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Abstract

The increasing penetration of distributed generation into medium
voltage networks creates challenges for traditional protective schemes
developed for conventional radial systems with unidirectional power flows.
Moreover, the internal protection of embedded generators must guarantee
necessary decoupling in case of abnormal events in the network or prevent
from unnecessary disconnection.  This becomes especially important
during earth faults in resonant grounded networks because the reliable
identification of damaged feeders or sections is a challenge. Dependability
enhancement of feeder and ground protection to overcome adverse effects
from distributed generation, and the improvement of generator protection
are important tasks in ensuring reliable and secure network operation.

The current PhD research work focuses on developing new protective
schemes and algorithms for application in distribution networks with em-
bedded dispersed generation in order to resolve these issues. Since the Smart
Grid concept is inseparable from the involvement of communication net-
works in future power system operation and protection, the thesis actively
utilises this benefit.

The research method includes: electromagnetic transient program simu-
lations of various faulty scenarios in a medium voltage network; processing
of acquired data, analysis and development of protective algorithms; labor-
atory verifications utilising real-time simulations with hardware in the loop
(commercially available relays and self-developed prototypes).

Firstly, the work employs impedance protection against phase-to-phase
faults as an alternative to the standard overcurrent relays and proposes a
new communication-assisted method for its dependability improvement as
impedance measurements are affected by remote infeed currents from local
generations and non-zero fault resistances. The method compensates for
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both these negative impacts by using multi-point synchrophasor measure-
ments. Impedance measurements with error compensations can be further
utilised for fault location.

Secondly, the research work develops new algorithms for the identific-
ation of the faulty feeder (or section on the feeder) during earth faults in
resonant grounded networks. Two methods are proposed: the utilisation of
two-end measurements and one-end measurements. The two-end method
is universal since it works independently of network configuration and is
suitable for any earth fault type. It also provides possibilities for exact
faulty point location, suitable for persistent and permanent earth faults.
The one-end method is based on system transients and is especially useful
for intermittent faults in mixed networks with cable sections.

The results of impedance protection laboratory tests demonstrate im-
proved relay dependability with application of the compensation method.
Accuracy of fault location estimation based on reactance is also investigated
and it is acceptable for fault discrimination. Imperfections in communica-
tion channels (jitters and data losses) have negative influence on the method;
however, it is still better than relay performance without the compensation.

Tests of the two-end method for earth fault location are conducted off-
line on simulated fault records and show good dependability and security for
various fault and network parameters. Laboratory verification of the one-
end method is done on a prototype with simulated and real fault records,
and shows improved dependability compared to the standard steady-state
approach. Both methods are capable of handling adverse effects arising
from the large capacitive imbalance of phases, cable penetration, high fault
impedances and insufficient natural watt-metric contribution (the parallel
resistor can be excluded). Protective schemes for fast anti-islanding protec-
tion of embedded generators or prevention of their unintentional decoupling
based on these methods are designed with communication links.

The application of the developed method allows increased reliability of
power supply in future distribution networks with large penetration of re-
newable sources, and improves their security.
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Chapter 1

Introduction

Distributed generation (DG) technology has become more widespread
in medium voltage (MV) networks, increasing the diversification and reli-
ability of power supply, and allowing efficient utilisation of local resources.
At present, DG in Norway is mainly small hydro stations with synchronous
or induction generators. Normally, the penetration level of DG into dis-
tribution networks is not large (about 10% of the total power of the main
distribution transformer); therefore, generators are embedded without signi-
ficant precautions. The main type of feeder protection against short circuit
faults in MV distribution networks is typically non-directional overcurrent
relays with constant-time characteristics [1]. Selectivity is achieved through
the application of coordination time intervals (CTI), delaying tripping.

Nevertheless, with the increase of DG rating and penetration level, im-
pact on protection rises due to the appearance of significant bi-directional
power flows in the system, as is summarised in [2]. DG proliferation creates
challenges for traditional protective schemes and aspects such as blinding [3],
sympathetic tripping [4], islanding detection [5], and re-closing procedure
violation [6] are very important to consider. Unnecessary disconnection of
DG or nuisance tripping is not desirable because DG should help support
and restore power supply instead of decoupling.

Many studies are dedicated to enhancements of overcurrent protection
dependability in the presence of DG. Usually methods are focused on ad-
aptive overcurrent protection [7] and very often involve communication net-
works for better performance [8]. Alternatively, the application of direc-
tional overcurrent relays [9], new methods based on local current measure-
ments [10] or fault current limiters [11] are also introduced in the literat-
ure. Alternative reliable solutions are schemes based on differential protec-
tion [12].
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However, current-based fault detection schemes do not always have fault
location capabilities, which are an important aspect in improving the overall
reliability of power supply. Hence, methods based on impedance measure-
ments, for instance [13], become more attractive since they can provide
information about fault location [14]. Distance or impedance relaying is
mainly utilised in transmission systems. Nevertheless, it additionally has
two inherent advantages that can be useful in distribution networks with
DG: independence of fault current level and directionality. Moreover, set-
tings require information about network configuration and do not depend
on current. This is useful for self-healing systems with variable topology
or microgrids [15]. The main disadvantage of this type of protection is its
susceptibility to negative effects of load currents, large fault impedances and
remote infeed currents usually caused by DG.

The importance of fault location arises especially during earth faults
in distribution networks with DG. The main challenges are discussed, for
instance, in [16] in case of loss-of-main situations; including sustained over-
voltages (touch voltage), cross-country faults, increased fault currents, dif-
ficulties for reclosing operations; requiring the development of fast anti-
islanding protection. In the opposite case, if the damaged feeder has a com-
plex topology and fault can be isolated by local breakers, DG disconnection
is not desired. Thus, rapid earth fault location is of interest.

In Norway, a common grounding type for distribution networks involves
suppressing coils where the main advantage is small fault current [17]. How-
ever, it introduces challenges for correct tripping of a faulty feeder or a
damaged section on the feeder (ground fault protection selectivity). The
standard methods are based on steady-state zero sequence voltage (used
for detection of an abnormal event) and current (provides location inform-
ation). The connection of a parallel resistor [18] at the neutral point of
the main distribution transformer in parallel to the suppressing coil is often
required to improve selectivity. This approach is not always adequate or
reliable for earth fault location, let alone protection speed. Therefore, earth
fault location procedures on the faulty feeder are performed manually by
consecutively opening breakers, affecting numerous customers. On feeders
with DG, such procedures are accomplished with disconnected generators to
avoid fault current being maintained by them, whereas decoupling reduces
the cost effectiveness of DG utilisation.

The above-mentioned challenges show the motivations behind this PhD
thesis, which aims to develop new protection methods and schemes for ap-
plication in distribution networks with DG.
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1.1 Objectives and scope of the work

The current PhD thesis has two main research directions, determined
by two types of faults: short circuit faults (phase-to-phase) and earth faults
(phase-to-the-ground). The MV (22 kV) distribution network is considered
for analysis with resonance grounding (through the suppressing or Petersen
coil). For both fault types, aspects of DG presence in the distribution net-
work are considered.

The first objective focuses on the application of impedance relaying
against phase-to-phase faults and for assistance to DG internal protection
to minimise unnecessary disconnections. Special attention is paid to the
malfunctioning of distance relays due to high impedance faults and remote
infeed currents caused by DG. Elimination of these adverse effects tends to
increase the reliability of this protection type for application in distribution
networks with large penetration of DG in case of arcing and possible high
impedance faults. Location of short circuit faults is not a primary goal of
the research work. However, it is analysed because it is an obvious way to
quantify distance protection accuracy.

Impedance measurements are not applicable for earth fault protection in
resonant (high impedance) grounding systems due to the significant adverse
impact of load currents. At the same time, application of the standard
methods can also be problematic. This is especially so in future systems
where underground cable share will increase, complicating earth fault loca-
tion [19]. Moreover, short protection operation time becomes an important
target in the presence of DG for the realisation of fast anti-islanding schemes
or to avoid unnecessary disconnections.

Thus, the second objective is earth fault location in mixed (both cables
and overhead lines) resonant grounded systems with DG. Firstly, to provide
fast decoupling of DG for the initiation of a reclosing procedure (if the fault is
not self-extinguishing), avoiding a complex logic with synchronisation checks
and, vice versa, to avert unnecessary DG decoupling if a faulty section can
be isolated. Secondly, to improve quality of power supply, minimising the
number of affected customers. The detection of high impedance earth faults
is beyond the scope of the current thesis.

The proposed new protection schemes and methods are based on the
availability of communication technologies assumed to be part of the future
Smart Grid.

1.2 Structure of the thesis

This PhD thesis is organised into two parts. The first part contains an
introduction to the research work, a literature overview, research methods,
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summary and discussions of the scientific contributions. The second part
consists of 6 papers presenting the major and minor contributions, simula-
tions and experimental results, an analysis and discussions.

The thesis is divided into 6 chapters, and short descriptions are given
below.

Chapter 2 contains a literature review related to two main areas of the
thesis: impedance relaying in distribution networks with DG and earth
fault location in compensated systems. This chapter provides insight into
previous works, developed methods, algorithms, protective schemes and es-
tablishes a niche for the given work.

Chapter 3 presents descriptions of the research methods, tools and mod-
els used extensively in this thesis. They mainly include PSCAD/EMTDC
simulations, data processing and programming in MATLAB, and real-time
hardware-in-the-loop simulations for laboratory verifications with the help
of OPAL-RT and commercially available or self-developed intelligent electrical
devices.

Chapter 4 discusses and supplements the work presented in the published
papers, as well as providing additional explanatory analyses and examina-
tions not presented in the papers.

Chapter 5 concludes the PhD thesis and proposes directions for future
research.

The papers reporting the main core of the present work are enclosed at
the end of this PhD thesis in Appendix B. A complete list of the scientific
contributions of each is given below.

1.3 Scientific contributions

The scientific contributions are divided into two categories according to
the presented scope. The main contributions are found in [Papers II,V,VI]
and are highlighted by font which is italicised and emboldened. The papers’
contributions are listed as follows:

e Impedance relaying in distribution networks with DG:

— [Paper 1], in general, studies the feasibility of impedance relay-
ing with the standard settings (based on line impedances without
a power swing blocking logic) in an actual distribution network
with DG of two types (a synchronous and an induction generator)
under different conditions: commutation operations, production
and load variation. Moreover, it proposes utilising Zone 3 to
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improve the fault-ride-through capability of the generators. Fi-
nally, it reveals the main issues associated with impedance meas-
urements: underreaching due to remote currents and non-zero
fault impedances, overreaching during ground faults, and misco-
ordination with downstream devices in the lateral branches. The
disclosed underreaching problems served as a motivation for the
development of a solution, which is presented in the next paper.

— [Paper II] presents a new compensation method consist-
ing of two approaches aiming to eliminate underreaching er-
rors during impedance measurements caused by remote currents
and/or large fault resistances (contact with extraneous objects
that might occur in medium voltage networks).

The first is referred to as an equivalent line approach and is ded-
icated to compensating for fault resistance in a passive network.
The second is referred to as an equivalent network approach and
improves impedance measurement precision in an active network.
The method requires a minimum of two points to be measured
(at a substation and DG). The current paper considers synchron-
ised phasor measurements as the main information for exchange
between protective devices.

— [Paper III] presents thorough laboratory validation of the de-
veloped method in [Paper II] using a co-simulation test platform.
It includes a real-time hardware-in-the-loop test setup and a com-
munication network emulator to simulate the realistic behaviour
of links. The test method is based on the Monte Carlo approach
with a large number of simulated fault incidents using a realistic
model: variable load profile with phase imbalance in different
phases and phase-to-phase faults at arbitrary locations, as well
as the presence of different distortions in the communication net-
work. Finally, the paper examines the impact of the method on
fault location accuracy.

e Earth fault location in compensated networks:

— [Paper IV] presents a malfunctioning analysis of earth fault loca-
tion algorithms available in the literature or implemented in real
products. The paper suggests a theory for analysis of earth fault
characteristics in frequency (steady-state signals) and time do-
main (low-frequency transients). It demonstrates the importance
of considering mixed networks (overhead lines and cables) with
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insufficient natural watt-metric contribution (line-to-the-ground
conductance) and inclusion of electrostatic imbalance between
phases (that take place in reality) to reveal negative influence on
the steady-state and transient methods. Several methods have
been selected for analysis, which constitute a basis for the de-
velopment of various algorithms presented in section 2.2 of this
thesis. The inadequacy of the presented methods in a few scen-
arios served as a motivation for the development of new ap-
proaches.

— [Paper V] presents a new indicator for faulty feeder or

section selection during earth faults in compensated systems
and is based on two-end measurements. The indicator is used
for rapid earth fault location to avoid islanding or unnecessary
tripping of DG.
Furthermore, the paper proposes a new method for exact
earth fault location in compensated systems based on the same
measurements as the indicator above. Ways to enhance locator
precision are also given.

— [Paper VI] presents a nmew transient-based algorithm for
faulty feeder or section selection during earth faults in com-
pensated systems. This algorithm only utilises one-end measure-
ments. The paper proposes using it as an additional criterion in
modern devices to improve selectivity. The paper also demon-
strates hardware-in-the-loop tests of the prototype developed on
a microprocessor board. Moreover, the paper develops a theor-
etical method (different from that used in [Paper IV]) that can
be used in sensitivity assessments of the developed transient al-
gorithm in real applications.

1.4 List of publications

[Paper 1] K. Pandakov, H. Kr. Hgidalen, J. I. Marvik. (2016) Imple-
mentation of distance relaying in distribution network with distributed gen-
eration, 18" International Conference on Development in Power System
Protection (DPSP 2016), p. 1-7.

[Paper II] K. Pandakov, H. Kr. Hgidalen. (2017) Distance protection
with fault impedance compensation for distribution network with DG, IEEE
PES Innovative Smart Grid Technologies Conference Europe (ISGT-Europe
2017), p. 1-6.

[Paper IIT] K. Pandakov, C. M. Adrah, H. Kr. Hgidalen, @. Kure. Ex-
perimental validation of a new impedance based protection for networks



1.4. List of publications 7

with distributed generation using co-simulation test platform, Journal to be
decided.

[Paper IV] K. Pandakov , H. Kr. Hgidalen, J. I. Marvik. (2017) Misoper-
ation analysis of steady-state and transient methods on earth fault locating
in compensated distribution networks, Sustainable Energy, Grids and Net-
works. Available at: https://doi.org/10.1016/j.segan.2017.12.001 (accessed:
15 December 2017).

[Paper V] K. Pandakov, H. Kr. Hgidalen, J. I. Marvik. (2017) Fast
protection against islanding and unwanted tripping of distributed genera-
tion caused by ground faults, CIRED - Open Access Proceedings Journal,
2017(1), pp. 1126 - 1130.

[Paper VI] K. Pandakov, H. Kr. Hgidalen, S. Treetteberg. (2018)
An additional criterion for faulty feeder selection during ground faults in
compensated distribution networks, IEEE Transactions on Power Delivery,
33(6), pp. 2930 - 2937.

The following papers accomplished during PhD work and presented at
international conferences are not included in the thesis because either they
extended to a journal publication or are out of the scope:

[Paper VII] K. Pandakov, C. M. Adrah, Z. Liu, H. Kr. Hgidalen,
@. Kure. (2018) Hardware-in-the-loop testing of impedance pro-
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[Paper VIII] K. Pandakov, E. Tedeschi, H. Kr. Hpidalen. (2017) Ana-
lysis of D-STATCOM Impact on Protection of Distribution Network, In-
ternational Conference on Power Systems Transients (IPST 2017), p. 1 -
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Chapter 2

Literature review

The current chapter encompasses two research directions: different stud-
ies previously conducted on impedance-based protection for distribution
networks with DG and various earth fault locating algorithms and methods
developed for resonant grounding systems with or without DG. The presen-
ted overview provides thorough insights into state-of-the-art methods and
algorithms of these research directions and indicates the motivations behind
the present study.

2.1 Impedance relaying in distribution networks
with DG

The application of impedance measurements in distribution networks
with DG is studied in [20] where it is used as the main type of protection
and as a monitoring tool. Paper [21] discusses the coordination of this type
of protection with downstream fuses. The combination of directional over-
current and distance protection in networks with renewable energy sources is
presented in [22]. These simple studies demonstrate the effectiveness of im-
pedance relaying in networks with uncomplicated topologies due to simpler
settings and better reliability. More advanced studies involving application
examples in real networks are presented in [13,23,24].

[13] illustrates specific challenges arising from traditional overcurrent
protection schemes due to relatively high levels of DG in the distribution
system. This paper presents the use of distance relays to solve such associ-
ated issues as anti-islanding protection, variable nature of DG, temporary
over- voltages, and loss of sensitivity of overcurrent relays on long feeders.
The paper provides real-world event report data and cost analysis in order
to demonstrate distance protection effectiveness.

9
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[23] performs protection of medium voltage system with embedded gen-
erators. The work proposes the use of distributed distance relays in non-
communicating environments to enhance reliability, service quality and grid
stability. The algorithm implements detection (overcurrent based) and dis-
crimination (impedance based). The method is verified for mixed networks
(overhead lines and cables) with different grounding types.

[24] describes design and evaluation of distance relaying (primary and
backup functions) in a particular 11 kV system with DG. The scheme pro-
poses utilising voltage measurements at the second side of distribution step-
down load transformers to decrease cost. In the proposed method, im-
pedance relays are located at regular intervals in a ring-operated system
to improve the operating performance. Communication involvement is not
considered due to its assumed unavailability.

The papers above do not thoroughly examine the adverse effect of DG
on impedance measurements, but [25] does. The work illustrates how DG,
its size, location and power factor together with maximum fault resistance
affect the relay settings. The main fault type is single-phase-to-ground
in the solidly grounded system. [26] extends the previous study with a
consideration of phase-to-phase faults, illustrating the considerable impact
of DG on relay characteristics. The influence of different DG type, DG
number and size, transformer configuration and earthing type, load flow,
capacitive coupled voltage transformer (CCVT) transients, current trans-
former (CT) saturation, power swings, and sub-synchronous resonance are
described in [27]. Additionally, the impact of DG as a source of intermedi-
ate/remote infeed current on relay settings is discussed in [28].

Basically, the main approach proposed in the literature to overcome DG
adverse effects is settings modification in accordance with the simulation
and theoretical analysis as presented, for example, in [29]. Furthermore,
time intervals are often required for coordination with downstream protect-
ive devices (fuses). Paper [30] also demonstrates the application of imped-
ance protection in a microgrid operated in different modes. In this study,
impedance errors caused by infeed currents are eliminated by introducing
branch coefficients depending on current ratios (branch to main feeder) and
topology.

The previous references rely on standard impedance measurements only
and do not propose new approaches to improve the performance of distance
protection in distribution networks with DG. In contrast, [31] presents the
utilisation of impedance relays in the system with intermittent wind gener-
ation. The work illustrates the adverse impact of System Impedance Ra-
tio (it affects voltage reference and directionality capability) on protection
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dependability and proposes a method for improving relay performance —
polarisation voltage is dynamically changed according to variations of wind
power source impedance. [32] solves a similar problem, proposing adapt-
ive distance protection: the algorithm assumes that faults in Zone 1 (it
reaches DG) do not affect relay performance due to small fault resistance
and limited infeed fault current from inverter-interfaced DG (IIDG); Zone 2
must have adaptive settings depending on DG output power (automatically
determined without communication) to avoid underreaching. Paper [33] in-
troduces fault current limiters to eliminate the miscoordination of the relays
and to preserve constant relay settings.

Nevertheless, the application of these methods is limited by a maximum
fault resistance (about 100 Ohm). Moreover, the studies presented above
consider impedance relaying without the involvement of communication
technologies using only one-end measurements, whereas telecommunication
can significantly improve distance protection performance in presence of DG
in MV networks [34].

Hence, papers [15,35-45] present new protective schemes utilising com-
munication links. References [15,35] discuss the application of impedance
relays in networks including converter-based DGs with limited fault current
and propose adaptive settings for island and grid-connected modes. In the
schemes, the relays communicate with each other in order to obtain crucial
information on changes in network conditions. Similarly, [36] focuses on a
meshed system with interconnected full-scale converter-interfaced renewable
energy power plants (CIREPPs) and reveals impedance relay malfunction
cases. [37] proposes a pilot protection scheme to handle them. A novel
pilot protection scheme applicable to distribution networks with IIDG is
also introduced in [38], and a noticeable difference here is that there are no
requirements for synchronised communication.

