = m)ZaLy x Ip]

(4)
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At the end of this step, the voltage and current measure-
ments at terminals T and H are synchronized with respect
to those at terminal G.

2.1.3 Step 3: calculate the zero-sequence impedance of Line
2

To estimate the zero-sequence impedance of Line 2, the

zero-sequence network during a single or double line-to-

ground fault is shown in Fig. 3. The zero-sequence voltage

at the fault point, Vo, can be calculated from terminal G

and H as

TerminalG :
Vo= Vgo—(mZoLy x Igo) — [(m — d)ZoLy x Ir0e!]
TerminalH :
Vro = Vo> — [(1 — m)ZoLa x Irioe?] (5)

Since Vg is equal when calculated from either line termi-
nal, equate the two equations in (5) to solve for ZyLy as

Vo — Vioe®?
mlgo + (m — d) Itoe®t — (1 — m) Ipoe/®?

ZoLy = (6)

2.1.4 Step 4: calculate the zero-sequence impedance of Line
1

To estimate the zero-sequence impedance of Line 1, ZyL1,

calculate the zero-sequence voltage at the tap point, Vo,

from terminals G and T as

Terminal G : Vupo = Vo — (dZoLy % Igo)
Terminal T : Vo = VT()ei‘31 — (Z()Ll X IToei(Sl) (7)
where Vg is the zero-sequence fault voltages at terminal

T. Because Vyp0 from terminal G is equal to that from
terminal T, we can use (7) to solve for ZyL; as

Vroe®l — Vo + (dZoLa x Igo)
ITOd'zSI

ZoLy = ®)
In this way, Approach 1 is successful in validating the
zero-sequence impedance of Line 1 and Line 2. If the
actual fault location is not available, then an additional
step (Step 0) must be performed to track down the exact
fault location before applying the steps described above.

2.1.5 Step 0: identify the fault location

Before computing the distance to the fault, it is necessary
to identify whether the fault is on Line 1 or on Line 2. The
negative-sequence network shown in Fig. 2 is used for this
purpose. When the fault is between terminal H and the
tap point, V> from the other two terminals are equal.
Therefore, to identify the faulted section of the feeder, the
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approach consists of calculating V', from each terminal
as

Terminal G : |Vigp| =|Va2 — (d x ZaLy X Ig2)]
Terminal H : |Vgpa| =|VHo — (LL—d) x ZaLy x 1)
Terminal T : |Vupa| =V — (Z2L1 X I72)] )

The estimated | V72| from two of the terminals will be an
exact match while | V75| from the third terminal will be
different. The fault is expected to lie between that third
terminal and the tap point. Next, apply one-ended fault
location algorithm to the voltage and current waveforms
at the third terminal and estimate the distance to the fault.

Figure 4 shows a flow diagram which summarizes
Approach 1 for calculating the zero-sequence line
impedance.

2.2 Assumptions
Assumptions made by Approach 1 when estimating the
zero-sequence impedances of Line 1 and Line 2 are sum-
marized below:

1. Line 1 and Line 2 are homogeneous

2. Zero-sequence mutual coupling is absent

A transmission network is homogeneous when the

local and remote source impedance have the same
impedance angle as the transmission line. Assumption 1
is a reasonable assumption to make as local and remote
source impedance angles are often close to that of the
transmission line.

Is fault
location
known?

Known Unknown

v
Identify the faulted section of the line

4
Use one-ended algorithm to estimate the
fault location

v v
Synchronize measurements from Terminal T with
Terminal G
v

Synchronize measurements from Terminal H with those
from Terminal T and Terminal G

\ 4

Calculate zero-sequence impedance of Line 2 and Line 1

Fig. 4 Flow diagram depicting Approach 1 for calculating
zero-sequence line impedance of all the sections of a three-terminal
line using data from all three terminals
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Zero-sequence mutual coupling arises when transmis-
sion lines are physically very close or parallel to each other.
An example where zero-sequence mutual coupling could
be present is when there are two sets of three-phase lines
running on same towers. Though this configuration of
lines is occasionally found in two-terminal transmission
lines, it is highly unlikely and rare to have three-terminal
transmission line with such a wire configuration that
would have zero-sequence mutual coupling.

