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Abstract

A novel methodology for testing performance of impedance measurement algorithms used in
transmission line protection schemes is developed. Nowadays, impedance measurement
algorithms are software functions implemented in the multifunction Intelligence Electronic
Devices (IEDs) responsible for overall monitoring, protection and control of transmission lines.
Accurate impedance measurement during fault conditions is the key in successful performance
of the line protection as well as fault location functions of an IED. This thesis investigates a
typical practical situation where only short-term fault records of voltage and current
measurements from one side of a transmission line are used as inputs in the impedance
measurement algorithm. Current flowing into the fault from the remote terminal of transmission
line as well as fault impedance can influence significantly accuracy of impedance measurement.
Since these two quantities are not measured, we require a systematic tool which will assess
sensitivity of impedance measurement to those factors. At present, these sensitivities are
obtained in heuristic and ad hoc manner during application testing done by utilities before
commissioning of new IEDs. Situation in practice can be increasingly complex and this kind of
unsystematic testing approach can fail. The thesis addresses those practical complex cases in the
systematic manner. In these cases we encounter the following configurations of transmission
lines with new not measured factors:

- parallel closely spaced lines, where the effect of electromagnetic mutual coupling can be

significant;
- series capacitive compensation of transmission line, where capacitance of the
compensation device can be unknown;
- three-terminal lines, where measurements on the tapped line are not available.
The proposed systematic sensitivity testing tool comprises of a transmission line

electromagnetic simulation module and a Global Sensitivity Analysis (GSA) module. The

111



software packages commonly used by industry are employed to implement those modules: the
DIgSILENT software for the line simulation module and the SIMLAB software for the GSA
module. The simulation module is used to simulate large number of fault scenarios for all
samples in the factor space, while the GSA module is responsible for creating a set of specific
samples in the factor space as well as for sensitivity analysis. The commercial multifunctional
IED SEL-421 from the Schweitezer Engineering Laboratories has been used to demonstrate the
proposed sensitivity analysis tool. The IED functions has been modelled in DIgSILENT
environment and integrated into the simulation module. Test automation program has been
written using the DIgSILENT Programming Language (DPL) so fully automatic and integrated
performance of the simulation and the GSA modules has been achieved. The GSA module relies
on the Quasi-Monte Carlo (QMC) technique with the Sobol’s quasi random sampling and the
Morris method is used in fast factor pre-screening in order to remove non-influential factors
before applying the QMC GSA. The results of systematic tests of the impedance measurement
algorithm implemented in the SEL-421 IED, for various line configuration cases, are presented
in this thesis. The results verify the usefulness of the proposed testing methodology for practical

applications.
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Chapter 1

Introduction

1.1. Uncertainty in Impedance Measurement and Performance

Testing

Impedance measurement algorithm is an important part of an Intelligent Electronic Device
(IED) that is used for transmission line protection and monitoring. The algorithm used to
calculate fault impedance is based on voltage and current signals measured by the IED at
the relaying point. This calculation is used to estimate a positive sequence fault-loop
impedance which is influenced by a number of ‘uncertain factors’ [1]. Understanding the
impact of these factors on the accuracy of impedance estimations requires application of a
systematic procedure for testing IEDs.

Testing of Impedance Measurement Algorithm is aimed at investigating the accuracy
of the calculated transmission line impedance. Testing involves the application of the relay
algorithm for estimating the faulted line impedance. This enables the identification of
factors that are important for operation of the impedance measurement function and

quantifies the impact of those factors using performance measures. Various testing
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1.1. UNCERTAINTY IN IMPEDANCE MEASUREMENT AND PERFORMANCE TESTING

methods have been proposed in [2-5] that consider the variation of only one factor at a
time. However, they are not able to quantify the impact of interactions between two or
more factors. A systematic sensitivity analysis of the impedance measurement algorithm
using uncertain factors and their interdependencies, as well as full statistical analysis of the
measurement variance due to variability of factors has not been considered yet.

Uncertainty sources will contribute to the impedance measurement error, therefore
testing of the IED must take this measurement error into account. Testing is not only
focused on the protective relay function response and analysis of the accuracy of fault
impedance measurement results, but also identifies the factors that influence the impedance
measurement algorithm performance during fault conditions. In this case, the factors
should be considered simultaneously during error fault impedance calculation. This can be
achieved through comprehensive relay testing using a systematic methodology to
determine the effects of factors that contribute to the estimation of line fault impedance,
Zm, which contains some error, AZ,,, resulting from a non-linear function of uncertain
inputs in many fault conditions. The statistical calculation in this case is used for
investigating the variability of the output model, f(x), the relay algorithm. This model is
influenced by the uncertainty of the input factors, x.

The approach to comprehensive testing should use a combination of software
packages for power system protection and statistical software calculation. Test set software
should have the capability to not only investigate the performance of operating
characteristics [6], such as response time and steady-state accuracy, but also the effects of
individual factors and interactions between factors that impact on operating characteristics
[1, 7-9]. This form of relay testing, i.e. for a distance relay, is extremely important for IEDs
when applied in complex electrical networks including parallel lines, three-terminal lines,
and lines with series compensation where some additional factors such as mutual coupling,
current remote infeed of the tapped line, and series compensation will affect their
operation.

Factors that impact the measurement algorithm accuracy are classified as follows [10]:
System Factors, including fault resistance, non-homogeneous system, system infeeds,
series compensation, insufficient detail of a line model, mutual coupling; Setting Factors,
including inaccurate line modelling parameters, inaccurate local and remote source

modelling parameters, zero-sequence compensation parameter; Measuring Factors,
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1.1. UNCERTAINTY IN IMPEDANCE MEASUREMENT AND PERFORMANCE TESTING

including inaccuracies in measurement system and measurement conditions. In order to
observe which inaccurate value of parameters most impact measurement precision, a
method is applied that is based on a large number of tests that are using injection signals
produced in simulation of faulted transmission line with factors varied within possible
practical intervals. This approach would be recommendable in the systematic testing of the
IEDs.

The methods for testing IED have been the subject of extensive research. However,
this research did not consider the importance of interaction between uncertainty factors that
impact the performance of measurement and protection functions. Complete analysis of the
measurement and protection functions output sensitivity to uncertain factors, and statistical
analysis of the error in function response has not been considered yet.

The systematic method of relay testing by considering uncertainty factors is performed
to analyse the sensitivity of relay algorithm performance. Extensive research has been
conducted to develop IED testing scenarios [3, 4, 11-13]. Several methods have been
developed that integrate tools including software and hardware. However, these methods
did not include an analysis of the global sensitivity. To identify which factors mostly
impact on relay performance, a new systematic methodology of testing is required.

In this thesis, we propose a test-based method, where the tests are organized in a
systematic way using the Global Sensitivity Analysis (GSA) methodology [14]. The GSA
method is demonstrated by testing the specific algorithm implemented in SEL-421
multifuntional feeder protection and automation system [15]. The practical implementation
of the method integrates two computation environments: SIMLAB [16] and DIgSILENT
[17]. As a power system tool, DIgSILENT PowerFactory [17] is used for simulating
transmission line faults, calculating the performance index of relay algorithm output during
faults and for modelling IED, while the SIMLAB software environment [16] is used to
generate factor samples according to the Sobol’s quasi-random sequence, and to perform
uncertainty and sensitivity analysis using collected test data. The automation task is
required to vary the values of factors in a power system protection model. To implement
this automation task, we developed an algorithm as a script using the DIgSILENT
Programming Language (DPL). The main challenge of the method lies in implementation
of large numbers of test cases when there are many factors. For this reason, we need to

apply a screening method [1, 7, 8, 18] to identify and disregard unimportant factors in

3



1.2. OBJECTIVES OF THIS THESIS

order to reduce the dimension of the factor space, and hence reduce the number of test

cascs.

1.2. Objectives of this Thesis

The objective of this thesis is to develop a novel systematic approach in testing impedance
measurement algorithms implemented in present day IEDs. This methodology is designed
to facilitate the process of multifunctional testing of distance relays by considering the
uncertainty parameters of inputs that influence the expected output of the IED. The
methodology covers several parts as follows:

e Analysing the performance of IED (i.e., SEL-421 protective relay functions).

¢ Global sensitivity technique for testing protective relays functions.

e Power system modelling and fault simulation design using DIgSILENT

PowerFactory version 14, while SIMLAB is used for the sensitivity analysis.

e Developing a DPL scripting program for automation tasks.

1.3. Outline of the Thesis

Throughout the thesis we describe the design of a systematic methodology for testing the
IED based on the GSA. During the research this methodology has been implemented in
testing impedance measurement of SEL-421.

Chapter 2 presents a review of the distance protection function. This chapter also
details the factors that impact on the performance of the fault impedance calculated by
relay. The procedure for the fault impedance calculation, the characteristics of distance
protection, and the structure of protection relay are described.

Chapter 3 desirable transmission line faults and fault impedance calculation. The
calculation of fault impedance and how distance protection sees this fault impedance are
discussed. A ‘system equivalent’ for protection study is applied in conditions where the
power system network is complex. In this study, two terminal equivalent and multiport
equivalent systems are implemented to study the faults where the IED is located to protect

the faulted transmission line.




1.3. OUTLINE OF THE THESIS

Chapter 4 and chapter 5, discuss the proposed methodology of testing and the
developed technique for Global Sensitivity Analysis (GSA). Two different techniques of
sensitivity analysis using Moris, and Quasi-Monte Carlo (QMC) are applied in this study.
The fault simulation procedure is described in Chapter 5. Chapter 6 presents several case

studies where this methodology has been used. Chapter 7 summarises this work.




Chapter 2

Review of Distance Protection Functions

2.1. Introduction

The main IED function that is used for transmission line protection is called a numerical
distance relay. This IED function is an automatic device that is used for short circuit line
protection for all medium to ultra high voltage levels. This device is a vital part of power
system protection, as it provides a reliable function for detecting and isolating the path of
the faulted transmission line, minimises damage to equipment and the disturbance to the
electrical power system during fault conditions.

Distance protection relay operates by monitoring the sampled currents and voltages of
the power system from the relaying point to detect power system problems (i.e., the faulted
line). For a faulted transmission line, the current and voltage to relay are supplied via
Current Transformer (CT) and Capacitor Voltage Transformer (CVT). These current and
voltage are used by the relay algorithm to determine the apparent fault impedance, Z,,.
Appropriate characteristics are then applied to decide on the disconnection of a faulted

transmission line. This IED function is highly effective in protecting a simple transmission

6




2.2. DISTANCE PROTECTION

line, such as a single line with two voltage sources, since the fault impedance, Z,,, is
calculated based on the ratio between voltage and current (i.e., Z,, = Vs/I5) [19], and the
most common characteristic, self-polarization mho characteristic, which is formed from
comparators and various combinations of measured voltages and currents [20].

A wide range of relay application can be investigated with different networks such as
parallel line, line with tapping, and line with series compensation. A number of factors,
such as fault resistance, inception angle, and additional factors related to mutual coupling,
different remote-end infeed/outfeed as well as effect of series compensation, may impact
on the performance of the relay algorithm [1, 7, 8, 18]. Underreaching or overreaching
problems can affect the non-pilot distance relays as a result of the limiting function in
calculating the line fault impedance.

This chapter will discuss the distance relay function for the ground fault on the
protected transmission line shown in Figure 2.1. One-ended impedance based fault
calculation method is used. The discussion will begin with the operating principles of the
distance relay function followed by a description of the distance relay characteristic using
self-polarization mho distance relay characteristic, zone classification and setting, and
zero-sequence current compensation. The discussion will also review the main
functionality of internal modules of the distance relay, such as anti-aliasing filter, phasor

estimation algorithm, as well as the relay algorithm function.

2.2. Distance Protection

2.2.1. Principle of Operation of the Distance Protection Function

The principle operation of distance protection function for protecting the faulted
transmission line is illustrated in Figure 2.1. This function compares the voltage, Vs, and
current, /g, signals measured from the relaying point to obtain a measure of apparent fault
impedance, Z,,,, at the fundamental frequency between the distance relay located at
substation S and the fault point F. This measured fault impedance, Z,,, is then compared

with the known reach point impedance, Zgs. If the measured impedance is less than the
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set line impedance, Zger (i.€., Zym < Zgef), then the fault is detected and the trip command

to the circuit breaker is issued to isolate the fault [21].

Bus S Bus R
100 % line distance (= Z,)
[ |
Ll |
Distance to fault (p)
Zn=pZ=Vs/Is
Vs Is fault I Vr
cB-S o —= Pon <— CBR
/\/ 1 O f _
L 1 L1 N L1
Zs H ‘
Es :
Lo Tg lr * Re
=
CVTT AR,
I I -

1
| SEL-421 |
| Distance Relay |

[

Figure 2.1: Distance protection principle of measured fault impedance.

In simple fault impedance calculations, only voltage and current signals are required.
This means that no additional information is required for the traditional distance relay, and
the fault calculation does not depend on the factors that contribute to their accuracy.
Equations (2.1) to (2.3) show the ideal fault impedance calculation that is directly
proportional to the distance between the faults located at F and the relay located at
substation S.

Fault impedance calculation is derived according to Figure 2.1 as follows:

EspZ
ZSP41L
Vo= —"==_ 2.1
= Zs+ pZy, @1
E
=S
[(=—— 2.2
=T Zs+pZy, (22)
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Vs / ,
CVT ratio CTratio

= Purim) CVT ratio (2.3)

Zmn(sec) = T y '

CTratio
From Equations (2.1) and (2.2), Vs and I are the primary voltage and current of voltage
transformer, CVT, and current transformer, CT, respectively. The apparent impedance, Z,,,
which is called a secondary impedance [22], is calculated based on the ratio between the
secondary value of voltage and current signals in the phasor domain.

In reality, a number of internal and external factors will impact the accuracy of fault
impedance calculations and result in measurement error. Therefore, in practice it is not
possible to apply the relay to 100% of the line distance (see Figure 2.1). A security limit of
10% - 20% of the line length needs to be applied in order to ensure the selectivity of no
delay time response of zone 1 during the faults. The rest of the line length is covered by

zone 2 in which different time delay response is applied (see Figure 2.4).
2.2.2. Self- Polarization Mho Characteristic

A simple mho characteristic with a reach of 0.8 Z;; and the maximum reach angle, 6,, is
shown in Figure 2.2. The impedance reference value, Zg.y, sets the point along the line
impedance locus that is intersected by the boundary characteristic of the relay. This self-
polarization mho characteristic is used for analysing the performance of the impedance
measurement algorithm, where the loci of calculated fault impedance, Z,,, are plotted in
the same diagram to study the performance. The algorithm function included in the
distance relay located at terminal R (see Figure 2.1) determines whether the measured fault
impedance, Z,,, is plotted within the boundary of the self-polarization mho characteristic.
The trip command is then issued to open the circuit breaker. The fault impedance is
obtained by measuring the total impedance seen from the relaying point to the fault
location F and is based on the measured voltage, Vs, and current, Ig, on the primary CVT
and CT at the relaying point. The fault beyond this reach setting should not be tripped
immediately by the relay located at terminal S but will be cleared when the relay located at
terminal R issues the trip command to open circuit breaker R ( CB-R). A fault close to a

reach point of 80% should be picked-up by the relay located at terminal S.
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2.2. DISTANCE PROTECTION

The impedance measurement at relay S is a function of all system parameters [23].
These are: fault resistance, impedance in the network, inception angle, and the Thevenin’s
equivalent circuit representing sources S and R, as well as internal factors, e.g. setting of
zero-sequence impedance of distance relay. These factors may affect the current and
voltage measured by the relay located at terminal S, and consequently results in underreach
and overreach of the distance relay function [7, 8, 18].

Distance protection has a settable maximum angle, which is the angle of the current
compared to the voltage angle at which the relay is most sensitive. Figure 2.3 shows a
typical self-polarization mho characteristic using cosine-phase comparator to measure the
phase angle, —90° < 6 < 90°, between operating, S,, = 121§ — Vs, and polarizing
signals, Sp,; = Vs, which is characterized as circular. The mho comparator P, which is
used to test the measured fault impedance against a self-polarizing mho characteristic, is

derived using Equation (2.4) [20, 23-26]:
P = Re|SopSpor] = Re|(rZu.Ls = Vs)V5), @4
where:

Sop =724 11§ — Vs , compensated line voltage-drop,
Sop = Vp, polarizing voltage,

Vs, measured voltage at terminal S,

b3

=I5 + koI, compensated current measured at terminal S,
ko = (ZOL - Z1L)/Z1L,

R,, real portion,

r, per-unit reach,

* complex conjugate.

To determine the boundary characteristic of the reach,rZ;;, of self-polarized mho

characteristic, P = 0 is set and substitute Sp,; = V5. Hence equation (2.4) is rewritten as

follows:
Re[(rziI§ = Vs)Vs'] =0, (2.5a)
R, [(rZuISCYS*) - |_VS|2] = 0. (2.5b)

If vZy, = |rZ1L|40L then
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|V | (2.6a)
R.( IS 126,V5")’ '
[Vs|
Ys
rZ , (2.6b)
Iz = | 1§|cos[6, — (¢ — $0]
|Zn| = |rZss|cos[O, — 61, 2.7)
where:
¢ = ¢, — ¢;, the angle of the protected line (angle setting),
¢y, angle of the measured voltage,
¢i, angle of the measured current,
0, , maximum angle of self-polarization mho characteristic.
If ¢ = 6, then the apparent fault impedance can be stated as:
V.
|Zm| = |_S|/ c| = |7'Z1L| (2.8)
|5

Line Angle

Figure 2.2: Self-Polarized Mho Characteristic with a reach of rZ;.

A voltage diagram describing the self-polarization mho characteristic is shown in

Figure 2.3. A different phasor between line-drop compensated voltage, Spp, and polarizing
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voltage, S,0;, is used for the analysis. Replica of line impedance characteristic of 7Z; g
is the maximum reach of the circle, and Vs is based on the location of the fault (i.e., the
measured fault voltage). A difference phasor between Spp and Sy, that is 90 degrees
apart indicates that all faults are located in the border of the circle. If the fault moves near
the relaying point, it is inside the circle or inside the protection zone. If this condition is
met, the magnitude of the measured voltage, Vs, will decrease and the magnitude of the
operating signal will increase. At this value, the angle of A will be more than 90 degrees
while the angle of B will be less than 90 degrees. Alternatively, if the fault moves farther
from the relaying point, that is outside of the circle, the magnitude of Vs will increase
relative to the magnitude of operating signal and the angle of A will be less than 90

degrees while the angle of B will be more than 90 degrees.

Figure 2.3: Voltage Diagram of Self-Polarizing Mho Characteristic [23, 24].

2.2.3. Zone Classification and Setting

The feeder length protected by the distance relay is normally divided into three protection

zones. These zones are classified based on the impedance reaches combined with different
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time delays [27]. As shown in Figure 2.4, directional Zone 1 protection is an instantaneous
(high-speed, no intentional delay) tripping zone that is normally set to provide less than
100% coverage of the protected line, SR, of Zone 1 and should never reach the next bus R.
The distance relay is designed to trip first when the fault is detected in the 1% zone. The
resulting 15-20% safety margin ensures that there is no risk of the Zone 1 protection
overreaching the protected line due to uncertain factors of the power systems protection,
including errors in CVT and CT for relay setting.

A special condition is taken into account when Zone 1 of the conventional distance
relay, in Figure 2.4, is applied in circuits containing parallel lines, lines with series
compensation, and multi-terminal lines, where the accuracy of fault loop impedance
measurements are substantially affected when the conventional distance relay is applied to
these types of circuits. Consequently, a change in the Zone 1 distance protection reach may
occur. This condition presents a difficult task for utility engineers or manufactures in
setting the first zone. The following considerations need to be applied when the
conventional distance relays are used in such complex line cases.

Complexity may occur when the Zone 1 distance function is applied on the protected
line with a series compensated system (see Figure 2.17). The setting of Zone 1, in this
case, is difficult since the performance of the protection system will depend on the status of
the capacitor, effects of subharmonic-frequency transient, and distance relay filter response
when the fault is simulated behind series capacitor SCs [28, 29]. The overreaching or
underreaching of distance relay reach may occur in cases where faults occur behind the
series capacitor. To properly set the distance relay, the following items may need to be
considered when setting Zone 1 [29]:

e Line impedance and level of capacitor compensation value.
e The location of series capacitor.

e Type of capacitor protection.

e Protection level of capacitor protection.

The complexity of the Zone 1 relay setting is observed when the distance relay is
applied to parallel circuits. In this condition, the overreaching and underreaching of the
distance relay reach may occur due to the effect of the mutual coupling of zero-sequence
currents between parallel lines [30, 31]. If the system impedance, bus configuration, and

line operating conditions do not change during normal operation, the effect of mutual
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coupling can be compensated using the proper relay setting. Thus, we can change the zero-
sequence compensation factor, or the relay zone coverage setting, to obtain a typical 80%-
85% relay setting [30]. However, the operating condition of parallel lines could change
due to scheduled maintenance and forced outage, or load distances. In these cases, different
effects of mutual coupling on the first zone reach will contribute to overreaching or
underreaching in distance relay operation. Figure 2.19 shows these phenomena when the
second line is switched off and grounded at both ends and both lines are in operation. Use
of an adaptive scheme is required to overcome this problem.

The final consideration regarding the complexity in setting Zone 1 reach occurs when
the distance relay is applied to multi-terminal lines. Overreaching and underreaching
occurs when the conventional distance relay (or non-pilot distance relay) is applied to
multi-terminal lines [32]. This limitation, acknowledged in [33], is due to the different
characteristics of remote-end infeed/outfeed and is not measured by conventional distance
relay. To achieve proper setting and avoid underreaching, the covering of the distance
relay reach of Zone 1 is set to 80-90% of the line length of the nearest remote terminal
[32].

Zone 2 is a time delayed tripping zone that covers the protected line (SR) beyond Zone
1 (see Figure 2.4). This zone also provides backup for a failed Zone 1 element, both in the
protected line (SR) and in the next line. Zone tripping must be time-delayed to ensure
grading with the primary relaying applied to the adjacent circuit that falls within the Zone
2 reach and it should be set to a delay of at least 20-30 cycles. The Zone 2 setting is set to
at least 120% of the protected transmission line. In many applications the setting of Zone 2
is +50% of the protected section line.

Zone 3 is a time delayed tripping zone for backup protection on adjacent line faults
and should be set for 0.5-3.0 seconds. Zone 1 and Zone 2 preserve continuity of service or
preserve system stability whereas Zone 3 is a remote backup to clear a fault in the event a

remote breaker does no trip.

14



2.2. DISTANCE PROTECTION

Transmission

g 4 .
§ - A ,Line
‘%% Zone-3 X J Z,
El -
o
§ . +50 % Zone2 | o - | RN
§ 3 / Zone-2 JI \
© | N
; [ S | N '|
§ o X | / Zone-1 | | \ |
c o~
8 g ® Zorne-1 Voo { ] /
g g N I iy
< ©
S /.
w f T
Time S R

Mho-Characteristic

Figure 2.4: Zone classification and stepped time of distance relay operation.
2.2.4. Fault Impedance Measurement

Processing Signals for Fault Impedance Measurement

Figure 2.5 demonstrates waveforms of three-phases of voltage, current, and measured fault
impedance, for single phase to ground fault, simulated using DIgSILENT software. The
recorded waveforms of voltages and currents are used as input signals that provide the
information necessary for the signal processing of fault impedance demonstrated in Figure
2.10. Signal processing that consists of a low-pass analog anti-aliasing 2" Order
Butterworth filter and and A/D converter is used to discretize the filtered analog input
signals which is then used to describe the faulted line. The output of this function is used
by a discrete filter, comprised of Fourier transforms, and describes the state of the faulted
line using the phasor approach.

In order to calculate the fault impedance using the phasor approach, the sinusoidal
input of voltage and current signals, and symmetrical components are represented in the
form of magnitude and angle velocity ®. This approach is called frequency domain circuit
analysis [34]. The measured fault impedance is described entirely using voltage/current
phasors and the line impedance, where symmetrical components are used to determine the

fault impedance that can be stated as positive-sequence or negative-sequence.
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2.2. DISTANCE PROTECTION

Additionally, uncertain values of zero-sequence impedance data of transmission lines,
and present effects of voltage and current zero-sequence of parallel lines, are used in
measuring the fault impedance calculated by the relay algorithm. To avoid this, zero-
sequence current compensation and zero-sequence compensation of parallel lines are

applied.
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Figure 2.5: Fault input signals and fault impedance: (a) phase voltage, (b) phase current,
(c) and fault impedance, at the relaying point.

Fault Impedance Measurement Technique

We consider the impedance unit of the distance relay (see Figure 2.10) that is used to

calculate the apparent fault impedance of the fault in Figure 2.1. The apparent fault
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2.2. DISTANCE PROTECTION

impedance, Z,,, is calculated as the ratio of the relay voltage, Vs, to the relay current, I
(i.e., Z, = Vs/Is). This equation is unique since only one fault impedance calculation is
needed per fault loop for the use of multi-zones in analysing impedance unit algorithm
performance during faults.

In relation to Figure 2.1, the calculation of phase to ground fault impedance, shown in
Figure 2.6, is typically calculated based on the positive-sequence impedance. Figure 2.7
shows the impedance seen by the relaying point that is calculated using a combination of
the positive-, negative-, and zero-sequence impedances of the system [24]. The positive-
and negative-sequence impedances are generally equal in magnitude and angle except for
the zero-sequence impedance. For this reason, a zero-sequence current compensation of k,
is required to be in phase with the ground fault in order to adjust the apparent measured
impedance to reflect the actual system impedance.