Multiple-point measurements allow the development of completely new
impedance-based protection approaches. Thus, [39] presents the differen-
tial method and the inverse-time low-impedance method. The first em-
ploys a communication link for fast fault isolation: for out-of-zone faults,
differential impedance is zero; for in-zone faults, impedance rises rapidly.
The method is also suitable for high impedance faults. The second method
provides adaptive protection, combining inverse-time current characteristics
with impedance measurements. The methods have been verified in islanding
mode as well. The similar impedance differential method is proposed in [40],
requiring two-end, non-synchronised measurements for fault detection. [41]
introduces a new scheme using information about currents injected into the
zone in order to compensate for impedance errors. The advantage of such
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an approach is that the impedance relay does not require standard reach
settings to be adjusted.

References [42-45] consider communication-assisted impedance protec-
tion in microgrids with dispersed renewable sources. Such a situation is
challenging because it requires a protection scheme that is capable of operat-
ing in two modes: grid-connected and islanding (stand-alone). [42] develops
a protection scheme based on positive sequence components using phasor
measurements. Communication is used to switch relay settings groups. Sim-
ilarly, [43] presents a strategy using phasor measurements and consists of
off-line pre-calculation of setting groups; their restoration and selection are
determined by current topology. The strategy also uses the permissive un-
derreach transfer tripping scheme to clear faults on weak lines (such situ-
ations can arise due to the intermittent nature of DG). [44] introduces a new
scheme utilising permissive and blocking signals between two adjacent relays
to locate faults (low bandwidth communication is needed). [45] develops a
new adaptive distance protection algorithm based on an improved wavelet
algorithm for digital filtering (it solves issues connected with a constant fre-
quency Fourier algorithm). The paper builds a coordination optimisation
model and calculates the relay setting using an ant colony algorithm.

Application of the presented new schemes and methods might be limited
by high impedance faults, which introduce significant impedance calcula-
tion errors. Moreover, DGs with inverter interfaces are mainly examined
that implies limited fault currents and insignificant influence on impedance
measurements. The same is valid for small scale renewable sources. Fur-
thermore, simple network topologies resembling multi-terminal transmission
grids without presence of numerous load outfeeds are typically considered.
Studies of impedance protection in microgrids do not involve strong fault
currents from utility networks and their impact. Therefore, proper research
work on error compensations during impedance measurements caused by
high fault impedances, large remote or intermediate currents and complex
topology is lacking in the literature.

Nevertheless, the vast majority of studies dedicated to eliminating un-
derreaching errors were done for transmission systems where impedance
protection is the main type and references [46-57] present different methods
developed for this purpose. Hence, [46-52] introduce protective schemes for
a two-terminal transmission system utilising one-end measurements. They
propose adaptive settings [46-48], fault impedance calculation [49, 50], cal-
culation distance to fault [51], fault resistance calculation [52], which can
compensate adverse effect of fault resistance, and remote infeed current.
The methods in [53-56] utilise two-point measurements in a two-terminal
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transmission system. [53] describes an adaptive distance relaying scheme:
it evaluates fault resistance and uses it for compensation. [54] develops
impedance-differential protection suitable for pilot schemes. The algorithm
in [55] is based on third harmonic appearance due to non-linear nature of an
arc and in [56] on phase coordinates taking into account unbalanced loads
and line asymmetries. The method in [57] is dedicated to a three-terminal
system and utilises three-point measurements. The methods require syn-
chronised measurements from remote terminals.

Performance of the described methods, developed for transmission sys-
tems, in distribution networks can be considerably affected by the following
factors: the resistive part of line impedance is comparable with the reactive;
arc resistance can be higher due to smaller fault current [58]; fault resistance
can be very large due to contact of power lines with a tree [59]; a line under
protection can have numerous load outfeeds; heavily branched and dynamic
topology.

Regarding the latter point, references [60-62] present methods developed
for the transmission systems with complex topology; these methods can be
adopted for distribution networks. [60] presents a new algorithm that cor-
rects distance element impedance measurements under infeed conditions.
It requires synchronised measurements that are utilised for correction. [61]
proposes the modification of relay settings coordinated with infeed using a
fuzzy-set-based scheme. It requires statuses of circuit breakers. [62] devel-
ops a new algorithm based on synchrophasors sent to the system protection
centre for analysis (active power calculations for fault resistance determin-
ation and location) and following fault clearance.

To summarise, a lack of research dedicated to impedance error com-
pensation in distribution networks with DG is observed. The methods used
in transmission systems can be inadequate in MV networks and require
thorough investigation. The introduced approaches for distribution grids,
such as new settings [28,29], known corrective coefficients [30], adaptive set-
tings [31, 32], fault current limiters [33], and communication based [39-41]
have their own limitations depending on network configuration, DG type
and capacity, as well as fault nature. Therefore, the first main focus of
the current PhD thesis is to fill the gap in this area, focusing on the
communication-based approach as the most robust approach, and aiming
to find effective ways of utilising multi-point measurements.

2.2 Earth fault location in compensated systems

The methods and approaches presented in literature, dedicated to faulty
feeder or section selection, can be divided conditionally into two groups. The
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first utilises the steady-state period of faulty signals, where reliable location
cannot be guaranteed during earth faults with unstable characteristics (in-
termittent nature); while the second extracts information from the transient
period after fault inception.

References [63-75] describe steady-state methods for faulty feeder se-
lection in compensated MV networks. The approaches presented in refer-
ences [63-65] are mainly based on calculations of zero sequence admittance
(or phase-to-the-ground) for each feeder and subsequent comparisons in or-
der to reveal the faulty feeder. Hence, [63] focuses on the detection of high
impedance faults; however, the approach can be used for feeder selection as
well. The paper proposes comparing the relative change of admittance in
pre- and post-fault conditions. Similar approaches are described in [64,65].
References [63-65] differ by algorithms for indications of admittance change
in a faulty feeder. A complex algorithm involving a special type of mathem-
atical graph (referred to as the small-world network theory) is introduced
in [66]. It requires zero sequence voltages and currents. Utilisation of phase
voltage and current measurements (not zero sequence as in all previous) is
presented in [67], which proposes a novel approach calculating fault resist-
ance (it serves as an indicator) for every feeder.

These methods are passive and use only locally available measurements.
In contrast to this, an active approach is defined when additional signals are
injected into the network. Hence, [68] presents a newly developed method-
ology that proposes superimposing a voltage of a certain frequency (higher
than the fundamental) at the neutral point. A fault resistance is calculated
for each feeder and phase utilising phasors at the given frequency, and is
then used in a fault identification procedure. For method security, natural
feeder imbalance is taken into account.

In order to affect as few customers as possible, location of a faulty section
along a feeder is necessary. Such procedures are addressed in references [69—
75]. The main approach here is to utilise information exchange through the
communication network. Thus, [69-71] consider the possibility of utilising
smart meters (in the frame of Smart Grid concept) for earth fault location.
[69] suggests using negative sequence voltages and locating faulty sections
by applying a clustering approach. The method is immune to DG and
partial loss of communication between units (synchronised signals are not
required). A similar method is proposed in [70]. The approach in [71]
utilises temporary zero sequence voltage sags (at the secondary low side
of load transformers) which appear during the connection of an auxiliary
resistor. The methods in [72, 73] exploit the variability of the grounding
suppression coil: it can be adjusted to a certain range to minimise fault
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current and for retuning after the disconnection of a network part. [72] uses
zero sequence admittance to reveal faulty feeders during the adjustment
process. The method is also suitable for faulty section identification if data is
collected along the faulty feeder. [73] uses zero sequence current variation for
the same purposes. Finally, active methods for faulty section identification
are presented in [74,75]. [74] proposes injecting additional current of a non-
grid-frequency (183 Hz is tested) into transformer neutral point and locating
faults using distributed sensors which measure magnetic fields. [75] describes
a similar approach, but current pulses are injected.

The steady-state methods above are most applicable to permanent earth
faults mainly because they require stable signals for extraction of phasors
(typically only the first main harmonic is used) for further calculations.
Nevertheless, the vast majority of earth faults in distribution networks have
an intermittent nature (especially in underground cables) [76], producing
signals with low- and high-frequency transients without the steady-state
period. In such cases, steady-state methods might not be suitable for the
extraction of information on transient characteristics. Furthermore, they
can lose sensitivity and directionality during high impedance faults, as [77]
demonstrates. Therefore, numerous transient methods are proposed in the
literature [78-105]. Moreover, transient methods are preferable to fast earth
fault location due to their short operation times. They are divided into two
groups: methods based on low-frequency transients and those based on high-
frequency transients. The first group requires a sampling frequency of 2-10
kHz according to the Nyquist sampling theorem, the second - 0.01-1 MHz.

Many algorithms utilising low-frequency transients have been developed
[78-97]. In fact, they have one common physical principle as a basis: right
after fault inception, capacitive current to the ground in the faulty feeder has
a discharging nature, whereas in all healthy feeders it has a charging nature.
This leads, for example, to situations where the polarity of zero sequence
currents in faulty feeders differs from that in healthy feeders. This is demon-
strated in [78] where the time derivative of a zero sequence current is used
to establish settings and thresholds. Charging and discharging processes
are visible with the application of methods based on the calculation of zero
sequence active power [79] or energy [80,81] because they have a different
sign for the faulty feeder. The proposed algorithms accomplish integration
during the fault (integration time is not limited) and start time is typically
determined by the zero sequence over-voltage function. Such algorithms are
broadly used in modern fault passage indicators. In contrast, [82] presents
an algorithm which calculates zero sequence active power during the first
quarter of the period. A short integration time window can be beneficial be-
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cause processes taking place in the following steady-state period can corrupt
algorithm performance. More complex algorithms with the same physical
principle are presented in [83-85]. [83] uses the observation that similarity
between transient zero sequence current in the faulty and a healthy feeder is
lower than between currents in only healthy feeders. The main mathemat-
ical tool here is the grey relation degree, which can be used to characterise
the similarity between curves. [84] exploits the cluster approach for transi-
ent zero sequence currents and [85] suggests utilising correlation coefficients
computed for two different data windows (the first and the second quarter
of the period). Since a zero sequence current has a mainly capacitive nature
(the active part is typically much smaller), several algorithms are based on
calculation of capacitances or charges. Hence, the algorithm in [86] integ-
rates instantaneous zero sequence current during two periods to estimate
capacitance. It is compared with the calculated capacitance for assumed
purely capacitive network and an error deviation is used as a selection cri-
terion. [87,88] offer to use charge-voltage characteristics determined during
the first few cycles. Variability of the suppressing coil is also used, as in the
transient methods. For instance, [89] derives transient variation compon-
ents (TVCs) of feeder zero sequence currents and bus voltage before and
after fault. For healthy feeders, TVC is around zero, whereas for the faulty
feeder, considerable variations can be registered. [90] evolves an algorithm
that uses the derivative of the zero sequence current over the inductance
derivative of the Petersen coil. Apart from zero sequence current, phase
currents can also be used, as proposed in [91]. All these algorithms utilise
instantaneous signals, whereas few algorithms involve phasors. Thus, [92]
proposes a novel algorithm which checks phase displacement between a fun-
damental frequency component of zero sequence current and voltage after
fault inception: phase displacement is different for the faulty feeder com-
pared to the healthy feeder. Higher frequency components are used in the
algorithm presented in [93]. The main operation principle here is based on
multi-frequency neutral admittance measurements together with a cumu-
lative phasor summing technique. Finally, analysis of frequency spectrum
is proposed in [94].

Selection of a faulty section along the feeder is discussed in [93,95-97].
Thus, [95] proposes a new algorithm for faulty feeder/section selection based
on transient estimation of the earth capacitance of the background network
during the first one-eighth of the power frequency period. A more complex
approach is used in [96], utilising hierarchical clustering for transient ca-
pacitive components from the zero sequence current. As can be seen, all
the above algorithms exploit the same physical principle and in contrast to
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them, [97] presents a fundamentally new approach: measurements of elec-
trical and magnetic fields produced by the power line right after an earth
fault. It is used in commercially available fault passage indicators which are
capable of faulty section identification. They are installed on the poles and
send information remotely to the central controller.

Methods utilising high-frequency transients are not so widely presented
in the literature [98-105]. The main mathematical tool in such algorithms
is the wavelet analysis of zero sequence currents. Hence, [98] uses waveband
energy during the first quarter of the period, [99] suggests utilising wavelet
transform for the first half of the period, [100] proposes utilising discrete
wavelet packet transform and machine learning, [101] applies continuous
wavelet transform (CWT) and convolutional neural network (CNN), [102,
103] introduce the S-transform (a reversible local time-frequency analysing
method) of travelling waves, [104] presents the Hilbert-Huang transform,
and [105] uses the Morlet’s wavelet transform and fuzzy logic for decision
making.

The practical application of high-frequency transients is complicated due
to high sampling rate and a need for special filters that are capable of abnor-
mal transient extraction (sometimes it is not possible because of significant
noise). Therefore, such an approach is not considered in the current thesis.
Moreover, the active methods are also beyond the scope of the current work
because they require additional equipment and investments. Thus, utilisa-
tion of low-frequency transients are of interest. The low-frequency transient
methods presented above might be inadequate for high impedance faults
filtering out harmonics, in networks with highly unequal earth capacitive
currents of feeders (uneven penetration of cables or short lines) or with ca-
pacitive imbalance among line phases (nearly ideal models with equal feeders
are typically used in the studies). The latter is discussed in [106] and ad-
verse effects on energy function are shown. The impact of other factors
must also be verified. Disadvantages of the fundamental method proposed
in [78] are discussed in [87]. Methods which work with the computation of
feeder capacitances or charges require pre-fault measurements or informa-
tion about background networks. Finally, settings diversification depending
on network configuration can be considered as a shortcoming. Thus, com-
parative analysis of the presented methods and exploration of misoperation
scenarios are required.

The previously presented steady-state and transient methods are not ap-
plicable when locating the exact point in a section where an earth fault takes
place. However, such information is extremely useful for reduction of outage
time; therefore, the work done in this direction needs to be reviewed. Refer-
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ences [107-115] address this issue. In general, the steady-state approaches
are presented based on calculations using network data: [107] utilises net-
work transmission matrices, [108] suggests involving multiple measurements
resembling the two-end method for a transmission line, [109] studies short-
term additional earthing of unaffected (healthy) phases in the faulty feeder
with further impedance-based calculations, [110] applies an equivalent cir-
cuit requiring information about line shunt admittances and introduces a
set of equations with solutions containing a distance to the faulty point.
References [111,112] use the active methods with the steady-state signals of
inter-harmonic frequencies. As mentioned above, intermittent earth faults
require transient methods. Hence, [113] examines fault current frequency
spectrum characteristics for exact fault location, and [114] analyses the fre-
quency spectrum of zero sequence currents. Finally, the high- frequency-
transient-based approach is presented in [115]. To summarise, a limited
amount of methods is present in the literature, presenting opportunities for
further study.

DG presence aspects are discussed in [69,70] where immunity of the al-
gorithm to infeed currents is claimed. Few additional references on this issue
can be made. Papers [116-119] discuss steady-state methods in presence of
DG: [116] introduces a binary particle swarm optimisation and a genetic al-
gorithm used for earth fault location, [117] proposes a new impedance-based
algorithm based on a nodal admittance matrix of the network and available
measurements at nodes, [118] utilises a ratio of negative and positive se-
quence current (voltage measurements are not needed), and [119] suggests a
new protection framework where fault location is based on comparisons with
clustered historical or pre-simulated data. Low-frequency transients are util-
ised in [120,121]: [120] considers an MV microgrid with IIDG and earth fault
location in such a system, [121] proposes cross correlation coefficients to de-
tect the faulty line in the system with DG. Application of high-frequency
transients in distribution networks with DG is considered in [122,123]: the
algorithm in [122] compares wavelet coefficients of currents at the intercon-
nection points (busbars) and determines the direction of currents (polarity)
during fault (as well as the distance to the faulty point), [123] proposes us-
ing wavelet transform for the decomposition of zero sequence currents and
Back Propagation neural networks for extraction of fault characteristics. To
summarise, little consideration has been given to DG presence in the net-
work during development of earth fault location algorithms. The reason is
that the impact of DG on zero sequence network characteristics is absent if
an embedded generator is connected to the grid by means of a YD trans-
former (as is typical in Norway [124]). This is demonstrated, for instance,
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in [116,123).

Summarising this section, the methods based on low-frequency transi-
ents are of significant interest because they are a promising solution for fast
earth fault location (an alternative to the steady-state methods) and due
to the simplicity of their practical realisation (unlike the high-frequency-
transient-based or active methods). Therefore, analysis of the existing
approaches, revealing drawbacks and development of new methods, is the
second main focus of the current PhD thesis. Moreover, exact faulty point
location (in case of a permanent earth fault) is also included in the scope.
These methods should become a basis for designing fast, selective and robust
protective schemes which can resolve the afore mentioned issues associated
with resonant grounding and presence of DG in the system.
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Chapter 3

Research methods and tools

The current chapter describes different tools, methods and models used
in the current PhD thesis. The main process of the research method includes
the following steps:

e Development and construction of power system models (MV networks)
utilising PSCAD/EMTDC [125]. This software allows analysis of transi-
ent processes in power systems that is utilized in the next steps.

e Simulation of various fault scenarios with the help of the developed
models and data collection for further processing.

e Signal processing, analysis and development of algorithms using
MATLAB/M-FILES [126] for programming. The main innovative
contributions summarised in the current thesis were done at this
stage.

e Laboratory verification of the developed algorithms. This step, with
reference to [Paper III], consists of:

— development of power system dynamic models in MAT-
LAB/SIMULINK [127].

— conversion of the developed models into C-code using RT-LAB
[128].

— real-time hardware-in-the-loop simulations by means of OPAL-
RT [129] (using the generated code) and commercially available

ABB feeder relay RED670 that has impedance protection functions
[130].

With reference to [Paper VI]:

21
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— creation of a prototype based on microprocessor card
sTM32F407vGT6 [131] with the implemented algorithm and its
programming in MATLAB/SIMULINK.

— real-time hardware-in-the-loop simulations by means of OPAL-RT
and the prototype. Here, the simulated or real fault records are
played back in the simulator.

— performance comparison with a commercially available relay that
is tested with the help of OMICRON cMC356 [132].

The rest of the chapter provides details on the laboratory test setups and
development of the model presented in [Papers I,II,V]. The models used in
[Papers III,IV,VI] are fully described within the corresponding papers and
are not given in this chapter.

3.1 Modelling of an actual distribution network
with DG

[Papers I,II,V] have a test case network based on a real distribution
system with DG operated by Norwegian distribution network operator EID-
SIVA NETT. Development of the model having actual data provided by the
operator (network parameters and measurements) is given below.

uG T

Figure 3.1: An actual 22 kV distribution network with DG for modelling.

Fig.3.1 shows the single line diagram of a part of the network chosen for
modelling (voltage level is 22 kV). It has two busbars, B1, B2, with CTs
and VTs (measuring points 1-3,4,8,14 marked with blue colour), remote
substations with own local CTs and VTs (measuring points 5-7, 9-13), two
interconnected generators (hydro plants) DG1, DG2, and switch S for ring
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operation. The network is connected to the utility grid UG (voltage level is
66 kV) by means of a distribution transformer T which is grounded through
a Petersen coil PC. Additional points marked with green colour enumerate
side branches, cables or DG connecting lines.

In the real network, numerous line sections with different cross-sections
exist; moreover, there are many short lateral outfeeds (mainly load taps).
In order to simplify the model, these outfeeds are not taken into account
and numerous unequal lines between marked points in Fig.3.1 are merged
into one equivalent, which is modelled as a Il-section. Loads are combined
and connected at both sides of each II-section.

This representation with lumped parameters is reasonable because wave
travelling time in an equivalent line is less than simulation time step (50
us); moreover, only signals of the fundamental frequency are exploited and
II-section can be used for slow frequency phenomena (up to 1 kHz) [133].