2.3 Approach 2 for estimating zero-sequence line
impedance: data from two terminals

Although Approach 1 can successfully validate the zero-
sequence impedance of three-terminal transmission lines,
voltage and current waveforms from all the three ter-
minals may not always be available. For this reason,
this subsection develops a methodology that can use
data from only two terminals to estimate the zero-
sequence impedance of three-terminal lines. To illustrate
the approach, consider the scenario shown in Fig. 1. Sup-
pose that the measurements captured by digital relays at
terminals G and H are available while measurements from
terminal T are missing. The procedure to estimate the
zero-sequence impedance of Line 1 and Line 2 in such a
scenario is described below:

2.3.1 Step 1: estimate the negative-sequence current from
terminal T

To estimate the negative-sequence fault current from ter-
minal T, I79, the negative-sequence network shown in
Fig. 2 is used. The approach consists of calculating Vr»

from terminal G and terminal T as

Terminal G : Vg = Vay — (d X ZaLa x 1))
Terminal T : Vigpy = — (Z12 + ZoL1)IT2

(10)
(11)

where Z73 is the negative-sequence source impedance of
terminal T. Since V7,7 is equal when calculated from
either terminal, /75 can be estimated as

(d x ZoLy x Ig2) — V2
Z1y + ZoLy

Iy = (12)

Note that since terminal G measurements are being
used to estimate the fault current from terminal T,
measurements of these two terminals are automatically
synchronized.

2.3.2 Step 2: synchronize terminal H with terminals Gand T
This step applies a synchronization operator, &, to the
terminal H measurements so as to align the measure-
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ments at this terminal with those at terminals G and T.
The fact that Vg, is the same when calculated from ter-
minals G and H is used to calculate the synchronization
operator as

Vo — (mZyLy x Igp) — [(m — d) X ZLy X I9]

o
Vo — [(1 — m)Za Ly x Iy3]

(13)

The new set of sequence voltage phasors at terminal H
are Vi1®, Ve, and Vie®. Similarly, the new set of
current phasors at terminal H are /) &P, Ijp e, and I

2.3.3 Step 3:estimate the zero-sequence impedance of line 2
The zero-sequence line impedance of Line 2 is estimated
from terminal H measurements using any zero-sequence
line impedance estimation algorithm for two-terminal line
which uses measurements from one terminal only [5,
11]. The algorithm to estimate the zero-sequence line
impedance of a two-terminal line using data from only one
terminal assumes that the fault resistance is zero and the
fault location is known.

2.3.4 Step 4: estimate the zero-sequence current from
terminal T

The zero-sequence voltage at the fault point, Vg, is the

same when calculated from terminal G or terminal H.

This principle is used to calculate the zero-sequence fault

current contributed by terminal T, I79, as

Vo — Viioe” + ZoLa [(1 — m) Iyjoe” — mlgo]
ZoLy (m — d)

Itg =
(14)

2.3.5 Step 5:estimate the zero-sequence impedance of line 1
The fact that V7,0 is the same when calculated from
terminal G or terminal T is used to estimate the zero-
sequence impedance of Line 1 as

(d x ZoLy x Igo) — Vo
Iro
Figure 5 shows a flow diagram which summarizes

Approach 2 for calculating the zero-sequence line
impedance.

ZoLy = —Z70 (15)

2.4 Assumptions:
Assumptions made by Approach 2 when estimating the
zero-sequence line impedance are summarized below:

1. Line 1 and Line 2 are homogeneous

2. Fault location is known

3. Fault resistance is zero

4. Zero-sequence mutual coupling is absent

The assumptions that the transmission network is

homogeneous and the absence of zero-sequence mutual
coupling are same as that of Approach 1. Since Approach
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Calculate negative-sequence current from Terminal T

\ 4

Synchronize measurements from Terminal H with those
from Terminal T and Terminal G

\ 4

Estimate zero-sequence impedance of Line 2 using any zero-sequence
line impedance estimation algorithm for two-terminal line which uses
measurements from one terminal only

4

l Estimate zero-sequence current from Terminal T ‘

v

’ Estimate zero-sequence impedance of Line 1 ‘

Fig. 5 Flow diagram depicting Approach 2 for calculating
zero-sequence line impedance of all the sections of a three-terminal
line using data from only two terminals

2 has lesser data availability than Approach 1, further
assumptions must be made to obtain the zero-sequence
line impedance of the lines.

In utility/industry practice, the process of estimating the
zero-sequence line impedance is an offline post fault anal-
ysis process using event reports recorded by the relay. The
electric power utility performs a thorough investigation
of the fault event as soon as the fault has occurred. As
a result, it is expected that the utility identifies the fault
location and hence, it is a reasonable assumption that the
fault location is known while implementing the proposed
algorithm.