We assume in Figure 2.1 that the phase, A, to ground fault with the fault current, I,
flows through the fault resistance, Rr. Hence, the fault voltage measured from the relaying

point can be stated as [20] :
Vs = pZ1 (L + kolo) + Rplr . (2.9)

Equation (2.9) could be converted into the impedance equation by dividing it with the

current measured from the relaying point, Ig, where IS = I, + kolp. This results in:

V. I
7S F
Zn = "¢ = PZut Rele (2.10)
S s
V.
= ;—g =pZ,,, forRp=0. (2.11)
S

If Z,, is assumed to be the primary impedance, Zy,pri), the secondary impedance for use in
the distance relay, that reflects the actual value of primary impedance, is given in Equation
(2.12).

CTratio

Zm(sec) = Zm(pri) CVTraro (2.12)

where CT,40 1S the ratio between the high voltage and the current (i.e., primary current)
to the relay current (i.e., secondary current), and CVT,,s, 1s the ratio of the primary

voltage (i.e., high voltage) to the secondary voltage (i.e., relay voltage).
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Figure 2.6: AG apparent impedance plane (including fault resistance, R ).
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Figure 2.7: Sequence network connection for SLG fault.
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Zero Sequence Current Compensation

It has been shown that the voltage measured at the relaying point in a multi-phase fault
(balancing fault) is equal to the voltage drop along the line between the relaying point and
fault location [26]. However, this is the case for an unbalanced fault, with phase A to
ground fault (unbalanced fault), that was introduced in the previous section. The measured
voltage by a ground distance function uses only the faulted phase, the fault current and
setting value. The voltage drop of phase A is not simply made up of the drop in the
positive-sequence of line impedance, Z;, as with a balanced fault. This is due to factors
such as: zero-sequence of line impedance, Z,,;, zero-sequence of current, I, [26], and fault
resistance, Rr. The voltage drop of [,Z;; is equal to the measured voltage V, only if zero-
sequence compensation, kg, and R = 0 are applied.

From the sequence network connection for phase A to ground fault (see Figure 2.7),

the voltage at the relaying point (V) is derived as follows [26]:

Vs =Vis + Vos + Vos, (2.13)
where
Vis = LispZy, + V5, (2.14a)
Vos = LspZa, + 15, (2.14b)
Vos = IospZor, + V. (2.14¢)

Therefore, Equation (2.13) can be restated as:
Vs = LispZa, + LspZor + lospZo, + (Vi + V2 + Vo), (2.15)
(Vs +V,+V,) =0ifRp = 0.

Assuming that pZ,;, we have

= (Lis + Ls)pZu1 + lospZoL, (2.16)

S

This voltage drop of Vs would not be equal to the voltage drop on the positive-sequence on
the faulted line, pZ;;, not as for the multi phase fault. In order for Vs to be equal to the
voltage drop on the faulted line, a proportional factor to the zero-sequence impedance is

included. If a distance relay only measures the fault current I, (i.e., Iz = I = 0) during
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2.2. DISTANCE PROTECTION

phase A to ground fault and we set replica impedance, pZg, equal to the positive-sequence

impedance, pZ,;, then [Z is stated as:
Iy = Lis + Ls + Ios, (2.17)

1Z = 13pZsg = (Lis + s) pZ1s + PZavlos. (2.18)
Replica impedance, [Z, is not equal to the voltage drop Vs, since pZy; # pZy,. To be
equal toVs, the zero-sequence current is multiplied by the ratio of the zero-sequence

impedance to the positive-sequence impedance. Hence, Equation (2.17) could be restated

as:
I§ = Lig + s + kolos, (2.19)
then
1Z = I§pZig = (Lis + Ls) pZay + ko PZ11os, (2.20)
1Z = (Lis + L) pZ11 + pZoslos.

Therefore, the operating quantity, Sy, is calculated as:
Sop = IipZig — Vs = {(Lls + !25) pZi + PZOL!Os} - Vs,

= {(lis + Ls) pZ11, + pZorlo} — (Iis + Ls)pZyy + IospZo, = 0. (2.21)

In this case, IS pZig = Sop> and kg, is reffered to zero-sequence current compensation
which is used to match the zero sequence impedance of the line. Therefore, the apparent
measured impedance, pZ,p, is stated as the ratio of the measured voltage at the relaying
point to the compensated measured current:

(Is

+ lzs) pZiL + pZorlos = pz {Lls + L+ (PZOL/ PZ1L)!05} . (2.22)
Ls + Ls + kolos L+ L+ (0Zo1/ pZ1)lys) T T

SN

From Equation (2.22), zero-sequence current, ky, is used to match the zero-sequence
impedance of the line. This allows the measurement of impedance unit of the distance
relay to use the positive-sequence impedance as a measured fault impedance value [26].

Furthermore, the zero-sequence current compensation, k,, could also be stated as:
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Zo,—Z
ko = S0L =1L (2.23)

Performance Evaluation

Evaluating the performance of the impedance unit is necessary to investigate the accuracy
of the faulted transmission line impedance calculation. The performance evaluation
method reveals the accuracy of the relay algorithm models, and does not include any error
introduced from others block functions in Figure 2.10. For evaluation purposes, this thesis
investigates through simulation, a number of factors used in different fault scenarios to
determine the performance of the IED.

Performance evaluation is stated as the absolute value of error estimation which is
expressed as a percentage error in fault impedance calculated on the total line length [35].

This definition is expressed as follow:

errorss)y (%) = x 100 %, (2.24)

where:

Zestr Lact> €stimated and actual fault impedance to the fault location (in ),

Zot, total line impedance (in Q).

The percentage error of fault impedance in Equation (2.24) is calculated in the steady-state
line simulation program, and is developed using the DPL script program which is provided
by DIgSILENT. The parameters of the system in Appendix A, Table A.1, and Figure 2.8,
demonstrates the performance of the impedance unit of the distance relay for phase A to
ground fault simulated at 50% of line length in Figure 2.1. The automation tasks for
simulating and calculating the measured steady state error (i.e., performance indices) is
developed using the DPL program provided by DIgSILENT.

In this thesis, evaluation of the impedance unit performance considers a number of
factors that are simulated simultaneously for different fault scenarios. The factors
considered are as follow:

e Fault resistance (Rp).

e Pre-fault power flow angle (67 ).
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e Data inaccuracy of line impedance (ZL)

e Data inaccuracy of source impedance (e. g, ZS)

e Presence of series compensation (SCs) equipped with Metal Oxide Varistor
(MOVs).

e Effect of error in setting zero-sequence current compensation (Ko)

e Effect of zero-sequence current on parallel line Iy, (i.e., effect of mutual coupling).

e Effect of the tapping line for multi-terminal line.

The steady state error calculation enables the investigation of all factors that contribute
to the accuracy of the relay algorithm. The sensitivity analysis, which is calculated using
SIMLAB, is a method that investigates the effect of individual factors as well as the
interaction between factors. This technique reveals the particular factor that most
influences the performance of relay algorithm, and therefore, considered for further

analysis.
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Figure 2.8: Steady state error of fault impedance measurement: fault at
50% of Z;, Rp =10 Q.
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2.3. GENERALIZED PROTECTION RELAY STRUCTURE

2.3. Generalized Protection Relay Structure

This section develops an understanding of the basic concepts of IED functions. The main
standard elements of an IED are organized systematically to model the physical distance
relaying systems. Relaying models are developed to verify the performance of the
impedance unit in measuring fault impedance during phase A to ground fault condition
through off-line tests. To achieve this goal, the fault data obtained from the EMT
(Electromagnetic Transient) simulation requires two steps of relaying algorithm
investigation: 1) obtain data of voltages, vs(t), and current, is(t), signals for different case
studies (i.e., by simulating the different fault scenarios of different circuits using the power
system tool software package), 2) simulate the impedance unit algorithm to measure the
performance (i.e., % error estimation) using phasor measured fault data of voltage and

current. All steps are processed sequentially.
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Figure 2.9: Physical model of IED (i.e., SEL-421 distance relay) [15].
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Figure 2.10: Simplified block diagram of protection scheme.

Figure 2.9 shows a physical model of an IED system which was implemented in a
microprocessor and widely used for high speed protecton of a section of a transmission line
system [15], while Figure 2.10 is the simplified relaying model of an IED structure for the
purpose of investigation. This simplified model makes use of the transient voltage and
current signals passed through CVT (capacitor voltage transformer) and CT (current
transformer) for calculating the apparent fault impedance of Z,,,. Those transient currents
and voltages that occurred during faults are mainly composed of exponential dc-offsets and
high frequency [36]. Hence, to reliabily calculate the apparent fault impedance, the signal
processing algorithm for the combination of the anti-aliasing low pass filter, and the A/D
converter, is used to extract the fundamental component and digitized the voltage and
current signal inputs. The Discrete Fourier Transform (DFT) is used to generate a phasor
fundamental component of voltages and currents for impedance calculations that are
implemented in the impedance unit function. The selected main internal block functions of

the relay are discussed in the following section.

24



2.3. GENERALIZED PROTECTION RELAY STRUCTURE

2.3.1. Analog Anti Aliasing and DC-Offset Removing Filter

The anti-aliasing low pass filter is used to minimize aliasing by removing the unwanted
component of high frequency [36, 37]. The 2" Order Butterwort filter used in the IED
model is designed to have an amplitude response characteristic that is as flat as possible in
the lower frequency range (called the pass band filter) and monotonically decreasing with
increasing frequency [38, 39]. To avoid the error due to the aliasing effect, sampling
should be at least twice the maximum value of the analog signal.

As shown in Figure 2.10, this block receives signals from the current transformer (CT)
and voltage transformer (CVT). The signal outputs are then digitalized before being
filtered by the DFT digital filter block. The specifications for the filter implemented in this
project requires the pass band cutoff frequency to be 70 Hz, and a sampling frequency of
1.2 kHz (20 samples/cycle), in order to avoid aliasing. To meet this requirement, the
proposed filter preserves the steady state components by rejecting the other components.

The general expression for a normalized transfer function of an nth-order Butterworth

low-pass filter is given by [38]:

1 1

) = G50 " GG =50 - G5’

(2.25)

where the poles of that transfer function are determined as:

S; = eml@i+n-1/2n] = ¢og (n%) + jsin (n%),k =12,..,n. (2.26)

However, the abnormal components of the current and voltage signals are not only
affected by high frequency but also by the dc-offset component. The aliasing filter only
removes the high frequency components but not the dc-offset effect [36, 40]. The dc-offset
component is of an exponential form and may occure when a fault occurs. The following
equations are derived to remove the dc-offset component. The dc-offset is assumed to be

an exponential component when a fault occurs, and is stated as [36]:

= ~ (2nnk —kAt
X = Z Xn sm( N ) + Aexp (T) (2.27)

n=1
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Equation (2.28) is the output signal with the dc-offset contained in the signal xj, of

Equation (2.27) is removed.

Vi = X — Xi-1/exp(At/T). (2.28)

By substituting Equation (2.27) into Equation (2.28), the signal after the dc-offset removal

1s stated as:

= . (2nnk
Vi = Z Xnan sm( N + (pn>, (2.29)

n=1

where:
At = sampling interval,
T = time constant,

N = number of samples per period,

E, =1-—[1/exp(At/T)] cos <2%n>'

E, = [1/exp(At/7)] sin (Z”T")

a, =+ E? + E?,

¢, = tan"1(E,/E,).

2.3.2. Digital Filtering

The DFT digital filter removes non-fundamental frequencies and provides fundamental
phasor information [36]. The extracted fundamental voltage and current, in phasor form, is
used by the impedance unit to calculate the apparent impedance from the relaying point to
the faulted point (see Figure 2.10).

Furthermore, in Figure 2.11, the DIgSILENT software tool allows the use of a variety
of Fourier transforms, such as full and half Discrete Fourier Transform (DFT), Fast Fourier
Transform, and Cosine Fourier Transform. In this project, we only use the full Discrete
Fourier Transform in a number of case studies.

The extraction of the fundamental frequency component via DFT is described as

follows [36, 41]:
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We assume that the sinusoidal voltage form when the fault occurs is stated as:
v(t) = Vpear sin(wt + 0), (2.30)

The equation is expanded as
v(t) = Vpear sin(wt) cos(8y,) + Vpeqar sin(B,) cos(wt) . (2.31)

When v(t) is sampled, the resulting samples values are denoted as S. Since S, represents
sampled values of sinusoidal voltage with a fixed sample rate of N samples per cycle (i.e.,
= 20), the Discrete Fourier Transform calculation of the fundamental components can be

defined by the following equations:

b= (2) Y s or)

k-1

Vimag ( >Z|§kcos(2n )‘ (2.33)

Applying Equations (2.32), and (2.33) to (2.30) will result in the following expressions:
Viear = Zpeakcos(ev): (2.34)
Vimag = Vpearsin(6y). (2.35)

The magnitude and phase of the voltage phasor can be calculated sequentially by the

following equations:

Vioag = Vi + VA2 (2.36)

“real —amag’

Zangle =arc tan(Zimag/Zreal)- (2.37)

Equations (2.36) and (2.37) are of the form when the magnitude and phase angle define the
phasor of the sinusoidal voltage in Equation (2.30).

A measuring block using DFT calculations determines the real and imaginary parts of
each current and voltages. This means that each current and voltage sample is multipled by
a sine factor to obtain the real component and by a cosine factor to obtain the imaginary
component. These quantities are summed over N consecutive samples to obtain the actual

components.
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Figure 2.11: The “Measuring” type dialog with the available filtering methods [17].
2.3.3. Impedance Unit

The impedance Unit is an IED block function designed to perform an impedance
calculation [42]. The IED relaying scheme makes use of voltage and current passed to the
impedance unit trough the CT and CVT for the calculation of impedance. Accuracy is very
important since the IED relaying method that relies on the accuracy of estimation could
result in revenue loss due to outages. A lot of research has been done to investigate [ED
performance including the work in this thesis, where the systematic analysis using a
combination of several tools and methods is used to analyse the performance of one-ended
impedance methods. We describe and examine the impedance-based calculation for a
number of different system faults and analyse their performance by considering some
possible sources of error (e.g., inaccuracy of calculating and setting system parameters, and
fault resistance).

Table 2.1 shows a simple positive-sequence impedance algorithm for calculating
positive sequence fault impedance of pZy; [19]. In relation to Figure 2.1, this formula is
applicable if the fault resistance Ry, is assumed to be zero, and zero-sequence impedance

,Zy, 1s known, so that the zero-sequence current compensation, ko = (ZOL - Zu) /Z:,),

can be applied to compensate the zero-sequence current, I,.
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Table 2.1: Simple Impedance Equation [19].

Fault Type Positive-Sequence Impedance Equation (pZ;;)

A-ground Vas/(Lus + 3koly)
B-ground Vss/ (Ins + 3kolp)
C-ground Ves/ (Ics + 3koly)
A-B or A-B-G Vags/Lups
B-C or B-C-G Vies/Iscs
C-A or C-A-G Veas/Lcas
can use any of the following:
Vags/Lugs
A-B-C
Vies/Iscs,
Veas/lcas

In order to use various impedance-based methods for the impedance algorithm, various
steps must first be taken [19], such as: measuring the voltage and current phasor (i.e.,
Vs(t), Is(t)), extract the fundamental component (i.e., using anti-aliasing low pass filter),
and determining the phasor value of voltage and current Vsz¢@, and Is2¢; (i.e., using
DFT).

The relay algorithm is analysed by using the existing model, SEL-421 distance relay,
provided by DIgSILENT. The “polarizing” type relay dialog of Figure 2.12 provides
access to more functions for setting the model. Different types of possible settings for zero-
sequence current compensation, type of polarizing unit, and polarizing method, can be set

using the polarizing unit combo box.

2.4. Possible Effects on Fault Impedance Calculation

For correct operation during a fault, the IED must have the capability to measure the fault
impedance accurately. To enable this, it is necessary to provide the correct measured
quantities of voltage and current fault signals to the measurement elements (i.e., impedance

unit). However, use of voltage and current for the fault impedance calculation does not
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always give a correct result. Several factors need to be considered since they will introduce
errors into the fault impedance calculation.

Underreaching and overreaching are two such practical problems. The IED is said to
be underreaching when the impedance presented to it is apparently greater than the
impedance to the fault. The main cause of this is the effect of fault current infeed [2]. The
overreach problem occurs when the apparent impedance presented to it is less than the
impedance to the fault. This is caused when the IED is applied on parallel lines where one
line is taken out of service and earthed at each end. The following sections will introduce
more detail for the possible effects of factors on the performance of the IED impedance

unit.
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| Phase-Phase/Phase-Earth j

Name

Polarization Unit

Polarization Method | Positive Sequence j

Secondary Ohm |sec.0hm j

Earth factor representation |Comple:-: Number (Z0-Z1)/321 j

Zone | 1 j

[ Has addtional R, X signals
Earth Factor
k0 [0-10.0.007 =]
Angle [-1280-120:0.01 ... |deg

Mutual Earth Factor

e0m [ =]
Angle | ...|deg
Earth Cument Ratio |[lo/loim) =]

Figure 2.12

: The “Polarizing” type dialog [17].
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2.4.1. Effect of Combination between Fault Resistance and Power Flow

Angle

The combined effect of fault resistance, Rg, and load flow angle, 85, that is known as the
reactance effect will significantly influence to the operation of the IED [43-45]. The
reactance effect has a large impact on calculating the fault impedance. This is due to
potential changes in line reactance. To observe the effect of Ry and §p, the ground short
circuit, that will usually involve the fault resistance, is simulated between two sources of
equivalent systems.

Figure 2.13 shows a single circuit interconnection where the single phase to ground
fault with a fault resistance is simulated between two sources of equivalent Thevenin
circuits. The fault resistance, Ry, is composed of the ground wire, tower footing resistance,
trees growing around the line, etc. During a phase to ground fault, the linear characteristic
of resistance results in the voltage drop, Vg, across the fault resistance, Rr, being
proportional to the total fault current, Ir [24]. In this case, the accuracy of the relaying
point used to measure the fault impedance depends on the variation of fault current, I,
where the power flow angle, 6, may contribute to the variability of Ir.

The source impedance, Zs, non-homogeneity of line impedance, Z;, and current infeed
are factors that can vary the fault current, Ir, during fault condition. However, the
contribution of the combination of R and power flow angle, §, are dominant factors for
all fault simulations along the protected transmission line [1].

The effect of Ry is magnified by the value of the fault current, Ir. Consequently, it
impacts the performance of the apparent fault impedance measurement, Z,,,. The following
describes how the effect of I in relation with the variability of power flow angle, &, is
investigated. We assume in Figure 2.13 that the fault located at F is simulated between
terminal S and R. The fault impedance calculated by the impedance unit is derived as

follows [20, 46, 47]:

Vs = IspZq, + IpRE, (2.38)
V. 1
Zp == =pZ, +Rp, (2.39)
I I
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where:
- fault distance from the bus S to the fault point F,

p
Vs, Is - voltage and current measured from the relaying point at bus S,

Ir - total fault current flowing through the fault resistance (Ir = I5 + I).

From Equation (2.39), it can be seen that Z,, = pZ; if Rp = 0 (strictly measure the
distance to the fault). Otherwise, the fault resistance is seen by the relay as a certain
impedance:

Is+1
R1':='S ‘R

R, (2.40)
Is

Equation (2.40) shows that the value of impedance, Ry, will depend on the value of
current, I (i.e., Is = I45 + koly). Figure 2.14 shows the effect of the power flow angle, &,
and fault resistance, Rg, to the apparent fault impedance [9]. Without the influence of Ry
and & (Rp = 0), the impedance is seen by the relay as pZ;; (i.e., the line impedance
located at F). With the Rr # 0, the impedance seen by the relay is denoted by point
<1>, Rp = purely resistance. At this point, the real part (R) of impedance is increased
while the imaginary part (X) remains constant. Points <2> and <3> represent the cases
involving Ryp and varying 8r. The effect of &p is to shift Ry to point <2>, when Jp is
positive (i.e., power flows from left to right side), Rrp = resistance and capacitive
reactance. In contrast, point <3> shows the impedance seen for the fault when 6y is

negative, R = resistance and inductive reactance.

Distance to fault

p (p.u.)
-~}
Bus S
Vs
S
O
Zs
Esz0F
CVT

Figure 2.13: Typical phases to ground fault.
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X
A
<3>
pZ1L Re <1> error
<0>
v<2>
<0>=pZ;;Re=0and & =0
<1>=pZ+Rr;Re=0and & =0
<2>=pZ1L+RF;RF¢Oand6F¢O(SéR)
<3>=pZiL+Rr;Re#0andd#0(R>S)
0 >

Figure 2.14: Effect of Fault Resistance, Rr, and Power Flow Angle, 8.

2.4.2. Effect of Applying Series Compensation

Using series compensation is an alternative solution in which the addition of a series
capacitor in line with the transmission line will increase the line’s power transfer capability
while improving system stability [48]. This is due to the series capacitor reducing the
resulting reactance of the transmission line, sequently increasing its transmission capacity.
Additionally, it is more economical to use a series capacitor rather than building a new
transmission line [49]. The series capacitors can also be used to regulate the power flow in
the network by switching them in and out.

However, the addition of a series capacitor in line with the transmission line may
present an array of new problems for the impedance based line protection. Some of the
problems that are presented to the impedance based relay scheme are [28, 48, 49]: reduced

fault reactance, voltage inversion, Zone 1 overreach, sub-harmonic-frequency oscillations.

Reduced fault reactance

The use of series compensation on transmission lines results in a decrease of the apparent
impedance that is “seen” by the relaying point. The transmission line thus appears

electrically shorter, since the added capacitive reactance due to the inserted series
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capacitor, X, compensates the line’s inductive reactance, X;. Hence, the apparent line
impedance would be pX; = X; — X;o. This net of reactance seen by the relaying point at
terminal S could be capacitive, and would affect the correct measurement of the fault
impedance [48-50].

Figure 2.15 shows a schematic diagram of a series compensated line where the series
capacitors SCs compensated with Metal Oxide Varistors (MOVs) are inserted into the
middle of line S-R. A fault may occur at the fault location of F; and F,. If a fault at F, has
a positive total fault reactance from the relaying point of S to fault location F,, the current
will lag the voltage in the entire loop. In this case, the voltage at the capacitor has a
positive voltage increment and the value of the line reactance, X;, has been reduced by the
capacitor reactance, Xco. For example, Figure 2.16 shows the IED’s characteristic of Zone
1, where the measured impedance is not influenced by the series capacitor when the fault is
in front of SCs (i.e., the fault located at F;), since the series capacitor SCs is not included
in calculating the fault impedance. The situation is different when the faults occur behind
SCs (i.e., the fault is located atF,), in which the addition of SCs (i.e., capacitor
reactance X.p) may reduce the line inductive reactance, X;, and consequently affect the

accuracy of the measured fault impedance, Z,,,.

S R
Vs SCs Ir Y
Z I Z -
CT “Ls o P SR
Zs | F, fault l F, ;, fault
Es i+, point 1y 1. point

Figure 2.15: Schematic diagram of the series compensated line:
F;, fault in front of SCs and F,, fault behind SCs.
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|5 L 5 5 5
N % without SC+MOV []
R +  with SC+MOV
7 / \\\\
zone-1 (80%) \ b
SC+ MOV | —— \\
.
i 4
£
//‘YJ
/ i
/ /
\\\ N //
N _— B
S R
r r r r r
20 0 20 40 60

Figure 2.16: Effect of reduced fault reactance due to series capacitor.

Voltage Reversal

Voltage reversal is another problem faced by the IED when the protected line is
compensated by SCs as shown in Figure 2.17, with V;s and V,; 180° out of phase. This
may occur if the negative capacitor reactance, X.p, is greater than the positive line
reactance, pX;, during a fault at F,. In this case, the [ED will correctly measure the faulted
line impedance, Z,,, when the line voltage information, Vg, is applied for forward line
faults [48] (see Figure 2.17 curve (a)). However, in real conditions where the bus voltage,
Vs, is utilized by the IED, the error of the fault impedance calculation will be produced for
the fault located at F, [1]. Futher analysis shows, in Figure 2.17 curve (b), that when total
reactance of the fault loop is positive due to greater than the negative reactance, the voltage
at the relaying point, Vs, will still remain positive [50] as well as for the fault at F;. The
IED will have correct information for Vs for calculating the forward fault impedance

located at F; (see Figure 2.17 curve (c)).
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Distance to fault
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Figure 2.17: Voltage profile and phasor diagram for a forward fault.

2.4.3. Effect of Mutual Coupling on Distance Relay Operation

The main problem faced in measuring fault impedance when the conventional IED is
applied on a parallel line is the mutual coupling effect between two lines [30].
Investigations have shown that the effect of positive- and negative-sequence of mutual
coupling is small and can be neglected, but the effect of zero-sequence mutual coupling is
not small and will vary with line operation and fault conditions [30, 51]. If the zero-
sequence mutual coupling, Z,,,, is not compensated, serious problem in measuring fault
impedance may occur, especially under different possible configurations such as when two
lines are in operation or one line is switched off and grounded at two ends [18].

The different possible configurations of parallel lines, combined with the effect of
mutual coupling, Z,y, have complicated network analysis and setting of line protective
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relays. Figure 2.18 shows a simple parallel circuit with the fault simulated at F. Mutual
coupling between parallel lines can cause severe underreaching and overreaching errors for
the distance relay [30, 52]. Additionally, fault resistance, inaccuracy of measuring
instruments, and line parameters also need to be considered as they will impact on the fault
impedance calculation [53].