The following approach is used for merging:

e cach short line is represented by lumped parameters: series imped-
ance Zs and shunt admittance Yg,, Fig.3.2. These parameters are
calculated as:

Z

0.5Y,, 0.5Y,,

Figure 3.2: Il-equivalent of a line.

Zs1 = Ry +jX11
Yau = j1007Cq
Zso = R1 + 3Rg + j(Xp1 + 3M)
Yano = 71007C,,

~ T~
W N~
~— — ~— ~—

where index 1 denotes positive sequence, 0 - zero sequence, R and Xf,
are resistance and reluctance of a section, Cq is drift capacitance, Rg
is ground resistance, M is mutual inductance, C, is capacitance to
the ground. All parameters, except R, and M, are provided by the
network operator.
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Ground resistance (in Ohms) is calculated using the first order ap-
proximation [14,133]:

Ry = 0.25p, 10 frls = 0.25 - 1- 47 - 1077 - 507l = 0.0491, - 1073, (3.5)

where [ is the length of a short line in meters.

Mutual inductance (in Ohms) is calculated with the assumption that
the distance between conductors is D = 1.5 m (typical geometry for
22 kV networks), and earth resistivity p = 200 Qm [14]:

M = pofIn ( ) )zs =4.111,-107* (3.6)

e Since numerous short lines are connected in series, parameters of an
equivalent IT-section can be found using the abcd-matrix theory [134]:

A, B, A B

=11 : (3.7)

C. D, 7 1C D ;

where 7 denotes a short line number and

A=1+7Zs-0.5Yg, (3.8)
B =7, (3.9)
C =Y +7Zs-0.25Y2 (3.10)
D=A (3.11)

Thus, Zse = Be and Ygpe = 2(Ae — 1)/Zge of an equivalent Il-section
substituting all short lines can be found for positive and zero sequence
networks. An equivalent length [. is the sum of all short lines’ lengths.

Table 3.1 contains data on all the equivalent Il-sections used in the
model. Parameters are calculated as:
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Table 3.1: Positive and zero sequence line parameters.

From To le, m Rl, XL1, X(jl, RQ, XL(), Xco,
Q/m  OQ/m MQOm Q/m Q/m MQm
10~ 107t 102 100t 107 102
1 B2 3472 3.42 3.56 1.31 5.00 1.60 1.59
2 2.1 938 1.91 3.51 3.06 3.00 1.60 6.37
2.1t -2 10183 2.67 1.48 0.145 4.00 1.40 0.136
3 - 100 3.42 3.56 1.31 5.00 1.60 1.59
4 4.1 14529 4.34 3.73 2.98 6.00 1.60 6.47
4.1 ) 433 3.59 3.73 3.25 5.00 1.60 6.57
) 7798 4.08 3.77 3.46 6.00 1.60 6.66
4.1 6 1854 3.59 3.73 3.25 5.00 1.60 6.56
6 7 9573 5.07 3.84 3.37 7.00 1.60 6.67
7 S 10808 6.47 3.91 3.64 8.00 1.60 6.83
8 8.1 15015 3.59 3.66 3.14 5.00 1.60 6.64
81! 9 492 5.35 3.20 0.187  7.00 1.60 0.187
9! 9.1 933 5.35 3.20 0.067 7.00 1.60 0.067
9.1 9.2 505 2.57 3.62 3.15 4.00 1.60 6.46
9.21 10 4336 5.35 3.20 0.067  7.00 1.60 0.067
10 10.1 3412 5.35 3.20 1.20 7.00 1.60 1.20
10.1 - 6201 11 4.00 3.58 13 1.60 6.89
8.1 8.2 4820 3.59 3.73 3.25 5.00 1.60 6.56
8.2 11 1398 5.05 3.82 3.66 7.00 1.60 6.78
11 - 4094 6.87 3.93 3.57 8.00 1.60 6.81
8.2 12 644 5.12 3.84 3.56 7.00 1.60 6.66
12 12.1 8930 5.11 3.84 3.51 7.00 1.60 6.66
12.1 DG1 91 7.25 3.97 6.72 9.00 1.60 3.43
12,1 12.2 193 5.12 3.84 3.35 7.00 1.60 6.65
12.2 DG2 1643 7.21 3.95 6.76 9.00 1.60 3.45
12.2 13 1619 5.43 3.86 3.50 7.00 1.60 6.73
13 13.1 6967 7.21 3.95 3.45 9.00 1.60 6.76
13.1 - 8738 7.21 3.95 3.45 9.00 1.60 6.76
13 S 676 7.21 3.95 3.45 9.00 1.60 6.76
14 - 100 3.959 3.66 3.14 5.00 1.60 6.64

Lcable, 2 dash denotes unenumerated line end.
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real(ZseLo)

Rig = 2 (3.12)
&
i 7Z
XL1,0 = imag(Zse1,0) (3.13)
e
l
X0 = - (3.14)

imag(Yshet,0)

3.1.1 Modelling of network non-idealities

Line modelling with II-section is sufficient for studying of phase-to-phase
faults and even transposition can be neglected. Nevertheless, [I-section does
not reflect two main effects presenting in the real network and which are
extremely important for studying earth faults: lines have resistive losses to
the ground; lines have electrostatic asymmetry (capacitance to the ground
is different for different phases).

In order to take these aspects into account, at both ends of each II-
section in the model the following additional elements are connected:

e Shunt resistor in each phase is calculated as:

~ 2X@o
=

Rsh le (3.15)

The resistor models watt-metric losses of lines; that is resistive cur-
rent to ground that typically constitutes 1-10% from capacitive [18];
therefore, k, is varied in the model between 0.01 and 0.1.

e Additional shunt capacitor in phase B is calculated as:

_ 3X

= f 0G0, 1
Con 2007 (3.16)

The capacitor models electrostatic asymmetry of overhead lines (it is
absent in cable II-sections, marked in Table 3.1) taking place in the
middle phase. In fact, it can be located in any phase due to line
transposition. The value can vary as much as 1-5% from the total
capacitance to the ground [18]; therefore, k, is changed in the model
between 0.01 and 0.05.
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3.1.2 Modelling of short load cables

In the real network, loads are connected to the main trunks by means of
short cables that were left out of the diagram above in order to simplify the
model, as was stated above. Nevertheless, their accumulated contribution
to capacitive and resistive current to the ground must be taken into account
to get the model as close to reality as possible.

For this purpose, the network operator provided information about zero
sequence current |Ig| (magnitude) measured at various substations in back
direction (i.e. during a low-ohmic earth fault at bus B2), Table 3.2.

Table 3.2: Backward zero sequence fault current measured at a substation.

Substation |Ip| backward, A

6 1.8
7 0.5
9 10.9
10 0.5
11 2.5
12 3.1
13 1.5

On the basis of this data, lack of capacitance to the ground was revealed
in some locations in the initial model. For correction, additional shunt
capacitors C,q to the ground are added to the model at both line ends in
each phase of the lines specified in Table 3.3.

Table 3.3: Additional capacitance replacing uncounted short cables.

From To Cuq, puF

5 - 0.05
6 7 0.144
7 S 0.0325
11 - 0.3

12 12.1 0.175
13 13.1  0.1425

Since the neglected cables also have resistive losses, they are represented
as shunt resistors R,q at both line ends in each phase of the lines given in
Table 3.3. The values are calculated as:
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1
k100 Claq

3.1.3 Modelling of loads

Loads are modelled as constant impedances. Such representation is valid
for the study of faults in distribution networks when voltage dependency of
load becomes quadratic. In order to estimate loads, the network operator
provided information about total power P+7Q and positive sequence current
|I;| measurements (the highest load in the network) at each substation given
in Table 3.4.

Raa (3.17)

Table 3.4: Load current and power flow measured at a substation.

Substation |I;|, A P, MW Q, MVAr

1 173 6.548 1.174
2 150 5.534 1.523
3 207 7.745 1.839
4 104 1.63 0.427
5 16 0.56 0.119
6 27 0.96 0.219
7 6 0.139 0.035
8 45 3.9 0.5
9 14 0.51 -0.014
10 2 0.086 0.008
11 7 0.254 0.036
12 23 -0.838 0.049
13 7 0.26 0.039
14 10 0.368 0.063
DG1 11 0.408 -0.013
DG2 26 0.976 0.061

In the real network, loads are decoupled from the feeders by ungrounded
YD transformers (excluded from modelling); therefore, in the model, load
impedances are connected in an ungrounded star to avoid impact on zero
sequence currents. Impedance per phase connected at both ends of each
line is approximately (line losses are neglected) evaluated as

_ L Pi+7Qi — (P + JQu)
’ 3L — L Zgy|?

(3.18)
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where i is the upstream substation, and k is downstream. Current angle
¢ = arctan(Q/P). For i=2,3,5,10,11,13,14, P, +jQx = 0 and I;, = 0.

If there are several lines between adjacent substations, load is evenly
divided for each line:

IPi +7Q; — ZEL(Pk +7Qu)
3115205 — Sy T Zoi?

lig; = , (3.19)

where Nj is number of lines, Ny is number of adjacent substations (e.g.
for i=4, k=5,6).

A particular case is the load between substation 12 and 13 because the
DG must be included:

10(P12 + Ppg1 + Ppg2 — Pi3)+
31124012 + I pe14¢pct + lipceZépae — 113 Z¢13]?
+510(Q12 + Qpa1 + Qpaa — Qi)

Zig12 =

(3.20)

The calculated load impedances using the information in Table 3.4 are
considered high load in the system. In such cases, tap changer of the main
distribution T transformer is set to 0.93. Low load in the system is modelled
as 25% from the high load, then tap is 0.98.

The balanced load model is suitable for the development of algorithms
against phase-to phase faults as is the case in [Paper II]; however, laboratory
tests in [Paper III] are conducted in presence of load imbalance. The impact
of loads on earth fault algorithms is negligible.

3.1.4 Petersen coil size

For normal operation of the network, a resonance curve can be plotted:
it is a dependency of voltage over the Petersen coil (Upc) on its size in
amperes (Ipc = 22 kV/(100v/3 7Lpc), where Lpc is variable inductance of
the coil). From this curve, size of the coil can be chosen.

Fig.3.3 shows several curves for different k. and k.. It is possible to see
that the total uncompensated capacitive ground fault current produced by
the network is around 87 A (the resonance point). Operation point of the
Petersen coil is chosen in the overcompensation region as Ipc = 87+ 3 = 90
A according to Norwegian regulations [18].

Coeflicients k, and k. are varied in the model to get Upc =~ 500 V, which
corresponds to the real measurements.
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Figure 3.3: Simulated resonant characteristics of the network for different k.., k..

3.1.5 Modelling of DG

DG in the network is represented by two electrical machines: an induc-
tion generator (DG1) and a synchronous (DG2). Each generator is governed
by a small hydro turbine. Parameters of the prime movers are not available
and they are not modelled. Such an assumption is valid because response
time during phase-to-phase faults is large due to high inertia and, therefore,
the prime movers can be replaced by constant torque. For earth faults,
impact of DG is negligible, mainly due to the YD-connected step-up trans-
formers.

The induction generator is operated in torque control mode. The input
torque is set to -0.66 pu (generator mode) to produce active power 0.976
MW (see Table 3.4). Normally, the machine is started in speed control
mode (rated speed 1 pu), before it is switched over to torque control in the
steady-state period. Table 3.5 provides the parameters used in the standard
model from the PSCAD library.

The synchronous generator is also controlled by constant torque input,
set as 0.75. Machine parameters are given in Table 3.6; the model is also
taken from the PSCAD library.
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Table 3.5: Parameters of the induction generator (DG1).

Rated power 0.623 MVA
Rated line voltage 0.38 kV
Base angular frequency 314.16 rad/s
Stator/rotor turns ratio 2.638

0.727 s

Angular moment of inertia
Mechanical damping 0.01 pu

Stator winding neutral Grounded
Squirrel cage No
Mutual saturation No
Leakage saturation No
0.01 pu

Stator resistance
Wound rotor resistance 0.01 pu

Magnetising inductance 4 pu
Stator leakage inductance 0.1 pu
Wound rotor leakage inductance 0.1 pu
0.21 MVAr

Reactive power of compensating capacitors

Table 3.6: Parameters of the synchronous generator (DG2).

Rotor type round
d-axis saturation No
Rated line voltage 0.381 kV
Rated line current 1.22 kA
Base angular frequency 314.16 rad/s
Inertia constant 1s
Mechanical friction and windage 0.04 pu
Neutral resistance led pu
Neutral reactance 0 pu
Iron loss resistance 300 pu
Armature time constant 0.05 s
Potier reactance 0.1 pu
Unsaturated reactance (d-axis) 1.5 pu
Unsaturated transient reactance (d-axis) 0.25 pu
4s

Unsaturated transient time (open, d-axis)
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Unsaturated sub-transient reactance (d-axis) 0.15 pu
Unsaturated sub-transient time (open, d-axis) 0.03 s
Unsaturated reactance (g-axis) 1.5 pu
Unsaturated transient reactance (q-axis) 0.4 pu
Unsaturated transient time (open, g-axis) 1s
Unsaturated sub-transient reactance (g-axis) 0.15 pu
Unsaturated sub-transient time (open, g-axis) 0.03 s
Air gap factor 1

Automatic voltage regulator (AVR) of the synchronous machine does
not compensate load current and does not have input for system stabiliser
[135]. AVR is used in the model to keep output reactive power at 0 (both
generators run at unit power factor). It has a PI-controller with proportional
gain 0.1, integral time constant 1 s, and output limits +0.1 (reference voltage
is regulated in the range 0.9-1.1) [14].

Exciter and regulator parameters of the synchronous machine are given
in Table 3.7. The model is taken from the PSCAD library.

Table 3.7: Parameters of the exciter and regulator of the synchronous generator.

AC Exciter Type ACS8B
PID proportional gain 100 pu
PID integral gain 0.1 pu
PID derivative gain 100 pu
PID derivative time constant 0.09 s
Regulator gain 1 pu
Regulator time constant 0s
Maximum regulator output 10 pu
Minimum regulator output 0 pu
Field limiter loop reference 0.79
Field current limiter 15
Exciter time constant 1s
Exciter constant related to field 1 pu

Field circuit commutating reactance 0.55
Demagnetising factor 1.1
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Saturation at Efd1 1.5 pu
Exciter voltage for SE1 4.5 pu
Saturation at Efd2 1.36 pu
Exciter voltage for SE2 3.38 pu

Transformer parameters included in the model are given in Table 3.8.

Table 3.8: Parameters of the transformers.

Transformer T DG1 DG2
Total power 20 MVA 0.6 MVA 1.6 MVA
Frequency 50 Hz 50 Hz 50 Hz

HV 66 kV 22 kV 22 kV
LV 22 kV 0.38 kV 0.66 kV
Winding HV D Y Y
Winding LV Y D D
D lags/leads Y Lags Lags Lags
xi 0.09739 pu 0.04919 pu 0.06336 pu
Ideal model No No No
No load losses 0 pu 0 pu 0 pu
Copper losses 0.0045 pu  0.0084 pu  0.0066 pu
Tap changer on winding HV None None
Saturation No No No

Ipositive sequence reactance.

The utility grid UG has short circuit capacity 250 MVA and is mod-
elled as an ideal voltage source with an internal inductance value which is
calculated per phase as (66 kV)?/(250 MVA - 1007) = 0.055 H.

Finally, the developed model can be considered sufficiently close to the
real network because:

e The simulated steady-state healthy currents and power flows at the
substations coincide (with error less than 3%) with the real measure-
ments (Table 3.4).

e The simulated steady-state faulty (phase-to-phase and phase-to-
ground) voltages and currents at the substations can be detected
with the given real settings provided by the system operator.
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e The simulated zero sequence currents at the substations listed in Table
3.2 during ground fault at busbar B2 coincide (error is less than 1.5%)
with the real measurements.

e The derived size of the Petersen coil (90 A in section 3.1.4 ) is in the
range of the real coil that has variable size 10-100 A. Lower values
(below 90 A) are needed when a part of the network is disconnected.

3.2 Laboratory test setups
3.2.1 Setup 1

Fig.3.4 shows a general view of the laboratory test setup used in [Pa-
per III]. It is used for real-time hardware-in-the-loop tests of commercially
available products. The real-time eMEGAsim simulator oP5600 (OPAL-
RT for short) runs a power system model (initially constructed in MAT-
LAB/SIMULINK, then the model is converted into C-code in RT-LAB that is
uploaded to the simulator). The simulator communicates with the relay
through the network: it sends sample values (SV) with 4 kHz sampling
rate to the relay and receives GOOSE messages containing tripping signals.
Communication standard in the test setup is IEC 61850 [136].

Simulink/Matlab model

Q eMEGAsim simulator OP5600

Sample values
IEC61850 (4 kHz)

. Micropr r
Switch ("> V' CTOPTOCEss0

based relay
GOOSE IEC61850
(tripping signals)

Sample values
IEC61850 (4 kHz)

Communication
network emulator

Figure 3.4: Test setup 1: co-simulation platform for real-time hardware-in-the-
loop tests.

The protection method proposed in [Paper II] requires remote meas-
urements that in reality would be sent through a network. In order to
mirror behaviour of this network during tests, a communication network
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emulator [137] is included in the testbed. Its main purpose is to model com-
munication network impairments such as delays, jitters, data losses. The
full list of functions is given in [Paper III]. The simulator and the emulator
also exchange SV at 4 kHz sampling rate.

The advantages of such a testbed are: reliable results due to the avail-
ability of an actual protection relay; fast and flexible model of a power
system that enables the researches to conduct many test scenarios; taking
into account communication links’ imperfections; presence of actual envir-
onmental conditions (communication networks with the relay) and hidden
or neglected factors that might be concealed in off-line simulations; possib-
ility to replicate experiments and to identify influencing factors; compare
different algorithms and products under the same conditions.

3.2.1.1 Power system model for real-time simulations

An example of the model used for real-time hardware-in-the-loop sim-
ulations realised in MATLAB/SIMULINK is presented in Fig.3.5. Subsystem
representation is used by RT-LAB software for C-code generation and further
uploading it on the OPAL-RT simulator. Subsystems’ names must start with
‘SC’ (always one control subsystem), ‘SM’ (always one master subsystem),
and ‘SS’ (several supplementary subsystems). Each subsystem uses one core
of the simulator. The model has the following elements and signals:

»{UI_feedert SV_enable

»{UI_feeder2  GOOSE_enable

SC_console
» Ul _feedert
B—=|Subs_a
L= 1.6 mH P Ul_feeder2
C= 1562 uF| Subs_b  Ul_feeder2 trip ]
R= 0.001 @
[ L p{SV_enable
&
SM_feedert StubLine SS_feeder2 »| GOOSE_enable

SS_IEC61850

Figure 3.5: General view of the model for real-time simulations.

e ‘SC_console’ is the control panel of the model. It sends permissive
signals to initiate SV and GOOSE streams with hardware in the loop
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(the relay). Faults are also applied from this panel. At the same time,
it collects measurements from the simulated network and trip signals
from the relay for further (e.g. off-line) analysis.

o ‘SM _feederl’ is the master subsystem containing a dynamic model
of a part of the network (e.g. one feeder). It produces voltage and
current measurements (instantaneous quantities with time step 50 pus)
that are sent to ‘SC_console’ (for visualisation or further processing)
and to communication subsystem ‘SS_TEC61850" (connection with the
external hardware).

e ‘SS feeder2’ has the same functions as ‘SM_feederl’. It is separate
from the main model and uses a different simulator core in order to
decrease computation load and avoid overruns in the simulator (the
situation where calculations have not been completed before the next
time step, leading to errors and falling of test confidence level).

e ‘StubLine’ is a line (can be lossless) with wave traveling time equal to
the simulation time step. It is used for connection of different parts
of the power network model situating in separate subsystems.

e ‘SS TEC61850’ is the subsystem containing models of the merging
unit (conversion of voltages and currents into SV according to the
IEC61850 standard) and the GOOSE subscriber (the tripping signal
from the relay is sent as a GOOSE message).

The dynamic models of the feeders are built using elements from the
SIMULINK library ‘Simscape/SimPowerSystems’. The stub-line model is
taken from the pre-installed ‘ARTEMIS’ library. The merging unit and
the GOOSE subscriber are part of the pre-installed library ‘RT-LAB I/0’.