It is highly unlikely to have a completely bolted fault
where the fault resistance is exactly zero. However, it is
a reasonable assumption to make when the fault resis-
tance value is small and close to zero. Though not every
short-circuit fault has a fault impedance value close to
zero, the occurrence of this type of fault where the fault
impedance is close to zero is relatively common in trans-
mission lines. Such a scenario has also been demonstrated
and analyzed using real-world field data in [5]. However,
having to extract more information from less data requires
us to make such an assumption.

3 Demonstration of estimation of zero-sequence
impedance using a test case

This section demonstrates the efficacy of Approach 1
and Approach 2 in estimating the zero-sequence line
impedance of a three-terminal line during a single line-to-
ground fault. The system parameters used for the study
are described below.

The three-terminal network shown in Fig. 1 was mod-
eled in PSCAD simulation software [17]. The model was
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used to replicate actual short-circuit faults that occur on a
transmission line and generate the corresponding voltage
and current waveforms.

The positive- and zero-sequence source impedances at
terminal GareZg;=3.75/86°Q and Zgy=11.25/86°%2,
respectively. The positive- and zero-sequence source
impedancesat terminal H are Zp; =12/80°Q and
Zro =36/80° Q, respectively. The positive- and zero-
sequence source impedances at terminal T are Zr; =
5/83° Qand Z7o =12/83° 2, respectively.

The distance between terminal G and the tap point
is 6.21 miles. Line 2 is 18.64 miles long and has the
same configuration as shown in Fig. 6. Shield wires
S1 and Sy protect phase conductors A, B, and C
from direct lightning strikes. The positive- and zero-
sequence line impedances calculated using modified
Carson’s model [18] at an earth resistivity value of 100 2-
m are Z1L;=16.15/470°Q and ZyL,=34.87/64° %,
respectively. Line 1 is 6.21 miles long and also has
the same configuration as Fig. 6. However, the earth
resistivity was changed to 80 ©2-m. The positive- and zero-
sequence line impedances are Z;L; =5.38470° Q and
ZoL1 =11.55265° 2, respectively.

When a bolted phase A-to-ground fault occurs at a dis-
tance of 13 miles from terminal G, monitors at terminals
G, H, and T capture the voltage and current waveforms
at 32, 64, and 128 samples per cycle, respectively. The
waveforms are, therefore, not synchronized with each
other.

For the test scenarios, the fundamental frequency mag-
nitude and phase angle of the fault current and voltages
were extracted using Fast Fourier Transform. To avoid
inaccuracies due to transients and DC offset, a cycle with
stable fault current is used. For this purpose, the third

8.75' i 8.75'

[ [ —_—

S1 SQ A
A B C
[ [ J e _

A
15.5' 15.5'
89.25'
P 80'
A

Fig. 6 Tower configuration of an actual 69-kV transmission line model
used for demonstrating the proposed algorithms
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cycle after fault inception was chosen in the simulation
results to estimate the zero-sequence line impedance.
Fast Fourier Transform is a commonly used method to
extract fundamental frequency components and filter out
decaying DC offset [8, 19]. If the DC offset remains signif-
icant after the third cycle, more advanced filters [20, 21]
can be used or appropriate fault cycle can be chosen to
obtain accurate current and voltage measurements from
fault records. This ensures that the error in determining
the current and voltage phasors is minimized and hence
the zero-sequence line impedance estimation will not be
affected by it.

To assess the effectiveness of Approach 1, the fault loca-
tion is assumed to be unknown. Following Step 0, the
negative-sequence voltage magnitude at the tap point,
|VIap2l, is calculated to be 4.05kV from terminal G,
261.78 kV from terminal H, and 4.05kV from terminal T.
Since | V2| from terminals G and T are equal, the fault
is expected to lie between terminal H and the tap point.
Next, the simple reactance method [8] is applied to the
measurements at terminal H and estimated the distance to
the fault to be 13 miles from terminal G or 5.64 miles from
terminal H. The next step is to synchronize the measure-
ments at terminals T and H with those at terminal G, and
estimate the zero-sequence impedances of Line 1 and Line
2. As seen from Table 1, the estimated line impedances
match with those used in the simulation test case.