As shown in Figure 2.19, the parallel line system can have many different parallel-line

operation modes; for example: (a) both lines are in operation, and (b) one line switched off

Rr

and grounded at both ends.
vl L n
ﬁ@ﬂz'i PZon > (I-p)Zon E@j
ik 7 fault Zr 1
Es 45 Is ' point Iy - Ep
R R S
| IS |
Relay PZiv1 (1-p)Z11;
Zm !F*

Figure 2.18: Typical Parallel-Line System.

An example of phase A to ground fault is simulated at Figure 2.18. The mutual coupling
effect between two parallel lines will influence the accuracy of measured impedance, Z,,,
calculated by the conventional distance relay located at terminal S. If a fault resistance, Ry,
is assumed to be zero, then the measured fault impedance, Z,,, for phase A to ground fault

located at F is derived as follows [30]:

Z =A=pZ +AZ (2.41)
T hstkely TS |
where
Vas = pZaLis + pZomlop, (2.42)
Zow/Zq11 )1
AZ,, = p(_OM _1L)_0P. (2.43)
Iys + kol

Vs 1s the post-fault voltage for phase A to ground fault measured by the conventional relay
located at the relaying point, while I{s is a zero-current compensation of fault current in

phase A. The per unit distance relay error, A, in the term of Z;; depends upon to the ratio
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between the parallel line’s zero-sequence current, Ip, and phase A current fault with zero-
sequence current compensation ( i.e., I$s = Ius + kol ).

Figure 2.19 shows the zero-sequence component system of the parallel line circuit in
Figure 2.18 when (a) both lines are in operation and (b) one line is switched off and

grounded at both ends.

I Zor2 = Zom
Vis Lop Vor
| I
l_:’_:'_ fault I _‘:’_‘:’_‘L
+ s PZom —> pomt ~— Ap)ow  Zor =
p(Zsz Zom) (1 p)(Zsz Zom)
/F/
(a)

Yor

b

|/
iﬂ—:}— fault P ﬂ:)—:)j
Zos PZo Los point R A-p)Zow  Zon =+

I —
(1-p)(Zi11 - Zom)

F

—
L
P(ZiL1 - Zom)

Ir

w
-—
—{—_—+—m

(b)

Figure 2.19: Zero-sequence component system of parallel line circuit: (a) Two lines are
active, (b) One line is switched off and grounded at both ends.

The zero-sequence of current parallel line, Iyp, when both line in operation, expressed in
Equation (2.44), or the zero-sequence of current parallel line, Ijp, when the circuit SR is
disconnected and grounded at both ends, expressed in Equation (2.45), can be derived
mathematically as follows [30, 54]:

PZor — 1- P)Zos

Lop , (2.44)
0P (2 pP)Zor + (1 — p)(zos + Zorz + ZOM) b
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Z 1—-p)Z,c —pZ
![,)P — _OM{( p)_OS p_OR} - 10 (245)
Zou{(l —1)Zo11 — ZOR}‘ (1 —p)Zyu

From Equation (2.44) and Equation (2.45), the modified compensation factor (MCF), is

calculated as follows [54]:

ko@moay = ko + komlop, (2.46)
komoay = ko + komlop- (2.47)

MCEF is a function of the system impedance, line impedance, mutual coupling, and fault
location.

Figure 2.20 shows the fault impedance measurement tracking that is affected by
mutual coupling for two different, and typical operating modes. The overreaching distance
relay operation, which is indicated by the red line, is due to the parallel line being switched
off and grounded at both ends. The underreaching, indicated by the blue line, is due to both

lines being in operation.

60 v
50~
40

30

X(Q)

20~

10~

0 — both lines actives -

one line switched-off and grounded

10 r r r r r r r
-40 -30 -20 -10 0 10 20 30 40

R(Q)

Figure 2.20: Effect of mutual coupling on impedance measurement.

Furthermore, Figure 2.21 shows how a in change in the value of the zero-sequence current

setting, ky, can reduce the effect of mutual coupling impedance, Z,,. In this case, a proper
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setting of kq will compensate the overreach (red line) and underreach effect (blue line) of

the conventional distance relay.

%) , |

Figure 2.21: Effect of changing value of zero sequence current compensation, kg, in
impedance measurement.

2.4.4. Effect of Tapped Line on Distance Relay Operation

Figure 2.22 shows the structure of a transmission line with a direct tapping line located
between the terminals S and R, and a single phase to ground fault located either in section-
1 before tapping (fault location F;) or section-2 after tapping (fault location F,). This
structure will affect the performance of the non-pilot distance relay located at terminal S,
which is originally installed for protecting two-terminal line. There are a number of
uncertain parameters, or factors, associated with three-terminal line, that all impact the
performance of the distance relay algorithm [8]. However, for a circuit with three terminals
in Figure 2.22, more attention needs to be taking into account when single phase to ground
fault occurs at F,. In this case, the presence of a tapping line and high fault resistance will

drastically influence the performance of the distance relay [32].
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Es Vs . | section - 2 Ir Vr Er
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N
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Figure 2.22: The circuit with tapping line.

Distance relays located at terminal S of Figure 2.22 use sampled voltage and current
for calculating the apparent fault impedance during fault conditions. The appropriate mho
characteristic is used to make a correct decision for protecting the faulted transmission line.
The effect of different network conditions corresponds to the different remote-end infeed
or outfeed behaviour. As this is not measurable by the distance relay at the located point,
the conventional distance relay is subject to underreaching or overreaching [32].
Techniques that use the adaptive concept in [55], or apply a correct setting of the zone
reach [56], have been used successfuly. A high fault resistance that occurs during a fault
makes the situation more complex [32].

To study the effect of the non-pilot distance relay applied to three-terminal line, we
examine the scenario simulated in Figure 2.22. In following analysis we assume that the
sources of voltage are equal (i.e., E = Eg = Ep = E7) and the fault resistance Rr = 0.
Hence, from Figure 2.23, the total fault current, I, during a fault at F, is made up of two

parts and is derived as follows [23]:

Iy = Iz + (Is + Ir), (248)
=Ig + Ly,
where [g7 1s stated as
E
Iop = =5 , (2.49)

(ZS + ZL1)(ZT + ZLs)
(Zs+ 21+ Zr + Z13)

(1 =p)Z, +
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while g, I, I is stated as

I
Ist
I = ——F—F—, 2.50a
Lt (2:504)
Zr + 7213
=BT (2.50b)
- 14 Zr + 2,3’ '
Zst 2
Zs+7Z Zr+7Z I
Iy = (_S _Ll)(_T _L3) + (1= )21, Ist _ (2.50¢)
(Zs + 211 + Zr + Z13) Zg + P22
Hence, the relay voltages are computed as
Vs =E — Zs.Ls, (2.51a)
Vi =E ~ Zp.In, (2.51b)
Vy =E —Zp.Iy. (251c)
Finally, the fault impedance seen by the relay is computed as follows
V
I == ; k=SRT. (2.52)
Iy
Zs s Ys Is >
— 11 1
l
Zr 1% T >
) E—
I &
E Zr r| VYR (1-p2)Z.2 F, P2Z12
—1

Figure 2.23: Rearrangement of the system of Figure 2.22 [23].

Equations (2.50a, b, and c) show the ratio of the line impedances. It includes the

source impedance and the line impedance, and will affect the current flows of Ig, I, Ix.

Equation (2.52) also shows that this ratio and source impedances will affect the fault

impedance measurement. Figure 2.24 and Figure 2.25 demonstrate the effect of the ratios
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and variation of Z;3 on the total fault current value /gy and fault impedance measured by
the distance relay located at terminal S. The plotted curves are determined using the

parameters listed in Table A.3 of Appendix A.
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Figure 2.24: Total fault current Iy with varying Z; 3.
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Figure 2.25: Impedance seen by distance relay at terminal S.
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Chapter 3

Transmission Network Model for Fault

Impedance Calculation

3.1. Introduction

Fault analysis of a power system is required in order to provide information for
setting of relays and correctly installing the relay. A power system network is non-
static as it changes during operation. To avoid incorrect operation, the relay
performance and behaviour needs to be studied under different fault types.

Faults usually occur in a power system due to insulation failure, flashover,
physical damage or human error. The types of faults in power system are: three-
phase short circuit, phase-to-phase short circuit, two-phase-to-ground short circuit,
and one-phase-to-ground short circuit. The resulting challenge is in determining the
correct impedance measurement for different types of faults.

In many cases, the network is large, and the number of equations required to

describe the network is equal to the number of external ports that must be retained.
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To focus only on the effects on the protected transmission line, a reduced network
representation is required to simplify the calculations for protection. Multiport
equivalent will be used since we are investigating the effect of system infeed on the
relay performance.

This thesis only focuses on one-end impedance based fault location calculation
and provides simulation results for different faults. The calculation of the fault
apparent impedance is obtained by looking into the line from one end of the two-
source equivalent system to the fault. In this case no communication channels and
remote data are used in the calculation, since only the non-pilot protection relay is

used in this experiment.

3.2. Line Impedance Calculation

Investigation of the protective relay algorithm requires the study and calculation of
the line impedance. In particular, the line reactance is required. Computation of the
line impedance is extensively investigated in [57-60]. Figure 3.1 is used to review
how the line impedance is calculated. In this calculation, the line current remains
within the conductor, and the line is fabricated with a homogeneous, non-

ferromagnetic material (e.g., aluminium and copper).

S ) =
1A Za=Ra+Xaa R
[ ]
L
Es I = Er
m B Zs=Rs+Xps | XaB
Y —— &
Xac
Il =
©c Zc=RctXce | Xae
.
L

Figure 3.1 Lumped parameter 3 phase Impedance Network.

Figure 3.1 shows the lumped parameter of 3 phase equivalent circuit model.
The shunt capacitance, which is affected by the presence of magnetic and electric

fields around the conductor [60], is not considered in the model. Assuming that
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Figure 3.1 is in a balanced state, the line impedance can be represented using a

single phase and is given below [60]:

Z, =R, +jX, Q (3.1a)
=Ry + jwLo,
where :
R, = Ry, :le (Q/km), (3.1b)
Lot = Line + Lext- (3.10)

The series inductance, X; , consists of two components: internal inductance, L,
and external inductance, L,,,;, which are due the magnetic flux inside and outside
the conductor respectively [58, 60]. While line resistance, R;, is represented as dc-
resistance, Ry, since the frequency of the AC voltage that produces the skin effect
on the conductor resistance can be ignored at 50 and/or 60 Hz [57]. In Equation
(3.1b), 1l is the length of the conductor, A is cross-sectional area and, p is the
resistivity of the conductor. Variations in resistance may be caused by temperature.
This resistivity characteristic is based on the material that the conductor is made
from, and increases linearly over a normal range of temperature and is stated as [59,
60]:

M+,
M+t

R¢1, (3.2)

t2

where M is the temperature constant in degrees celcius, R;q is initial resistance at
temperature t; and R;, is second resistance at t,.

In a magnetic circuit, a current-carrying conductor, shown in Figure 3.1,
produces magnetic flux lines around the conductor. A voltage is induced as the
magnetic flux changes due to varying currents. A total series line inductance, as
described in Equation (3.1c), depends on the magnetic flux and the line
configuration. To determine the total series inductance, some factors such as
magnetic intensity, H, magnetic density, B and flux linkage, A, are used in the

equation [58, 60, 61].
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Figure 3.2 illustrates how the internal inductance, L;,;, is calculated. The solid
transmission line with radius r, carries a current, /. The magnetic intensity, H,,, of
each point of a closed path at distance x from the centre of this conductor is

calculated using Ampere’s law as:

f}g H,dl =1, (3.3a)

2nxH, =1, = H,=-——, (3.3b)

27X

where dl is a unit vector along that path and I, is the net current enclosed in the
path. If the current is assumed to be distributed uniformly in the conductor, then it
can be stated that

_ mx?

L =—5l. (3.4)

The magnetic intensity in Equation (3.3b) at radius x inside the conductor is then

restated as:
X
X 2mr?

I [4/m]. (3.5)

From Equation (3.5), the following formula can be derived:

uxl
By =y == [T1], (3.6)
_ uxl
do = Dy dx [Wb/m], (3.7)
=g = [Wh — turns/m] 3.8
=240 =7 x urns/m|. (3.8)

Equation (3.6) defines magnetic flux, and d@ is differential flux enclosed in a ring
of thickness dx for a 1 meter length conductor. The differential flux linkage in
Equation (3.7) is calculated with respect to the area of differential flux. The total
internal flux linkage, A;,¢, is derived as:

r

3
— _(wxl M
Aine = fd/l _f2nr4 dx = o [Wb — turns/m]. (3.9)

0

Therefore, the internal inductance in Equation (3.1c¢) is stated as:
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A U
Line == =g~ [H/m] (3.10)

For non-ferromagnetic materials (e.g., copper and aluminium) the relative
permeability of the conductor, p,. = 1. Equation (3.10) can be restated as:

fo 4m.1077 1077

i e~z H/ml (4D

Lint =

Figure 3.2: The flux linkage on one conductor [61].

Figure 3.3: The flux linkage between 2 points outside of the line [61].

For the purpose of calculating the external inductance, L,,;, we use Figure 3.3
to illustrate the flux linkages between two points, P; and P,, that lie at distance, D;

and D,, from the center of the conductor. From Figure 3.3, if the current is within
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the tube of the conductor, the magnetic intensity, H,, and magnetic density, B, at a

distance x from the centre of conductor is defined as:

L, I

Hx = oTIx = % [A/m], (312)
ul

By = uHy =>— [T} (3.13)

If the total current, /, flows on the surface of the conductor, then the differential
magnetic flux and differential flux linkage contained in a circular tube of thickness

dx, and at a distance x from the centre of the conductor is defined as:
ul
dA=d@ =—dx [Wb/m]. (3.14)
21X

The total external flux linkages per meter can be found by integrating Equation

(3.14):

D, D,
_ _ ul _ul Dy
Aoxt = f dA = J = dx = 27TlnD2 [Wb/m]. (3.15)
Dy Dy

fot _ K022 [H/m). (3.16)

From Equation (3.11) and Equation (3.16), if r' = D,exp(-1/4) = 0.788 D, (i.e.,
geometric mean radius, GMR), then we can formulate L;,; as :

v ooopu. D
Lot = Lint + Lext = 8T + Eln D_l’ (3.17)

_uql D1 _ovq. D2
_2n[4+1nD2 = (2.10 )lnr,. (3.18)

Figure 3.4 shows the three-phase transmission line, where the flux linkages
method in one conductor is utilized for calculating the per-phase of inductance
reactance, X; . In this calculation, the locations of overhead transmission conductors
are assumed relatively remote from the ground but relatively close to one another.

Hence, no currents flow in earth that will change the flux between the conductors.
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Formulae similar to Equation (3.18) can be derived for three-phase transmission
line and for lines with more phases.

If we assume that the line is symmetrical and transposed, the per-phase
inductive reactance, X;, is assumed equal [58, 60]. Based on lumped parameters
approach of Figure 3.1, the inductance reactance of phase A, X4, is as the
summation of the flux from several sources which result the self- and mutual-

inductance reactance:
Da = Daasetr + Daamut + Dap + Dac (3.19)

where flux @ g4 5015 and @44 my; are self flux in phase A due to I, and another
self-flux, but it is a source of mutual impedance which can be seen by phase B and
phase C. @45 and @ 4. are the flux due to I and I respectively. Using the formula
explained above, the average flux linkages for phase A is given as follows:

_ 1 D1, Dy3 Dy, D34
Aa=(2.1077)/3 [(Zla + IalnD— + IalnD_ + IblnD—2 + IclnD—2> + ..

1
(41 +IlnD +IlnD +IblnD + I.In D_2)+

D
+1,,ln +I.In 23]
2

2
Dz D, (3.20)

4@ D

1

if I _A+I + =0 and DlZ = D21, D23 = D32, D13 = D31, then Equatlon (3 20) can

be restated as:

2, = (2.10° 7)1,4 (D12g13D23) l W /ml, (3.21)

using v’ = D,exp(-3/4) (i.e., GMR), and dividing Equation (3.21) with I4, then the

reactance inductive, X;, per phase is:

(3.22)

(210w l (D12D13D53)/3
L= 3 n GMR '
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D3

D3

Ground Surface

Figure 3.4: Three-phase transmission line.

If as in Figure 3.5, the line conductor is arranged in a bundle, the reactance

inductive per phase for this circuit is calculated as [58]:

X, =(2.1077)wl (GMD> 3.23
L= (2. wln{ =), (3.23)
where GMD is expressed as:
GMD = (Dg1p1Da1p2Da1c1Darc2Dp1c1Dpica)® (3.24)
while GMR is GMR of the conductor which is expressed as:
3 1/6
GMR = (GMRC DalaZDbleDclcz) . (3.25)

GMR, is the GMR of the conductor, and this value depends on the material of the

conductor.
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Figure 3.5: Line conductors arranged in a bundle configuration.

Dyina " —

In the three phase transmission line of Figure 3.1, each series of line impedance

that has been calculated using Equation (3.22) is expressed as:

Z;, = Rpc +jXy,

(3.26)

and if the overhead lines are totally transformed, then by Equation (3.20), the self-

impedance of each conductor is:

. —7 1 D12 D13 _ .
ZAA:RDC +]210 w _+ln_+ln_ _RDC +]XAA’
4D, D,
_ , -7 1 D21 D23 _ .
ZBB_RDC +]210 w _+ln_+ln_ _RDC +]XBBI
47D, D,

. , —7 1 D3, D3, . .
ZCC_RDC +]210 w _+ln_+ln_ _RDC +]XCC’
4 D, D,

(3.27)

while mutual impedance between conductors of any two conductors is derived as:

. —7 D21 .
Zap =j2.107"w lnD—2 = jXup,

. -7 D31 ,
2

. -7 D12 ,
Zpa=j2.107"w lnD—2 = jXga
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. -7 D32 .
Zpc=J2.107"w lnD—2 = jXgc, (3.28)
D
ZCA =]2 10_70) ln# = jXCA’
2

D
ZCB = ]2 10_7(1) lnﬁ =jXCB'

From Equations (3.27 — 3.28), we can state the series impedance matrix of the

overhead three-phase transmission line of Figure 3.1 as:

Zaa Zap Zac
Zapc = |ZBa Zpp Zgpc|, (3.29)
Zca Zep  Zec
where the matrix impedance of Equation (3.29) can also be expressed from Figure

3.1 as follows:
R)/1a
R)/lA 5

I
N

(Vas —
(Vs —

LN
&

B

N

Zaa Vs — YAR)/ s Zac = (YAS - I_/AR)/ZC»
B~ (ZBS —ZBR)/ZB s Zpc = (ZBS _ZBR)/LD
ca= Vos = Vsr)/Lns Zcg = (Vs — Vir)/1p

Zee = (Vas — Vor) /I (3.30)

&

A

&
>

IN

For balancing three-phase transmission line, both the mutual and self-impedance in
Equation (3.29) will be equal. Therefore, the sequence impedance of Equation

(3.29) can be expressed as:

Z, 0 0
Zo1,=|0 Z; 0], (3.31)
0o 0 2

where the zero-sequence impedance Zy = Zgeir + 2Zmutuar, the positive-sequence
impedance Z; = Zgeir + Zmutuar» and the negative-sequence impedance Z; =
Zseif + ZmutuaiZsers- The matrix impedance of Equation (3.31) is used in setting

the line impedance.
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3.3. Network System Models for Protection Study

Since we are only interest in the effect of the power system on the protected
component (e.g., transmission line), this reduces the network model and simplifies
the equations [23].

In the equivalent networks system, the external systems at the terminal buses
are modelled using Thevenin’s equivalents which have voltage sources indicated by
Eg, and Z for the corresponding source impedance. The measured fault impedance
of the protected line in that equivalent system is then based on the measured flow of
the faulted current, in which the fault current value is affected by the equivalent
system. In the following section, we develop the equivalent network model required

for the fault impedance calculation.
3.3.1. Two Terminal Network Representing Single-Circuit Line

Figure 3.6(a) shows a simple two-port equivalent with a general equivalent of an
external network shown inside the border line [23]. Three nodes in the two-port
equivalent are identified with node 1, node 2, and the reference node. The
protected component is a transmission line between terminals S and R, with
impedance, Z;. IED is installed at terminal S, and the fault is occurring on the line
at location F.

If the circuits in Figure 3.6(a) are assumed to be linear, then the general scheme
of Figure 3.6(a) is equivalent to Figure 3.6(b) [23], where the general equivalent
scheme consists of the emf, Eg, Eg, and the corresponding impedance sources,
Zs, Zp, Zg. Calculation of the source impedances, Zs, and Zg, derive from the
open circuit voltages which are determined by open-circuit tests of the power
system at node 1, and node 2. If the protected line, Z;, is the only line connecting
buses S, and R, then the extra link, Zg, as shown in Figure 3.6(c), can be ignored.

In [23], it is shown that the generator, network topology, and load may undergo
change, such that the external line, Zg, would also change and consequently not be

a fixed value. Hence, the source impedances, Zs, and Zg, which are considered in
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3.3. NETWORK SYSTEM MODELS FOR PROTECTION STUDY

the fault impedance calculation process, can be uncertain. This uncertainty impacts
the accuracy of the one-end fault impedance calculation algorithm, if that source

impedance is used as the input data.

ST —» Z <«— R

: External

. Network

% Ref. Node

(a)

External Network
S Ze R

Eszds Zs ] —— R

|
Zn |
(b)
Erz0
s IS% 4 <—RI Zr =
O+ PR
J TR T
'z
L
(c)

Figure 3.6: Simple two-port network equivalent:
a) General scheme, b) General equivalent scheme, ¢) Simplified scheme.
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3.3.2. Two Terminal Network Representing Double-Circuit Line

Networks with parallel lines are very common in power networks. They are
constructed due to their constant load growth and constraints in getting new right-
of-ways. Figure 3.7 shows the equivalent scheme of a power network with parallel
lines. The protected line is denoted by Z;, while parallel line and zero-sequence
mutual coupling are denoted as Z;,, and Z,y, respectively.

Operating conditions of a parallel line circuit will change for reasons such as
forced outage, load dispatch, and scheduled maintenance. Figure 3.7 shows that the
effect of mutual coupling, Z,y, will depend on the mode operation of parallel line,

Z;, (i.e., healthy line) [62], which is in parallel with the faulted line, Z;;.

*************************************************************************************************************************

(-
' Zm !
LT

Figure 3.7: Equivalent scheme of power network with parallel line.

Figure 3.8 presents cases for which two modes of parallel circuit lines in which
the effect of mutual coupling, Z,y, needs to be considered [18]. The first cases is
when both lines of the parallel circuit are in normal operation (i.e., CB;, CB, close
and SW;, SW, open), while the second case is when the parallel line is switched-off
and grounded at both ends (i.e., CB;, CB, open and SW;, SW, close). Investigation
of the effect of the parallel line status on the fault current requires consideration in
the following cases: 1) ungrounded parallel line is switched off (e.g., CB;, CB, open

and SW,, SW, open), ii) parallel line is switched off at one terminal and
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3.3. NETWORK SYSTEM MODELS FOR PROTECTION STUDY

ungrounded (e.g., CB; open ,CB; close, and SW;, SW; open), and iii) parallel line
is switched off and grounded at one end (e.g., CB;, CB, open, and SW, close , SW,

open).
S = SW, SW, -
CB, % 7L, cs, |R
- I [~
Z
Zs R
@—E Zow —i:l—@
—» ZU <
Esz0s T Er 2 0r
F

AL
Lo |

Figure 3.8: Parallel Line Modes.
3.3.3. Multi-terminal Network Representing Tapped Line

The purpose of providing a two terminal method of simplified power system is for
the study of faults on the protected line of the network. However, a model of
protected line tapped in the middle line is required, but a full switching station is
not installed at the tap point. For performance analysis of IEDs in such cases, a
multiport equivalent is required.

Figure 3.9 shows a typical configuration of a line with more than two
terminals, and with a substantial generator behind them (i.e., a multi-terminal). The

number of network elements of a multiport network is given by [23]:

_n(n-1)

z (3.32)

With n = 4 being the number of ports in the protected system, the number of
required network elements in the supply system is then calculated as N = 6.

In Figure 3.9(a), the general equivalent scheme consists of emfs, Eg, Ep, Er,
and the corresponding source impedances,Zs, Zgp,Zr. The line sections are
denoted as Z;q, Z;,, Z;3, While Zg, Zg,, Zg3 are as the external line that link

terminals 1, 2, and 3. If the protected lines Z;;, and Z;,, with the fault located at
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F; and F, are the only lines connected to the bus S, and R, and Z;; is indicated as
the tapped line in the middle of bus S, and R, then the extra links, Zg;, Zg,, and

Zg3, as shown in Figure 3.9(b), can be ignored [23].