3.2.2 Setup 2

Fig.3.6 shows a general view of the laboratory test setup used in [Pa-
per VI]. It is used for real-time hardware-in-the-loop tests of a prototype
developed using the microprocessor STM32F407vGT6. This testbed is used
to play back pre-simulated signals (in PSCAD/EMTDC) or, as in the previ-
ous case, to run the power system model. Here, communication with the
microprocessor is done through TCP /IP protocol [138] at 4 kHz sampling
rate. The board has an embedded universal asynchronous receiver trans-
mitter (USART) [139]; therefore, an interface converter is used [140]. The
algorithm is run on the microprocessor (C-code), which produces the ana-
logue tripping signal which is sent to the simulator.
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EMTDC simulated signals or
Simulink/Matlab model

eMEGAsim simulator OP5600

Tripping signals
(analog 0-3 V)

Algorithm

Voltages, currents
(C-code)

(up to 4 kHz)

TCP to USR232 converter

STM32F407VG

Figure 3.6: Test setup 2: platform for real-time hardware-in-the-loop tests of the
prototype.

The SIMULINK model used in [Paper VI] to reproduce pre-simulated sig-
nals and program the microprocessor is given below.

3.2.2.1 Signal reproducing model for real-time simulations

The model realised in MATLAB/SIMULINK and used to play back the
voltages and currents pre-simulated in PSCAD/EMTDC is demonstrated in
Fig.3.7.

1 | State Time
D it p Data resdyp.ynchronous
t——| Repetitive Emory
N Start index OpFromFile Data = @fa Send
] ol 1 File: my_file.mat
500000 #| Stop index Moty > send message
t—| Time Scale Factor
| Interpolation Current Index[>
OpFromFile UDP/IP & TCP/IP
Asynchronous Ctrl
OplPSocketCirl
MLEDSEX1 Ctrl Emor }
Board index: 1 Slot 1 Module B Subsection 1 Velis
Mode:Master IDs Status T

MLS05EX1 Anslogin

OpCHIMLE0SEX
MLEOSEX1 Ciel

Figure 3.7: General view of the model used to reproduce fault records in real-time.

The model includes the following blocks:
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e ‘OpFromFile’ reads values from the prepared .mat-file with the simu-
lated electrical quantities and reproduces them in real time.

e ‘Asynchronous send’ sends data to an asynchronous external hardware
(the interface converter in Fig.3.6).

e ‘OplIPSocketCtrl” defines communication protocol for the sent data. In
the given test setup, the TCP /IP protocol is used. The block requires
remote IP address, local and port belonging to the converter.

e ‘ML605EX1 Analogln’ captures analogue input signals. For the given
test setup, it is the tripping signal from the microprocessor.

e ‘OpCtrl ML605EX’ controls programming of one OPAL-RT ML605
card.

All blocks can be found in the ‘RT-LAB’ and ‘RT-LAB I/O’ library.
3.2.2.2 C-code generation for microprocessor programming

Programming of the microprocessor STM32F407vGT6 is done using C-
code, which can be generated by the means of MATLAB/SIMULINK. It has an
embedded coder and is fully compatible with the board. Fig.3.8 illustrates
an example of a model for further C-code generation.

Waijung: 17.03a
Compiler: GNU ARM
MCU: STM32F407VG

Auto Compile Download: ON
Full Chip Erase: ON Module: USART3_Setup
Auto run app: ON Baud (Bps): 1000000
Execution Profiler: None DMA Buffer: 512/512
Base Ts(sec): 0.01 Tx/Rx Pin: D8/D9
&
Target Setup UART Setup
Module: USART3_Rx double | voltage Port D
Packet: Binary = PD14 Speed (MHz): 100
Trander: Blocking B = Type (PP/OD): Push Pull
Ts(sec): -1 double » current Ts(sec): 0.0005
&
UART Rx Algorithm Digital Output

Figure 3.8: General view of the model for microprocessor programming.

The ‘Target Setup’ block specifies the embedded compiler, the micropro-
cessor settings and uploading settings; ‘UART Setup’ block specifies settings
of the serial interface USART realised on the board and connecting pins;
‘UART Rx’ block receives data (double format); ‘Digital Output’ block
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sends a digital signal (0 or 3 V) to a specific pin (it is the tripping sig-
nal from the algorithm); ‘Algorithm’ subsystem contains calculation blocks
according to a developed algorithm.

All blocks can be found in the pre-installed SIMULINK library ‘Waijung
Blockset’ [141]. Code compilation in the MATLAB is accomplished with the
standard embedded function rtwbuild.

3.2.3 Setup 3

The test setup in Fig.3.9 is used to test protection functions of com-
mercially available products. This configuration is used in [Paper VI] for
performance investigation of the standard steady-state method for earth
fault location.

EMTDC simulated signals

l Omicron CMC 356

I
Voltages, currents Tripping signal
(up to 10 kHz)

Microprocessor
based relay

Figure 3.9: Test setup 3: tests of relay protection functions with reproduced fault
records.

The test tool OMICRON [132] allows the play back of voltages and cur-
rents simulated in PSCAD/EMTDC with sampling frequencies of up to 10 kHz
(maximum is 5 A and 250 V). Binary inputs are used to register tripping
signals, and operation time of a relay can be measured.

3.2.4 Signal processing

For analysis and development of the protection algorithms and methods
presented in the current PhD thesis, the approach depicted in Fig.3.10 is
used.
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Figure 3.10: Algorithm for phasor extraction from instantaneous signal.

Firstly, a distorted periodic input signal (simulated in PSCAD/EMTDC
samples) is exposed to a low-pass filter (cut-off frequency is 2 kHz). It
is a discrete finite impulse response filter that is based on a feed-forward
difference equation (computes a weighted finite term sum of past, present,
and future values of the filter input) [142].

Secondly, the filtered signal is processed in the discrete Fourier transform
block: it performs a Fourier analysis of the input signal over a constant
sliding window of one cycle of the fundamental frequency of the signal (no
frequency-tracking algorithms) [143]. The first main harmonic is typically
utilised.

Finally, as a result, the input signal is decomposed into its magnitude
(root mean square values) and phase (degree). Such 50-Hz-phasors are
utilized substantially in the current work.



Chapter 4

Summary of research results
and discussion

This chapter presents a summary of the major research results. De-
tailed analysis, discussions and other study outcomes are presented in the
appended papers [Papers I-VI]. The current chapter also supplements the
work presented in the papers providing additional analyses and discussions.
Hence, it outlines: motivations for development of new protective methods,
using simulations to demonstrate possible challenges for the existing relays;
a theoretical base and numerical analyses of the presented algorithms and
methods conducted for simple networks to provide explanations of their
work flow; possible improvements, applications and other comments.

4.1 Protection challenges

Here, possible challenges for the existing protection in the actual net-
work are shown. The network is secured against phase-to-phase faults by
definite time overcurrent (OC) feeder relays with coordination time intervals
(CTI) to achieve protection selectivity. Earth faults are detected with zero
sequence overvoltage and OC functions of a ground relay, and zero sequence
current direction is determined by its active component (i.e. |Ip|cos(¢g) is
measured, where ¢q is an angle between zero sequence current Iy and voltage
Up phasors) for selective tripping.

Fault scenarios are simulated in PSCAD/EMTDC for the model described
in section 3.1.

4.1.1 Impact of DG presence on feeder protection

This section studies the impact of the generators on OC feeder relays
during high and low load in the system discussed in 3.1.3. Fig.4.1 illustrates

41
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phase currents measured at substations (denoted as ‘Subst’ in the figure)
8, 12 and 13 during phase-to-phase fault with different resistances applied
at the end of the feeder with the DG (next to point 13.1 in Fig.3.1). Plots
show the ratio between maximum phase current |I,| and pick-up current
Livip of a feeder relay at this substation as a function of fault resistance.

3 High load Low load
Subst 8,no DG
= = = - Subst 8,with DG |
Subst 12,no DG \
25k 1r b

= = = - Subst 12,with DG
Subst 13,n0 DG

A = = = - Subst 13,with DG

0 50 100 150 50 100 150
Fault resistance, (2 Fault resistance, (2

Figure 4.1: Simulated normalised phase currents at substations 8, 12 and 13 for
different fault resistances with and without DG during phase-to-phase faults at the
end of the DG feeder (point 13.1).

If the measured current is below settings (i.e. |Ip|/Iiip < 1), a feeder
relay is blinded (fault is not detected). It is possible to see that for high
or low load in the system, protection blinding does not occur for fault res-
istances below 50 Ohm (contact with an extraneous object [59]); however
it is possible for higher values (expected value of arc resistance is 7.5 Ohm
for the given fault level according to [58]). Comparing situations with DG
and without, it can be observed that DG reduces fault current through sub-
station 8 and 12 because protection blinding always starts for lower fault
resistances if DG injects current (curve ‘with DG’ is under ‘no DG’). The
opposite is true for substation 13.

Fig.4.2 demonstrates the same analysis for smaller short circuit capacity
of the utility grid (Ssc = 50 MVA, 250 MVA is the initial) and higher rated
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power of the DG (Spg = 4.4 MVA, 2.2 MVA is the initial). It is possible
to see that the weak grid and high DG production leads to the same effect
as above: fault current at substations 8 and 12 is reduced and protection
blinding begins for lower fault impedances (curves with Sgc = 50 MVA and
Spg = 4.4 are under the initial solid). Moreover, the week grid has a bigger
impact than the increased DG capacity (the dotted curves are above the
dashed curves). For substation 13, the high DG capacity increases fault
current and the week grid decreases.

High load
3 T T
Subst 8
5 Subst 12
o5 Subst 13 H

S,=250 MVA,S,.=2.2 MVA

- = = .5,=50 MVAS.=2.2 MVA
S=250 MVA,S,.=4.4 MVA

0 50 100 150
Fault resistance, )

Figure 4.2: Simulated normalised phase currents at substations 8, 12 and 13 for
different network short circuit and DG capacities during phase-to-phase faults at
the end of the DG feeder (point 13.1).

Thus, DG changes fault current levels in the system (decrease for up-
stream substations and increase for downstream). As a result, OC protec-
tion misoperation can be observed; moreover, it might lead to problems with
coordination between relays (and downstream fuses), that require higher
CTT for upstream devices and, consequently, prolonged faults.

4.1.1.1 Sympathetic tripping

The feeder protection at point 8 (see Fig.3.1) is secured against sym-
pathetic tripping during faults in the upper feeder (next to point 4.1) or



44 Chapter 4. Summary of research results and discussion

in the lower (point 14) by application of higher CTI than CTIs of relays at
points 4 and 14. Nevertheless, sympathetic tripping of the DG feeder cannot
happen for the given Sgc and Spg and, therefore, study is omitted in the
current work (thorough analysis can be found in [4]). Though unintentional
islanding caused by upstream faults can take place in the actual network
that is demonstrated below.

Fig.4.3 shows an analysis of this effect for fault at location close to point
8.2: protection at substation 12 cannot detect this fault (it is upstream)
because |I,|/Iiip < 1 for high load, but the ratio becomes closer to 1 for
low fault resistances and, finally, exceeds 1 in the case of low load. In
other words, the feeder relay at substation 12 can initiate tripping during
upstream faults with DG presence.

High load Low load

Subst 8,no DG

= = = - Subst 8,with DG
Subst 12,no DG
= = = - Subst 12,with DG

- o
-
-

[l .

0 50 100 150 50 100 150
Fault resistance, ) Fault resistance, )

Figure 4.3: Sympathetic tripping effect at substation 12 with presence of DG
during phase-to-phase faults upstream from DG and substation 12 but downstream
from substation 8 (point 8.2).

Fig.4.4 demonstrates that this situation can happen even for high load
and higher fault resistances if DG rated power is doubled (Spg = 4.4 MVA,
2.2 MVA is the initial): the red dotted curve is above 1 for fault resistances
0-25 Ohm that means tripping at substation 12 during the upstream fault
and formation of a healthy islanding.

Application of directional OC protection at substation 12 in order to
resolve this issue might lead to unnecessary disconnection of the DG (be-
cause its undervoltage protection acts faster than the relay at substation
8), whereas it can be connected to the upper feeder during upstream faults.
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High load
4 T r
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. SSC:250 MVA,SDG:2.2 MVA
. ) - SSC:SO MVA,SDG:2.2 MVA
------------- SSC:250 MVA,SDG:4.4 MVA

0 50 100 150
Fault resistance, 2

Figure 4.4: Sympathetic tripping effect at substation 12 for different network
short circuits and DG capacities.

Without a directional relay, formation of a healthy islanding is possible and
is undesirable in case of temporary faults.

4.1.2 Nuisance tripping of DG

Nuisance tripping of the DG implies unnecessary disconnection of the
generator, typically by its undervoltage protection during fault in the sys-
tem, faster than it is cleared by a local breaker (especially if fault location
is in the adjacent feeders). Decrease of such instances is an important goal
during network operation because of power supply reliability, stability and
economic reasons.

Fig.4.5 demonstrates voltage dips (the minimum steady-state phase
voltage in p.u. during faults) measured at the DG location during low-
ohmic (7.5 Ohm) phase-to-phase faults in different locations (‘S’ stands
for substation/measuring point, e.g. S4 denotes a fault in front of and
close to measuring point 4 in Fig.3.1). The figure also shows the typical
settings of DG undervoltage protection (the red horizontal lines) according
to requirements [124]: if voltage falls below 50%, the tripping signal is
initiated after 200 ms; if it is higher (but lower than 88%), then the time
delay is 2 s.
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Figure 4.5: Voltage dips measured at DG during low-ohmic (7.5 Ohm) phase-to-
phase faults at different locations in the network with high load.

As it is possible to see, there is a risk of accidental disconnection of the
DG if fault clearance is delayed (by more than 200 ms) due to application
of CTIs and breaking operations (typically about 5 cycles) at locations S9,
S11 and S13, whereas these faults can be cleared by the local breakers and
DG decoupling is unnecessary.

4.1.3 Disruption of ground fault protection

Problems with detection of earth faults with impedances up to 3 kOhm
(Norwegian requirements for ground fault protection sensitivity [145]) have
not been revealed for the actual network (zero sequence overvoltage func-
tion is utilised). The main approach to discriminate fault locations (a
feeder /section selection task) in compensated systems, as mentioned above,
is to measure an active component of zero sequence current, i.e. |Ip| cos(¢).

Fig.4.6 illustrates the ratio between |Iy| cos(¢g) and the set pick-up active
current component Ip,tip at the corresponding substation for earth fault in
the system at different locations (‘Sm’ means in front of and close to a
specific measuring point ‘m’). The ratio is measured for one specific high
impedance (3 kOhm) fault location at different substations (‘Subst’) for
comparison. A value of Ipa trip i chosen to recognise 3 kOhm fault in the
system with k, = 0.1, k. = 0.05 (coefficients of line resistive losses and
capacitive asymmetry are discussed in 3.1.1).

The plot shows that earth current during a fault in front of measuring
point 4 (S4) is correctly seen by the ground relay at substation 4 in the
forward direction (|Ip| cos(¢o)/Ioatrip > 1). Similarly, S6 is correctly recog-
nised by relays 4 and 6, S8 by relay 8, S9 by relays 8 and 9, S12 by relays 8
and 12 (see Fig.3.1). It can be seen that active current during faults at S4
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Figure 4.6: Normalised |Ip| cos(¢g) measured at substations 4,6,8,9,12 during
high impedance (3 kOhm) earth faults at different locations in the network with
kr = 0.1, k. = 0.05.

or S6 exceeds the settings of the relay at substation 8 (greater than 1), but
in the backward direction (the ratio is negative) and the tripping signal is
not initiated (correct selective operation). In the other cases, the measured
value is also negative and below the thresholds. Low-ohmic faults are not
demonstrated because the ratio is much higher than 1.

As can be seen from Fig.4.6, recognition of fault current in correct dir-
ection is important for security and selective tripping because zero sequence
current magnitude |Ip| is not a reliable indicator, especially if detection of
high impedance faults (higher than 3 kOhm) is required (more sensitive
settings).

Very often insufficient natural watt-metric contribution of the network
can be present [144] (low phase-to-ground conductance typically appearing
in dry/clean physical conditions). Fig.4.7 shows the same faults as before
for the system with k. = 0.01.

As can be seen in the figure, all measured |Ip|cos(¢o)/Ioatrip < 1.
Moreover, earth current direction in a few cases is recognised as forward,
whereas faults are behind the corresponding substations. The variable
nature of natural active earth fault currents makes it difficult to find the
correct settings for a ground relay. However, this situation is not observed
for low-ohmic faults.

Besides variable nature of line conductances, electrostatic imbalance in
the network can also vary. Fig.4.8 illustrates the same faults as above for
the system with k. = 0.01, k. = 0.1. Strong capacitive asymmetry leads to
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Figure 4.7: Impact of insufficient natural watt-metric contribution of the network
(kr = 0.01) on normalised [Ty cos(¢o).
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Figure 4.8: Impact of insufficient natural watt-metric contribution (k. = 0.01)
and strong capacitive asymmetry in the network (k. = 0.1) on normalised

To| cos(¢o)-

larger overcompensation to avoid overvoltages on the neutral; therefore, sup-
pressing coil current becomes 110 A. It is seen from the figure that directions
of earth currents are now detected in forward directions regardless of fault
location (except at substation 9); moreover, all ratios |Ip|cos(¢o)/Ioa-trip
are high and comparable. This completely corrupts ground fault protection
performance (the situation is better for low-ohmic faults).

Typically in practice, in order to improve performance of ground fault
protection and to eliminate its dependency on variable network parameters,
a parallel resistor is connected to the Petersen coil. The parallel resistor re-
solves these issues: Fig.4.9 demonstrates the same faults and measurements
illustrated in Fig.4.7 and Fig.4.8 with application of a parallel resistor (value
530 Ohm is chosen according to the Norwegian requirements in [18]). In such
a case, |Ip| cos(¢p) is mainly determined by the value of the parallel resistor
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(all faults are correctly recognised by the protection because |Ip| cos(¢o)
exceeds the settings and has the preset sign) and stays almost the same
regardless of fault resistance, k, or k..
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Figure 4.9: Normalised |Iy| cos(¢o) measured with the parallel resistor in the net-
work with insufficient natural watt-metric contribution (Iy ) and strong capacitive
asymmetry.

4.1.4 Summary

The presented examples of phase-to-phase faults show a motivation for
the application of impedance protection in the distribution network with
the DG since its operation principle does not depend on fault current level
in the system; moreover, it has inherent directional capability.

Additionally, a measured impedance can provide information about fault
location. It is an advantage for minimisation of the restoration time and,
with respect to the DG, for discrimination of far-end faults to prevent nuis-
ance tripping of the generator.

A study dedicated to the feasibility of impedance relaying in the current
network and its application for assistance of DG undervoltage protection is
presented in [Paper I].

The illustrated issues for earth fault location and the remedial meas-
ure indicate the dependency of ground protection on additional equipment
(a parallel resistor). Normally, the Petersen coil is used alone to suppress
capacitive current and to decrease overall fault current to make an arc self-
extinguishing. If the fault is persistent, a parallel resistor is connected to
facilitate a location procedure. Such operations require time and lead to
fault current increase (and touch voltage that corrupts safety), as well as
decrease of zero sequence voltage that requires smaller settings (might cause
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insecure operations). Furthermore, its connection can fail because of actuat-
ors that can considerably deteriorate ground fault protection performance.

These disadvantages serve as a motivation for development of new earth
fault location indicators which do not depend on additional equipment.
Speed is especially important in the case of DG presence: if the fault is
in a zone implying DG disconnection (e.g. S12), its location must be iden-
tified in a fast manner in order to disconnect the generator and initiate a
reclosing procedure (in which case rapid anti-islanding protection is not re-
quired); if fault is outside such a zone (e.g. S9), nuisance tripping of the
generator can be prevented (clearing time might exceed seconds with the
standard approach).

Studies dedicated to the development of such indicators are presented
in [Papers V,VI]. They introduce two different approaches: two-end (com-
munication assisted) and one-end (transient-based).