The magnitude and phase angle error were calculated as
follows [6]:

Magnitude Error % = |IA“M“ZZ|§°C|;{|ZStZ"ZTtedZL°|I x 100
Phase Angle Error = |LActual Z1o — ZEstimated Z |

(16)

Approach 2, on the other hand, uses the voltage and cur-
rent waveforms captured at terminal G and terminal H,
and assumes that the fault location is available. As seen
from Table 2, the estimated line impedances are close to
those used in the simulation. The magnitude error per-
centage of the estimated zero-sequence line impedance is
less than 1% for both the approaches.

Although Approach 2 uses data from only two ter-
minals to estimate the zero-sequence line impedance of
all the sections of the three-terminal line, it requires
the knowledge of source impedance parameters of the

Table 1 Estimated vs. Actual Zero-sequence Line Impedance of

Line 1

Approach Zero-sequence line Magnitude  Phase angle
impedance (2) error (%) error (degrees)
Actual Estimated

Approach 1 ) 49941039 0.19 0.1
4.98+10.42

Approach 2 495+j1046  0.20 0.22
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Table 2 Estimated vs. Actual Zero-sequence Line Impedance of

Line 2

Approach Zero-sequence line Magnitude Phase angle
impedance (£2) error (%) error (degrees)
Actual Estimated

Approach 1 ) 15.13+3133 022 0.15
15.08+j31.44

Approach 2 15.12+3138 0.10 0.10

third terminal. For this purpose, the next section pro-
vides approaches to calculate the source impedance or
the Thevenin impedance of the transmission network
upstream from the monitoring location.

In [5], the transmission line, whose zero-sequence esti-
mation was performed, was a two-terminal line whereas
three-terminal transmission lines are analyzed in this
paper. In a three-terminal transmission line, there is
short-circuit current contribution from all three termi-
nals unlike two-terminal transmission line where there is
current contribution from only two terminals. Hence, the
circuit explored, system equations and method of analysis
are different compared to the algorithms presented in [5].
The data availability for a three-terminal line is also differ-
ent from that of a two-terminal line. Moreover, there is a
need to synchronize measurements from different termi-
nals of the line based on data availability before estimating
the zero-sequence line impedance. Furthermore, careful
system analysis is required to calculate the zero-sequence
impedance of both Line 1 and Line 2 as seen in the two
approaches discussed above unlike having to estimate the
zero-sequence impedance of only one line as in [5]. In
addition to estimating the zero-sequence impedance of
the lines, this paper also presents a method for estimat-
ing the Thevenin impedance of the transmission network
upstream from the monition location using the same set
of waveform data.

4 Estimating the Thevenin impedance of
upstream network

Voltage and current waveforms captured by IEDs during a

fault can be used to estimate the Thevenin impedance of

the transmission network upstream from the monitoring

location as illustrated in Fig. 7.

Figures 8, 9 and 10 represent the negative-, zero- and
positive-sequence network respectively. The rest of the
down stream network is represented as RDSN in Figs. 8, 9
and 10.

The negative-sequence Thevenin impedance, Zg2, can
be calculated from the negative-sequence network shown
in Fig. 8 during an unbalanced fault as

Zay = ——= (17)

Ife))
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Fig. 7 Concept of Thevenin impedance. The effect of the impedance
of the upstream network can be emulated by replacing it with an
equivalent impedance and this equivalent impedance is called
Thevenin impedance

In a similar manner, the zero-sequence source impedance,
Z o, can be calculated from the zero-sequence network in
Fig. 9 during a ground fault as

_Veo
Igo

Zgo = (18)
The calculation of the positive-sequence source imped-
ance, Zg1, on the other hand, is complicated by the pres-
ence of an internal generator voltage, Eg, as shown in
Fig. 10. As a workaround, the superposition principle is
used to decompose the network into a prefault and “pure
fault” network. Impedance Zg; can be estimated from the
“pure fault” network as

AVg _ Ve — VGlpre
Alg

(19)

Zgr = —
Ig1 — IGlpre

It should be noted that Zs; is not assumed to be equal
to Zgy and is calculated separately using (19). This
is because the positive-sequence impedance equals the
negative-sequence impedance in static electrical com-

Terminal G
Vea,le2 T e
— >
Zs2 = mZ.; ZRpsnz2
Ve
+

Fig. 8 Negative-sequence network of a general transmission line
network during an unbalanced fault
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Terminal G
Veo.lco T Ie
— 1
Zso = mZo ZRpSNo
Veo
+

Fig. 9 Zero-sequence network of a general transmission line network
during a ground fault

ponents such as lines and transformers. However, the
sequence impedances are not equal to each other in
rotating machines.