Tapping -
s R — Ziq Line Z> | R

Zer —
I
[ 1 [ 1
I
Ze2 Zes
External Network —
N Ni NI
%)
IS S S
N N N
~ ac
L Ll L)
4 (ref.)
(a)
Tapping - R

Line Zi > |
]

Tm |
oc

ESZ(SS Zs

z |
[
| L |
_ N

ER 255 ;

T

ET 20

(b)

Figure 3.9: Multi-terminal with tapping line network equivalent:
a) General equivalent scheme, b) Simplified scheme.
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3.4. Fault Impedance Calculation and Uncertainty

3.4.1. Fault Impedance Measurement for Line with Sources at
Both Ends

This technique uses three-phase voltage and current input signals that are measured
by a non-pilot IED located at one-end (terminal S) for calculating the apparent fault
impedance, Z,,. Figure 3.10 shows a single line diagram of a three phase system,
where a phase A to ground fault is simulated at F. In this case, the apparent fault
impedance measured by the IED is calculated based on the ratio of bus-voltage, Vs,
and current, [§ (i.e., a measured current, Ig, during a fault with compensated zero-
sequence current), at the distance relay located at terminal S. The apparent fault

impedance is formulated as follows [63]:
3Rply

Vs
Zn =T =PZut+ 5 (3.33)
=S =S
V.
YS
pZ, = ———— (3.34)
= s+ kol

where [y is the total current that is contributed from both ends of the sources. If
fault resistance, Rp, is assumed to be zero, then the calculated apparent fault
impedance, Z,,, would be equal to pZ,,, where p is fault distance between terminal

S and fault location F. This is shown in Figure 3.10.

100 % line distance (Z,)

'Y
Y

Distance to fault

CVTT
| |

|
| Distance Relay i

zZm

Figure 3.10: A typical single line system.
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In Figure 3.11, the fault loop impedance in Equation (3.33) is derived from the

relationship between sequence voltages at the fault point, F, as follows:
Vi+ Vo +Vy = 3RelE. (3.35)

The sequence voltages in Equation (3.35) can be expressed in terms of the
sequence component voltages and currents at the S-side of the line. This leads to

the following relation:

Vias = PZitlias + Vous — 0Za1lzas + Voas — 0Zorloas = 3RplR, (3.36)

Vias + Vous + Voas = pZ11(Lias + Lras) + PZovloas + 3Rrlp,
Vs = pZ11(Lias + Lras + loas) = pZailoas + PZorloas + 3Relp,
Vs =pZi1ls + p(Zor — PZ11)loas + 3Rrlk,
where
Vs = Vias + Vaus + Vous, (3.37a)
Is = Lias + Las + Ipas- (3.37b)

Using Equation (3.37a) and Equation (3.37b), the total of three sequence voltage

networks, defined in Eqution (3.36), can be redefined as

ZOL - ZlL
Vs =pZy, |Is + Z—lLIOAs + 3Rgly. (3.38)

From Equation (3.38), we can identify the current measured during a fault and

compensate for ZCro-sequence current as:
=1+ == (3.39)

such that the formula for the voltage in faulted phase, in terms of the fault current,
1s:

Vs = pZy, 1§ + 3Ryl (3.40)

Finally, from Equation (3.39) and Equation (3.40), the detailed formula, in
Equation (3.33), for phase A to ground could be stated as:
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Vs _ pZy 1§ + 3Ryl

-5 Z1LZS FZF

Ip=7= : (3.41)
I5 (I +kolo)

If R = 0, the Equation (3.41) can be redefined as:

B X

Z ==———— =97, 3.42
Zm I (lS"‘kO!O) P41y ( )

where zero-sequence current compensation, k,, is required to compensate the

residual current, [, is given as:

_ (ZOL - Z1L)
= Zyy .

(3.43)
It can be seen from Equation (3.39) that the apparent fault impedance, Z,,,
measured at the relaying location, will be affected by the uncertain factors, Z,;,
Zi1, and Rp . In addition, the fault current, I, is not measured and it depends on
load flow angle, J, and other circuit parameters. Since the fault current, I, is fed
from both sources, the accuracy of the measured impedance is not only affected by
uncertain values of Rp, but from the interaction between Ry and the power flow

angle, & [1, 63]. Uncertain values of &, may affect the direction of I, and in

combination with Ry, will influence the reactance of the measured impedance [1].
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Zis S l1as pZu (1-p)Zn Rl Zir

F \ \ \ |
\ | | \ |
T Eias Vins 4] Eir

Los S las pZa (1-p)Za R Zor !Fl

F \ ‘
L] \
V.
Voss = 3R []

Zos S loas PZo. (1-p)Zar Rz

— H—1 8 —
)
| Voas Yo

Figure 3.11: Sequence networks for the phase A to ground fault in Figure 3.10.

3.4.2. Fault Impedance Measurement for Double-circuit Line

Zero-sequence current compensation, kj, implemented in the non-pilot distance
relay, is designed primarily for protecting the single transmission line during a
phase A to ground fault. The measured fault impedance, Z,,,, defined in Equation
(3.33), is in proportion to the line fault distance with assuming that fault resistance,
Rr =0, and zero-sequence line impedance, Z,;, can be measured accurately. Z; is
not easily measured as it can vary since the value will depend on the soil resistivity
[64]. The difficulty could be more severe when non-pilot is used for protecting the
line in a parallel circuit. This is due to the IED not having a function to measure the
zero-sequence current of a parallel line during a phase to ground fault [15]. For this
case, zero-sequence mutual coupling, Z,,, is not able to be compensated, and will

consequently cause additional inaccuracy in the fault impedance calculation [18].
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Figure 3.12 shows the same IED using k to protect phase A to ground faults in
a parallel line circuit. The fault impedance given in Equation (3.44) with assumed

fault resistance, Rr = 0, is derived as follows [62]:

7 Vo pZ11(Lias + Las + Ioas) + pZom % Loy (3.44)
UL L+ kol Is + kol ’ '

where pZ,y, is zero-sequence mutual couplings and Iy, is zero-sequence current of
the healthy line (i.e., parallel line). Equation (3.44) shows that mutual coupling,
pZowm- 1s an additional factor that is not compensated by the distance relay and will

consequently produce an error in calculating the fault impedance.

100 % line distance (Z.)

S R
Zi2
1
| |
4 L
L Plom ,f"/ (1-p)Zom Vr
@_E Distance to fault ,."'J .
Zs ® ] ‘ 7
ES ,‘"’ fault R ER
Is point
S .y "
CT — F
— i T—
Pl (1-p)Z.s
/,:¢
CVT R

,,,,,,,,,,,,,

Zm |

,,,,,,,,,,,,,,,

Figure 3.12: Single line diagram for the phase A to ground fault on a parallel
line circuits with two sources, Eg and Ep.

To analyse the uncertain factors of impedance measurement for a phase A short
circuit at point F, we use the circuit in Figure 3.12, with sequence components
circuit in Figure 3.13. Zero sequence mutual coupling, pZ,, with another line is
modelled in the circuit. The sum of the sequence components votages at the fault

point F, is obtained from the circuit in Figure 3.13, such that:
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Vi+V,+Vy =3Rplp. (3.45)
From Figure 3.13, this equation can be resolved as follows:
Vias —pZirhias + Vous — PZarlzas + Voas — PZovloas -
~pZowlop = 3Rely. (3.46)
By representing voltage and current at bus S as:
Vs = Vias + Vaus + Voas,
Is = Lias + Las + Ipas,
we can write Equation (3.46) in the following form:
Vs =pZi1ls + pZorloas — PZo1lras + PZomlop + 3Rrlr, (3.47)

Zor1 — Z111 Zom
Vs =pZia|Is+ = lhus + ELOP + 3Rplp,

Zi11
Vs = PZ1L1[!S + kolpas + EOM!()p] + 3RplF,

where the zero-sequence compensation factors for the faulted line, kg, as well as for

mutual coupling, kg, are stated as:

Zoin—Z Z
ky = Lol L1 4 Koy = N (3.48)
Zi11 Zi11

If the measured fault current with compensated zero sequence is stated as:
Is =Is+ kolpas + komlop, (3.49)

the fault impedance, Z,,,, estimated by a relaying algorithm according to Equation

(3.47) could be:

V 1
Vs Ip
Zm =7¢ = PZua + 3Rr e, (3.50)
Ig s
=pZi1 + 42514, (3.51)

where the error, 4Z;;;, will depend on the additional drop voltage, pZomlpp,

resulting from the mutual coupling effect of the healthy line’s zero-sequence

current, Iy, and also from the following factors, via a nonlinear function f:
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AZy11 = f(Pg, Ps, Ry, ko). (3.52)

The factors are grouped in the following vectors:

T T
Ps = [Zi5,Z1r, Zos, Zor]  and P = [Eys, Exg] - (3.53)
S lias . R
1 1
L L
] PZiL1 (1-p)Z 111 — ]
Z1S — Z1R
Eis ‘ v =1 Ziz ‘ Eir
Vias =
S loas R
[ F —
| I | I
PZaL1 (1-p)Zav1 = —
ZLos [— Zor
Z
Vous ¥ o lFl D 3Re
S loas R
2L, F
| I | E—
pZo1  loo- PZom (1-p)Zot1 | |
Zos lop Zor
— —
L
Vo Loz
Voas

Figure 3.13: Sequence networks for both lines in operation in a phase A to
ground fault in Figure 3.12.

3.4.3. Fault Impedance Measurement for Three-Terminal Line

Figure 3.14 shows a faulted three-terminal transmission line and the IED located at
terminal S of section 1 (i.e., terminal between S and O). The proposed model

determines the performance of calculated fault impedance for phase A to ground
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fault with different fault location (F; and F,), and through fault resistance, Rp.
These line faults are much more complex to be protected by a distance relay using a
one-ended measurement technique since fault resistance is not the only variable that
contributes to the error as current infeed from the tapped line will influence the

fault impedance calculation [65].

100% of protected line

- -
-+

Tapping distance 50% (i.e. section -1) section - 2

- |
Distance To fault Distance To fault
Es v - (1) (b2) =

(: cT P1Z1L1 £, (1-P1)Zu o pPZie g, (1-P2)Zue < >
1

Zs S %

i I
I D|stance Relay }
I

P1ZOL1 (1-p1)Zovs P2ZoL2 (1-p2)ZoL2
R

re |
I
L R Zx

Zi3

Figure 3.14: Single line diagram for the phase A to ground fault on

a three-terminal line.

In the Figure 3.14, the external system is modelled using Thevenin’s
equivalent having three sources, Eg, Ep and Er, with corresponding source
impedance, Zg, Zr and Zy. During the fault, the fault impedance calculated by the
relaying point is based on the zero-sequence current compensation method using a
factor, ko [66]. The factor k, depends on the zero-sequence impedance, Z; 4,
which is not measured precicely. The fault impedance, Z,,, measured from the
ralaying point to the fault point F; (distance p; in Figure 3.14), is not always the
actual impedance, p1Z4;1 [8].

In the case of a single line to ground fault (phase A) in section 1 (fault F; in
Figure 3.14), the fault impedance Z,,, estimated by relay algorithm can be stated
as [32]:

P1Z111 + AZ; 4. (3.54)

B
DS
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To specify which factors will affect the error measurement of phase A to ground

fault impedance, AZ,;¢, at point F;, we represent the circuit in Figure 3.14 with

sequence components circuit in Figure 3.15.

5 N VAR

!1S F1 o)

Vias Vs

—
(7‘i’1u—[ Zii2 Zir
— 1 0

E1(eq.)

k) D 3R

Eias Zus ZiT 5
Eiar | Eiar
\ i
Z2eq.)
Fi o
Tﬂ—i:
Zzs p1ZaL1 (1-p1)Zar1 Zaz Zzr
5 — 1
I
e Y. Zas  Zor
los Zo(eq.)
— Fq e}

p1Zo1

V. v,
oas =0 Zovs Zor

— 1 1
'—(‘l-‘i’ou—[ Zor2 Zor
— o 1

Figure 3.15: Sequence component circuit for the fault at F; in Figure 3.14.

The equivalent network of section 2, and section 3, in Figure 3.15 could be derived

as follows:
ZiLR

El(eq.) = (ElAR - E1AT) M )
7 _ ZitrZaLT

=1(eq) Zir + Ziir

7 _ ZorZor

=2(ed) Zor + Zo1r’

7 _ ZowrZor

=0(eq) Zotr + Zorr’

where

Zir = Z112 Y Z1R

Zowr = Za3 + 2ot 5

(3.55a)

(3.55b)

(3.55¢)

(3.55d)

Ziyr = Zy3 Y Zir 5 Zogr = Zo12 t Zog
Zotr = Zorz + Zor 5 Zorr = Zonz + Zor -

(3.55€)
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The sum of the sequence component voltages at the fault point, F;, during a phase

A to ground fault obtained from the circuit in Figure 3.15, can be written as:

Vi + Y, + Vo = 3Rely.

(3.56)

Using Equation (3.56) and Z;;1 = Z;11, we find the measured voltage, Vs, in phase

A at the relay point as follows:

Vias — P1Zi1ahis + Vous — P1Z2111s + Voas — P1Zor1los = 3Rrlp,

Vias + Vous + Voas — P1Ziialis — P1Z211l2s — P1Zoi1los = 3Relp

Vas = P1Zua(bis + Ls) + PrZotaPrZoialos + 3Relr,
= p1Zua(Ls + Ls + los) = P1Z111los + P1Zoralos + 3Rrlr,
= p1Zialas + (P1Zo11 — P1Z111)los + 3R 1y,
where
Vs =Vias + Vaus + Voas,

s+ L+ Ips.

.
I
[~

Finally, the measured voltage in Equation (3.59) is written as:

Zo1+ Zi1a
Vs =p1Z111 | s + = — Ips| + 3Rplp,
Z111

= p1Zi1a|Ls + kolos] + 3Rely,

and the measured impedance for the fault at point F;, in section 1, is:

= p1Z111 +AZ;,

Zm

Lalbs

(3.57)
(3.58)

(3.59)

(3.60)

(3.61)

(3.62a)

(3.62b)

(3.63)

where Vs is the voltage measured in phase A, and IS is the current, I, measured

in phase A compensated with zero-sequence current, /g, and is stated as:

1§ = Is + kolps.

(3.64)

The zero-sequence compensation factor, ky, is defined as kg = Zy;1 — Z111/Z111-
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It can be seen from the detailed analysis of Equation (3.63) that the error in the
fault impedance measurement for phase-A to ground fault will depend on the

following factors via a nonlinear function f:
AZyiy = f(Pg, Ps, Py, Ry, ps), (3.65)

where the factors are grouped in the following vectors:

T
Pg= [E ,ER,ET] : (3.66a)
T
Ps = [Zis, Zir, Zir, Zos, Zor, Zor | » (3.66b)
T
P, =[Zi11, 2112, Z113, Zowa, Zorz, Zois ] - (3.66¢)

A single line to ground fault (phase A) between tapped line and remote end
(fault F, in Figure 3.14) is more complex due to the current from the tapped line.
We use the circuit diagram in Figure 3.16 to show the sequence component
networks in order to specify the factors that will impact the impedance
measurement. The sum of the sequence component voltages at the fault point, F,,
during phase A to ground fault obtained from the circuit in Figure 3.16, is the same

as in Equation (3.56):
Vi +V, +Vy = 3Rpl. (3.67)
The sequence voltages involved in Equation (3.67) can be found in terms of the

sequence component voltage and current at the S-side of the line, leading to the

following relations:

Vi =Vias — Ziiahs — p2Z112( Lis + L), (3.68a)
Vo =Vous — Zor1los — PzZsz( L+ ZZT)' (3.68b)
V5 = Vous — Zotalos — P2Zor2( Ios + Lor). (3.68¢)
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Figure 3.16: Sequence component circuit for the fault at F, in Fig 3.14.

Using the expression in Equation (3.68a,b,c), Z1;1 = Z511, and Zy;3 = Z5;3, We

can find the measured voltage in phase A at the relay point:

Vias — Zaiahs — D2Zaiz(Lis + Lir) + Vous — Zopalos — P2Z212( s + Lr) + -+

Voas — Zor1los — PZZOLZ( Ips + ZOT) = 3RplF, (3.69)

Vias + Vous + Vous — Zip1lis — Zo11los — Zoralos — P2Z1126hs — 022112611 —

D2221200s — P2Z212001 — P2Zo12 Ios — P2Zo121or = 3RplR, (3.70)
Vs = Z1L1(£15 + !25) + Zor1los + 022112 (hs + hr) + 22312 (!25 + !2T) + ..

p2Zo12(Ios + Ior) + 3Rel, (3.71)

= Z1L1(£15 + Ls + Los) + (ZOL1 - Z1L1)£os + p2Z2112 ((bs + £1T) + ..

(Ls + Lr) + (Iys + LOT)) + (p2Zor2 — P2Z112)(Ios + Ior) + 3Rglr,

Vo = Zy1ls + (Zou — Z1L1)los + 22112 (QST + Lisr + Ipsr) +
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(P2Zor2 — P2Z112)Iost + 3RrlF,

where

Vs =Vias + Vous + Vous 5 Is = Lis + Ls + Lys 5 Lisr = Lis + L1,

Ls+ Ly 5 Iysy =1

[95)
+
5=
|
U
~

Finally, the measured voltage is written as:

Zor1 — Zi1a P2Zo12 — P22112
Vs =Z111 (!s +=————Lys | + 22112 | Ls7 + Iost | + 3RplE,
Zi11 P2Z112
Vs = Z1111§ + P2Z11215° + 3Ry, (3.73)

and the measured impedance for the fault at point F, in section 2 is:

V. 1€ I
1] S is F
I = e Zyn + PzZuzI_c + 3RF!FI—C,
Is Is Is
= Zi11 + 22112 + AZyo. (3.74)

In addition to the measured compensated current, in Equation (3.64), we also have

in Equation (3.74), the effect of the unmeasured current:

1€ = Isr + kolost, (3.75)

- P2Zo12 — P2Z112

3.76
P2Z112 ( )

Where k{, in Equation (3.76), is the compensation factor for the second line
segment. By further elaborating Equation (3.74), we can define which parameters

will impact the measurement error:

AZy,» = f(Pg, Ps, P, Rp, D2), (3.77)

where the factors are grouped in the following vectors:

T
Pg = [ES,ER,ET] ) (3.78a)
T
Ps = [ZlS,ZlR, Z1T, ZOS,EOR, ZOT] ’ (3-78b)
T
P, = [Z1L1,Z1L2. Z113, Zo11, Zorz, Zom] - (3.78¢)
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3.4.4. Fault Impedance Measurement for One Line with Series

Capacitor

In order to determine the effect of uncertain factors on the fault impedance
measurement algorithm with series compensation, we use a faulted two terminal
series compensated line and an IED as shown in Figure 3.17. The schematic is
modelled using Thevenin’s equivalent which has two sources, Es, and ER, and with
corresponding Zs, Zi. Phase A to ground faults are simulated in different locations,
F;, and F,, through a fault resistance, Rr. This line fault, for the fault behind the
series capacitor located at F,, is too complex to be protected by a one-ended
distance relay since the effect of the series capacitor located in the middle of the

line will effect the fault impedance calculation [28].

100 % line distance (Z;)

Yy
Y

. Distfani:e to
Distance to fault ault
S (p1)

Py

,,,,,,,,,,, [ Equivalent circuit
Ve
-—

Rc(ls) Xc(ls)

Figure 3.17: Single line diagram for the phase A to ground fault on a
transmission line with series compensator: F; - fault location in front of SCs,
F, - fault location behind SCs.
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In Figure 3.17, V. is the voltage drop across the parallel connection between
the capacitor bank reactance, X.;p, and MOVs. The fundamental frequency
equivalent is represented with series resistance, R’ -, and the reactance X' in Figure
3.17. Both dependend on the current flowing through, Is [67, 68]. Figure 3.18 plots
the equivalent resistance and reactance, which is affected by I, using the range of
circuit parameters as in [67]. Per unit, P.U., is the ratio between equivalent
resistance, R'c, and reactance, X', to the series capacitor reactance, X,
respectively, while Ipy is the per unit value of current, Is, with respect to the level

of capacitor protective current, Ipg, and is stated as [67]:

I

S

Iy =7 (3.79)
PR

0.7+ \ .

0.6
P.U
0.5
0.4
0.3

0.2

0.1

Figure 3.18: Normalized equivalent resistance and reactance

vs normalized current

Equations (3.80a,b) are generated via the least-sequares, using data from Figure

3.18, to fit the equivalent values of R';, and X', for Ip; > 0.98 [67]:

R'c = Xco (0.0745 + 0.49exp(—0.24315y ) — 35exp(—5lpy) .. (3.800)

— 0.6exp(—1.41py))
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X'c=Xco (0.1010 — 000574915 + 2.088exp(—0.8566[PU)). (3.80b)

The nominal capacitor bank reactance, X, and per unit current, Ip;, as defined in
Equations (3.80a,b), are the only data required to define the equivalent impedance
component of X ., and R .

In the case of a fault at F; (fault in the front of SCs), the fault impedance, Z;,,
measured at the relaying point, is similar to a fault in an uncompensated line [1].
The procedure for fault impedance calculation is developed for simple two ended
sources, without a series compensator. For the fault at F, (fault behind SCs), the
error analysis should be done since the presence of SCs, as shown in Figure 3.17,
will influence the fault impedance calculation. Consequently, the fault impedance,
ZR , measured at the relaying point to F, (distance = p; + p, ) is not always the
actual impedance, Z;;5 + p2Z11r-

A single line to ground fault (phase A) between the series compensator and
remote end (fault F, in Figure 3.17) is more complicated and so we use the circuit
diagram in Figure 3.19, which shows the sequence component networks, to specify
which factors will impact the impedance measurement, ZX. The sum of the
sequence component voltages at the fault point, F,, during a single line to ground

fault obtained from the circuit in Figure 3.19 is [69]:

Vi +V, + Vy = 3ReLr. (3.81)

S

The sequence voltages involved in Equation (3.81) can be determined in terms of
the sequence component voltage and current at the S-side of line, leading to the

following relation:

Vi =Vias — Ziishis — Vic — p2Z11rLis) (3.82a)
Vo = Vous — Zoislhs — Voo — 02Zairbas, (3.82b)
Vo = VYoas — Zorslos — Yoc — P2Zorrlos, (3.82¢)
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Zss s Zis o Ric Xic b P2Ziir (1-p2) Zir R Zir
— N —
F, L L
EAR7
(1-p2) Zair R Zr
= 1 Py [ — !Fl
|
Zos s Zois ° Roo Xoc P P2Zor (1-p2) Zoir R Zor
1 e ] . ] — .
L F, —— L]
IOS V
i D Yo
Vons Voc

Figure 3.19: Two-Source Symmetrical Component for AG fault at F,with fault

resistance.

Using the expression in Equations (3.82a,b,c), and assuming that Z;;5 =

Zys, and Zy;p = Z, 1 r, we can determine the measured voltage in phase A at the

relay point:
Vias — Ziishis = Vic — P2Ziirlis + Vaus — Zoishhs — Voo — P2Z21rlas + -
Yoas = Zovslos — Yoc — P2Zorrlos = 3Rrlp, (3.83)
Vias + Vaus + Voas = Vic = Vac = Voo = (Zins + p2Z1ir)lis — -
(Zors + P2Z218)Los — (Zos + P2Zotr)los = 3Relr. (3.84)
Finally, the measured voltage is written as:

Z —Z
Vs = Ve + Zuse |Is + =27 —="los | + 3Rely, (3.85)

Vs = Ve + Zysrlls + kolos| + 3Relr,

= Z1srlé + 3Rpls + Ve,
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where

Voc +Voc 5 Is = Lis + Ls + Iys,

9]
—+

Vs =Vias +Vous + Vous 5 Ve =Vs

Ls t 2221k 5 Zorsr = Zors + P2ZoLrs
(3.86)

15N

Zitsk = Ziws + P2Z11r 5 Zowsr

p2 is the distance from the point O to the fault point F,, and the measured
impedance for the fault at point F, behind series capacitor is:

3Rpls +V,

S FIF ZC

= ZlLSR +I—C, (387)
S

<

R _—
Zm =
=S

I
= Zisr1 + AZ15r1,

where Vs is the voltage measured in phase A to ground, and I is the current, I s,
measured in phase A compensated with zero-sequence current, I, and is stated as:

I§ = Is + kolos- (3.88)
The zero-sequence compensation factor, kj, in Equation (3.85), is defined as,

Z —-Z
Ky = £OLSR — £1LSR (3.89)
Zi1sr

It can be seen from a detailed analysis of Equation (3.87) that the error in the fault
impedance measurement for phase A to ground fault behind SCs + MOVs will

depend on the following factors via a nonlinear function f:

AZisr1 = f(Pg, Ps, PL, Re, D, Xco), (3.90)

where the factors are grouped in the following vectors:

Py =[Es,Er ], (3.91a)
T
P = [Z1s » Z1r » Zos 1 Zor ] ’ (3.91b)
T
P, = [Zus» Zi1r ZoLs '£0LR] . (3.91¢)
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Chapter 4

Sensitivity  Analysis  for  Impedance

Measurement Algorithm of Distance Relay

4.1. Introduction

A sensitivity analysis (SA) is a tool aimed at revealing the dependency of the model
output, y, on the set of model input, x. This is one of the accepted alternative methods for
analyzing the nonlinear function f(x), and has been used in this thesis. In the analysis,
f(x) is assumed to be a black box function where & is a dimension of input factors x =

(x4, x5, ... ), and a single output value y:

y =y = fx, %z, . Xk). (4.1

The classical approach, using the local sensitivity analysis method, has also been applied in
this analysis. The local method, which requires much fewer samples, is based on varying
one factor at a time while the other factors are kept constant at their nominal values.

However, this local method of analysis is not practical as the multidimensional factor
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4.2. SENSITIVITY ANALYSIS TECHNIQUES

space, which requires a large number of samples, is analysed simultaneously using the
global sensitivity method.