4.2 Impedance relaying in distribution networks
with DG

4.2.1 Implementation [Paper I]

The paper demonstrates the feasibility of distance protection (without
involvement of telecommunication) to solve potential problems illustrated
in section 4.1. For calculation of relay settings, the same approach is used
as for transmission systems. The standard quadrilateral tripping zones are
better to utilise for feeder relays to avoid the underreaching caused by arc
resistance. Additionally, using CTI for Zone 1 for coordination with down-
stream devices is proposed: fuses and relays in the lateral branches. Fig.3c
(hereafter, italicised font denotes figures or tables in the enclosed papers)
shows DG impact: infeed current increases the reactive part of the imped-
ance measured on the feeder (especially for ground faults) causing relay
underreach. Fig.6a illustrates that faults in the side branch with its own
relay (the adjacent protection zone) can cause nonselective tripping of the
main feeder if CTI is not applied. Finally, impedance measurements can
be used to discriminate faults. Fig.5a demonstrates that impedance loci
(measured at DG location) of faults in the adjacent feeder do not fall into
Zone 1 or 2. This can help to prevent nuisance tripping of the generators.

The main issues revealed in the paper are as follows: 1) application
of impedance relays for ground faults is not reliable. For example, Fig.6b
shows that the feeder relay cannot distinguish ground faults during high load
in the system because all impedance loci are in Zone 1 regardless of fault
location (relay overreach). The reason of this selectivity loss is significant
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impact of load currents on impedance measurements (in contrast, the low
load case, illustrated in F'ig.6c, leads to better selectivity; 2) non-zero fault
impedances and strong remote infeed currents lead to relay underreach.
Fig.4a demonstrates that impedance measured at DG location has a big
error during fault on the feeder and, consequently, generator relay blinding
occurs due to arc resistance and large current from the utility grid.

4.2.2 Method for impedance error compensation [Paper II|

The previous paper indicated the negative influence of non-zero fault
impedance and remote infeed currents on impedance measurements. The
current paper proposes a method for eliminating these issues. It consists of
two approaches: 1) two-point measurements are required to compensate for
the impact of fault impedance in a passive network. This is referred to as
the equivalent line approach because the network is wrapped into a line with
lumped parameters (such an approach is valid for short lines in distribution
networks); 2) multi-point measurements are utilised to compensate both
fault impedance and adverse effects from remote infeed currents in an act-
ive network. This approach is called as the equivalent network because the
actual network is wrapped into several equivalent lines. The required meas-
urements are differences of current and voltage phasors in affected phases.
The paper develops the method for synchronised measurements and it is
tested for non-synchronised measurements in [Paper III] (impact of commu-
nication network imperfections).

A simple numerical analysis of the method providing reasoning and de-
tails is presented below since it is omitted in the paper.

4.2.3 Numerical analysis of the method
4.2.3.1 Equivalent line approach

Fig.4.10 shows a simple network for the analysis of two cases: network
(a) represents a situation where load impedance Zp, is not present in the loop
of impedance calculation taking place at node 2; network (b) represents the
opposite situation - load impedance is present in the loop. In both cases,
fault impedance Z¢ splits a line such that the impedance of each part can
be expressed through parameter k and line impedance Z; or Zy. The utility
grid is presented as an ideal voltage source E; with internal reactance xg,
and remote infeed current from DG is an ideal current source Iqg.

In order to apply the equivalent line approach for impedance calculation
at node 2 and to compensate Z; and lys, voltages at nodes 2, 5 and grid
current I, must be found. To find the solution, the node-voltage method
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Figure 4.10: Network for equivalent line approach analysis with load impedance
(a) out of the measuring loop and (b) in the loop.

is used —
networks (a) and (b):

it allows the researcher to write the following matrix equation for

where vector of nodal voltages [Va V3 Vj V5|7

Yu Y2 O 0
Y12 Y Yoz O
0 —Yas Y3 —Y3u
0 0 Yz Yu
0 0 0 —Yis

0 1 [E, I,
0 Vs 0
o ||wl=1]0], (4.1)
—Yis| | Va 0
Y5 | | V5] g

are unknown, and the

elements of the nodal admittance matrix for networks (a) and (b) are:

(Viy = 1/(jxg)

Yoz =1/(kZ)

Y34 =1/((1 —k)Z1)
Yis = 1/Zs

Yii =Y

Yoo = Y12 + Yo3

Y3z = Yoz + Y34 + 1/Z;
Yig = Ysq + Yas + 1/71,
Y55 = Y5

Yiz = 1/(jxg)

Yo3 = 1/21

Y34 = 1/kZs

Yis = 1/((1 — k)Z2)

Y11 =Y1s (4.2)

Yoo = Y12 + Yo3

Y33 = Yo3 + Y34 + 1/7y,
Yig = Ysq + Yas + 1/7
(Y55 = Yus5
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For numerical analysis, the following parameters are used: E; = 12.7kV,
Xg = 17.3Q, Z1 = Zg = (1+5) Q, k = 0.5, Zr, = 100e/™/® (high load), Z1, =
200e7™/1% (low load), Igg = 0.25 MVA/12.7 kV or I4, = 0.5 MVA/12.7 kV.

V2 V?‘” Z V5
Ig '7 Idg

Figure 4.11: Equivalent line replacing passive network with fault.

According to the equivalent line approach in [Paper II], both networks
in Fig.4.10 are replaced by an equivalent line Fig.4.11 and the following
steps are accomplished: 1) equation (4.1) is solved for Zs = oo (pre-fault
conditions); 2) equivalent impedance is calculated as

_ V-V

Z,
e Ig

(4.3)

3) equation (4.1) is solved for Zs # oo (fault conditions); 4) voltage error is
calculated as

~ Walgg + Vsl — Zelggly

Verr = 4.4
err Idg + Ig 9 ( )
5) compensated impedance is calculated as
Vo — Verr
Teps = 2179 (4.5)
g

The computed compensated impedance Z.ps can be compared with the
actual impedance from node 2 to the fault: network (a) — Zaet = kZi;
network (b) — Zact = Z1 + kZy. Fig.4.12 presents relative error (a real and
imaginary part) computed for different fault resistances in the range 0.1-100
Ohm as

I‘eal(chs — Zact) -100% and imag(chs - Zact)

- 100 4.6
real(Zact) imag(Zact) % (4.6)

As can be seen from the plots for network (a) (Z1, out of loop, the solid
curves), the real part of the error is positive, indicating relay underreach.
For network (b) (Z1, in loop, the solid curves), the real and imaginary parts
of the error are negative, indicating relay overreach. In both cases, the
errors are increased if the fault impedance rises. The method does not
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Figure 4.12: Fault location errors for equivalent line approach application for
different fault resistances, load impedance and DG capacity.

fully compensate load currents using pre-fault measurements; therefore, the
absolute errors for high load (HL) are bigger than for low load (LL). Increase
of DG production also leads to error rise in general.

The compensation can also be accomplished for the known equivalent
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Figure 4.13: Compensated impedances calculated using the equivalent line ap-
proach and different fault resistances taking place outside of the monitoring zone.

impedance calculated using the line impedances as Z. = Z; + Zo instead
of pre-fault measurements as above. The dashed curves in Fig.4.12 (‘Z,
known’) demonstrate the errors calculated for this case. It can be seen that
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in such a case the difference is not significant, but the known Z, leads to
better precision for network (b). Moreover, the errors do not depend on
Igg (the dashed red and green curves coincide). Nevertheless, application
of Z. based on line impedances does not always give positive effect (e.g.
network (a) and forthcoming examples), therefore the method always uses
measurements that make it universal (free from topology).

It is worth noting that errors without compensation can exceed 1000%
in this analysis and are not presented. In the next analyses, the situation
with Zg, out of loop is not considered since a path from a measuring point
to a fault in a distribution network normally includes load outfeeds.

Fig.4.13 illustrates Zcps in the impedance plane for a situation where
Z¢ is out of the monitoring zone: in network (a) measurements of nodes
3 and 5 are taken for calculations; in network (b) — nodes 2 and 4. It is
seen from the plots that with the increase of fault impedance, Z¢ps falls into
the tripping region (the black rectangle reflects actual line impedance). If
Z, is calculated on the basis of the known line impedances, Zcps is inside
the tripping region irrespective of the fault impedance. Since false tripping
might occur, utilisation of only pre-fault measurements for Z, calculations
is more secure (it is an additional reason to what is specified above).

In order to avoid initialisation of the compensation and, consequently,
to improve security, [Paper III] proposes using three criteria: 1) a measured
impedance falls below a certain threshold; 2) falling rate is high; 3) fault
current has forward direction.

4.2.3.2 Equivalent network approach

Fig.4.14 demonstrates two simple networks for analysis of the equivalent
network approach. Here, the monitoring zone is bounded by nodes 2 and
5, and infeed current is injected at node 6 (an additional measuring point).
Network (a) presents a situation where the DG is not included in the faulty
loop, and network (b) presents the opposite situation. Impedance measure-
ments take place at node 2 and are affected in advance by the load. An
additional line appears in these networks (with variable Z3), connecting the
DG to the main trunk.

A matrix equation similar to (4.1) can be written for these networks and
solved to find voltages and currents at nodes 2, 5 and 6 required for the equi-
valent network approach (a particular case for one infeed source) described
in [Paper II]. Both networks in Fig.4.14 are replaced by two equivalent lines
Fig.4.15 and the following steps are accomplished: 1) a derived equation
(not shown here) is solved for Zs = oo and impedances of two equivalent
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Figure 4.14: System for equivalent network approach analysis with DG a) out of
the measuring loop, b) in the loop.
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Figure 4.15: Two equivalent lines replacing active network with fault.

lines are calculated as

Vo — W Vs — W
Zo = 2% and Zoy = >—9, (4.7)
I, I5
where
Vs
Is = ——; 4.8
5 ZL7 ( )
2) solution for Z¢ # oo is found and voltage errors are calculated as
Va(I I Volg — Ze1 (1 I5)I
Voo, = 2(lag + 5)I+ 6lg — Ze1(lag + I5) g (4.9)
dg +1Is + 1
I I Is — Zeo(1 I)I
Verr2 = V:r)( d * g) i ‘/6 0 62( de ki g) 5; (410)

Idg+I5 +Ig
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equivalent line Z.; caused by infeed current is

I

_g(verr2 - % + I5Ze2);

Verr2 - I5

(4.11)
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4) Equitation (4.5) is also used to calculate the compensated impedance Zcps,
where voltage error is determined as the minimum between Ve,1 + Vpal
and Vgno + Vpae, that is

Verr = min[verrl + Vpat, Verr2 + VDG2]- (412)

Such selection conditions, firstly, allow the method to avoid large over-
reaching errors during compensation, and secondly, it determines a correct
faulty equivalent line. In these exemplary networks, one infeed current
source is present, dividing the network into two equivalent lines; [Paper 11|
describes a general case with several sources.

For numerical analysis, the same parameters as in the previous case are
used and Zp, = 200e7™/ and Z3 is 1% (close DG location) and 200% (the
DG is located far from the main trunk) of Z;.

Fig.4.16 demonstrates errors (calculated using the same expressions
(4.6)) for actual impedances Z,.t = kZ1 in network (a) and Zact = Z1 + kZ2
in network (b). For comparison, known equivalent impedances are
determined as Z.1 =71 + Z3, Zeg = 7o + Z3.

As can be seen from Fig.4.16, the errors are mainly negative (overreach-
ing due to Zp, in the loop) and are increased with fault impedance rise as
in the previous analysis. The impact of DG production is not significant if
it is located close to the main trunk; however, it is significant for distant
location (especially for network (a)). Additionally, it is seen that the known
equivalent impedances lead to the biggest errors (underreaching for network
(b), overreaching for network (a)). Thus, performance of the approach for
fault location is better for short DG connecting lines (seen from the results
presented in [Paper III]).

As in the previous analysis, errors without compensation are much
higher. Analysis of a situation where fault impedance is out of the
monitoring zone is not presented because its results are similar to previous
results.

4.2.3.3 Fault in side branch

Fig.4.17 illustrates faults in side branches: network a is used for analysis
of the equivalent line approach (measuring points 2 and 4), network b - for
the equivalent network approach (measuring points 2, 4 and 5). Fig.4.18
presents calculated fault location errors in these networks applying the ap-
proaches. All parameters are as specified above.

Here, Zact = Z1 + Zs (Z1 = Zo = Z3) for network a and Zacy = Z1 + Z4
(Zy = Zo = 74, Z3 is varied) for network b. For comparison, curves for
Zact = 71 are also given, reflecting a distance to outfeed point 3.
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Figure 4.17: Systems with fault in side branches for equivalent line (a) and
network (b) approach analysis.

As can be seen, in both cases, the fault is seen as if it is located in node
3 because the errors are about —50%; therefore, Z,.t = Z1 leads to better
precision (the dashed curves).

This is the special peculiarity of the presented approaches that requires
additional measurements in side branches for accurate fault location. Hence,
in order to determine fault location correctly when faced with multiple meas-
uring points, the maximum among all provided compensated impedances
(corresponds to a number of measuring points) is selected because it gives
higher accuracy (seen from Table I in [Paper II], and thoroughly analysed
in [Paper II1]).

4.2.4 PSCAD/EMTDC tests of the method [Paper II]

The paper presents tests of the compensation method using fault re-
cords (three-phase high impedance faults) obtained with the help of the
PSCAD/EMTDC model described in section 3.1. Fig.4b shows the results of
an equivalent line approach application (the feeder without DG). It demon-
strates that faults at the end of the feeder can be recognised on the in-
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Figure 4.18: Fault location errors for equivalent line and network approach ap-

plication for different fault resistances in side branch.

tersection point of the side branch and the feeder if measurements of the
relay in the side branch are utilised for compensation (the issue is discussed
in 4.2.3.3). In contrast, if the relay on the feeder is used, fault location
is correctly determined. Calculation errors in this case are negligible (the
compensated impedance coincides with the actual). Fig.6 illustrates that
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impedance errors for equivalent network approach application are more con-
siderable due to load currents and the distant DG location. As was discussed
in 4.2.3.2, these errors are negative; therefore, the relay overreaches. At the
same time, the fault in the side branch has the compensated impedance such
that it is recognised at a closer location than it really is (due to the issues
discussed in 4.2.3.3). Fig.8 illustrates that fault location precision becomes
better if measurements of the relays closer to the DG are utilised. Finally,
compensation of impedance measurements during faults taking place out-
side the primary protection zone does not provoke unintentional tripping
(discussed in 4.2.3.1). Fig.7 shows that impedance loci do not fall into Zone
1 in case of faults in the adjacent feeder or other remote locations. As can
be seen, the presented study is in agreement with the analysis in section
4.2.3.

4.2.5 Laboratory verification of the method [Paper III]

[Paper I11] studies the performance of the method for more complex fault
scenarios (phase-to-phase, low-ohmic and high impedance faults in presence
of load imbalance) in laboratory conditions (hardware-in-the-loop tests of
the impedance relay with setting of two tripping zones). The test method
uses the Monte Carlo approach [147] to calculate the dependability of an
impedance relay with the compensation method.

Firstly, the method is tested for communication links without significant
distortions (known latencies are compensated during calculations, no data
losses). Table II shows dependability indices for tests of the equivalent
network approach. It significantly improves the dependability of the relay,
especially for high impedance faults. Nevertheless, Zone 1 misses few faults
due to impedance errors. They are demonstrated in Fig.7 in terms of fault
location errors. The analysis mainly shows that faults in the side branch
are detected with large negative impedance errors (they are identified as
being closer to the relay than they really are), but then relay dependability
is high. Moreover, unbalanced load currents and DG remoteness lead to
a deterioration of precision. 7Table III demonstrates dependability indices
for the equivalent line approach and Fig.§ illustrates fault location errors.
Here, the same outcome associated with the side branch is valid. Thus, the
presented results are confirmed by the analysis in section 4.2.3.

The compensation method preserves impedance-based fault location
capability and it is an advantage compared to differential protection (it
also uses multi-point measurements). Comparing fault location errors, it
is possible to see that the equivalent line approach demonstrates better
precision than the equivalent network approach. Finally, to improve
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security, a blocking logic for the compensation is proposed when fault is
out of the zone under protection.

Due to the inherent overreaching error of the method, loads and DG
location do not have a negative impact on relay dependability, unlike the
communication network impairments. Tables IV, V, VI demonstrate test res-
ults with applied jitters and data losses in communication links. The main
conclusion is that such impairments significantly deteriorate the depend-
ability of both approaches, and to a lesser degree, of the equivalent line
approach because it requires only one link with DG.

Finally, impact of background traffic is tested (channel bandwidth is
occupied by other data): it leads to an increase of communication latencies
and packet losses with the same consequences for protection as previously
described.

4.3 Earth fault location in compensated systems

4.3.1 Theoretical approach for transient and steady-state
analysis [Papers IV,VI]

Theoretical calculation of steady-state zero sequence currents and
voltages during earth faults in the system is used for finding/checking
ground relay settings, assessment sensitivity, protection malfunction and
other analyses. It is presented in [Paper IV], as well as in the presented
literature, e.g. [67,110]. At the same time, the developed low-frequency-
transient-based methods might require their own theoretical approach
for the same purposes to obtain transient signals without simulations in
an EMTP (electromagnetic transient program) software; however, such
approach is not present in the literature.

The current section demonstrates the validity of the theoretical approach
based on the solution of differential equations compared to results with
PSCAD/EMTDC simulations. It is briefly presented in [Paper IV] for a three-
phase system (analysed below) and in [Paper VI| for a system decomposed
into positive, negative and zero sequence networks (not inspected because,
as will be shown, decomposition is not necessary and complicates analysis).

Fig.4.19 shows an equivalent scheme that can model the faulty
feeder /section (denoted with ‘f”) and the background healthy network
(denoted with ‘h’). This model neglects series impedances of lines (as well
as effects of mutual couplings between phases) since they are typically
much less than the shunt parameters; therefore, the fault location is not
important for the analysis. For networks with large cable sections, it must
be revised because such an assumption is not valid anymore. The earth
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Figure 4.19: Network for earth fault transient analysis.

fault with resistance Rt occurs in phase a. Electrostatic asymmetry takes
place in phase b. For the given network, the following system of equations
can be written:

iaf = ua Gt + Cfdua + u,/Rs
i = upGe + (Ct + ACf) dup
ief = ucGe + Cfduc

iah = uaGp + Ch dua

i = WG+ (Co 1 ACy) G

ich = WG + Cp e (4.13)
1af+1bf+1cf+1ah+ibh+ich+iL =0
up, = L%

€, = Uy — Uy,
€p = up — uL

€. = U — Uy,

where i, is the instantaneous current in phase a of the faulty
feeder/section; similarly ips and i are the instantaneous currents in phases



4.3. Earth fault location in compensated systems 65

b and c; analogously, i.n, iph, ich are the phase currents in the background
healthy network; u,, uy, u. are the instantaneous voltages at the common
busbar; G, Ct are the shunt conductances and capacitances respectively
of each phase in the faulty feeder/section, and capacitive imbalance is
expressed through ACy; analogously, parameters Gy, Cy,, ACy, are used to
describe the background healthy network; i, and uy, are the instantaneous
current and voltage correspondingly in the Petersen coil with inductance L;
the network is supplied by the ideal symmetrical voltage source with phase
voltages ey, ep, e.. Time is t.
Uup = uy, since

€, +ep+e.=u,+u,+u.—3u, =3uy—3u, =0 (4.14)

Zero sequence currents in each part of the network (ips in the faulty
feeder/section and ig}, in the background healthy network) can be found as
follows:

3igf = laf + ipf +ipr =

d(ua + up, + ue) du, uy,
A _— —_— =
Ge(ua + up + ue) + C¢ mn + AC i + R
dug d(ep +ug) = ea+ug
—_ 4.1
3Grug + 3Cs It + ACs 1 + R ( 5)
d d
3igh = 3Gpug + 3Ch$ + Ach(eb(;c_lm) (4.16)

Having zero sequence current in the faulty feeder and in the background
healthy network, it is possible to determine coil current as

i, = —3ior — 3ion, (4.17)

allowing ug to be calculated as ug = ur.