5 Demonstration of estimation of Thevenin
impedance of upstream network using a test
case

To demonstrate the approach described in Section 4

for estimating the Thevenin impedance of the upstream

network, the three-terminal line test case analyzed in

Section 3 is used. The same fault scenario, a single line-

to-ground (SLG) fault on phase A at a distance of 13 miles

from terminal G with monitors at terminal G, H and T

is used. The current and voltage waveforms recorded at

terminal G are shown in Fig. 11.

VG1
le1 F ]
Zs1 i Imz“I 1 ZRosni1
E
Ee & Re WF Erosn o
]
VG7pr'e
/G7pre F
Ze1 i» {mz,] T [ Zeoow .~
G g
Eg VEipre Erosn o
l o
+
AVs -
Al
Zg1 i i {mZu} £ { ZRpsn1
=]
G Re ‘IF L‘E
g
- =
VF7pre o
+

Fig. 10 Superposition theorem used to decompose the network into
a prefault and a “pure” fault during a three-phase fault
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Currents:
Relay G (kA)

0 1 2 3 4
Time (cycles)

o
o

Voltages:
Relay G (kV)
o

.
(4]
o

0 1 2 3 4
Time (cycles)

Fig. 11 Current and voltage waveforms recorded at terminal G. /A, IB
and /C are the currents recorded in phases A, B and C respectively at
terminal G. VA, VB and VC are the phase-ground voltages recorded in
phases A, B and C respectively at terminal G

From the waveforms recorded by the relay at terminal
G, the sequence voltage and current phasors before and
during the fault are:

Vg1 = 38.35£63.28°%kV Ig1 = 0.64/30.36°kA

Vg2 = 1.674 —106.16°%kV  Igy = 0454 — 12.16°kA
Vgo = 5.184 —105.67°%kV  Igp = 0.46/ — 11.67°kA
Vipre = 40£63.86°kV IG1pre = 0.43£75.13°kA

The above phasors are then used in (17) — (19) to calcu-
late the Thevenin impedance of the upstream network
of Terminal G. Table 3 presents the estimated Thevenin
impedances at Terminal G.

As seen from Table 3, the estimated source impedances
matched well with the actual impedances used in the
simulation model. The magnitude error percentages of
the estimated Thevenin impedances are less than 1%.
The positive-sequence impedance shows a small deviation
from the actual value. Most likely, the error stems from the
constant current load model assumption in (19). Similarly,
the Thevenin impedance can be estimated at Terminals H
and T as well using sequence currents measured at their
respective terminals.

Table 3 Actual vs. Estimated Thevenin impedances at Terminal
G for the three-terminal line test scenario

Source Magnitude Phase angle
impedance (£2) error (%) error (degrees)
Actual Estimated

Z61 3.75/86° 3.784£89.2° 0.80 32

Vo) 3.75/86° 3.75/86° 0.00 0.00

Zco 11.25/86° 11.25/86° 0.00 0.00

(2018) 3:36
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The process of estimating the Thevenin impedance of
the upstream network is done for each terminal of a trans-
mission line. It requires data from only one terminal to
estimate the Thevenin impedance of the upstream net-
work of that terminal as shown in (17) — (19). It does not
require data or information from other terminals of the
line.

The calculation of Thevenin impedance or source
impedance is done for the upstream network. Hence, the
upstream Thevenin impedance is not affected by compo-
nents downstream of the monitoring location. Therefore,
the transmission line that is present after the monitor
does not affect the Thevenin impedance of the upstream
network.

6 Conclusion

This paper presents methods to estimate the zero-
sequence line impedance of all the sections in a three-
terminal transmission line using fault data from all three
terminals as well as using data from only two termi-
nals. When data from only two terminals are available,
the algorithm requires source impedance data from the
third terminal, assumes that the fault location is known
and the fault resistance is zero. These assumptions are
not required when data from all three terminals are
available. The accuracy of the proposed methods are
demonstrated using a test case. Both approaches pro-
duced accurate zero-sequence line impedance estimates
when the assumptions were satisfied and the magnitude
error percentage was less than 1%. Additionally, the paper
also presented a technique for estimating Thevenin equiv-
alent impedance of the transmission network upstream
from the monitoring location. The efficacy of this method
was demonstrated using a test case. The magnitude error
percentage in estimating the Thevenin impedance was
less than 1% in the test case. Hence, it can be concluded
that the presented methods provide a reliable estimation
of the zero-sequence impedance of the line and Thevenin
impedance of the upstream network which can be used to
verify relay settings.
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