The objective of SA testing of the IED is to measure the dependency of the relay
algorithm to the input factors. To study the performance of the model, DIgSILENT

PowerFactory is used in this work.
4.2. Sensitivity Analysis Techniques

Performance of the impedance measurement algorithm is quantified via the performance
index, and is defined as the absolute difference between the true value and the estimated
value as defined in Equation (2.24). This measure is a nonlinear function of uncertain
factors and is denoted as f(x). In a sampling based technique all factors are varied
simultaneously, within their respective intervals of variation based on either pseudo-
random or quasi-random sequence. This multidimensional factor space requires a large
number of samples and is therefore not practical. The classical approach, which requires
much fewer samples, is based on varying one factor at a time while the other factors are
kept constant at their nominal values. This approach can be used to rank factors according
to their importance but it is not suitable for complete uncertainty and sensitivity analysis.
Therefore, a hybrid approach is used where the most influential factors are identified via
the local sensitivity method. This reduces the dimension of the factor space so that the
global approach, based on sampling, will work with practically achievable number of
samples.

Assessing the impact of these factors enables measuring of the sensitivity of the model
in calculating the apparent fault impedance, Z,,. For this purpose, some techniques for
sensitivity analysis, as described above for local and global sensitivity analysis, are applied
to the models. Two groups of sensitivity analysis using Morris [70] and variance-based

Monte-Carlo methods are described in the following subsection.
4.2.1. Morris Method

The local method we use in the project is known as the Morris method. It is a unique

randomized scheme that varies one factor at a time. The index used by the Morris method
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is called the ‘elementary effect’, and is used to rank factors. For each factor, i, it is
computed by varying this factor only [16] as described in Equation (4.2) below:

1
E, = Z[f(xl,xz, v Xi A, o, xn) — (X1, X, e, Xy o, X)) | (4.2)

where A= d/2(d — 1) is the pre-determined variation of the it factor, and d is the
number of discretization grid levels. The selection of the factor to change is random. For
each factor variation, the fault impedance, Z,,, is estimated, and the performance index of
model output, f(x), and the elementary effect, Equation (4.2), are calculated where
x = (X1, X3, v, X, ..., X) 18 a selected n-dimension of random parameter values in the unit
hypercube of Q. For a number of random variations the computation of statistics using
mean, W, and standard deviation, o, are calculated and used to measure relative importance
of all parameters. A high mean indicates that the total effect of a parameter is important
and a high standard deviation means that a parameter impact is produced through

interaction with other parameters.
4.2.2. Variance Based Sensitivity using Sobol Method

The GSA with QMC (i.e., use of quasi-random sampling) is well suited for small
dimension factor spaces [1]. After reducing the dimension of the original factor space
using the Morris method, the sensitivity analysis procedure can proceed with the GSA
based on sampling. Uncertainty of the performance index, f(x), is measured using
variance. To assess the importance of a factor, x;, we can use the part of the performance
index variance that is contributed by uncertainty of this factor. This is calculated by taking
the average over all sampled parameter variations, except x;, which is kept fixed for single
calculations. By repeating this computation for different fixed values of x; we can
compute variance over x; as shown in Equation (4.3). This measure can be indicated as the
imporantance effect of x; on output variance y, or the sensitivity of model output y to input

factor x; ,

V; = V{E{f (®)1x:3}. (4.3)
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The required expectation operator, E{*}, is computed by solving the corresponding
multidimensional integral using the QMC approach with Sobol’s quasi random sequences
as shown in Equation (4.8).

In real conditions, we do not know the exact value of x;, hence the expectation value
of output variance for possible value x to input factor x; is E{V(f(x)|x;)}. In Equation
(4.3), the total variance, V(f(x)), as the performance index is calculated with numerical

integration using QMC and is performed as follows:

V(f(0) = VIECFGOIx) + EWV (£ 1%} (44)

From Equation (4.3) and Equation (4.4), the global sensitivity measure that describes the

main effect of a parameter, x;, on the performance index, f (x), is defined as:

_VEF @I}
V@)

We can name Equation (4.5) as the first order of the sensitivity indices [71]. If the sum

(4.5)

of all §; do not sum to one, the performance index variance, V( f (x)), is not only described
by individual effects of parameters but also by their interactions. The interaction effect of

two independent factors, x; and x;, can be defined as the conditional variance:
Vi = V{E{flx, x}} - VIECF @)1x ) - v {E{f )|}, (4.6)

where V {E { f (X)lxi, xj}} describes the interaction effect between x;, and x;, on the output

model y. This interaction effect, shown in Equation (4.6), is named the secondary-order
effect, and the same procedure could be developed for a higher-order effect (i.e., n = 3).
Finally, for n significant parameters, the total performance index variance can be
decomposed as shown in [16], the so-called Analysis of Variance (ANOVA)

decomposition:
n n-1 n
V@) =D Vit D ) Vit Vi (4.7)
i=1 i=1 j=i+1

In Sobol’s technique, the expected value of model output, E{f (x)}, in Equation (4.3)

is calculated as an n- multidimensional integral:
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E{f}=1] fpxdx=] fx)dx, (4.8)
on nn

where p(x) = 1 (i.e., joint probability density function, x = (x4, X5, ..., X;, ..., X5, ) assumed

uniform). Using ANOVA decomposition, the model function, f (x), could be:

n n-1 n
FOO = fot D FGD+ D D fiua) + o+ fin(Fa, X e X e, ), (49)
i=1 i=1 j=it+1

where the expected value of model output, E{f (x)} = f;, is equal to Equation (4.8).

Total variance in Equation (4.4) is rewritten as:

V() = | fredx-£i? (4.10)
Qn
while the variances of Equation (4.9) are derived as follows:

Vi(f®) = | f2®dx—fo’, (4.11)
QTl
v (fx) = J FAdx_g — fol —Vi(f®) - V;(f ). (4.12)
_QTL
4.3. SIMLAB Tool for Sensitivity Analysis

SIMLAB is a multi-purpose software designed for statistical calculation and sensitivity
analysis [72, 73]. It contains the features required for the sensitivity analysis of the external
model, such as the protective relay model. This sensitivity analysis tool includes a
graphical user interface (GUI) for facilitating the different methods of sensitivity analysis,
such as the Morris method, and Sobol’s technique.

The main window, shown in Figure 4.1, is the starting point of the tool box. The
following three sections provide the functions required for the statistical analysis of the

relay model [72]. The functions are:

1. Pre-processing module: this module covers the steps required for selecting a range and

distribution of parameter inputs. The module also includes the steps required for

generating sequence samples of the selected parameter inputs.
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2. The execution module: this module executes a set of external model outputs of the

impedance relay algorithm and the sample elements. The evaluation process involves
mapping the input space to the space of the result, which is required for the next step of
the sensitivity analysis.

3. Post-processor module: this module is for the sensitivity analysis.

[ ——
| F‘mﬁmuhﬁmemﬁrenwmlerun(mimyandmkhﬂymmis | |-} ;
Eile Demo Help

Statistical Bre Processor a. Model Execution a Seatistical Post Processor @

& Mew Sarmple Generation j[
| Selecilodel | 5
Configure | =

™ Load zample file g
' |

7 Import esteinal Sample fle

Cusrert Conliguraton
!-'.c conhiguration lbaded
Configure (Monte Cado) |
|
4| | ®]
_Vicusice_| I
Welcome o SimLab softwane.

Figure 4.1: Main window of SIMLAB.

Sample Generation

In this work, SIMLAB is used to generate a number of sampled data which is used to study
the characteristic of the investigated model. To use this software for the purpose of the
sensitivity analysis, we need to generate the input factors using the pre-processing
windows shown in Figure 4.2. Several steps to generate a sample of data are demonstrated
as follows: 1) Selecting input factors and ranges of their values and distributions
(probability distribution functions, or pdfs). 2) Selecting a sampling method among those
available such as Morris and Sobol; 3) Generating the actual sample from the input pdfs.
The two different methods for obtaining sampled data, such as Morris and Sobol, are
going to be used to investigate the performance of the distance relay model output. These

methods are used for different purposes of investigating the relay algorithm output of IED.
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Leftvial | Right Val
LOAD 0.000000 | 1.000000 | 1.000000 |-

m Ranges

Fixed zamples

Input factors [Latin Hypercube

[l

uniform
distribution
factors

Visualize

Figure 4.2: Pre-processing frame.

The Morris sample method is used to determine the factors which mostly impact the
protective relay model [71, 72]. Pseudo random samples of the desired dimension are
generated from the independent input variables. An iteration function is used for
generating a random number where user defined starting points. Figure 4.3 shows the
following steps used to generate samples of data using the Morris method: 1) Select the
advised number value of the seed > 7 digits; 2) Select a number of executions based on the

provided list number; 3) Select the number of levels based on the provided list number.

Figure 4.3: Morris Sampling Method.
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For variance-based analysis using Sobol’s technique, the sampled data is generated
using the following steps in Figure 4.4: 1) We select Custom order calculation, since we
need to configure the calculation indices; 2) Maximum order of the indices is calculated

when the custom option is selected; 3) Select sample size.

=] sogoL =R ECR =)
SOBOL INDICES

™ Firgt and Tatal order calculation

. *" Custom order calculation

Caleulate indices till order 1 O
r

M* of executions

DK Cancel Help

Figure 4.4: Sobol Method Panel.

As shown in Figure 4.2, the last step of the statistical pre-processor is the sample
generation. The Generate button is used to run the generated samples in which two
different methods, such as Morris and Sobol, are applied. Two different formats of the
generated sample outputs are saved (*.sam file). The next step of model execution uses two
different methods, Morris and Sobol, for the two sampled data evaluation of the external

model distance relay algorithm, and is presented in the following section.

External Model Execution

The external model is used since the complex model could not be feasibly executed in the
sensitivity analysis software package. The external model of power system fault scenarios,
which is implemented in this work, is created in the power system simulator DIgSILENT.
To calculate the performance of the model based on the uncertainty values of parameter
inputs, sampled parameter data, which are generated using the sensitivity analysis tool, are
used in the model. The algorithm for automatic change of parameters and execution is
required in this task. The results of performance indices of the model output are then saved

for model analysis in the sensitivity analysis tool.
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Conceptually, this task is simple. Each element of samples, x; = [xj ... Xix ],
where i = 1, ..., N, k is the number of independent factors, and N is the sample size, are
supplied to the IED and network model in the power system simulator tool as inputs. The
performance index is then evaluated as y; = f[x;; ... x;x] = f(x;) ,wherei =1,...,N,
and is saved for use in model results analysis. The proces of reading a file, fault simulation
and producing an output file with performance indices is controlled by an algorithm
developed as a DPL script in order to automate the task.

Figure 4.5 shows the steps using the SIMLAB software package required for external
model output execution. The following steps are required: Step 1) feed sample elements
which are generated in the pre-processor step; Step 2) feed the saved model output (i.e.,
performance indices of the distance relay algorithm), which is generated in DIgSILENT,
through mechanisms using the DPL script program; Step 3) Start button is pressed for the

model execution.

| SimLak: Simulation environment for uncertainty and sensitivity analysis EI@

File Demo Help
Statistical Pre Processor Model Execution 6 Statistical Post Processor
" Mew Sample Generation

Extemal model executable:
i+ Load sample file No model selected
@ |[CovdsersNnGDeskiopFIL |y Model outpu file
CiUsers\NMG Desktop \FILE f
i~ Import external Sample file 4 ﬂ
Current Configuration
Saved Configuration
Total factors: 14
Sampling method selected: Momis
(Comelation method selected: None
Generated sample size: 150
Sample file:
C:\Users\NNG"\Desktop'joumal 3TWi Start (Monte Carlo) O
Kl — i
Abort
Mew configuration for a Monte Carlo .
Figure 4.5: Model execution.
Model Result Analysis

In this step, we apply a statistical post processor to perform a sensitivity analysis of the
model outcomes (i.e., fault impedance measurement). The purpose of this sensitivity
analysis is to determine the impact of the uncertainties of input factors on the algorithm

performance, and the variability of model output.
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The ‘error’ of the output, when transients initiated by a fault dissaprear, is calculated
in steady state. This value is the performance indices of model output are calculated using
the DPL script in DIgSILENT. In last step, the sensitivity indices of model output, which
are influenced by main factors and interaction between them, can be calculated, as shown

in Figure 4.6.

| Statistical Post Processor - Main Panel — =l 1
o 9 Sensitrvity Analysis =5 R |
Eile
Gobol indices cht | Sobol Closed indicss chart | Tabulated Values |
OUTPUT VARIABLES
Select the variable. nomalize factor and the time: pE—— ‘
Variable and normalize factor | 0asmass |
Sensitiviindices 0 - add | ) J

Add All 12 0056430
14 0.308712

Remove
2 0.005658

Remove All 1x12 0.013581
1x14 0.060664
2x12 000108
- 2x14 -0.000944
12214 0020482
Current Expression 132512 0.000713
132x14 0001131
4| 131214 0.018023
’ﬁ J J J J J 2:12x14 0.001825 [ |
] 13212514 0007487
o = [Total x1 0.598853 [ﬂ
_w | E—" e
Save Table

Figure 4.6: Statistical Post-Processor.
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Chapter 5

A Proposed Methodology

5.1. Introduction

The relay plays an important role for protecting a power system during a fault. It is
designed to detect faults and make decisions locally to isolate faulted power system
components from the rest of the system. The correct operation of a protective relay will
clear the fault, as well as reduce or eliminate the impact of a disturbance on a power
system. On the contrary, unintended or incorrect operation may further deteriorate the
system conditions and even jeopardize the stability of the entire system.

Appropriate relay testing helps validate the design of the relay logic, verify the
selection of the relay settings, identify vulnerable conditions that cause unintended
operation, and carry out fault analysis for understanding unintended or incorrect relay
behaviour. The challenge for testing, evaluation tasks, and related methodology, lies in the
implementation of large numbers of test and evaluation cases. This requires methods for
accurately modelling the power system used for tests, easy simulation of disturbances,

facilitating interfacing relays and power system models, automatically executing batch
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tests, and collecting relay response events. Testing methods should not only accurately
calculate fault impedance but also measure the sensitivity of uncertainty factors during
fault conditions.

Studies of fault impedance calculation algorithms and characteristics are based on the
use of software for modelling protective relays and power systems. Interfacing digital
protective relay models to the power network model allows scenarios to be tested. Since
protective relays are modelled with an advanced programming language, the simulation to
study the relay algorithm performance is easily implemented. This can also be used as a
pre-study tool for selecting specific scenarios of interest so that unnecessary physical relay
tests are avoided.

To investigate the characteristics of the relay algorithm during fault conditions, we use
the DIgSILENT software package as the power system simulator to develop a new testing
methodology for evaluating the power relay. In this work, the software package is used for
developing and testing the characteristics of the relay during fault conditions. In terms of
global sensitivity analysis, the software is used to create the appropriate power system
model and test scenarios required for comprehensive evaluation of the relay design features
and performance characteristics that are affected by simultaneous uncertainty factors.

Fault testing methods for various scenarios are generated in an automated way through
simulation. Power network models used to simulate disturbance scenarios are addressed
including models for the distance relay. Several circuit models are selected as case studies
for tests using the new test methodology proposed in this research.

The case study was focused on the performance of the impedance measurement
algorithm for the distance relay. Fault scenarios with different fault locations were
generated. Several input variables were identified within the model as uncertainty factors.
In this work, we identify the test performance requirements of the GSA to examine the
effects of varying the uncertainty factors of the relay model algorithm on the impedance
measurement result. Understanding the behaviour of the algorithm in response to changes
in uncertain factors, that can come from many sources of uncertainty such as errors in
measurement network modelling, is of fundamental importance in ensuring correct use of
the fault impedance measurement algorithm. In our research, the fault impedance

measurement is modelled and implemented in DIgSILENT. The uncertainty value of
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factors in the variable power system protection model is manipulated sequentially, while

the methodology for sensitivity analyses is developed in SIMLAB.
5.2. Testing Environment

Figure 5.1 shows the implementation of the proposed structure of the testing methodology.
This structure is developed for modeling and risk assessment of the IED and is based on
the combination of DIgSILENT and SIMLAB. As shown in Figure 5.1, the structure
includes a procedure for sensitivity analysis, which is used to assess the effect of
variability of model parameters, due to the input factors, on the different simulations of
power system protection. The aim of the assessment is to identify which factors have the
most impact on the performance of the IED algorithm.

The power system simulator is used to produce the simulated scenario of fault
transients for a variety of system configurations and conditions. In this project, the DPL
script provides the automation of tasks. The DPL command, which is stored in the script
folder in the project directory, is used to take samples of parameter inputs generated using
the steps explained in the previous section, pass these variable values to the power system
model, and then obtain the output results.

The GSA software package is used for Quasi-Monte Carlo (QMC) based sensitivity
analysis. QMC method is used here for quasirandom number generation with emphasis on
sampling sets of points from the uniform distribution of samples. QMC-based sensitivity
analysis is based on performing the relay mode evaluation with the selected input factors.
As shown in Figure 5.1, three modules are involved in the process of calculating the
sensitivity analysis using GSA software. The first model, pre-process, is used to execute
steps such as range & distribution, and sample generating. The second model, model
execution, takes the generated samples and passes them to DIgSILENT. The third model,

post-process, evaluates the sensitivity analysis.
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Figure 5.1: The proposed Structure of the Testing Environment.

5.3. Power System Protection Modelling and Simulation in
DIgSILENT

The simulation objectives are to evaluate the operating characteristics of the [IED model’s
fault impedance algorithm, and verify its settings. This is achieved through implementation
of a comprehensive series of tests. This test assesses the statistical performance related to
the relay operating characteristic through the model output. Simulations of batch test
scenarios, with a variety of disturbance conditions in different fault locations, are

controlled by the algorithm developed in the DPL script.
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5.3.1. Simulation Tool - DIgSILENT

The increasing complexity of power system networks and the effects of uncertain factors
are challenges faced when using IEDs, especially when non-pilot distance is used to
protect the faulted transmission line. To study their performance, computer models of relay
protection have been widely used. However, they did not provide access to model
parameters that are important for testing the sensitivity of the output to those factors.
Sensitivity analysis studies and performance analysis of IEDs requires tools capable of
modelling power system protection as well as enabling the implementation of advanced
sensitivity analysis methods. DIgSILENT [17] is an example of a standard tool that can
be used for the power system protection study.

This power system simulator provides access to the parameters of the power system
protection model and also allows simulation of the transient events at same time. These
capabilities are very important since GSA 1is used for performance analysis of the IED
model. This experiment requires the selected number of power system protection
parameters to be varied using the values (i.e., uncertain values) generated by SIMLAB
before each different fault simulation is executed.

In order to get exact simulation results, accurate power system protection models are
established. The graphical user interface (GUI) and database manager provided by
DIgSILENT are used to create these models and manage the simulation data. The models
composed with the power system protection components are used to represent active and
passive real elements, such as: power sources, lines, and IED model. These electrical
components are built with standard component models and contain parameters that can be
accessed and set using the database manager functions. Furthermore, the exact simulation
result can be achieved since all components of the models (i.e., the electrical components)
interact with the DIgSILENT’s modeling library.

Figure 5.2 gives an example of the relationship between the power system and the
main parts of the IED relaying model. Instrument transformer (i.e., CT and CVT) are used
to link the IED model and electrical network. During a fault, which is simulated in the
electrical network, the voltage and current signals measured from secondary parts of
instrument transformers are used by the ‘polarizing Z1’ block for calculating the fault

impedance. The existing IED model provided by DIgSILENT is implemented as an object
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oriented data structure, in which a multi-level approach using relay type, relay frame, and
the relay elements are used in the design of the model.

In the mutlti-level approach of the IED model (shown in Figure 5.2), the three level
approach can be defined as follows [17, 74]: 1) Relay frame: in this level the general relay
functionality using the block diagram is specified. The main block’s function of the IED,
such as instrument transformer (i.e., CT, CVT), measurement, and fault impedance
calculation, can be defined. This description only defines the number of stages and how the
stages interact, no algorithm details are specified in each of the blocks except the number
of inputs, outputs, and interconnections between the blocks. 2) Relay type: in this level the
mathematical function relating to the relay frame block is defined. In this case, the filter
characteristic is defined in the measuring block as well as the mathematical detail for fault
impedance measurement and instrument transformers. The relay type contains complete
information about the IED and defines the library information for this IED. 3) Relay
element: in this level the actual IED model is created by refering to relay type in the library

that containt the relay structure including the parameter settings.
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Figure 5.2: Relationship between relay model and power network [74].
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5.3.2. Power System Protection Modelling and Data Manipulation

The sensitivity analysis procedure for investigating the IED performance of the
Electromagnetic Transient (EMT) model for a specific application requires an impedance
measurement function. The EMT model applications include: a faulted transmission line,
instrument transformers, and IED (Intelligence Electronic Device). We applied the power
system simulation program for modeling the faulted transmission line, current and voltage
transformer, and the IED multifunctional relay. Figure 5.3 shows the simple network
model which is configured using DIgSILENT, while Figure 5.4 shows the DIgSILENT
block representing instrument transformers, blocks for filter modeling, and impedance
measurement functions of the IED. The program has models of all standardized protection
elements of IEDs, which can be activated via the data manager as shown in Figure 5.5.

In this project, the power system simulator is not only used for power system
protection modeling, but also for fault power system simulation and analysis. In this case,
the software which has an integrated graphical user interface is able to be used for the [ED
performance analysis, in which the data entry is accomplished by drawing the power
system protection under study.

The data manager allows the features required in testing to be managed. All actions
related to modeling and manipulating variability of factors are possible and can be
controlled from a single database window. The DPL script can be applied for automatic
testing and data manipulation. As SIMLAB may generate thousands of data points, the
script enables the data to be automatically read, and vary the uncertainty values of the
variables in the model. This feature is very important for global sensitivity analysis and is

required for investigating the sensitivity of the IED distance relay model.
Power System Protection Modelling in DIGSILENT

The power system protection models that consist of built-in power system, and relay
model, which is presented in this thesis, are implemented in DIgGSILENT. This power
system simulator has the ability to simulate transient events and calculate fault impedance
in the same software environment. Implementation of the global sensitivity analysis is
possibile since variable values may be changed in the model and automatic tests using the

algorithm can be scripted in DPL.
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Figure 5.3: Network Model configuring using DIgSILENT.

The SEL-421 multifunctional distance relay models, and current and voltage
transformers, were modelled using powerful features of the Dynamic Simulation Language
(DSL) provided by DIgSILENT. The full SEL-421 relay model consists of a large number
of blocks representing protection elements. However, we are only testing the output of the
block used for calculating the fault impedance (block function number 4 in Figure 5.4).
This block contains the mathematical function for the fault impedance calculation and
some values are required to be set (e.g., the zero-sequence current compensation, k). The
main block function of Figure 5.4, as for instrument transformer (i.e., CT/CVT) indicated
by number 1 and 2, are connected to the transmission line side. Furthermore, the block
function number 3 represents voltage and current input signal channels containing a o
order anti-aliasing filter, Analog-to Digital Converter (ADC), and Discrete Fourier
Transform (DFT). The block output of block number 3 is a voltage and current phasor
which is then used by protection elements and measuring functions of block number 4. The
measuring function uses the data obtained from decimated sampled data and is acquired at
a frequency of 20 samples per cycle. The earth fault compensation factor, k), is included in

this block function, but not for mutual earth compensation, kg, (see Figure 5.6).
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Figure 5.5: DIgSILENT data manager window showing protection elements implemented
in the relay model [17].
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Figure 5.6: The “Polarizing” type dialog [17].

Data Manipulation

For the purpose of global sensitivity analysis some parameters of the protection system
model need to change at the same time according to the value of referenced uncertainty
factors. The algorithm we developed was applied using DPL to manipulate such factors.
DPL is used as an interface for automating tasks in the PowerFactory program. Database
references that refer to those selected variables are considered in development of the
command batch using the DPL script in order to allow for data manipulation as well as for
automation of simulation tasks. Figure 5.7 shows how the DPL batch program controls

simulation test and data manipulation.
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Figure 5.7: Simulation controlled by DPL program.

The structure of the DPL script is presented in Figure 5.8. In the figure, the DPL
command object is the central element to link the predefined parameter inputs and set of
objects to the results or change parameter values. Internal variables and also internal
objects, which include a calculation command, substript, and filter sets, are used by the
DPL command object to evaluate the inputs and to produce the results. The DPL command
is run in series, and calculations or other functions are started which always communicate

with the database to output the results.
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Figure 5.8: Principle of a DPL command.
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5.3.3. Protective Distance Relay Simulation

Based on the discussion in previous sections, in Figure 5.9 we can establish the interactive
relay test systems by implementing the combination between two software packages
DIgSILENT and SIMLAB. The DPL script is used as an interface and for automating the
protective relay test. Due to the flexibility of access to the parameters of the models, the
DPL script not only gives a command to start the fault simulation system but also to
calculate fault impedance at the same time.

DPL runs the process by reading the parameter inputs, which are generated by
SIMLAB, then sets and changes the value of simulation system parameters by writing the
values of fault resistance, inception angle, fault location, etc. These parameter values are
written into the relay and power system network model during simulation while the fault
impedance calculation result is read from the ‘polarizing block’ function based on the
voltage and current phasor values generated by the ‘measurement block’. Error and
corresponding performance indices of the relay for each input factor sample is calculated
using the DPL script. Finally, the performance indices of models associated with generated
parameter inputs of uncertainty are then transferred to SIMLAB for sensitivity analysis
calculation of the relay model.