The described solution approach is accomplished numerically with the
help of the MATLAB solver, utilising the Runge-Kutta method [146] with
the time step equal to 0.1 ms. The model of the solver is demonstrated
in Fig.4.20. The inputs are the network parameters, the fault resistance
and a fault inception time. The outputs are instantaneous zero sequence
voltage (tag 2) and current in the faulty (tag 1) feeder/section utilised for
dependability (the fault in front of a measuring point) analysis of a pro-
tection transient method. In this model, capacitive imbalance is calculated
through coefficients and shunt capacitances:
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Figure 4.20: Model of the earth fault transient analysis solver.

ACs = 3k Cy (4.18)
ACy, = 3k, (4.19)

The same approach can also be used for security analysis when the fault
is behind the measuring point (in the background healthy network). In this
case, phase current i, in the faulty and healthy feeders is rewritten in system
(4.13) as follows:

. du,
Laf = uaGs + Cs i (4.20)

du, u,
o = Ua Toa g e 4.21
iah = uaGp + Cy It + R ( )

and the solver in Fig.4.20 is modified correspondingly (now 3igpy contains
the faulty component (e, + ug)/Ry).

The described approach is verified comparing ips and ug obtained with
the help of the solver and PSCAD/EMTDC. As an example, fault records of
relay 4 during earth faults at locations 4.1 and 8.1 in the network in Fig.3.1
are taken from PSCAD/EMTDC simulations. Since simulations are used as
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a reference point, the network parameters required for the solver must also
be given for the model. Their calculation using the known model para-
meters given in section 3.1 is complicated; therefore, calculation from fault
records is utilised. The approach is described in Appendix A. Moreover,
this approach can be used for a real system when network parameters are
generally unknown, but fault records are available. The solver parameters
used in the current example are: Gy = 8.2 uS, Cy = 0.7 puF, Gy, = 97.5 uS,
Cy =7 uF, ke = 0.0178, ko = 0.0029. L has the same value as used during
PSCAD/EMTDC simulations, 0.4492 H. The source has e, = 18sin(1007t)
kV, e, = 18sin(1007t — 27/3) kV (adjustable to obtain more precise results
if needed).

Fig.4.21 shows the phasor magnitude of zero sequence current |Ip¢| (meas-
ured by relay 4), voltage |Up| (at busbar B2) and cosine of the angle between
them cos(¢p) for low-ohmic fault (10 Ohm) in front of and behind relay 4.
Signals are processed according to the approach presented in section 3.2.4.
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Figure 4.21: Zero sequence current, voltage and angle for low-ohmic faults at
different locations.

During low-ohmic faults, higher harmonics in the faulty signals are
present that are not taken into account by the equations in system (4.13)
(only 50 Hz components are considered); therefore, discrepancies in the
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transient periods are observed (especially for faults in the front section).
There are magnitude divergences in the faulty steady-state periods (espe-
cially for currents). Nevertheless, accuracy is sufficient for initial evaluation
of protection methods.

For high impedance faults (3 kOhm) in Fig.4.22, better precision in the
transient period is achieved (compared to the previous low-ohmic fault)
because higher harmonics in the faulty signals are filtered out by the fault
resistance. Magnitude differences in the faulty steady-state period can be
compensated for by adjusting e,, ep, ec.
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Figure 4.22: Zero sequence current, voltage and angle for high impedance faults
at different locations.

Thus, this approach can be used for sensitivity analysis and verification
of method security in real systems, avoiding comprehensive EMTP simula-
tions because the parameters required for the solver can be calculated from
records of real (or artificially organised) earth faults. Since there is suffi-
cient coincidence of simulated and calculated igf and ug in the steady-state
period, the same equivalent scheme can be utilised for analysis of steady-
state methods. In this case, the equations must be written in the frequency
domain. This is done in [Paper IV] and it will be used further for numerical
analysis of the method presented in [Paper V].
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4.3.2 Maloperation of the existing methods for earth fault
location [Paper IV]

The paper demonstrates possible scenarios when the existing steady-
state and low-frequency transient methods can prove inadequate for reliable
earth fault location. Firstly, it shows that cos(¢g) in the healthy or faulty
feeders can change the prescribed sign (Fig.2) that leads to misoperation
due to directionality disruption of the ground fault protection discussed in
section 4.1.3. Here, the theoretical approach for the steady-state analysis
in the frequency domain is used. Fig.3 demonstrates that the main reasons
for this are insufficient natural watt-metric contribution of the network and
significant capacitive imbalance of lines. Moreover, large overcompensation
(low inductance of the suppressing coil) can also be a negative factor; as
seen in Fig.4. Analysis of the steady-state methods also includes a method
based on zero sequence admittance with pre-fault measurements (e.g. [110]),
Fig.7. Its performance can be affected by the same factors as above plus
highly unequal feeders (in terms of uncompensated capacitive earth current),
leading to blinding or sympathetic tripping.

The second part of the paper is focusing on analyses of methods based
on transient cos(¢p) (e.g. [92]), transient zero sequence active power/energy
(e.g. [79]), instantaneous zero sequence current (e.g. [78]), and transient
zero sequence admittance (e.g. [93]). Analysis is conducted with the help of
PSCAD/EMTDC simulations. Fig.8 demonstrates that cos(¢p) in the healthy
feeder can cross the threshold set for detection of the faulty feeder (acci-
dental sympathetic tripping). Fig.9a illustrates that zero sequence active
power /energy can change the sign during integration, and Fig.9b shows that
the sign can be the same for the faulty and healthy feeder or the opposite to
the expected. The main affecting factor here is capacitive imbalance of the
lines. Impact of cables (large earth capacitive current in one feeder com-
pared to another) is demonstrated in Fig.10: polarity of instantaneous zero
sequence current for the faulty and healthy feeder is the same. Finally, cable
presence can lead to pre-fault displacement of cos(¢g), Fig.11. In turn, this
has negative influence on the method based on zero sequence admittance,
Fig.12. The presented analysis is summarised in Table I.

The paper indicates motivations for the development of new approaches
independent of fault and network parameters, and complex simple settings.

4.3.3 A new indicator for faulty feeder or section selection
[Paper V]|

The paper proposes a new method for faulty feeder or section selec-
tion based on a universal indicator that is referred to as the k-indicator.
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The method requires two-point measurements (zero sequence current and
voltage) to identify fault position: inside the monitoring zone (downstream
for one and upstream for another) or outside (downstream or upstream for
both). The method replaces a network between two measuring points with
an equivalent line with lumped parameters (this type of approach is valid
for short lines in distribution networks; the long line effect is not considered
in the current PhD thesis) and provides a quadratic equation with unknown
parameter k that is used for indication of earth fault location. This para-
meter expresses the per unit distance to the fault on the equivalent line.

The k-indicator has simple universal settings not depending on network
parameters (zero sequence current is not used for operation) and variable
topology, immunity to fault nature (transient, permanent, high impedance
faults), and it does not require pre-fault information. Moreover, its ap-
plication is possible without the parallel resistor. The paper develops the
algorithm using synchronised measurements. Laboratory tests and impact
of unsynchronised measurements are not presented in the thesis.

A simple numerical analysis of the method providing reasoning and de-
tails is presented below since it is omitted from the paper.

4.3.4 Numerical analysis of the k-indicator

<
Il

<+

o
\J

Figure 4.23: Network for analysis of the k-indicator.

Fig.4.23 shows a simple network for analysis of the k-indicator. In con-
trast to Fig.4.19, the series impedance of the line Z is not neglected (nor-
mally, it is much less than the shunt impedance) to avoid infinite solutions
of equations. As was discussed in section 4.3.1, the steady-state faulty con-
ditions can be described in the frequency domain using phase quantities as
follows (the earth fault with impedance Z¢ is inside the monitoring zone):
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I =Us(Z+1/Y,) "

I, = Up(Z +1/Yy,) !

I = Uc(Z+1/Ye)™! + Ue/%
Li+I, +I.+1I, =0

I, = ULYy

E.=U, — Uy (4.22)
Ep =Up — UL

E.=U.— Uy,

U,=U, —ZI,

Uy, = Uy, — ZI,

U = Ue — Z(Ie — Ue/Zs)

where I, Ij,, I. are the phase currents at the sending end and I’y = 0,
I'b =0, I'c =0 at the receiving end; U,, Uy, U, are the phase voltages at
the sending end and U’,, U’y, U’. at the receiving end; Y,, Yy, Y. are the
phase shunt admittances of the line; I1,, Ur, Yy, are the current, voltage and
admittance of the Petersen coil respectively. The network is supplied by the
ideal voltage source with E,, E}, E..

As previously, Uy, = Uy because

Ea+Es+E,=U,+Up+U.—-3U, =30y —3U =0 (4.23)

Taking into account that

Ua,b,c = Ea,b7c + UO (424)
L+1,+1. + UyYL =0, (4.25)

it is possible to obtain an expression for Uy (the sending end):

E, D B Ee
iy, t s oy T 7
Up= ——2 . A (4.26)
711/, T 7Yy T 7Y, Tz T YL

As T, + I, + 1. = 3ly, then zero sequence current at the sending end and
voltage at the receiving end are:
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Iy, UoYr,
Ip=—=— 4.27
0 3 3 (4.27)
V4
Ug=Up—ZIy+ 37(EC + U()) (4.28)
f

Finally, zero sequence current at the receiving end is I’y = 0. Having
zero sequence measurements at both ends, it is possible to find parameter k
according to the method in [Paper V]: 1) equivalent zero sequence impedance
and admittance are calculated as

v - U3
e = ——— 4.29
7 ol — Ugl'g (4.29)
Ip + D
Yoe =2———— 4.30
0e Up+ Uy ( )

Because of this fault, the real part of Yy, is normally negative; therefore,
it is updated as Yy, = real(Yo.) + j - imag(Ype); 2) the following quadratic
equation containing the k parameter (conditional distance to a faulty point)
is solved for k:

Y/
k2ZOe%(Uo —U) — kZoe(Io + o — UgYy,) +
Yoe

+Up — U’y + Zoe(I'o — Uy 5

)=20 (4.31)

If the earth fault is not in the monitoring zone (behind the sending end
in Fig.4.23), then zero sequence current at the sending end and voltage at
the receiving end are modified as

Ec
31y = —UgYp, — 7; Yo (4.32)
f

U’y = Up — ZI (4.33)

The following parameters are used for the numerical analysis: E, = 12.7
kV, Ey, = 12.7¢7927/3 kV, B, = 12.7e727/3 kV, Yo = Yo = 8.2 + j217.1 S,
Yy, =Y.+ AY, AY = j3k. -imag(Ya), Y, = —5905.5 uS, Z = 0.1+ 50.1 Q.

Fig.4.24 demonstrates parameter k (two roots of the quadratic equation)
for different fault impedances and electrostatic asymmetry k.. It is possible
to see that if the fault is in front of the sending end (inside the monitoring
zone), the roots take values between 0 and 1 or higher than 1; at the same
time, if the fault is behind the sending end (outside the monitoring zone),
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Figure 4.24: The k-indicator for different fault resistances and their locations.

the roots are equal to 0 or 1. This peculiarity is used to discriminate fault
location in [Paper V]. Finally, dependency on fault impedance, electrostatic
imbalance and line series impedance (the dashed lines show the k-indicator
for 100Z = 10 + j10 €2) are not significant.
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4.3.5 PSCAD/EMTDOC tests of the k-indicator [Paper V]

The paper demonstrates the application of the k-indicator for discrim-
ination of earth fault locations without the parallel resistor in the system
with the DG, Fig.3.1. Fig.5 demonstrates dynamic performance of the k-
indicator. It can be seen that decisions (discrimination of faults in feeders
using measurements at the substation and at DG location) are made within
several cycles that can be used for fast anti-islanding protection or to avoid
unnecessary tripping of the generators. For complex topology, several pairs
of measuring points are involved. Fig.8 shows values for the k-indicator for
faults in different lines in the systems, phases, low and high fault imped-
ances utilising different pairs of relays. As a result, taking k=0.5 as logical
one and k=0 as logical zero, it is possible to identify faults taking place in
the zone of primary protection on the basis of and logic:

ker1 & koo & ... & keyn = 1 — fault is inside the monitoring zone
ker1 & kero & ... & ke iy = 0 — fault is outside the monitoring zone

where kg, denotes k calculated using measurements from the substation
(s) and remote relay (r). Total number of relays in the feeder is N.

Finally, the analysis shows that performance of the k-indicator is inde-
pendent of fault or network parameters.

4.3.6 A new method for exact fault location [Paper V]|

The paper describes a new method for exact earth fault location in
the compensated system. The locator is based on the matrix equation
Z971° = VO, where I° and V' are the vectors of zero sequence currents
and voltages containing measured values in different nodes, and Z° is the
zero sequence impedance matrix of the network with unknown position of
the earth fault (lumped parameters are used since the long line effect is
not present). Solving this non-linear equation is done using an iterative
scanning procedure with a minimal error condition (difference between the
measured voltage and calculated voltage). The algorithm requires synchron-
ised zero sequence remote measurements. Laboratory tests and impact of
unsynchronised measurements are not presented in the thesis.

The similar locator is presented, for example, in [117]; however, the pro-
posed method in [Paper V] introduces a new approach to enhance accuracy.
The reasoning is not discussed in the paper, and therefore the approach is
analysed below.
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4.3.7 Numerical analysis of the exact fault location method

For analysis, a simple network depicted to the left in Fig.4.25 is used.
The earth fault with impedance Z¢ takes place in line 2. The network is sup-
plied by an ideal voltage source with phase voltage E and grounded through
the Petersen coil with inductance L. The exact fault location method presen-
ted in [Paper V] requires information about the zero sequence network, cur-
rents and voltages in some nodes (ideally in all). The network is decomposed
into the positive (denoted with ‘+’), the negative (denoted with *-’) and the
zero (denoted with ‘0’) sequence network (each line is represented by its
m-equivalent) connected in series as is shown to the right in Fig.4.25 and
the solution approach presented in section 4.2.3 is used (omitted here) to
find zero sequence voltages and currents in nodes.

Figure 4.25: System for analysis of the earth fault locator (left) and its decom-
position into sequence networks (right) for calculations.

The following parameters are used: line lengths [ = 10 km, E=12.7 kV,
L=0.2 H, positive sequence series resistance and reactance R; = Xp; =
3.5-107% Q/m, positive sequence shunt reactance Xc; = 300 MS2 - m, and
zero sequence parameters Rg = 5-107% Q/m, Xpo = 16 - 107* Q/m, X¢o =
6.5 MS2 - m. Fault impedance Z¢ = 10 Q).

The locator in [Paper V]| requires the zero sequence nodal admittance
matrix constructed for the faulty system as input:
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In real-life situations, the position of a faulty node (denoted as ‘f”) would
be unknown. Therefore, the scanning procedure is applied. It is assumed
that the faulty node is present in a certain line at a specific distance from
the line end (node 1, 2 or 3 depending on a chosen line) on distance Is.
Thus, parameter k is defined as k = Ilt/l. To check the whole line, k takes
values between 0 and 1 with a discrete step dk. Then, the next line is
taken. Consequently, the scanning algorithm has two loops: one changes
line (denoted by letter n below) and the second selects the faulty node on
this line (denoted by letter i). Thus, matrix Y is updated for each n and
at each ¢ incrementation. Matrix elements can be expressed in general form
as

Yo, = Zoé-dk + % i~ dk

Th=a g

YY) =0

=4

Yy =0 (4.35)
Y£5:m

n%zm

Yy =20z + %) Y4+ (i dk)

Y = Y0, + Y0 —2(4 + ),

where Zg = Rol + jXpol and Yo = jl/Xco. n = 1...3 and for each n,
p=1.3and p#mn. i=0..1/dk.

For each n and at each ¢ incrementation, the following matrix equation
is solved:
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where Z° = (Y9)~!, the current vector contains zero sequence currents
injected into each corresponding node and the voltage vector contains zero
sequence voltages at each corresponding node.

Assuming that measurements from node 1 and 2 are available (two points
is a minimum requirement as stated in [Paper V]), it is possible to calculate
fault current and voltage error V"

o W —2ZhD)

10 = (4.37)
27
VO—ZOIO—ZOIO
2

Here, subscript notation in means an element in row ¢ and column n of
a matrix. Thus, voltage error V7" for each n and at each 4 incrementation
is stored in a matrix. Finally, after the scanning procedure (changing of
network impedance matrix Z"), matrix of voltage errors V" is formed:

err err err
Vi Vi3 Vi3

err err err
Vi Vi €%

yerr = (4.39)

Vakrn Va2 Vaer1)s]

Elements of this matrix can be depicted. For this purpose, the actual
fault is placed in the middle of line 2, i.e. 15 km from node 1 (equal to
1.50). Discrete step dk (i = 0...1/dk) is chosen 0.001 that corresponds to 10
km-0.001 = 10 m. Fig.4.26 shows the voltage error in each line (for each n)

with respect to the distance error. The distance error is calculated as

(4.40)

EU—ed)E LS 00 for = 2,3

{lzdlkSllfﬂ -100% for n =1
1.51
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Figure 4.26: Dependency of voltage error on distance error in case of fault in line
2 and available measurements at points 1 and 2.

As can be seen, if n = 2, it gives fewer voltage errors at each 7 increment-
ation compared to n = 1, 3. Moreover, the minimum voltage error coincides
with the minimum distance error for n = 2 (line 2); therefore, it is used as
a criterion for the selection of a faulty line and exact fault location on the
line.

The global minimum of matrix V" is referred to as the first minimum
and denoted as min(V");. Its position in the matrix (corresponding to
row i and column n) indicates the faulty line and exact fault location on it.
Besides the first minimum, there is the second, determined as min(V"); <
min(V¥")y < all other elements in V7", the third and so on. Each of
these can indicate its own faulty line and faulty point on it. The first ten
minima can be used for approximate fault location when an earth fault
occurs in the side branch and additional measurements are not available
(this is demonstrated in [Paper V]).

To illustrate this, it is assumed that measurements from point 1 and 3
are available and fault is still in line 2. Next, voltage error is calculated
using the third row:

Ve — Z I} — Z5 I}
V3l

err __
V;n -

-100% (4.41)
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Fig.4.27 shows the first ten minimum voltage errors min(V");_1o, and
the lines and distance errors associated with them. As can be seen, the first
voltage minimum incorrectly determines the faulty line (unlike the previous
case in Fig.4.26): it is line 1, whereas the true faulty line is 2. The same
for the second voltage minimum, the third and the forth voltage minimum,
whereas the rest voltage minima can correctly indicate faulty line 2. The
distance errors are also high and the fault is mistakenly identified as being
close to node 4.
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Figure 4.27: Identified faulty lines and distance errors for the first ten voltage

error minima in case of actual fault in line 2 and available measurements at points
1 and 3.

This analysis demonstrates that application of a group of voltage error
minima can correctly indicate the faulty side branch: the most frequently
appearing line in the group (line 2 in the example above appears 6 times
from 10). The same is illustrated in [Paper V], Fig.7b. Nevertheless, such an
approach can produce significant errors when the number of side branches
increases. When there is a large number of side branches, increasing the
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number of measuring points is recommended.

In the next example, measurements taken from all three points are util-
ised. Then, fault current can be calculated using voltage at points 1, 2 or 3
(denoted by m below) and voltage error is determined using matrix norm:

o _ Vo= ZmIl

Iy (4.42)
Zms
0% 1/70% 1/0%1T 0 0 0 0
verr — [V Vo™ Vg _Z(1:3)111 _Z(1:3)5If| . 100% (4.43)
in |U/10* VQO* VBO*]T’
Division in equation (4.43) is elementwise. Notation Z” means that

(1:3)5
rows from 1 to 3 are selected in column 5. Here, matrix of voltage errors

Ve is separately formed for each m, and, consequently, the first minimum
min(V"); in this matrix (a faulty line and a point) is also determined for
each m.

Fig.4.28 shows the distance errors based on the first voltage error min-
imum min(V"); calculated for different reference measuring points m (a
faulty line is correctly determined for any m).

o ! R
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02+® : i
1 2 3

reference measuring point

Figure 4.28: Distance errors for different reference measuring points in case of
fault in line 2 and available measurements at points 1,2,3.