Figure 5.10 shows a flowchart of testing which has been implemented in all case
studies. With this arrangement, the output of testing for different fault scenarios will vary
as the sampled data of uncertainty factors. This sensitivity analysis is important in
providing a better understanding of IED distance relay model behaviour when applied to
different fault scenarios.

The sensitivity measured by SIMLAB on the relay model is able to assess the
uncertainties associated with the factors influencing the distance relay. In order to do
sensitivity analysis of a relay, we apply two different methods: Morris, and Quasi Monte-
Carlo, as described in the previous section. The stored output of the simulation and
performance index calculation combined with the generated factor samples, are used as

inputs in SIMLAB sensitivity analysis.
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Figure 5.10: Flow chart of Testing.

5.4. Implementation of the Sensitivity Analysis Methodology

The proposed sensitivity analysis methodology is implemented using a combination of
three different software programs: DIgSILENT, SIMLAB, and MATLAB. Sensitivity
analysis applied in SIMLAB involves four steps [16]: (1) selection of a range and
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distribution for each input variable; (2) generating samples from the input variables; (3)
propagating the samples through the model under consideration; (4) performance
evaluation of sensitivity analysis. However, since there are two methods of sensitivity
analysis applied in this project (i.e., Morris and Sobol method), there will be eight steps
required for the sensitivity analysis procedure. The procedure is explained using the
examples in the case study. Details of the procedure steps shown in Figure 5.11 are given
as follows:

The first step is to define the input factors by specifying the interval of variation of
each factor, x;. In this project, we use uniform distribution of data to explore the
characteristic of relay model.

The second step is to generate the samples of factor values (i.e., the samples of
uncertain inputs) within specified intervals using the factor screening technique based on
the Morris method [75-78]. The goal of using this method is to reduce the number of
factors before applying full GSA. The method is implemented in the SIMLAB software

environment [16]. The result of this step is a sequence of sampled elements of the form
X = [xl-l,xiz,...,xik], i = 1,2,...,N. (51)

Where £ is the number of inputs (i.e., sampled variables and N is the sample size).

The third step is to transfer the factors, which are generated in SIMLAB, to
DIgSILENT and automatically run simulations of transmission line faults for different
values of factors. In the preparation phase, the DIgSILENT model that includes
transmission line, instrument transformer (CT/CVT) and the IED of SEL-421 distance
relay is prepared and properly parameterized. The automation algorithm, which is
developed using the DPL script, changes the parameter values according to the Morris
factors sampling plan created in step 2). The simulation is run by passing the current and
voltage signals, via instrument transformers, to the IED SEL-421 model, and finally
computing the sequence form of errors in measurements of the positive-sequence fault

impedance (i.e., the output performance):

Yi = f(xl-l,xiz, ...,xik) = f(xl-), i = 1,2, ,N (52)

In essence, these model evaluations create a mapping from the analysis inputs, X;, to the

analysis results, y;. Once this mapping is generated and stored, it can be explored in many
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ways to determine the sensitivity of model predictions of the IED to the individual input
variables.

The fourth step is the sensitivity analysis, which is based on an exploration of the
mapping from result defined by the relation in Equation (5.2). The performance results,
obtained in DIgSILENT, are passed to SIMLAB where the Morris-based screening
algorithm is used to identify important factors. In this way, the dimension of the factor
space is reduced before proceeding to the full GSA in the second stage of this procedure.

The fifth step is for the smaller number of factors that is initially specified in step 1).
The new samples are generated using Sobol’s quasi-random sequence. These samples fill
the factor space in the most optimal way and will facilitate computation of the global
sensitivity indices [16], which are able to accurately describe the impact of interactions
between factors in addition to individual factor effects. The Sobol sequence is generated
using the SIMLAB software.

In the sixth step, DIgSILENT reads the factor samples generated in 3) and runs the
simulations for all samples. The same DPL script, discussed in 4), is implemented here.
The simulation produces fault impedance measurement errors and corresponding
performance indices for each input factor sample. These values are transferred to
SIMLAB.

In the seventh step, the factor samples generated in 5), and the simulation results
produced in 6), are used to calculate global sensitivity indices. The GSA computation is
performed according to the Analysis of Variance (ANOVA) procedure implemented in
SIMLAB.

Finally, in the eighth step, the sensitivity indices of individual factors, and interactions

between factors, are produced and interpreted.
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Figure 5.11: The structure of the test software environment.

5.5. Conclusions

This chapter proposes the systematic method based GSA technique for evaluating the IED
algorithm in the context of complex transmission line systems, such as a line with two
sources, double-line circuits, multi-terminal line, and line series compensation. This
systematic methodology has been developed by combining two different software tools,
i.e., the power system simulator using DIgSILENT softaware package, and the GSA tool
using SIMLAB. Testing is carried out using a script created using DPL, which automates
the fault simulation and fault impedance calculation at the same time. Automation is
essential since implementing GSA requires large number of fault simulations.
The following main points can be concluded from this chapter:
e The method developed is applicable for automated testing IED algorithms,

since the automation tasks of fault simulation, fault impedance calculation,
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and the ability to access and vary the parameters values, can be done in the
same time.

Two different software packages, DIgSILENT and SIMLAB, can be
integrated. DIgSILENT is a power system tool which can be used effectively
for modelling power system protection and simulation. SIMLAB is used to
generate the samples and for the sensitivity analysis.

Two methods of sensitivity analysis techniques are implemented. In the GSA,
the QMC sampling strategy, using Sobol sequence as input, is used to
investigate effect of the main factors and also the interaction between factors
on the performance of the IED algorithm, while the Morris method, is used to
pre-screen paremeters, and to eliminate non-influential parameters before

applying the GSA.
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Chapter 6

Case Studies

This chapter presents four case studies in order to demonstrate the methodology for testing
impedance measurement algorithms used in IEDs. The case studies are carried out
assuming realistic conditions. The main objective of these case studies is to evaluate the
applicability of the global sensitivity method in analyzing the sensitivity of the relay
algorithm that is used to protect a range of transmission line configurations.
The case studies are presented in the following order:

I: Line with Sources at Both Ends.

II: Double-Circuit Line.

[II: Three-Terminal Line.

IV: One Line with Series Capacitor.

Each case study description contains the information about the model and its
application. We then define the uncertainty of factors associated with the protection system
model as well as demonstrate the application using different global sensitivity method, i.e.,

Morris and Sobol’s methods. The sensitivity results are then presented graphically.
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In these experiments the Morris method is used to remove non-influential factors
before applying the QMC to analyse the error variance of the measurement algorithms. The
QMC can quantify the influence of the individual factors and their interactions on the
measurement algorithm performance. The DIgSILENT PowerFactory is used to simulate
transmission line faults with varying uncertainty factors and to run the relay algorithms
including estimation of the fault impedance. The DIgSILENT Programming Language
(DPL) script is used to automate the tasks required for the assessing performance of the
fault impedance estimation algortihm. The SIMLAB software is used to generate factor

space samples and to analyse the error variance of the measurement algorithm output.

6.1. Case study I: One Line with Two Sources

6.1.1. Description of the Case Study

This case study presents a method of Global Sensitivity Analysis for testing impedance
measurement algorithms of IEDs implemented on a line with sources at both ends of the
power system network model. One-ended fault impedance estimation is tested. Figure 6.1
illustrates one line system, showing the uncertainty factors of the system, with the fault
simulated at fault location, F. Positive sequence fault-loop impedance, looking into the
fault located at F, is estimated using the method where voltage and current input signals
are measured by the IED located at one ended of terminal-S. Conditions that may cause
errors for one-ended based fault calculation methods are: combined effect of fault
resistance and inception angle, system nonhomogeneity, inaccuracy of line modeling, and
setting of zero-sequence impedance.

As shown in Figure 6.1, the following factors will impact the impedance measurement
accuracy [1]: fault resistance, Rp, load flow angle, 8, inaccurate system parameters,
(Z ,Zs, ZR)’ and k-factor correction, k, . In order to determine whether the relay algorithm
i1s sensitive to any of these factors a number of simulation tests are conducted with
different fault locations, F, and variety of conditions. During simulations the factor values
are changed simultaneously. The performance of the relay algorithm is then calculated as a
steady-state measurement error. The case study examines the performance of the

impedance measurement algorithm of the IED distance relay model.
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Figure 6.1: Circuit diagram of faulted line with sources at both ends and uncertain factors
indicated in red.

The effect of uncertainty of the input parameters on the impedance measurement
algorithm (and fault locator) is analysed using the following sensitivity methods: Morris
and Quasi-Monte Carlo (QMC) using Sobol’s sampling technique. These sensitivity
techniques are used to analyse the variability of the algorithm output which is influenced
by uncertain inputs (i.e., factors), and are indicated in red on Figure 6.1.

It can be seen from Equation (3.41) that the estimated apparent fault impedance, Z,,,, is
linked to measured phasor of the bus voltage, Vs, and compensated current, [§, and it can
be represented as Z,,, = f (V ,lf), where f is a nonlinear function. Care must be taken
because the measured voltage and compensated current can contain uncertain values AV,
and AI¢. Based on Equation (3.39) and Equation (3.40), these uncertain values, composed
as AVs = pI§ + 3Rglp, and AI§ = A([S + Kolo)a are influenced by the uncertain factors.
The following section presents an investigation of how the uncertainty factors can impact

the performance of the relay algorithm.
6.1.2. Evaluation of Relay Algorithm Performance

The faulted transmission line and IED, as shown in Figure 6.1, are modelled in the
DIgSILENT environment. The external system is represented using Thevenin’s equivalents

comprising of voltage sources, Es, Er, and their corresponding impedance, Zs, and Z. The
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6.1. CASE STUDY [: ONE LINE WITH TWO SOURCES

transmission line positive sequence impedance is Z;. We simulate phase A to ground at
point F via resistance Rp. During the fault, the current used in measurement of the
impedance between terminal S, and fault at F, is compensated by the relay algorithm for
the zero-sequence current using a factor, k, [79]. The factor, k,, depends on the zero-
sequence impedance, which is not known exactly, and is selected as an uncertain factor for
the analysis. Errors in setting this parameter will influence the accuracy of measured fault
impedance.

Since the fault current, Ir, in Figure 6.1 is fed from both sources, the accuracy of
measured impedance between terminal S, and fault seen by the IED, is not only affected by
the uncertain value of fault resistance, Ry, but also from interactions between Ry, and
power flow angle, ¢ [1, 63]. For the purpose of illustrating the effect of R and 6 on the
impedance measurement, we simulated the phase A to ground faults at various locations
and used the simulated voltages and currents as inputs to the impedance measurement
algorithm implemented in the DIgSILENT IED model. The results are demonstrated using
the electrical network parameters shown in Tabel Al of Appendix A.

In Figure 6.2, we illustrate the tracing of measured impedance versus time for the fault
at 65% of the line length with Rr = 10 (), and the three-point variation of the load flow
angle, §p = —10°, 0°, +10°. The simulation shows how those two factors impact the
measured impedance, Z,,. Certain value of these factors, 6p = 0° to — 10°, make the relay
see the fault in Zone 2. For further illustration, Figure 6.3 shows the effect of §p to
measurement of Im{gm}, for a fixed value of Rr = 10 (), and for varying fault locations.
The error of the reactance measurement increases with the increase of &z, and the effect is
more pronounced for the faults closed to the remote-side, R, of the transmission line.

It is well known that the ratio of source impedance, Zs/Zgp, of the Thevenin’s
equivalent at line-side S and R, in Figure 6.1, will have an effect on impedance
measurement [63]. The measurement error will increase with an increase in the ratio Zg/

Zg, as shown in Figure 6.4. The impact is higher for faults closer to the measurement point.
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Figure 6.2: Measured impedance trace against [IED Mho characteristic for the phase-A
to ground fault shown in Figure 6.1.
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6.1. CASE STUDY [: ONE LINE WITH TWO SOURCES

Inaccurate relay parameter settings may affect the accuracy of the fault impedance
measurement algorithm. In this case, the algorithm is most sensitive to the correction
factor, ko (i.e., Zy, and Z;;). Earth resistivity is part of the impedance, Z,;, and is not
known exactly [79]. Figure 6.5 demonstrates the effect of a setting error in kq to the
performance of the measurement algorithm. It is apparent that this effect is more
pronounced for those faults closer to the remote side, R, of the line. The variation in line
geometry and electrical parameters along the line length contribute to errors in setting the
value of the positive-sequence line impedance, Z;; [35]. This will have considerable effect

on the impedance as shown in Figure 6.6. The impact is increasing as the fault location

moves towards the remote side of the line.
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Figure 6.5: Effect of uncertainty of the setting factor kj as a function of distance to fault
location for fixed parameters, R = 0 (1 and 6 = 0°.
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Figure 6.6: Effect of errors in the line positive-sequence impedance setting value, Z;;,
in function of distance to fault for the A-phase to ground faults in the system shown in
Figure 6.1. Other factors are kept constant, R = 0 { and 6 = 0°.
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6.1. CASE STUDY I: ONE LINE WITH TWO SOURCES

Figure 6.7 shows outputs of the impedance measurement algorithm for all samples of
the factorsx € R*, that we have used in the Morris screening method. These uncertain
factors are indicated in red in Figure 6.1, and their assumed intervals of variation, that
affect the fault impedance measurement are listed in Table 6.1. The outputs are plotted for
the three fault locations. It is interesting to note that the measurement output variability
increases as the fault location approaches the remote line side. Furthermore, the measured
impedance for the fault at 70% of the line length (in Zone 1), for certain values of the
factors, can have a value larger than 80% of the line length (in Zone 2). This phenomenon
is influenced by uncertain value of AVs, AI§, and fault resistance, R, during a fault. In this
case, a number of factors listed in Table 6.1, except fault resistance, Ry, will contribute to
that random values. For further analysis, the following section will investigate which

factors will mostly contribute to that performance.

Table 6.1: Uncertain factors and their assumed intervals of variation that are affecting fault
impedance measurements for the single-phase to ground faults in Figure 6.1.

Uncertain parameter | Description Variation interval
X1 R [0;10]Q
X, Op [-10; 10] deg.
X3 Re{Zys} [2.3535 ;2.8765]Q
X4 Im{Z,s} [26.901 ;32.879] Q@
Xs Re{Z;s} [1.5678 ;1.9162] Q
X m{Z,s} [17.9316 ;21.9164] Q
X7 Re{Zyr} [2.3535 ;2.8765]Q
Xg m{Zyz} [26.901 ; 32.879] Q
Xo Re{Z.z} [1.5678 ; 1.9162] Q
X10 m{Zz} [17.9316 ;21.9164] Q
X11 Re{Z,.} [5.626 ; 6.88] Q
X1o m{z,,} [44.12;53.93]1 Q
X13 Re{Z,.} [20.781 ;25.401] ©
X14 m{Z,,} [138.038 ; 168.713] Q

110



6.1. CASE STUDY [: ONE LINE WITH TWO SOURCES

50 T

45

40

35+

gn 30~ -
—
S
N 25 b
N
IS Fault at:
- 20 Zone-1 b
+ 0.7pu
15 + 0.4pu !
0.1 p.u
101 '
5 = -
O r r r r
-20 -10 0 10 20 30 40

Re (zZm)[Q]

Figure 6.7: Fault impedance measured for all samples of the input factors, X € R*,
generated according to the random sampling method (total of 500 samples) for three
different fault locations.

6.1.3. Test Result and Discussion

The DIgSILENT software environment has been used to simulate the phase A to ground
faults at different locations in the transmission line shown in Figure 6.1, and for variations
of factors specified in Table 6.1. The IED model is implemented in DIgSILENT. The
performance of the fault impedance measurement function of this IED was tested for all
points in the factor space. These points were designed using the SIMLAB software
environment according to the Morris method and Sobol’s quasi random sequence. The
SIMLAB is also used to compute all statistics and sensitivity measurements according to
the GSA methodology.

For the illustration purposes, the results for only one distance to fault location of the
Morris factor screening method is shown in Figure 6.8. These results are presented as
standard deviation o, versus mean value, p, for all elementary effects. These statistics are
computed using 150 samples. Large mean values indicate a corresponding factor’s
importance, while large variance suggests that impact of a factor, together with another
factor, is important (i.e., interaction effect). In Figure 6.8, we can identify the following
factors as dominant: x;(Rg), x,(6F), xlz(Im{ZlL}), and x14(1m{ZOL}). Details of the
analysis for other fault locations are not reported here but the conclusion is that the

selected 4 factors are the most important for all fault locations. The factor x;, has the
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6.1. CASE STUDY I: ONE LINE WITH TWO SOURCES

largest mean of its elementary effect, which indicates that the measurement algorithm is

the most sensitive to the uncertainty of this factor. In addition x; , has large variance of its

elementary effect. Therefore, we can conclude that the contribution of x; to measurement
error variance is not only through its own variability but also via interaction with other
factors.

From the figure 6.8, the Morris method reduced the factor space dimension from 14 to

4. This dimension can be successfully handled by the GSA based on quasi-random

sampling. We simulated, using DIgSILENT, 5 phase A to ground faults at distances 0.2

p.u., 0.4 p.u., 0.6 p.u., 0.8 p.u. and 1 p.u. of the line in Figure 6.1. For each fault we varied

4 dominant factors a large number of times according to the quasi-random sampling

scheme implemented in SIMLAB. For all those simulated cases, we computed the

performance index (i.e., absolute value of the difference between true and estimated
values). In this experiment the SEL-421 fault impedance measurement function has been
tested. The sensitivity indices computed in SIMLAB are shown in Figure 6.9 — Figure

6.10. The conclusions from this analysis are:

e Fault resistance, Rp(x;), has the highest impact on the uncertainty of the fault
impedance measurement for all of the fault locations. The impact is more prominent,
relative to the impact of other factors, for faults close to the beginning and at the end of
the line.

e Impact of the zero-sequence impedance Im{ZOL} (x14), 1s the second largest and it is
the highest for the faults in the middle of the line.

e Impact of the load flow angle 6r( x, ), and the positive-sequence line impedance

I m{gl L} (x12), will grow as the distance to the fault approaches the remote line end.

e Effect of the interaction between Rp and §r is the highest for the faults at the remote
line side and the lowest for the faults at the line beginning.

e Effect of the interaction between Ry and [ m{g 0 L} is the highest for faults in the middle

of the line.
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Figure 6.8: Results of the Morris factor screening method for a single-phase short
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Figure 6.9: Main effects in function of the fault position obtained by using the GSA
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6.2. Case study Il: Double Lines with Two Sources Model

6.2.1. Description of the Case Study

This case study presents an application of the GSA method for testing the SEL-421
impedance measurement algorithm implemented on a single transmission line in a system
with two lines on the same tower. One-ended fault impedance estimation has been tested.
Figure 6.11 shows parallel transmission lines and includes the uncertainty factors of the
system with the fault simulated at fault location F. The positive sequence fault-loop
impedance, looking into the fault located at F, is estimated where the voltage and current
signals are measured by the IED located at one ended, and is used as input to the I[ED.

In parallel transmission lines significant inductive and capacitive coupling exist
between two parallel lines running on the same towers [80]. The coupling effect in those so
called “double lines”, if not considered appropriately, will introduce additional errors in the
impedance measurement at a relay point. Consequently, the distance protection element of
the IED can operate improperly, especially for the faults on the border of the protection
zone [81]. A systematic methodology is required to test the effect of mutual coupling on
the measurement algorithm output

For a single phase to ground fault at the fault point F, in Figure 6.11, a number of
factors shown in red, will have impact on the performance of the impedance measurement
algorithm and the distance protection element of the SEL-421 IED. These factors are: zero-
sequence current compensation factor, k, fault resistance, Ry, S-side sequence-component
impedance, Zs, R-side sequence-component impedance, Zg, and phase angle between S
and R sources, 8. The individual effects of the mentioned parameters on the relay reach
have been studied previously by considering the effect of the uncertainty of one parameter
at a time [56, 81]. This approach does not take into account contributions coming from
interactions between two or more parameters to the total estimation of error variability. To
completely explain the estimation error variability a methodology is required which

considers all uncertain parameters taken simultaneously.
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Figure 6.11: Circuit diagram of the faulted system with uncertain factors shown in red.

From Equation (3.50) to Equation (3.53), it can be shown that the measured apparent
fault impedance Z,,, which computed from the measuring phasor of the bus voltage, Vs,
and compensated current, [$, will contain uncertain values, AVs, and Al$. These random
values will impact on the accuracy of the fault impededance calculation, as we can see by
analyzing Equation (3.47), and Equation (3.49): AVs = A(pZy.[Ls + koloas + komlop] +
3Rplr), and AI§ = Al + kolpas + EOM[OP). A number of uncertain factors, indicated
in red in Figure 6.11, and zero-sequence mutual coupling Z,y,, will have impact. The
investigation of how the uncertainty factors including zero-sequence mutual coupling Z,

will impact the relay algorithm is presented in the following section.
6.2.2. Evaluation of Relay Algorithm Performance

To demonstrate the effect of the uncertain factors on the error in the impedance
measurement we simulated a single-phase short circuit in the system of Figure 6.11 at
different locations. The parameters for this case study are shown in Table A.2 of Appendix
A. The external system is represented using Thevenin’s equivalents comprising of voltage
sources Eg, and Ej, and their corresponding impedances Zg, and Zp. We simulated phase A

to ground fault at point F via resistence R.
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This case study investigates the fault impedance measurement at terminal S, for the
fault at F, based on zero-sequence current compensation (via a factor k,). The algorithm
setting does not includes the effect of zero-sequence mutual coupling compensation kgy,.
To demonstrate the effect of the zero-sequence mutual coupling Z,,, the impedance
measurement error, as a function of distance to fault, and for three different modes of
operation, is presented using fixed system parameters and R = 0 (). As shown in Figure
6.12, the impedance measurement error depends on the mode of operation of the parallel
line and fault location. When the parallel line is disconnected at both ends and not
grounded, the zero-sequence current from parallel line Iy, is zero. Hence, the results are
the same as in the case when the two lines are not coupled. However, if both lines are in
operation or if the parallel line is not loaded but grounded, the zero-sequence mutual
coupling will contribute to the error. It is apparent in the figure that the error will increase
as a distance to fault increases.

Figure 6.13 and Figure 6.14 show the impedance measurement error in function of
fault resistance Ry, and the correction factor k,. These study results are for the mode when
both lines are loaded (i.e., both lines are active). The combined effect of fault resistance,
Rp, and zero-sequence mutual coupling Z,,, is shown in Figure 6.13. For high values of
fault resistance, the measurement error will increase especially for faults close to the
remote side of the transmission line. Measurement error in function of variation of k, in
the specified interval (see Table 6.2) is shown in Figure 6.14. It can be seen from Figure
6.14 that for a value smaller than the mean value, the measurement error increases faster

with the increase of distance to the fault.

35

30~ With Coupling }

—— Bothlines are in operation /
25 —— One line swithced off and grounded /1
——  One line swithced off and ungrounded

20 - Without Coupling iy
Both lines are in operation

Impedance measurement error [ % ]

0 e ¢ r T T
0 10 20 30 40 50 60 70 80 90 100
Fault distance [%]

Figure 6.12: Measurement error for three operational modes and different distances of fault
location, R =0 Q.
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Figure 6.14: Measurement error due to uncertainty of the factor, k,, and zero-sequence

mutual coupling (two line are active and R = 0 ().

As defined in Figure 6.11, we have in total of 11 uncertain factors, and this is
considered as a high-dimensional factor space. To illustrate the effect of parameter
uncertainty on the algorithm performance, we simulated the faults at different locations
and for each fault we draw 500 random samples from the factor space x € R'%, and use
them in the Morris screening method. These uncertain factors, which are indicated in red in
Figure 6.11, and their assumed intervals of variation that affect the fault impedance
measurement, are listed in Table 6.2. For each sample, the SEL-421 IED algorithm

estimates the fault impedance. This estimation point is shown using ‘+’ in Figure 6.15(a),
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and Figure 6.15(b), when two lines are active and when a parallel line is switched off and
ungrounded. The figures show how the uncertainty in the parameters propagate through the
algorithm, and as a result, we get uncertainty at the output (shown as clouds of ‘+’). It is
apparent from this figure that the effect of the uncertainty of parameters for the fault at
70% of the line length will make the relay see some faults which are in Zone 2, as faults in
Zone 1 (80%).

Table 6.2: Uncertain factors and their assumed intervals of variation that are affecting fault
impedance measurements for the single-phase to ground faults in Figure 6.11.

Uncertain parameter | Description Variation interval
X3 Ry [0;10]Q
X, OF [-10;10] deg.
X3 k, [0.5824; 0.8736]
X4 Re{Z,s} [2.3535;2.8765]Q
Xs m{Z,s} [26.901;32.879]1Q
Xe Re{Zys} [1.5687;1.9173]Q
x7 Im{Zys} [17.9316;21.9164]Q
Xg Re{Zx} [2.3535;2.8765]Q
Xo m{Zz} [26.901;32.879]1Q
X10 Re{Zyr} [1.5687;1.9173]1Q
X11 Im{Zyg} [17.9316;21.9164]1Q
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Figure 6.15a: Fault impedance measured for all samples of the input factors, X € R?,
generated according to the random sampling method (total of 500 samples) for three
different fault locations ( the parallel line is loaded ).
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Figure 6.15b Fault impedance measured for all samples of the input factors, x € R,
generated according to the random sampling method (total of 500 samples) for three
different fault locations ( the parallel line is not loaded and ungrounded ).