It is seen that m = 3 provides the best accuracy. In order to decide
what reference measuring point to use in practice to achieve the minimal
distance error, parameter « is introduced (given on the plot for each m): it
is computed as matrix norm from the first ten voltage error minima, that is
a = ||[min(V"); min(Ve")y ... min(V")10]|| for each m. As can be seen,
the minimum « coincides with the minimum distance error.

Fig.4.29 summarises the explained calculation steps and illustrates a
final algorithm with precision enhancement (selection of reference measuring
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Figure 4.29: Algorithm of the earth fault locator.

point). Here, N is a number of lines in the system. For each m, line number
nfn and fault distance on this line d% are determined on the basis of the
first minimum voltage error, and «,, is also calculated using the first ten
voltage error minima. N™ is a number of available measuring points. m/
is a reference measuring point number determined on the basis of condition

min(«), whicht gives the best precision for faulty line detection nﬁl s and

distance dil ;. [Paper V] presents calculation of I and V™ for a general
case.

4.3.8 PSCAD/EMTDC tests of the exact fault location
method [Paper V]|

The paper demonstrates application of the fault locator for fast anti-
islanding protection and prevention of unnecessary DG disconnection. The
locator is best adapted to permanent faults with stable signals and it is not
a reliable solution for intermittent faults. Fig.6 demonstrates that precision
of the locator is worst during the transient period, better during the steady-
state, and at its best for higher fault currents (caused by low-ohmic faults
or adjusting of the inductance of the Petersen coil). Faults in side branches
cannot be located with sufficient accuracy without additional measurements,
as illustrated in Flig.7a. Nevertheless, as was demonstrated in the previous
section, a group of voltage error minima can indicate the faulty branch
without measurements from this branch, Fig.7b. It can be used for branch
disconnection and decreasing of a search area saving time (even though exact
point is not found precisely). Finally, the utilisation of measurements from
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several points helps to increase the precision of the locator. Fig.9 shows fault
location errors on the correctly determined faulty lines for different fault
impedances and coil inductances. To summarise, application of the locator
for persistent faults utilising multi-point measurements is recommended for
better performance.

4.3.9 A new transient-based method for faulty feeder or sec-
tion selection [Paper VI|

The paper presents a new method capable of zero sequence current dir-
ection identification without the involvement of the parallel resistor. It is
based on low-frequency transients: the first period of the cosine function
of an angle between zero sequence current and voltage after fault incep-
tion is analysed using 50-Hz phasors. The paper proposes a new algorithm
for making decisions about fault position: whether they are front of the
relay or behind it. The algorithm is based on the integration of cos(¢g)
after fault recognition upon exceeding a threshold of zero sequence voltage,
Fig.4. The integration process allows the handling of high frequency tran-
sients, improving selectivity and simplifying settings. This can be seen in
Fig.5 — the negative value after integration indicates the faulty feeder. The
algorithm does not require zero sequence current operation settings, making
it universal and independent of network configuration.

The similar theory presented in section 4.3.1 based on differential equa-
tions (1) (in the paper) is used to justify the application of cos(¢g): Fig.3b
demonstrates considerable differences in the transient period for the faulty
and healthy feeder. The same approach can be used for sensitivity and
security evaluation of the method in practice.

4.3.10 Laboratory verification of the transient-based
method [Paper VI]

Algorithm performance, in comparison with the commercially available
ground relay, is demonstrated experimentally by applying the Monte Carlo
approach [147]. The tests are conducted for variable capacitive imbalances in
the network, different fault locations (place in the network and phase), vari-
able fault resistances (low and high) and inception angles, permanent and
intermittent faults. Additionally, failure of the parallel resistor is modelled.
The results presented in Tables I III,IV show an excellent dependability
(always 100%) of the proposed algorithm and shorter operation time than
the standard method, which is prone to malfunction during resistor failures
or intermittent faults.
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Additionally, the algorithm is tested on the real fault records, Fig.11.
The appearance of the tripping signal for all presented fault cases demon-
strates the algorithm’s applicability for the existing measuring facilities.
Nevertheless, its fast operation is not desirable for temporary faults that
are cleared after hundreds of milliseconds; therefore, it is considered as a
part of a more complex tripping logic including other algorithms and oper-
ation time delays.

Finally, the tests have revealed several cases of security violation of the
method caused by pre-fault displacement of cos(¢y), as illustrated in Fig.9.

4.3.10.1 Security improvement of the transient-based method

Performance of the method can be affected by switching transients, an
issue which is not studied in the paper, but can be a problem in practice.
Moreover, the paper also reveals a security problem for high impedance
faults in the presence of a significant pre-fault angle displacement (analysis
in Fig.9).

To illustrate the reasoning behind the improvement of algorithm secur-
ity, the theory and data in section 4.3.1 are used. The high impedance fault
(20 kOhm) is applied in the background network in Fig.4.19, and the char-
acteristics obtained with the help of the solver in Fig.4.20 are illustrated in
Fig.4.30.
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Figure 4.30: Integration of transient cos(¢g) during one period (with shift by
its pre-fault value and without) during high impedance fault in the background
network.
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It is possible to see that the pre-fault steady-state cos(¢g) (at 0.05 s)
has the negative displacement from zero, -0.25 (a strong active component
of zero sequence current in the healthy conditions). As a result, after fault
inception (at 0.1 s), the angle in the transient period and the faulty steady-
state period is negative. The integration during one period (the start time of
integration is a moment when zero sequence voltage exceeds the threshold)
yields the negative value that, according to the algorithm logic (Fig.4), leads
to the tripping signal. Since the fault is behind the measuring point (in the
background network), security violation occurs.

In order to avoid misoperation, it is proposed to use for the integration
cos(¢p) shifted by its pre-fault value cos(¢g)pre, i.€. cos(¢o) — cos(Po)pre is
used in the algorithm instead of cos(¢p). Fig.4.30 shows that in such cases,
the integration gives a positive value and tripping does not occur. It does
not affect the dependability of the algorithm and faults in front are still
recognisable.

4.3.11 Application of the transient-based method for faulty
section identification

The developed algorithm can be utilised for identification of a faulty sec-
tion along the feeder using communication links between relays analogously
as is presented in [Paper V] for the k-indicator. In such cases, information
for exchange only contains a simple message about fault position - in front
of or behind a relay.

This scheme requires such messages from all available substations on
the faulty feeder. Depending on the combination of the received messages,
different actions in the network can be initiated. Table 4.1 presents all
possible combinations and the corresponding actions of the scheme applied
for the feeder with the DG, Fig.3.1. It is assumed that the substations are
equipped with reclosers. Zero denotes false output of the algorithm (earth
fault is behind), one denotes true output (earth fault is in front).

The first row contains logical zeros, indicating that this feeder is healthy
and no actions are required. If only relay 8 sees an earth fault in front (the
second row), it means that it takes place in the zone bounded by relays 8,
9, 12 and 11. In this case, breaker 12 is opened (to avoid infeed current
from the DG) and switch S is closed for connection of DG and unaffected
customers to the upper feeder. Recloser at point 8 starts its operation. If
relays 8 and 9 see an earth fault in front (the third row), then the fault
occurs in the zone between relays 9 and 10. This fault can be cleared by
reclosing at substation 9. Analogously, a recloser at 10 is operated if relay
10 sees a fault in front of it (similar logic for reclosers at 11 and 13). Either
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Table 4.1: Combinations of transient method outputs registered by different relays
in the system and the corresponding actions.

Relay
10 11 12 13

action

open 12 and close S, reclosing at 8
reclosing at 9
reclosing at 10
reclosing at 11
trip DG 1 and 2, reclosing at 12
reclosing at 13

e i i e =R e )
OO O = = O Ol
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o O = O O O O
o R O O O O O
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an earth fault is cleared by a recloser or a breaker isolates a corresponding
faulty section if it is persistent. In all these cases, disconnection of the DG
is not required. Nevertheless, it is necessary if a fault occurs in the zone
between relays 12 and 13 (the sixth row).

Thus, the protection scheme can be used for fast disconnection of DG to
initiate reclosing procedure and avoid unintentional islanding formation (if
recloser is not used). Furthermore, nuisance tripping is prevented (only one
combination allows DG tripping). This scheme also allows the avoidance of
manual fault location (successively opening-closing breakers); accelerating
and facilitating fault location, as well as minimising the number of affected
customers. Combinations different from those given in the table would
indicate security violation of the transient algorithm in practice.
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Chapter 5

Conclusion

This chapter summarises the research work presented in the thesis. It
also outlines recommendations for future work.

The thesis covers the most typical fault types that might take place in
distribution networks with DG and grounded by a suppression coil, that
is phase-to-phase and phase-to-the-ground faults. The main challenges for
conventional protection in these cases are presented and analysed. A solu-
tion depending on a fault type is proposed that is capable of improving
protection dependability.

Firstly, phase-to-phase faults are examined and it is shown that the
conventional overcurrent protection is prone to misoperation due to the
presence of the DG (upstream power flows). Moreover, presence of the
DG imposes special requirements on its internal protection, and nuisance
tripping or unintentional islanding must be avoided. Impedance relaying
is considered a promising alternative to overcurrent protection and could
assist with DG protection.

Utilisation of impedance measurements is verified in the model of the real
network. The results demonstrate the usefulness of this type of protection
both for feeders and for DG of a small capacity. Furthermore, impact of high
fault resistances (higher than arc resistances) on impedance measurements
is considered in the current research work since it is the main disrupting
factor for distance relays. Despite this, remote infeed currents from the DG
might also have a negative influence. Such problems are typically studied
for transmission networks, and the current work fills the gap for distribution
systems where these issues are more likely and challenging.

A new method is proposed that is capable of eliminating underreach-
ing problems caused by DG currents and non-zero fault impedances. The
method utilises information from several substations in the system. The
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method considerably improves the dependability of impedance protection
and preserves fault location capabilities. Precision of the latter is mainly
influenced by load currents. Performance of the method is affected by com-
munication link impairments; therefore, this imposes specific requirements
for telecommunication quality in future Smart Grids.

Secondly, phase-to-ground faults are examined and the key issue here is
location of earth faults in the compensated systems. Detection of the earth
fault is done using the zero sequence overvoltage criterion, and the problem
of undetectable high impedance faults is not studied. It is shown that
conventional ground fault protection is highly dependent on operation of
the parallel resistor, whereas it can malfunction. Moreover, full reliability is
still not guaranteed, especially in the case of intermittent faults. Additional
challenges might arise in networks which use underground cables.

The current thesis proposes two new methods for the identification of
faulty sections in the systems (or a feeder) and one method for exact earth
fault location. The first two are associated with DG presence because its fast
disconnection (or vice versa) is required in case of earth fault, depending
on its position. The fault locator is developed to increase power supply
reliability.

The first faulty section selection method uses zero sequence currents and
voltages from two substations to judge whether the earth fault is between
them or not. This method, requiring two-end measurements, can determine
fault location without the parallel resistor. It can handle permanent or in-
termittent faults utilizing the transient periods or the steady-state periods
of the signal (this is the main advantage of the method). Nevertheless, its
operation depends on remote measurements and, therefore, requires atten-
tion to quality of communication links.

The second method for identifying a faulty section uses only local meas-
urements and is based on the first transients after fault inception; therefore,
it does not require parallel resistor operation. At the same time, it is fast
and especially useful for locating intermittent faults. Moreover, it can also
be applied to isolated networks. However, with this method, involvement of
communication links is necessary for the organisation of reliable fast anti-
islanding protection. Requirements to telecommunication quality is less
than for the two-end method since a simple message is transmitted without
need of synchronisation.

Finally, the study proposes a method for exact fault location. Its preci-
sion depends on network topology and a number of available measurements
(zero sequence voltages and currents from substations), as well as on fault
type. It is shown that transient faults with unstable signals demonstrate
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the worst accuracy. Nevertheless, accuracy can be enhanced: fault current
can shortly be increased changing a compensation rate in the system using
variable inductance of the Petersen coil. The locator can be utilised for
post-fault data processing to minimise outage time.

Efficient utilisation of measurements or various information obtained
from several points in the distribution network becomes an important topic
during development of protection schemes for future Smart Grids. The cur-
rent research work provides insight into this area; presenting new methods
and schemes, as well as clarifying the type of information needed for ex-
change. Each presented method attempts to reduce the size of transmitted
data packets: the compensation method for impedance protection requires
interphase currents and voltages (differences in the affected phases), the
two-end method for feeder/section selection during earth fault utilises only
zero sequence measurements (the same signals are used for precise location),
the protection scheme based on the one-end method uses logical true or false
(section 4.3.11). Reduction of data in communication links might increase
the reliability of communication networks and avoid big data issues.

In connection with the foregoing, the current PhD thesis also demon-
strates the significance of the co-simulation platform. With its help, the
development and validation of protection schemes involving communication
networks is possible, as well as identification of possible problems in the
early stages before deployment in future Smart Grids.

5.1 Recommendations for future work

e The method for impedance compensation is tested on a simplified
network with DG of a small capacity in one location; therefore, the
next step is to utilise a model with more complex topology and with
dispersed penetration of DG of various rates of power.

e The compensation method for impedance relaying can be further de-
veloped to include a load current compensation algorithm in order to
enhance fault location capabilities. Development of a test prototype
and validation of real fault records would also be advantageous.

e The methods for earth fault protection requires further verification on
intermittent faults simulated for a system with large cable sections
(the most frequent and challenging fault type in such systems) and/or
obtained from real networks.

e The transient-based method for earth fault location should be stud-
ied for situations where switching transients are present in the sys-
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tem. Research on discrimination of abnormal transients and improve-
ment of method dependability/security might be the next step for
the creation of an independent and new protection function for future
microprocessor-based ground relays.

e Tests of the prototypes in real networks.
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Appendix A

Calculation of solver
parameters for earth fault
analysis

The required network parameters for the solver in Fig.4.20 can be cal-
culated from fault records obtained through simulations (steady-state zero
sequence quantities are needed). If the relay at point 4 (see Fig.3.1) is con-
sidered for analysis, high impedance earth faults at busbar B1 and B2 are
simulated, and the following measurements are required :

e during fault at busbar B2: phasors of zero sequence current and
voltage at point 4 (Ipg, Uppa).

e during fault at busbar Bl: phasors of zero sequence current and
voltage at points 1, 2 and 3 (Ip1, lo2, Io3, Uos1).

From these measurements, zero sequence admittance of the whole net-
work Ypet, of the faulty part Y¢ and of the background healthy part Yy can
be determined as:

Io1 + o2 + Io3

Vier = g = 105.7 + j2305.95 4 (A1)
0B1
To4 .
Yi = = 8.2+ 5217.1 S (A.2)
UoB2
Y = Yoot — Y¢ = 97.5 + 52178, 85 1S (A.3)

Yielding
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Gt =real(Ys) = 8.2 uS (A.4)
imag(Y0)
e T (A.5)
Gh == real(Yh) =97.5 ,uS (AG)
B imag(Yy) B
Ch = —oom = 7 puF (A7)

Electrostatic asymmetry in the faulty part ACt and in the background
healthy ACy, are expressed as

AC; = 3kyCy (A.8)
AC), = 3ka,Ch (A.9)

Parameter k. is used in the solver and it can be calculated directly from
pre-fault measurements Ipspre and Ugpapre. For this purpose, equation (4.15)
is used:

dug
— +AC
q e

d(eb + uo) n e, + Ug
dt R

It is used to describe the pre-fault (R = oo) steady-state period; there-
fore, it can be written in the frequency domain:

3ipr = 3Grug + 3C¢ (A.10)

3IO4pre = 3UOB2prer + (Eb + UOB2pre)j1007TACf (All)

From this expression, AC¢ can be found as:

3IO4pre/UOB2pre - 3Yf
51007 (1 + el gjory

‘UOBQprCI

ACt =

(A.12)

The Newton-Raphson method [148] is used for finding angle « such that
/AC; = 0. Having this angle, a value of AC; can be computed, and then
ks is calculated using equation (A.8).

The parameter k., is also determined from the pre-fault (Ry = o0)
steady-state period. Equations (4.16) and (4.17)

duo
— + A
i + ACy

d(ey, + 1)
o 1 o) (A13)

i, = —3ior — 3ion (A.14)

3igh = 3Gpug + 3Cy,
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are written in the frequency domain:

310h = 3UOB2preYh + (Eb + U0B2pre)j1007TACh (A15)
IL = _3104pre - SIOh (A16)

Together with the expression for 3lpspre (A.11), these equations yield:

Uopz ’
= leO;rLe = —3U032prer - (Eb + U0B2pre)] 1007 ACs —

I

3UongreYh — (Eb + U()BQpre)jlo()ﬂ'ACh (A.17)

Here, Uy, = Ugpapre because ur, = ug from equation (4.14). As a result:

- - Ebj100m(ACs + AC) (A.18)
OB2Pre = T 8Y et 4+ 1/(71007L) + j1007(ACs + AC) ’
Finally, the expression for ACy, is:
Yoet + 1/(51007L
ACH = —AC; — S Ynet + 1/(71007L) (A.19)

51007 (1 + Bl gjery

|U0B2pre ‘

As for k., « is determined such that ZAC;, = 0, and then AC, is
calculated along with k., using expression (A.9).
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Abstract

The article discusses issues related to application of distance
protection schemes in a nonstandard environment — distribu-
tion networks with dispersed generation. This type of relay
is considered as a reasonable alternative to overcurrent de-
vices susceptible to presence of upstream power flows and
replacement for voltage protection of distributed generation
(DG) units restricting their fault ride through (FRT) capability.
The study method is performed through analyses of relay re-
sponses to different fault types and locations, and coordination
between them during various scenarios. It has disclosed ad-
equacy of security provided by impedance relays during nor-
mal and abnormal events in the system, and it has also been
revealed limitations for their application. Conclusions provide
general recommendations and establish fields for further inves-
tigations.

1 Introduction

Utilization of renewable sources is getting more extensive in-
ducing rise of distributed generation penetration into power
networks, especially of low and medium voltage (MV) lev-
els. Presence of DG in power systems impacts its performance
because it creates various difficulties described, for instance,
in [1, 2] especially for regularly used overcurrent protection
schemes with fuses [3]. Hence, an additional study of new
protection methods are of interest.

A number of technical papers have been published dealing with
misoperation of securing devices. The problem of sympathetic
tripping is examined in [2] and it requires directional relays.
The reasons of blinding effect were comprehensively studied
in [4], and reference [5] proposes using of fault current lim-
iters. Other problems, such as unwanted tripping of production
units, unwanted islanding, unsuccessful reclosing, selectivity
violations have also been documented in [1-3]; however, reli-
able solutions do not still exist. Authors of [6—13] argued that
using of impedance (or distance as an interchangeable term)
relays in distribution networks with DG can help to cope with

these issues. Furthermore, it is currently recommended or al-
ready applied in several countries [14].

Research on new protection schemes involving impedance re-
lays has been done in [6-8] for cases with DG. The obtained re-
sults show malfunction of the overcurrent relays and benefits of
the distance protection application in either the IEEE standard
or simple networks with several buses. Using of impedance
relaying to increase the installed capacity of DG in the MV
system described in [9]; however, this study does not consider
DG connection along a feeder that has influence on impedance
measurements. For several years great effort has been devoted
to the study of adaptive settings for future smart grids, and ref-
erences [10-12] report general aspects and advantages of dis-
tance protection. Paper [10] discusses the intentional island-
ing, [11] considers topology changing and performance of the
impedance relays for these cases; however, the simple network
configurations and balanced faults were investigated. Refer-
ence [12] solves the problems with output power variation of
the inverter interfaced DG, but the study focuses only on Zone
2 settings because the first is not affected. Moreover, a key
limitation of these methods is a requirement of communica-
tion technologies. Although authors of [13] tested the methods
on the real network in the non-communicating environment,
the impedance measurements were utilized for discrimination
of the fault locations assisting the overcurrent protection.

Thus, study of the most realistic approach — replacement of
overcurrent relays by an impedance type in distribution net-
works is still lacking; therefore, the main objective of this pa-
per is an analysis of distance relaying in a real network without
involvement of communication links. The main findings show
feasibility, benefits and limitations of its implementation under
system normal operation and various fault situations.