6.2.3. Test Result and Discussion

To study the performance of the fault impedance algorithm, we use the DIgSILENT
software environment [17] for simulating phase-A to ground faults at different locations on
the protected line, as shown in Figure 6.11, and for variations of parameters. We assume
that possible values of the parameters are uniformly distributed within the intervals
specified in Table 6.2.

Typical results of the factor pre-screening, based on the Morris method, are shown in
Figure 6.16. The results are for the fault at the remote end of the line with all three modes

of operation of the parallel line.
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ox1

Figure 6.16: Results of the Morris method for all three operational modes of
the parallel line.

This method uses the variable of standard deviation versus mean value for all elementary
effects. These statistics are computed using 120 samples, which are considered sufficient
for this number of factors [16, 76, 77]. A large mean value corresponds to factor
importance, and a large variance suggests that the impact of a factor together with another
factor is important (i.e., interaction effect). In Figure 6.16, for all three operation modes of
parallel line, we can identify the following factors as dominant: x; ( Rg), x, (df), and
x3( Ko)- Because x; has large variance of its elementary effect, we can conclude that the

contribution of x; to measurement error variance is not only through its own uncertainty
but also via interaction with other factors. The identified 3 factors are the most important
for all simulated fault locations and all three operational modes of the parallel line.

From the figure, the Morris method reduced the factor space dimension from 11 to 3.
This dimension can be successfully handled by the GSA based on quasi-random sampling.
We simulated, using DIgSILENT, 5 phase A to ground faults at distances 0.2 p.u., 0.4 p.u.,
0.6 p.u., 0.8 p.u., and 1 p.u., of the protected line, S-R, in Figure 6.11. For each fault we
varied 3 dominant parameters according to the quasi-random sampling scheme. For all
those simulated cases, we compute the performance index for the IED fault impedance
measurement function [15]. The sensitivity indices computed in SIMLAB are shown in

Figure 6.17 and Figure 6.18. The conclusions from this analysis are:
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The individual effect of fault resistance, Rp(x;), has the highest impact on the
uncertainty of the fault impedance measurement for most of the fault locations and for
all three operational modes of the parallel line.

Impact of kg (x3) dominates for the faults at 0.6 p.u. of the line.

Impact of power flow angle, 6 (x,), will increase as the fault location moves away
from the IED.

Effect of the interaction between Ry and k, ( x4, x3) is the highest among interaction
effects.

Interaction impact between Ry and the power flow angle ( x4, x,) will increase as the

fault location moves away from the measurement point S.

L L L L
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}xl: - parallel line switched off and grounded
- parallel line switched off and ungrounded 1
- both lines are in operation

}XZI - parallel line swithced off and grounded
- parallel line swithced off and ungrounded
- both lines are in operation

}x& - parallel line switched off and grounded
- parallel line swithced off and ungrounded

‘ ‘l o |IH

Figure 6.17: Main effects in function of the fault position obtained by using the GSA
procedure for three-dimensional factor space.
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- parallel line switched off and ungrounded

Figure 6.18: Interaction effects in function of the fault position obtained by using the
GSA procedure for three-dimensional factor space.

6.3. Case study Ill: Three-Terminal Line

6.3.1. Description of the Case Study

This case study presents test methodology of one-ended impedance-based fault distance
calculation implemented in SEL-421 IED when applied on the three-terminal transmission
line. Figure 6.19 illustrates three-terminal lines, including the uncertainty factors of the
system, with the faults simulated at fault locations F;, and F,. Using the same method as in
the previous section, the positive sequence fault-loop impedance, by looking into the fault
located at F; and F,_is estimated using voltage and current signals, measured by the IED
located at the S-terminal.

Direct tapping of a transmission line is one of the alternatives used in the transmission
line circuit and often considered for cost efficiency reason. However, this structure will
affect a non-pilot digital distance relay installed for protecting original two-terminal line.
Load current from the tapped line, in this case, will impact the fault impedance
measurement at a relay point, and as a consequence, relay underreach and overreach

situations become possible [80, 82]. Uncertain, and unknown values of some parameters
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(e.g., fault resistance, ground resistance) will introduce additional errors in impedance
measurement as well as the determination of in which zone the fault lies [56]. The
limitations of using a non-pilot distance relaying for three terminal lines has been
investigate in [33] using local one factor at the time approach, but a systematic global
approach for quantifying these limitations have not been proposed before.

For a single phase to ground fault, shown in Figure 6.19, located either in the first
section S-O before the tapped line (fault location F;), or in the second section O-R after
the tapped line (fault location F,), the various factors, indicated in red in this figure, will
influence the fault impedance measurement. Sensitivity analysis can be used to assess the
effect of those factors to the performance of a relay measurement algorithm [56]. In this
case study, we apply the Global Sensitivity Analysis (GSA) technique based on the
estimation of variance through the Quasi-Monte Carlo (QMC) sampling in the multi-
dimensional factor space, and is implemented in SIMLAB. A large number of samples are
required for the GSA computational process. To speed up computation, pre-processing
using the Morris method [70] is required to reduce the factor space dimension. The
mathematical model of the three terminal lines under fault conditions, and the fault-loop
measurement element, is implemented in the Intelligent Electronic Device (IED). The
model of SEL-421 multifunctional IED [15] is implemented using the DIgSILENT
PowerFactory simulation environment [17]. To implement the GSA, the DIgSILENT
scripting language (called DPL) is used to automatically vary the values of the factors in
the three-terminal line model and run simulations for each scenario (i.e., sample).

We can find out, using Equation (3.62a) to Equation (3.64), that the apparent fault
impedance, Z,,, is computed using the measured phasor of bus voltage, Vs, and
compensated current, I¢. Based on Figure 6.19, the voltage and compensated current,
measured at the relaying point, are not affected by the current from the tapped line when
the fault occurs in section 1.

Voltage Vs, and compensated current I$, measured at relaying point during a fault in
section 1 and section 2 contain random data, which correspond to AVgand Al§. These
random data are affected by the uncertain factors indicated in red in Figure 6.19. For the
fault in section 2, where the random data are influenced not only by uncertain factors
which are listed in Table 6.3, but also affected by the current infeed from the tapped line,

and they can be composed as AVs = A(Zy;1IS + pyZy121E + 3Rpls), and ALE =
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A ([5T + kol ST). These random data are influenced by the uncertain factors, indicated in

red in Figure 6.19, will impact on the accuracy of the fault impedance measurement, Z,,,.

100% of protected line, 200 km

Zone-1, 80% of a shorter line ST

Zone-2, 120% of line ST

Tapping distance 50% (i.e. section -1) section!- 2
Zi1, Zovt Zi2, Zov2
| »| L
Distance To fault I
Esz0F \—/S /S : Vr ERr0r>
S z (1-p)Z Zus (onze |0
CT _ P1ci1 F, P1)LaLs o P2LiL2 F, P2)L112
S (1-p1)ZoL1 p2ZoL2 ,L, (1-p2)ZoL2
%78 | e R Z
£Los cvT o 1R
SR [ S Zus | Zor
} IED I ZoLs
| Distance Relay |
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Figure 6.19: Circuit of the faulted system with uncertain factors printed in red.

6.3.2. Evaluation of Relay Algorithm Performance

A faulted three-terminal transmission line and distance relay location is shown in Figure
6.19. All elements in this figure are modelled in the DIgSILENT software environment.
The proposed model is used to determine the performance of the distance relay for the
phase A to ground with different fault locations F;, and F,, and through a fault
resistance, Rr. The model includes a set of uncertain factors as indicated in red in Figure
6.19. The performance index values, which are calculated by the impedance measurement
algorithm of the IED, are based on the produced signals of the corresponding fault
scenarios.

In Figure 6.19, the external system is modelled using Thevenin’s equivalent with three
sources Eg, Ep, and E7, and corresponding source impedances Zs, Zp, and Zr. During the

fault, the fault impedance calculated by relaying point is based on the zero-sequence
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current compensation method using a factor, k, [66]. The factor k(, depends on the zero-
sequence impedance Zy; 1, which is not known exactly. For the fault in section 2 (between
O and R in Figure 6.19), the fault impedance is more complex since the current infeed
from tapped line will influence the fault impedance calculation.

The case of a single line to ground fault (phase A) between tapped line and remote end
(fault F, in Figure 6.19) is more complex. The circuit diagram in Figure 3.16 shows the
sequence component networks and specifies which factors will impact the impedance
measurement.

To demonstrate the effect of the factors on the error in impedance measurement we
simulate different faults in the system in Figure 6.19 using network parameters shown in
Table A.3 of Appendix A. Zone 1 is set at 80% of the positive sequence line impedance,
comprised of section 1 (between S and O in Figure 6.19), as well as the additional length
of the tapped line (section O to T in Figure 6.19). Line impedances per unit length in all
sections are equal. This is a typical setting because section O to T is shorter than the
segment O to R [15, 83]. Figure 6.20 shows impedance measurement tracking during a
single phase short circuit at the border of Zone 1 in the section between O and R in Figure
6.19. In this case, the estimated impedance is not only affected by the fault resistance but
also by the infeed current from the tapped line. The effect is quite considerable, as can be
seen in Figure 6.20, and the error is higher when the fault is through resistance, Ry =

10 Q.

100

90

80

70

60

50

X (Q)

40

30

20

10

-40 -20 0 20 40 60
R(Q)

Figure 6.20: Impedance tracking for the fault at the border of Zone 1. The blue line is for
the case where Rr = 0, and the red line is for the case where R = 10 Q.
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It can be seen in Figure 6.21, when the fault in Figure 6.19 occurs in a deferent section
through arc resistance of up to 500 ) using the same parameters of the system. The
apparent impedance is split between measured resistance, R, and reactance, X. Simulation
results indicate that measured R, and X, are both affected not only by different fault
location but also fault resistance, and by changing parameter values of the system. It may
be observed, from Figure 6.22, that the effect of the high resistance in different sections

places the measured impedance within a different region of the R-X plane.

Measured impedance, fault at section2
120 T T T T

fault at 0% of section 2
100 \

fault at 20% of section 2
fault at 40% of section 2 |
fault at 60% of section 2
fault at 80% of section 2
fault at 100% of section 2

o)
o
T

1

reactance inductive (Q )

0 r r r r

0 50 100 150 200 250
resistance (Q)

(a)

Measured impedance, fault at section3
70 T T T T

fault at 0% of section 3

fault at 20% of section 3
fault at 40% of section 3 |-
fault at 60% of section 3
fault at 80% of section 3
fault at 100% of section 3 |

reactance inductive (Q)

10 >
0

r r
50 100 150 200 250
resistance (Q)

(b)

Figure 6.21: Measured fault impedance from different fault sections:
(a) A fault in section 2 ( R varying from 0% to 500%),
(b) A fault in section 3 ( Rg varying from 0% to 500%).
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Measured impedance regions for different fault location
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Figure 6.22: Measured impedance region from different fault sections.

In real-life applications the exact parameters are not known. Therefore, Table 6.3
specifies intervals of variation of the selected parameters (i.e., factors) that can affect the
performance of the algorithm. In total we have 29 factors, and this is considered a high-
dimensional factor space. To illustrate the effect of the parameter uncertainty on the
algorithm performance, we simulated three faults at different locations, and for each fault
we draw 500 random samples from the factor space. For each sample the IED algorithm
estimated the fault impedance. These estimates are shown using ‘+’ in Figure 6.23. The
following three fault locations were studied: fault in the section S-O (Figure 6.19) at 40 %
of the Zone 1, and two faults in the section O-T at 65 % (just after the point O), and at 80
% of the Zone 1. Figure 6.23 shows how uncertainty in the parameters propagate through
the algorithm, and as a result we get uncertainty at the output (shown as clouds of ‘+’). It is
apparent from this figure that the uncertainty of parameters, for this configuration with line
tapping, will make the relay see some faults, which are in Zone 1, as faults in Zone 2, and
even in Zone 3. There is a systematic error (i.e., bias) which can be corrected by adaptive
change of the relay settings and precision error which is a result of unobservable uncertain
parameters. In this work, we only discuss precision error.

To quantify the algorithm performance due to uncertainty we will use a sampling

based technique to compute estimation error variance and bias. It is important to note that
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for the factor space of dimension 29, we require a huge number of samples for accurate
variance calculation. Hence, to make this technique practical, we use factor screening with
a deterministic sampling scheme to reduce the dimension of the factor space, and then,
instead of pseudo-random sampling, we employ more economical quasi-random sampling.
In addition, based on the same sampling technique, it is possible to estimate the sensitivity

of error to each of the factors as well as to interaction of two or more factors.

Table 6.3: Uncertain factors and their assumed intervals of variation that are affecting fault
impedance measurements for the single-phase to ground faults in Figure 6.19.

Uncertain parameter | Description Interval of variation
X; of x;
X1 Rr [0;10]Q
X, Or1 [-10;10] deg.
X3 Or2 [-10;10]deg.
X4 Srs3 [-10;10]deg.
X5 k, [0.57;0.856]
X6 Re{Zosn} | [2-3535;2.8765]Q
X7 Im{Zysi} | [26.901;32.879]Q
Xg Re{Zisn} | [1.5687;1.9173]1Q
Xo Im{Zisn} | [17.9316;21.9164]1Q
X10 Re{Zosy} | [2.3535;2.8765]Q
X11 m{Zosn} [26.901;32.879]1Q
X1z Re{Z,sy} [1.5687:1.9173]1Q
X13 m{Zysn} [17.9316;21.9164]Q
X14 Re{Zosr} | [2-3535;2.8765]Q
X5 m{Zysr} | [26.901;32.879]Q
X1g Re{Zysr} [1.5687;1.9173]1Q
X17 m{Zysr} | [17.9316;21.9164]Q
X1g Re{Zy.1} [20.77;25.388]Q
X19 m{Zy,,} [138.024;168.696]Q
X20 Re{Zy,1} [5.616;6.864]1Q
X3 m{Zy,,} [44.136;53.944]1Q
X2z Re{Zy.,} [20.77; 25.388]Q
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X3 m{Zy,,} [138.024;168.696]1Q
X4 Re{Zy;,} [5.616; 6.864]1Q
X5 m{Zy,,} [44.136; 53.944]Q
X6 Re{Zy,5} [14.539;17.7716]Q
Xy7 m{Zy;5} [96.6168;118.087]Q
X8 Re{Z,5} [3.9312;4.8048]Q
X9 m{Z,,5} [30.8952;37.7608]Q
110 T T T
100~ !
90 ~ -
zone - 2 i
80~ -
70 ~ -
— 60 [ -
c
X 50 B
40~ zone - 1 i
30+~ !
20~ faultat: .
+ 0.8 p.u with tapping
10~ + 0.65 p.uwith tapping .
0.4 p.u with tapping

-40 -20 0 20 40 60 80
R(Q)

Figure 6.23: Fault impedance measured for all samples of the input factors, x € R?°,
generated according to the random sampling method (total of 500 samples) for three
different fault locations.

6.3.3. The Test Result and Discussion

Using the DIgSILENT software environment, we simulated phase-A to ground faults at
different locations in the system, as shown in Figure 6.19, and for variations of parameters
specified in Table 6.3. The faults were simulated in section 1 (S-O in Figure 6.19). We
assumed that possible values of the parameters are uniformly distributed within the
intervals specified in Table 6.3. The SEL-421 of IED model was implemented in
DIgSILENT and the performance of the fault impedance measurement function of this IED
was tested for all points in the factor space. These points were designed using the SIMLAB

software environment according to Morris and Sobol’s quasi-random sequences.
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Typical results of the factor pre-screening based on the Morris method are shown in
Figure 6.24. These results are presented as standard deviation versus mean value for all
elementary effects. These statistics are computed using 120 samples, which is considered
sufficient for this number of factors [16]. In Figure 6.24, we can identify the following
factors as dominant: x; ( Rg), x5 (8r1), X3(0r2), x4( 8p3), and x5(ky). Because x; has
large variance of its elementary effect, we can conclude that the contribution of x4 to
measurement error variance is not only through its own uncertainty but via interaction with
other factors. The representative result in Figure 6.24 is for the fault at 1p.u. of the line S-R
length. The line S-R, with tap at O, in Figure 6.19 is composed of section 1 (S-O) and
section 2 (O-R). The selected 5 factors are the most important for all simulated fault

locations.

ed *x1
ameter bl

Figure 6.24: The Morris method results for a fault at 1 p.u. of the line S-R in Figure 6.19.

The Morris method reduced the factor space dimension from 29 to 5. This dimension
can be successfully handled by the GSA based on quasi-random sampling. The optimal
number of samples, according to SIMLAB, for dimension 5 is 65536. So we simulated,
using DIgSILENT, 5 phase-A to ground faults at distance 0.2 p.u., 0.4 p.u., 0.6 p.u, 0.8 p.u.
and 1 p.u. of the line S-R, and for each fault we varied 5 dominant parameters 65536 times
according to the quasi-random sampling. For all those simulated cases, we compute the
performance index for the IED fault impedance measurement function. The sensitivity
indices computed in SIMLAB are shown in Figure 6.25 and Figure 6.26. The conclusion

from this analysis, summarized in Figure 6.25 and Figure 6.26, would be:
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Zero-sequence correction factor ky(xs), has the highest impact on the uncertainty of
the fault impedance measurement for the majority of fault locations.

Impact of Rp(x;) and &g (x,) dominate ky (x5), for the faults on the end R of the
line.

The individual effect of fault resistance, Rg (x4), is also high for all fault locations. The
impact is more prominent, relative to the impact of other factors, close to the beginning
of the section 1 (S-O) and at the line end R.

Impact of power flow angles, 8p1, 02, O3, (X3, X3,X,), Will increase as the fault
location moves away from the IED.

Effect of the interaction between Ry and kj (x4, Xxs5) is the highest among interaction
effects, but it is only dominant for the faults in the line section 1 (S-O).

Interaction impact between Ry and the power flow angles ( xq, X5; X1, X3; X1, X4; ) Will

increase as the fault location moves away from the measurement point S.

1 T T T T X

1

0.9 section - 1 section - 2 [ xe

Sensitivity Measure

0.2 0.4 0.6 0.8 1
Distance to the fault(p.u)

Figure 6.25: Main effects in function of the fault position obtained by using the GSA
procedure for five-dimensional factor space.
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Figure 6.26: Interaction effects in function of the fault position obtained by using the
GSA procedure for five-dimensional factor space.

6.4. Case study IV: Two Port of Transmission Line with Series

Compensation

6.4.1. Description of the Case Study

Figure 6.27 illustrates the application of series compensation in a two source transmission
line and shows the uncertainty factors of the system with the fault simulated at fault
location F; and F, The positive sequence fault impedance is estimated using the voltage
and current signals measured by the IED located at terminal S.

The application of series compensation on the transmission line, as shown in Figure
6.27, is one of the alternatives to increase the line’s power transfer capability and also to
improve system stability [49, 84]. However, the series capacitor, located in series with the
protected line, can reduce the line inductance from X; to the overall series line
inductance, X = X; — X;. The apparent impedance that is seen from the relaying point

appears electrically shorter [69].
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The presence of series capacitor, SCs, with Metal Oxide Varistors, MOVs, in the
protected transmission line create certain problems for relay algorithms for non-pilot
distance relays [85]. In this case, the series compensation circuit (i.e., SCs+tMOVs) can
create unpredictable values of transient response. The status of the capacitors will affect
the performance of the relay algorithm for the distance relay [28, 29].

In this section, we will explore the effect of the series capacitor protected with the
metal oxide varistors located in the middle of the protected line (see Figure 6.27). Two
different faults, located at F; and F,, are simulated to observe the effect of series
compensation to the accuracy of the fault impedance measurement. The voltage-current

characteristic of MOV presented in Figure 6.28 is approximated as follows [68]:

q
Ivovy = P( Le ) , (6.1)

ZREF

where:
P - Reference current (P =1000A),
Vrer - Reference voltage (Vggr : 150 kV),
q - Exponent (q : 23).

During a fault, the MOVs start immediately to protect the series capacitor after the voltage
across the capacitor V., exceeds the voltage setting Vygp. If the fault is in front of SCs (i.e.,
at location F;), the presence of series-compensation does not affect the relay algorithm,
and the fault impedance is measured accurately if the uncertain factors can be ignored.
However, when the fault is behind the SCs, care must be taken since the series capacitor
will affect the calculation of the apparent fault impedance [1]. Uncertain and unknown
values of some parameters (i.e., fault resistance, inception angle, etc.) will introduce
additional errors in impedance measurement at a relay point, and as a consequence
overreach and underreach may occur during relay operation.

In Figure 6.27, the various factors indicated in red, will influence the fault impedance
measurement during the single phase to ground fault located either in section 1 (fault
location F;) or in section 2 (fault location F,). The sensitivity analysis will be used to
assess the effect of those factors on the performance of a relay measurement algorithm.
The GSA technique based on the estimation of variance through QMC sampling in the

multi-dimensional factor space is applied. A number of samples generated using SIMLAB
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are required for the GSA computation process. Pre-processing using the Morris method

speeds up computation. It reduces the factor space dimension.

—— 100 % of the protected line, 300 km ———————— >
Section-1, 150 km , d (p.u) Section-2, 150 km
dist. to fault p1 (p.u) dist. to fault p2 (p.u)
s W R
Vs Is Vr
e ZiLs ; SCs VAT
i : CT Zovs ¢ i :
ZIS N 1 Zm
Es20r  Zps Zor Erc0°

************

IED

Model

Figure 6.27: Two sources of series compensation with uncertain factors printed in red:
F; - fault location in front of SCs + MOV's,
F, - fault location behind SCs + MOV's.

We can conclude, from Equation (3.82a) to Equation (3.88), that the apparent fault
impedance Z,,, is computed using the measured phasor of bus voltage Vs, and compensated
current I§. In Figure 6.27, the voltage and compensated current measured at the relaying
point during a fault in section 1 and section 2 contain uncertain values AVs, and AI$, which
can be written as AVs = A(Zy;pI§ + 3Rplp + V), and AIS = A(Is + kolys). These
random data are influenced by the uncertain factors (indicated in red in Figure 6.27). The
series compensation will impact the accuracy of the fault impedance measurement Z,, as
well. In this section the investigation will be applied to measure the effect of factors

including series compensation on the performance of the relay algorithm.
6.4.2. Evaluation of Relay Algorithm Performacne

In Figure 6.29, the circuit diagram demonstrates the effect of fault impedance tracking
using the mho characteristic for the phase A to ground fault simulated in front of the series

capacitor, F;, and behind the series capacitor, F,, through the fault resistance Rp. The
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proposed model includes a set of uncertain factors as indicated in red in Figure 6.27. The
performance index values are calculated to assess the impedance measurement algorithm
performance.

As shown in Figure 6.27, the series capacitor, with 70% of compensation protected
with Metal Oxide Varistor (MOVs), is located in the middle of the protected line, and the
connection of the series capacitor and MOVs, which can be represented by equivalent
resistance, R', and equivalence reactance, X'.. From that figure, the characteristic of these
two values depends on the current reactance Ig, entering these two components. Two
different analyses should be applied for the fault at F;, and F,, since the series capacitor

system also affects the performance of the relay algorithm function.
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Figure 6.28: Equivalenting and characteristic of SCs and MOVs:
(a) The original device and v-i characteristic of the MOV, (b) Equivalenting.
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Fault in front of the series capacitor

Using the network parameters, as shown in Table A.4, Appendix A, Figure 6.29 shows the
tracing, in time, of the measured impedance for the fault simulated in front of SCs located
at 0.4 p.u, with R = 10 (), and 6 = 0°. The simulation shows how measured fault loop
impedance, Z,,, is affected by fault resistance, Rp, i.e., deviation from the actual
impedance, pZ,;s. However, since the fault current, Ir, in Figure 6.27, is fed from the two
sources, the measured fault loop impedance, Z,,, is sensitive to not only R, but also power

flow angle, & [7, 69].

zone-1 (80%)

K
At0.4p.u

Figure 6.29: Fault Impedance tracking for the fault, F; at 0.4 p.u., Rp = 10 Q, § = 0°.

Fault behind the series capacitor

Figures 6.30 to 6.33 present the simulation results for the fault behind SCs located at F,, at
0.6 p.u, with R = 10 Q, Xcp = 70% of X;, and 6 = 10°. Figure 6.30, and Figure 6.31,
are the phase voltage, and current, measured at the relaying point. Figure 6.32 presents
voltage drops across SCs + MOVs, while Figure 6.33 shows the fault current distribution
among the SCs and MOV branch.
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Figure 6.30: Phase voltage at terminal S.
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Figure 6.31: Phase current at terminal S.
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Figure 6.32: Voltage drops across SCs + MOVs.
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Figure 6.33: Distribution of the phase A fault current among SCs ( Icap )
and MOVs ( Imov ) brance.

Figure 6.34 is the tracing, in time, of measured impedance for the fault behind SCs
located at F,, at 0.75 p.u, with Rp = 10 (), and 6 = 0°. The simulation shows how the
error impedance, contributed by SCs and MOVs, also affects the measured fault loop
impedance, Z,,. However, relating to Figure 6.28(b) the calculated fault impedance, Z,,, at
this location could be not fixed, since the value of resistance, R', and X', depends on the
current, Is. Hence, for the fault simulated at 0.75 p.u., which is close to the border of zone

1, the error will cause the relay to see the fault in zone 2 (see Figure 6.34).

p at075pu z(CeMOV) |
zone-1 (80%) . | i

~

SCs+MOVs

ZLS1

Figure 6.34: Fault Impedance tracking for the fault F, at 0.75 p.u., Rp = 10 Q, 6 = 0°.
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Due to the impact of uncertain factors, which can lead to uncertainty in the calculation
of fault impedance, in Table 6.4 we specify the intervals of variation of the selected
parameters. To illustrate the effect of the uncertainty parameter on the algorithm
performance, two different fault locations are simulated in front of the SCs and behind the
SCs (i.e., the fault at F; and F, ) with 500 random samples from the factor space for each
fault location. The fault impedance is estimated by the IED algorithm for each sample
which is indicated by ‘+’ in Figure 6.35(a), and Figure 6.35(b). The effect of the uncertain
factors on the impedance measured in three different locations can be studied as follows:
the first three fault locations in 0.1, 0.3, and 0.5 p.u., are the faults simulated in front of the
SCs, as shown in Figure 6.35(a). It can be seen how the uncertain factors propagate the
fault impedance measurement. The presence of SCs does not affect the fault impedance
calculation. However, due to the faults being in front of the SCs, the relaying point still
sees the fault in zone 1. However, for the faults behind the SCs, that is, for the second three
fault located at 0.6, 0.8, and 1 p.u., the presence of SCs + MOVs will affect the error in the
fault impedance measurement. In this condition, the zone 1 setting can be underreaching
for the fault simulating in, for example, 0.8 p.u. Effect of uncertain factors on the fault
impedance calculations for the faults in 0.8 p.u., shown in blue, indicate that the relaying
point can see the fault in zone 2, while for the fault in 1 p.u., the relaying point can see the

fault in zone 1, or even in zone 3, for the fault in zone 2.

Table 6.4: Uncertain factors and their assumed intervals of variation that are affecting fault
impedance measurements for the single-phase to ground faults in Figure 6.27.

Uncertain parameter | Description Variation interval

X1 R [0;101Q

X, Op [-10; 10] deg.

X3 Ref{Zys} [2.097 ; 2.563] Q
X4 m{Zs} [24.12;29.48] Q
X5 Re{Z,s} [1.179 ; 1.441] Q
Xg m{Z,s} [13.5;16.5] Q

X, Re{Zog} [2.097 ;2.563] Q
Xg m{Zog} [24.12;29.48] Q
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Xo Re{Z.z} [1.179 ; 1.441] Q
X10 m{Zz} [13.5:16.5] Q
X11 Re{Z,s} | [3.72;4.53] Q
X1z Im{Z,;s} | [42.52;51.975] Q
X3 Re{Zys} | [37.125;45.375] Q
X14 Im{Zy,s} | [138.645;169.455] Q
X1s Re{Z,z} | [3.72;4.53] Q
X16 m{Zyr} | [42.52;51.975] Q@
X17 Re{Zor} | [37.125;45.375] Q
X1g Im{Zy} | [138.645;169.455] Q
X1o Xco [0;66.15] Q
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Figure 6.35: Fault impedance measured for all samples of the input factors, x € R1°,
generated according to the random sampling method (total of 500 samples) for three
different fault locations (a) when the fault is simulated in front of the SCs, (b) when the
fault is simulated behind the SCs.

6.4.3. Test Result and Discussion

Phase A to ground faults have been simulated at different locations in the protected
transmission line of Figure 6.27 using the DIgSILENT software environment, and for
possible variations of factors, that are assumed uniformly distributed within the interval
specified in Table 6.4. The faults were simulated in front of the SCs and behind the SCs.
The uniformly distributed points in the factor space were tested to see the performance of
the fault impedance measurement function of the IED, and the SEL-421 model, which is
implemented in DIgSILENT PowerFactory. These points were designed using the
SIMLAB software environment according to the Morris method and Sobol’s quasi-random
sequence. SIMLAB is also used to compute all statistics and sensitivity measures
according to the GSA methodology.

Figure 6.36 is the typical result using the Morris factor screening method for only one
distance fault simulated in front of the SCs as well as behind the SCs. These results are
presented as standard deviation versus mean value for all elementary effects. These

statistics are computed using 190 samples, which is considered sufficient for this number
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of factors [16]. A large mean value indicates a corresponding factor’s importance, while a
large variance suggests that the impact of a factor, together with other factors, is important
(i.e., interaction effect). In Figure 6.36(a), we can identify the following factors as
dominant: x; , X5, X152, X14, and x;9, while dominant factors in Figure 6.36(b), are identied
as: X1 ,X,, and xq9. Details of the analysis for other fault locations are not reported here but
the conclusion is that the selected 5 factors for the fault at 0.4 p.u. (i.e., fault in front of the
SCs), and 3 factors for the fault at 0.8 p.u. (i.e., fault behind the SCs), are the most
important for all fault locations. In Figure 6.36(a), the factor, x4, has the largest mean of
its elementary effect, which indicates that the measurement algorithm is most sensitive to
the uncertainty of this factor. In addition, x;, has large variance of its elementary effect,
and therefore, we can conclude that the contribution of x;, to the measurement error
variance is not only through its own variability but also via its interaction with other
factors.

The Morris method reduced the factor space dimension from 19 to 5 for the faults in
front of the SCs and from 19 to 3 for the faults behind the SCs. This dimension can be
successfully handled by the GSA based on quasi-random sampling. We simulated, using
DIgSILENT, 10 phase A to ground faults at distances 0.1 p.u., 0.2 p.u., 0.3 p.u., 0.4 p.u,,
0.5 p.u., 0.6 p.u, 0.7 pu., 0.8 p.u., 0.9 p.u,, and 1 p.u., for the protected line in Figure
6.27. For each fault from 0.1 to 0.5 p.u., and from 0.6 to 1 p.u., we varied 5 and 3 dominant
factors respectively. A large number of cases are simulated in SIMLAB according to the
quasi-random sampling scheme. For those simulated cases, we computed the performance
index, i.e., the absolute value of the difference between true and estimated values, for the
SEL-412 fault impedance measurement function. The sensitivity indices computed in
SIMLAB are shown in Figure 6.37, and Figure 6.38. The conclusions from this analysis
are:

e Fault resistance, Rp(x;), has the highest impact on the uncertainty of the fault
impedance measurement for almost all of the fault locations. The impact is more
prominent for the faults close to the beginning and end of the line.

e Impact of the zero-sequence impedance, Im{ZOLS} ( x14), 1s the second largest and it is
the highest for the faults around the middle of the line,

e Impact of the load flow angle, §r(x, ), the positive-sequence line impedance,

Im{gl LS} (x12), and capacitive reactance, X-( x19 ), wWill grow as the distance to the
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fault approaches the SCs, but for the fault behind the SCs, the effect of the capacitive
reactance, X ( X419 ), is absolutely dominant.
For the faults in front of the SCs, the effect of all interactions between the factors

increase, but the effect is dominated from the interaction between Rp, and

Im{ZOLS)} (x14).

For the faults behind the SCs, the dominant effect is from the interaction between Rp,
and X ( x19 ). However, this effect will decrease as the distance to the fault approaches
the end of the line, except for the fault at 1 p.u., where the interaction between Ry, and

6r( X3 ), is dominat.

* x14

& x19 & x1
X2

& x12 N

(a)

& x19

(b)

Figure 6.36: Results of the Morris factor screening method: (a) for a single-phase short
circuit at 0.2 p.u. (in front of the SCs), (b) 0.8 p.u. (behind the SCs).
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Figure 6.37: Sensitivity indices in function of the fault position obtained by using the GSA
procedure for four-dimensional factor space:
(a) Main effects, (b) Interaction effects.
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Figure 6.38: Sensitivity indices in function of the fault position obtained by using the
GSA procedure for three-dimensional factor space:
(a) Main effects, (b) Interaction affects.
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6.5.

Conclusions

In this chapter the systematic method for the sensitivity analysis study of the fault

impedance measurement function, in the context of lines with two sources, parallel line

circuits, three-line lines, and lines with series compensation, has been presented. The

method is based on the analysis of the measuring error variance of the IED algorithm,

which is affected by the uncertainty of numerous parameters (i.e., factors). The zero-

sequence mutual coupling in parallel line-circuits, remote current infeed in three-terminal

line, and the effect of series compensation in lines with a series capacitor are treated as

additional problem in assessing the relay performance.

The main important points that can be concluded from this chapter are:

One-ended impedance-based fault distance calculations produce intolerable errors
in some cases. This error could be caused by factors that impact the calculation of
the apparent fault impedance. The factors are: fault resistance, inception angle,
system infeed, line impedance, source impedance, and zero-sequence
compensation.

Fault resistance Ry, nearly has the highest impact on the uncertainty of the fault
impedance measurement. Furthermore effect of fault resistance interaction with
inception angle for the faults close to the remote-side R is significant.

Additional factors, such as zero-sequence mutual coupling effect, current infeed
from the tapped line, and the effect of series compensation, will contribute to the
performance of fault impedance measurement.

The Morris factor screening method has been used to eliminate non-influential
factors, and the dimension of the factor space was reduced for the presented case
studies. The full GSA, based on quasi-random sampling of the factor space, was
performed afterwards to clearly identify which factors and their interactions will
affect the impedance measurements for single phase short-circuits on various
locations and in different case studies.

The testing methodology was implemented in two software environments:

DIgSILENT, where all system simulations and measurements were carried out, and
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IEDs defined using SEL-421 functions; SIMLAB, where sampling sequences were
generated and sensitivity measures calculated. The proposed methodology is very
useful in application testing when performance of different IEDs needs to be

compared.
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Chapter 7

Conclusions

The development of the fault impedance measurement algorithms for transmission line
protection has been a subject of interest. The fault impedance algorithm uses as inputs
voltage and current signals measured from secondary parts of CT and CVT located at local
terminals on the line. This is a difficult task since the apparent fault impedance, calculated
using the one-ended technique (i.e. non-pilot distance relay), could be influenced by
factors such as fault resistance, inception angles, variations in the parameters of the line,
and so on. Additional factors may also contribute, for example: the mutual coupling in
parallel lines, the current infeeds from the multiterminal systems, and a transmission line
with series capacitor. These factors may contribute additionaly to the fault impedance
calculation error.

A comprehensive, high-quality, performance evaluation of power system protection
has been provided using a computer simulation, which combines the power system and
relay protection algorithms. A protection system simulation is a valuable preliminary step
for investigating the relay performance, using statistical and sensitivity analysis due to

input factor uncertainty.
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DIgSILENT and SIMLAB are two software tools used in development of the

methodology proposed in this thesis. DIgSILENT is applicable for power system

protection and distance relay modelling and provides the ability to vary the value of model

parameters during the power system simulation. On the other hand, SIMLAB is used to

generate the uncertain parameters samples and to calculate the sensitivity indices for the

performance analysis of fault impedance estimation algorithms. Another important tool

that makes the automated analysis feasible is the use of DPL scripting language provided

by DIgSILENT. It is used to interface DIgSILENT and SIMLAB and to automate all

simulation tasks. This thesis accomplished the following objectives:

1.

The first objective was to design a systematic method for testing the distance relay
function. The method is based on the combination between two software packages,
DIgSILENT, and SIMLAB. The performance of the distance relay function, which is
affected by uncertain factors, and the complexity of the power network, where the
distance relay is implemented, is measured based on the analysis of variance for the
output of the model. For analysis purposes, a statistical approach is required for
calculating the sensitivity indices of the distance relay function.

The second objective was to implement the global sensitivity technique, to analyse
performance of the measurement algorithm. The Sobol’s technique allows
investigation of the effects of the main factors, and the interactions between factors, on
the performance of the model, while the Morris method is used prior to the Sobol’s
technique in order to remove unimportant factors.

The third objective was to model the power system and integrate the distance relay
model in DIgSILENT. The flexibility of the parametrized model, and the ability to use
the SEL-421 distance relay model, are the main reasons for using this tool.

The fourth objective was to integrate the two tools, DIgSILENT and SIMLAB. The
various functions of the tools are required in this project to enable systematic testing.
The DPL scripting language is used to interface the two tools. DPL scripting was used
to automate the simulation by reading samples and calculating the performance

indices.

This thesis proposes a novel systematic sensitivity analysis of an impedance measurement

function implemented in an IED. The intention is to use this analysis as a part of the
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application testing procedure. It is well known that the fault impedance measurement is
affected by a number of uncertain factors, such as fault resistance, and inception angle, etc.
as well as the additional impact from zero-sequence mutual coupling, current infeed from
the tapped line, and the effect from series compensation.

Until now, the impact of these factors has been investigated by varying one factor at a
time, and keeping all other factors fixed at some nominal value. As an improvement to this
approach, we proposed a sensitivity analysis based on simultaneously varying all factors,
i.e., we explore the factor space completely by using a realistic values in the range of
distribution for the factors. In this way, we are able to analyse not only the measurement
function sensitivity to individual factors but also sensitivity to the combined uncertainty of
two or more factors. To span the whole factor space, as required in the analysis, we use
multidimensional sampling based on the Sobol’s Quasi-Random sequence. This approach
converges faster than pseudorandom sampling. Still, the number of samples required to
obtain accurate sensitivity measures will be prohibitively high for high dimensions of
factor space. Therefore, we initially perform the procedure, one factor at a time, to identify
factors with no impact and reduce the dimension of the factor space. Such a hybrid
approach makes the procedure feasible, not only for testing of a simulated IED
measurement function (as shown in the thesis), but also for the physical testing of an IED
using an injection test set.

The thesis describes the software environment required to perform the proposed
analysis and uses specific examples of different networks (e.g. a single line with two
sources, parallel circuits, transmission lines with a tapping line, and lines with series
compensation) to demonstrate how to perform the analysis and what kind of results we
can obtain. The procedure is fully automated by using the DIgSILENT Programming
Language (DPL). The DIgSILENT EMT transmission line simulation is integrated with the
SIMLAB software, which generates quasi-random samples and performs analysis of output
variance. The variance is used to compute sensitivity measures. To conclude: the proposed
analysis is able to enhance the IED testing procedure, and therefore, is useful when
selecting new IEDs for specific applications, and for performance investigations of existing

IEDs.

150



Appendix A

Transmission Data

Investigating the performance of IED in different condition of circuits and factors have
been tested and evaluated with the fault data (i.e., voltage and current signals) obtained
from DIgSILENT PowerFactory to calculate the fault loop impedance measurement. The
simulations for different faults location are tested in one line with two sources at both ends,
double line, multiterminal line and line with series compensation. System parameters for

different networks are gathered from the following Tables:

Table A.1: System parameters of the test one line with sources at both ends.

Equivalent system at terminal S Zss (1.74 +j19.92) Q
(¢ = 6¢°) Zos (2.615 +129.89) Q
Equivalent system at terminal R Zir (1.74 +j19.92) Q
(9 =0°) Zor (2.615 +j29.89) Q
Z4y (0.062 +j0.49) Q/km
Line SR ZoL (0.23 +j1.53) Q/km
Cyy 8.9 nF/km
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Cor 5 nF/km

Line length 100 km
System Voltage 400 kV
System frequency 50 Hz

Table A.2: System parameters of the test double-circuit line with sources at both ends.

Equivalent system impedance at terminal S Z1s (1.74 +j19.92) Q
(¢ = 6p) Zos (2.615 +29.89) O
Equivalent system impedance at terminal R Z1R (1.74 +j19.92) Q
(9 =0°) Zor (2.615 +29.89) Q
Zy (0.062 +j0.49) Q/km
Line impedance: Zov (0.23 % J1.53) 0/km
Cyy 8.9 nF/km
CoL 5nF/km
Line length 100 km
System Voltage 400 kV
System frequency 50 Hz

Table A.3: System parameters of the test three-terminal line.

Equivalent system impedance at terminal S Zis (1.74 +519.92)
(¢ = 6F) Zos (2.615 +129.89) Q
Equivalent system impedance at terminal R Z1r (1.74 +j19.92) O
(9 =0°) Zor (2.615 +29.89) Q.
Equivalent system impedance at terminal T Zir (1.74 +519.92)
(9 =0°) Zor (2.615 +29.89) O
Zy (0.062 +j0.49) Q/km
Line impedance: Lo (0.23+11.53) @/l
Cit 8.9 nF/km
Cor 5 nF/km
Line length : Line-1, Line-2, Line-3 100 km, 100 km, 70 km
Tapped line location 0.5p.u
System Voltage 400 kV
System frequency 50 Hz
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Table A.4: System parameters of the test one line with series compensation.

Equivalent system impedance Zss (1.31+j15) Q
at terminal S (¢ = &F) Zos (2.33 +j26.8) Q
Zir (131 +j15) Q
Equivalent system impedance P (233 +26.8) 0.
at terminal R (¢ = 0°) ZO0R : =5
Zor (2.615 +329.89) Q
Z41 (0.03+j0.315) Q/km
ZoL (0.275 +j1.027) Q/km
Line impedance Cyy 13 nF/km
Cor 8.5 nF/km
Series Capacitor 0.7 Xy,
Series Compensation Position of
The compensation bank 0-5pu.
MOV characteristic: p 1 kA
Vo \4 Vrer 150 kV
ivoy = P
MoV <YREF> q 23

Line length : Line-1, Line-2, Line-3

100 km, 100 km, 70 km

Line line location 0.5p.u
System Voltage 400 kV
System frequency 50 Hz
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Appendix B

DPL Implemention in DIQSILENT

B.1. The DPL Script Program

The DPL script program listed below is very important for automating tasks of simulation
and fault impedance calculation. This developed script program serves the purpose of
offering an interface between a power system simulation tool and GSA software.

1 3k sk ske sk sk sk sk sk sk ske sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skeoske sk sk sk sk sk sk ske sk sk sk sk sk ske st sie sk sk sk sk sk st sk sk sk sk sk sk skeoske sk sk sk sk skoskosk skok )

The following script DPL program is for general purpose. The conten could be adjusted for
the specific purpose such as for sensitivity analysis using Morris and Sobol’s technique,
and also for analysing the characteristic of the IED which is applied in different network
condition.

1 3k sk sk s sk s sk s sk sk s sk s s s sk sk sk s sk s sk sk s sk s sk sk sk sk sk s sk sk sk sk sk s sk sk sk sk sk s sk sk sk sk sk s sk sk sk sk sk sk skoske sk skosk kok |

object obj, res,Inc,Sim,She,Vac,ld,Comtrd,file;

double
x,A,D,B,C,E,pf,rf,F,B1,load,x1,x2,x3,x4,x5,x6,x7,x8,x9,x10,x11,x12,x13,x14,x15,x16,x17
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LA1,A2,A3,AA loc,zs,ko,rearthl1,erphal 1,zsr11,zsx11,zsrol,zsxol,zrr11,zrx11,zrro1,zrxo
1,tower2;

int Nvar, Nval, ix,1y,ires,D10,D20,D30,D40,D50,D60,D70,D80,D90,D100,R error,k;
string str;

D10=4.9313*1;
D20=4.9313*2;
D30=4.9313*3;
D40=4.9313%*4;
D50=4.9313*5;
D60=4.9313*6;
D70=4.9313*7,
D80=4.9313*8;
D90=4.9313*9;
D100=4.9313*10;

R=D100;

I*** starting to simulate a fault located at 20% of the protected line *****!
fopen('C:\Users\NNG\Desktop\sample.txt','1',0); ! read the sampled data
fopen('C:\Users\NNG\Desktop\result20','w',1); ! save result

Info('Starting simulation of....");

for (k=1;k<501; k+=1) 1501 = example of a number of samples
{

ResetCalculation();

ClearOutput();

fscanf(0,"%f %f %f %f %f %f %f %f %t %t %t x1,x2,x3,x4,x5,x6,x7,x8,x9,x10,x11);
! This command is to scan the parameters input, the number of parameters
correspond to parameters that want to be investigated
Shc=GetCaseObject('EvtShce');
She:p target=fault;

fault:i_shc=2; ! type of fault: 0=3p-p, 1=2p-p, 2=1p-g, 3=2p-g
fault:i_pspgf=2; !0=phaseatog

fault:R f=x1; !' fault resistance

angle:phisetp=x2; ! inception angle

zero:k0=x3; ! zero sequence compensator

Isource impedance zero sequence-S
zsro:R1=x4;
78x0:X1=x5;
zsro:R0=x6;
78x0:X0=x7;
zsro:R2=x4;
78X0:X2=X5;
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Isource impedance zero sequence-R
zrro:R1=x8; !positive sequence

zrx0:X1=x9;

zrro:R0=x10; ! zero sequnce
zrx0:X0=x11;

zrro:R2=x8; !negative sequence
Zrx0:X2=x9;

line:fshcloc=20; ! fault location (%)

Inc=GetCaseObject('Comlinc');
Inc.Execute();

Sim=GetCaseObject('ComSim'");
Sim.Execute();

obj = GetCaseCommand('ComlInc');

res = obj:p_resvar;

LoadResData(res);

Nvar = ResNvars(res);

Nval = ResNval(res,0);
Iprintf('Nvar=%d Nval=%d', Nvar, Nval);
iy=0;

liyl = 1;

iy 2=12;

liy 3=3;

liy 3=4;

ix=0;

while (ix<Nval) { ! Nvar=2
GetResData(x, res,ix,iy);
!GetResData(x1, res,ix,iyl);
!GetResData(x2 res,ix,iy2);
!GetResData(x3, res,ix,iy3);
!GetResData(x4, res,ix,iy4);

X +=1;

Hprintf(1,'%f %f %f ..."x,x1,x2, ...);
}

error=abs(x-D20)*100/R;
fprintf(1,'%f ,error); ! print last value of all cycles
§

fclose(0);

fclose(1);

I*##* starting to simulate a fault located at 40% of the protected line *****|
fopen('C:\Users\NNG\Desktop\sample.txt','r',0); ! read the sampled data
fopen('C:\Users\NNG\Desktop\result40','w',1); ! save result

Info('Starting simulation of....");
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for (k=1;k<121; k+=1) !121 = example of a number of samples

{

ResetCalculation();
ClearOutput();

fscanf(0,'%f %f %f %f %f %f %t %t %t %t %f, x1,x2,x3,x4,x5,x6,x7,x8,x9,x10,x11);
Shc=GetCaseObject('EvtShce');

She:p target=fault;

fault:i_shc=2; ! type of fault: 0=3p-p, 1=2p-p, 2=1p-g, 3=2p-g

fault:i_pspgf=2; !0=phaseatog

fault:R f=x1; ! Rf fault resistance
angle:phisetp=x2; ! inception angle
zero:k0=x3; ! zero sequence compensator

Isource impedance zero sequence-S
zsro:R1=x4;
78x0:X1=x5;
zsro:R0=x6;
78x0:X0=x7;
zsro:R2=x4;
78X0:X2=X5;

Isource impedance zero sequence-R
zrro:R1=x8; !positive sequence

zrx0:X1=x9;

zrro:R0=x10; ! zero sequnce
zrx0:X0=x11;

zrro:R2=x8; Inegative sequence
7rx0:X2=x9;

line:fshcloc=40; ! fault location (%)

Inc=GetCaseObject('Comlnc');
Inc.Execute();

Sim=GetCaseObject('ComSim');
Sim.Execute();

obj = GetCaseCommand('Comlnc');

res = obj:p_resvar;

LoadResData(res);

Nvar = ResNvars(res);

Nval = ResNval(res,0);

Iprintf('Nvar=%d Nval=%d', Nvar, Nval);

1y =0;
iyl = 1;
ly 2=12;
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liy 3=3;

liy 3=4;

ix =0;

while (ix<Nval) { ! Nvar=2
GetResData(x, res,ix,iy);
!GetResData(x1, res,ix,iyl);
!GetResData(x2 res,ix,1y2);
!GetResData(x3, res,ix,iy3);
!GetResData(x4, res,ix,iy4);

X +=1;
Hprintf(1,'%f %f %t ..."x,x1,x2, ...);
}

error=abs(x-D40)*100/R;
fprintf(1,'%f ,error); ! print last value of all cycles

i
fclose(0);

fclose(1);

1*** the comment can be continued for the next fault location ****!

B.2. The DPL Command Object

The DPL command object is to hold a reference to a remote DPL command when it is not
a root command. Figure B2 shows an example of a referring command, since its”’DPL

script” reference is to remote command.

DPL Command - Scriptsirandom of impedance error thesis.ComDpl @
Basic Options | Advanced Options | Script | Description | Version |
Mame |mndom of impedance emor thesis
Close
General Selection hdlhd
Input parameters: Cancel |
Type Name WValue Unit Description
Save
»1 -
Check
Contents
=
< »
Extemal Cbjects:
object Description
1 | Paolarizing Z - |
2 Line |
3 |angle AC Voltage Source
4 [fault Short-Circuit Evert
5 |zsre A Voltage Source
6 |z=xo AC Voltage Source
I j— [ PRS- TY =
4 3

Figure B2: A DPL export script.
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Appendix C

Sample File

This appendix is to show an example of the uncertain factors (i.e., sample) which is

generated by SIMLAB.

0

190 --- indicated a number of total executions

18 --- atotal of factors to be executed

0

5.625 1.25 2.359125 29.145 1.228125 One group data
27.135 1.293625 14.06250.0251375 0.2874375 to be executed
1.0141625 0.0271625 0.3189375 0.2578125

0.625 1.25 2.359125 29.145 1.228125

27.135 1.293625 14.06250.0251375 0.2874375 Second group
1.0141625 0.0271625 0.3189375 0.2578125 data

18 Distributions:

Uniform --- type of distribution facto value
x1 --- name of factor
11
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SAMPLE FILE

010 1 --- range of distributed factor value

Uniform
x2

11
-10 10 1

Uniform
x3

11
2.097 2563 1
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