2 Test case network

In this paper we deal with an actual 22 kV distribution network
depicted in Fig. 1. It has two DG units connected to Feeder 2:
DG] is an induction generator (0.623 MVA) and DG2 is a syn-
chronous (1.395 MVA) driven by the hydro-turbines. The main
utility transformer has YY connection and resonance ground-
ing. Secure operation of this network is provided by standard
overcurrent relays R/-R13 protecting transmission lines 7L1-
TL21.
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Fig. 1: 22 kV network with distributed generation.

Replacement of all overcurrent relays by the impedance type is
inexpedient and, in reality, economically onerously; therefore,
only the relays endured to power flow direction changes are
considered — R6 and R/0. Moreover, undervoltage relays in-
cluded in the standard DG protection set might restrict FRT ca-
pability; therefore, devices R12 and R13 securing infeed lines
TL20,TL21 will also be the impedance type in order to exam-
ine if the distance relays can prevent unwanted tripping of the
DG.

3 Investigation methodology

The network in Fig. 1 is modeled in PSCAD/EMTDC based
on the data provided by the system operator. Passive branches
concentrated at the beginnings and ends of the transmission
lines replace distributed loads. A number of the used real pa-
rameters is large to be listed in this paper.

The results of the transient electromagnetic simulations in
terms of electrical quantities Uy p, ¢, 14,5, measured by the re-
lays are processed in MATLAB/MathWorks.

The main approach is analysis of impedance transient trajec-
tories calculated by a specific relay, in the text referred to as
measured. For study of abnormal situations, two types of faults
are addressed — three-phase and one-phase-to-ground. The first
type can be detected observing, for example, z4, [15]:

U, — Uy

T.1, =kZy, 1)

Zab =

where Z; is a positive sequence line impedance. Hereafter,
k expresses a fraction of a line length between a relay and
fault location. This expression is true in case of absence of in-
feed/outfeed currents along a line. The second type of faults is
organized for phase a and it involves ground resistance; there-
fore, a measured current requires a compensation in order to
get kZ; as follow [15]:

Ua

- 7
Io + Ip=05=

kZy )

where Zj is a zero sequence line impedance, and 3[, =
I, + I + I.. These equations are only valid for a zero fault
impedance. The next sections presents the most demonstrative
simulated results with their discussions.

4 Results and discussions

4.1 Effect of load variation and DG power production on

q

p e measur

£

An impedance seen by a distance relay can be affected by
several factors and the most significant are variations of load
in power systems and infeed current from DG, especially if
it is located between a relay and a fault point. Indeed, the
impedance calculations of relay R0 (hereinafter, if it is not
specified, variables imply a positive sequence) can be per-
formed for a downstream power flow as:

Uo I,
m = Zsum — ITOZ&]] +

Ipci1Zeq2 + IpG2 Zaw
e e (3)
10
where Uy, 1o — the voltage and current measured by the re-
lay, Zsum = Zri16 + Zriat + Zaw is the feeder impedance
without infeed/outfeed effects, Z7r,16,17 — the impedances of
the lines, Zg,, is the impedance of the downward section of
the feeder (after relay R/1) including line TLIS; Z., =
Zrrie + 221117 + 224w, Zeqz = Zriar + Zaws Isir = 0
and Ig15 = Is16 = 11, — the load currents, Ipa1. pae are the
currents from the generators.

Analysis of (3) shows that the presence of the generators (as-
sociated with infeed currents) causes the increase of the mea-
sured impedance, whereas the load current (outfeed) leads to
the decrease. Hence, they can initiate over- or underreaching
problems. An upstream power flow will emerge as a negative
impedance (it will be in the left-half plane of a R-X diagram)
seen from relays R6, R10 towards the utility grid.

The simulations have revealed that the power flow through re-
lay RG6 is in the normal direction and through R70 — reverse for



the high load in the system, and for both devices the upstream
flow is identified for the low load. Thus, according to (3), the
closest to the origin impedance trace occurs during the high
load and zero DG production in the system. Nevertheless, it is
far from the impedance circles of the corresponding lines under
protection. Hence, the settings of these relays are not affected
by these events and there is no need in special means, such as
load encroachment blinders [16]. Analogous conclusions are
valid for relays R/2 and R13 located at the DG units.

To sum up, inherent directionality of distance relays performed
as a measured negative impedance is used to cope with sympa-
thetic tripping issues: during faults in the system a downstream
power flow is established on account of the DG small capacity,
therefore the settings do not require tripping zones in the left-
half plane of the R-X diagram. Finally, a calculated impedance
does not depend on a short circuit current level therefore the
blinding effect is not observed.

4.2 DG commutation operations and production
variation.

Here dynamic change of impedance trajectories due to vari-
ation of system operation conditions is examined in order to
ensure that they do not cross the tripping zones. The most in-
teresting events for feeder relays R6, R10 are commutation op-
erations of the DG (e.g. due to internal faults or maintenance
works) and changing of its output power (intermittent nature).

The simulations have disclosed the large traces for both relays.
As an example, Fig. 2 illustrates changing of the DG produc-
tion from 0 to 100% during the high load. The loci do not cross
the tripping zones performed as the Mho circles [17]. Here-
after, red circles denote departure points and asterisks — ends
of trajectories. It is seen how relay R/0 detects the change of
the power flow direction — Fig. 2b. The tripping characteristics
of the relays also stay intact during the low load in the system.
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Fig. 2: Impedances measured by R6, R10 for DG production
variation.

Thus, the settings of these relays do not require special means
preventing inadvertent operation (e.g. blinding zones, power
swing blocking logic [18]) because of the planned changes of
operation states of the system, as distinct from the overcurrent
protection. The further study relates to abnormal events in the
network and relay performance during them.

4.3 Faults close to DG location.

In this section faults occurring in TL16-TL18,TL20,TL2] are
investigated; designations in all further plots as 3ph for a three-
phase and /ph-g for an one-phase-to-ground type are held. Ab-
normal currents must be tripped by R10, and relay R6 should
serve as a backup protection. Initially, the settings for the trip-
ping zones of relay R10 have been chosen as the Mho circles
with [17]: Zone 1 —90% from the sum of the positive sequence
impedances of lines TL16,TL17,TLIS8; Zone 2 reaches 50% of
TL19; Zone 3 — 100% of this line. As an example, Fig. 3 illus-
trates the simulated results for the faults in 7L/8 with a loca-
tion at 90% of the summing length, i.e. £ = 0.9.
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Fig. 3: Impedances measured by relay R/0 for faults in 7LI8.

Fig. 3a demonstrates the cases with zero fault impedance Z
that are efficiently detected by the given relay settings. How-
ever, considering that the fault location in this situation coin-
cides with the Zone 1 settings, it is possible to notice that the
end points of the trajectories are slightly differ from the circle
of Zone 1 because for the three-phase type the underreaching
effect is observable. The reason is the infeed current from the
DG described by expression (3). However, due to the small
capacity of the generators, the error is less than 5%. For the
ground fault, the reason of the overreaching is the load current
because the level of the short circuit current is comparable.

Zone 1 does not normally have a time delay to ensure fast trip-
ping; however, it might be necessary in special cases (some
of them are presented later) and to guarantee selectivity with
downstream fuses (fuse-blowing strategy). Zone 2 and 3 re-
quire a coordination time interval (CTI) in order to provide
selectivity with neighboring relays. A CTI; (the index implies
belonging to the corresponding zone) is normally 0.25 — 0.4,
and CTI3 = 0.4 — 1 s [17].

Fig. 3b shows effect of the nonzero fault impedance. It is ob-
servable that the small fault impedance (existing due to an arc)
shifts the end points from Zone 1 to 2 deteriorating fast tripping
capability of the relay. To cope with this concern, the quadri-
lateral characteristics can be applied as it is shown in Fig. 3c.
They are calculated on the basis of a fault impedance which
can be represented as a pure arc resistance Iy estimated, for
instance, with the help of Warrington’s equation [17].

At the same time, Fig. 3¢ shows the ground fault locus for the
high impedance — 100 Q. It leads to the underreaching problem
even if applying a new quadrilateral zone. To eliminate this
error, compensation of Z is required during calculations that



demands auxiliary equipment or communication links between
adjacent protective devices.

4.3.1 Coordination of feeder relays with DG protection.

For faults at this location it is necessary to trip the generators
according to the safety requirements [14]; therefore, the further
examples focus on the DG relays. Let us consider a fault in
TL21. As the location is in the infeed line, relay R/3 must
detect and clear it as fast as possible, then feeder relay R/0
should act to separate the damaged line from the system. Thus,
Zone 2 reaches the generator locations in term of an apparent
impedance. For the generator relay, it is possible to derive the
following expressions of the impedance measurements:

U I
Yk Zppa + R/(
IpG2 IpG2

+1), “
where Uy3, Ipgo are the voltage and current measured by the
relay, Zr 1,21 —the infeed line impedance, [ is the current from
the utility grid. Analyzing equation (4), it is possible to deduce
that an error caused by I;/Ipg2 (if Ry # 0) will be signif-
icant due to the large current from the utility grid. Thus, the
expected fast reaction of the DG relay cannot be achieved —
fault detection will occur only after relay R10 trips the system
current.

The feeder faults must be recognized by Zone 1 of relay R/0
and a clearing time is mainly determined by breaker opera-
tion— 100 ms [17]. After that the generators must be decoupled
and it is normally provided by the undervoltage relays [19] that
are supposed to be replaced by the impedance type. For these
purposes Zone 2 of relays R12,R13 reaches the highest appar-
ent impedance for faults in 7LI6-TLIS. It requires a CTIy
higher than a corresponding time delay of Zone 2 for relay R6
and the pickup time of relay R/ in order to preserve selectiv-
ity.

Fig. 4a demonstrates the loci seen by R/3 during the three-
phase faults in TL/6-TLI8 before a feeder breaker acts (f <
100 ms). As it is possible to notice, almost all locations are
not detected by relay R73. The reasons of these phenomena
depend on a fault location.

For the upward faults (in TL16) the error is caused by an ad-
ditional voltage drop at the fault resistance similarly to the de-
scribed above situation with the damaged infeed line; there-
fore, only the case with Ry = 0 is recognized by Zone 2 (the
yellow curve). For the ground faults this problem does not ex-
ist due to the small short circuit current level — the violet curve
in Fig. 4c.

For the downward faults (in 7L/8) the error (Fig. 4a, the blue
and orange curves) is induced by the system current that is the
infeed current in the generator relay point of view. The ground
faults are detected by Zone 1 due to the overreaching caused
by the load current, Fig. 4c.
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Fig. 4: Impedances measured by relay R13 for faults in 7L16
and TLIS.

Fig. 4b and Fig. 4d show the situation after the feeder breaker
disconnect the rest of the network (¢t > 100 ms). For the three-
phase faults it provokes elimination of the errors associated
with the system current, for the ground type — with the load.
Now the end points are inside the zones excepting the ground
fault in TL16 (Fig. 4d, the violet curve). The reason is the
infeed current from the asynchronous generator that does not
exist during the three-phase faults because of a significant drop
of phase voltages and, consequently, lack of reactive power.
Hence, impedance relay R/2 cannot detect tree-phase faults
in the feeder (as well as in the own line) and provide reliable
protection.

Summarizing this section, the generator distance relays require
compensation of a fault impedance error (4) in order to provide
the fast protection for the infeed lines. Zone 2 of the ground
units should be extended considering all possible infeed cur-
rents in advance; moreover, to avoid misoperation, compensa-
tion of load current should be accomplished or a CTI; can be
used if it is acceptable for the generator. Despite these means,
a fault impedance can exceed an anticipated value and the dis-
tance protection cannot guarantee the reliable decoupling func-
tions.

4.4 Distant faults from DG location.

This study case is related to unwanted tripping of the genera-
tors because of faults outside the intertie location. Operation
of the production units during such events depends on loca-
tions in feeders. During faults in Feeder 1 the DG is allowed
to stay connected to the main grid because the protection of
Feeder 2 must not react to abnormal currents in the system.
Nevertheless, voltage collapse might violate the given limits
and the DG will be inadvertently decoupled by the undervolt-
age relays. Response of the generator relays to faults in Feeder
2 are completely identical to the studied above feeder faults at



the intertie location, Fig. 4. Any fault is detected and cleared
by local protection facilities; then the DG continues to work
if a downward breaker acts (controlled by R77), and must be
disconnected in case of tripping of any upward feeder breaker
(governed by R6,R10).

Fig. 5a demonstrates the calculated impedances by relay R/3
for the three-phase faults in the beginnings of 7.8, TL2 and end
of TL19 (the extreme locations) after the local breakers clear
them. As it is possible to see, Zone 2 and 3 detect the faults
in Feeder 2 (the blue and orange curves), whereas the fault in
Feeder 1 is out of their reach (the yellow curve). It should be
noticed that the fault in 7L79 (the blue curve) is cleared by
relay R10 (failure of relay R117), otherwise the end point would
not fall into the tripping zones. Here, Zone 3 is chosen to reach
an apparent impedance for a fault close to the common busbar;
such approach can help to discriminate faults in the adjacent
feeders.
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Fig. 5: Impedances measured by relay R/3 for faults in
TL2,8,19.

Analyzing the trajectories of the ground faults in Fig. 5b, it is
possible to see again that the uncompensated load current can
lead to misoperation for the downward faults (the blue curve)
and for the faults in Feeder 1. In general, it should be compen-
sated as it is proposed, for instance, in [20]. Thus, the distance
protection of the DG can block the undervoltage relay prevent-
ing false tripping. Nevertheless, there is risk of malfunction for
high fault impedances; therefore, the undervoltage protection
plays still a vital role in cases where communication links are
not used, and the impedance relays should only assist it.

4.4.1 Protection of lateral lines.

This section is referred to the settings of relay R6. For the first
zone it is used the standard calculations — 90% of the summing
impedance of lines 7L8,TL12,TL15. Zone 2 must provide a
backup protection for relay R/0, therefore it reaches the end
of TL16. Finally, Zone 3 can cover the impedance up to re-
lay R11. Fig. 6 shows the calculated impedance trajectories
for the faults at the beginnings of lines 7L8,TL16,TL10,TL14.
The main purpose of this study is to make sure that the relay
provides protection for lateral outfeed lines 729 and TL/3.

Fig. 6a presents the cases for the three-phase faults: the selec-
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Fig. 6: Impedances measured by relay R6 for different fault
locations.

tivity requirements between relay R6 and R9,10 are met. At
the same time, the end point for the fault in 7L/0 (the yellow
curve) falls into Zone 1 that means violation of the time coor-
dination with relay R7 —relay R6 might pick up faster. Thus,
to preserve selectivity, Zone 1 must have a time delay greater
than the pickup time of relay R7.

Fig. 6b represents the following complications for the ground
faults: all end points are inside Zone 1 because of the load
current influence. Decreasing of the zones cannot resolve this
issue because, as it is possible to see from Fig. 6¢, shifting of
the load from the high to low leads to the loci relocation. Thus,
this example also illustrates a need in load compensation for
the ground units of the feeder relays.

5 Conclusion

This work has demonstrated the performance of the distance
protection in the specific distribution network with the DG.
The results show that the impedance relays can eliminate the
issues caused by power flow changes and unwanted tripping
of the DG. To sum up, the main conclusion from the executed
study are:

e The impedance measurements are affected by in-
feed/outfeed connections along a protected line. The
phase units of the feeder distance protections are not
subjected to these effects but susceptible to a fault
impedance — it causes underreaching problems. The
ground units require compensation of load current for bet-
ter performance. This compensation is needed only for
power flows in the forward directions; for the backward,
in turn, the logic of the relays can block a tripping sig-
nal (an impedance trajectory will come from the left half-
plane) preserving directionality capability.

The distance protection of the DG has the same prob-
lems and, additionally, it requires compensation of fault
impedances. Hence, without communication technolo-
gies, reliable functionality cannot be provided.

If an accurate compensation of a fault impedance and load
current is accomplished, the distance relays can replace



the undervoltage protection of the DG. It provides decou-
pling functions for faults in Feeder 2 and discriminations
of other abnormal events improving FRT capability.

Special attention deserves time coordination between the
relays. For the feeder relays the general recommendation
is to set a CTIy and CTI3 greater than the pickup times
of all overcurrent protection locating in the zone reaches.
For the DG relays, the time delays have to exceed these
intervals in order to prevent anticipatory tripping of the
generation units.

The feeder distance protection can secure several outfeed
lateral lines. Depending on a network configuration, it
can require an additional CTI;. A time delay for Zone 1
might also be needed for coordination with downstream
equipment.

These findings are valid for the generators of the compara-
bly small capacity and for their remote location from the main
busbar. Therefore, further research works also require deriva-
tion of generalized results by means of consideration of differ-
ent types of distribution networks, sources of energy for DG,
their ratings, locations and conversion technologies. Further-
more, under/overreaching effects brought in by a high fault
impedance and loads must be compensated in order to increase
competitive ability of distance relays for application in distri-
bution networks. The approaches to accomplish this task will
also be presented in the future studies.

With utilization of communication technologies many con-
cerns become effortless [21] because pilot protection can be
implemented that gives reliable solutions for MV networks.
The presented results help to recommend design guidelines
for the most appropriate protection schemes in distribution net-
works with DG.
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Abstract—Impedance type relays are a promising alternative
to overcurrent protection in distribution networks with dispersed
generation (DG) due to their inherent directionality and fault
current independence. At the same time, the biggest problem in
their application is underreaching issues caused by non-zero fault
impedances. This work proposes a universal compensation strat-
egy aiming at eli ting errors produced by fault imped
and infeed currents from DG. The method is tested on a model of
an actual network in PSCAD™/EMTDC™. It demonstrates good
performance for interphase faults and gives possibilities for fault
location. The developed approach helps to improve dependability
of impedance relaying in distribution networks with DG and
overall quality of power supply.

Index Terms—distance relay, distribution network, DG, fault
impedance

I. INTRODUCTION

Impedance type protection can be a suitable solution for
distribution networks against issues arising due to presence
of distributed generation (DG): mainly sympathetic tripping,
blinding and miscoordination between devices. Application of
distance relays in the real system with DG has been discussed
in [1] with pointing at the main challenge: non-zero fault
impedance causing underreaching effect. The current paper
offers a solution to this problem.

The work is only focused on low-ohmic (up to 100 Q)
interphase faults (to ground) because single-line-to-ground
faults are challenging for impedance relays in compensated
and isolated networks and require special attention.

Fault impedance and distance calculations for a multitermi-
nal transmission network are extensively studied. The meth-
ods are mainly based on a known topology, line impedance
information and multi-point synchronized measurements, for
example [2]. They cannot however be implemented in distribu-
tion networks due to numerous load taps between measuring
points that produce errors. Moreover, topology of a system
and line parameters are not always available.

Presence of DG complicates the situation further:
impedance measurements are affected by remote infeed cur-
rents. Reference [3] shows that three different methods on fault
location suitable for distribution networks become inadequate
in case of presence of DG. Thus, for compensation purposes it
is necessary to determine additional voltage drops from infeed
currents on lines (if there is a common path with the main
power flow) and on a fault impedance.

Hans Kristian Hgidalen
NTNU, Norway, Trondheim
Email: hans.hoidalen @elkraft.ntnu.no

For this purpose, determining of a fault position can be
required. The developed fault location methods for distri-
bution networks with DG, for example [4], require prefault
input information (line impedances, loads, topology, multi-
point measurements) and extensive calculations. Nevertheless,
precision of the methods is insufficient for protection purposes.

More accurate results in location and fault impedance calcu-
lations can be achieved with application of multi-agent systems
as it is proposed in [5]. [6] demonstrates utilization of PMU
technologies for these purposes. Authors of [7] perform the
impedance differential protection method with fault impedance
evaluation.

Studies on fault impedance compensation in presence of
DG are still lacking. The main drawbacks of the performed
methods are a need of information about line impedances and
network configuration, as well as absence of load taps between
a registering and a faulty point.

The current work offers a method for compensation of the
fault impedance and errors associated with DG for distance
relays in distribution networks. The method is universal since
it utilizes an equivalent line (or a network if infeed currents
are present) approach and independent of topology or load
conditions; however, it requires multi-point synchronized mea-
surements. After compensation and selective fault clearance,
a measured impedance can be used for fault location with the
object of restoration time reduction.

II. THEORETICAL BACKGROUND

For compensation of an error only caused by fault
impedance Zy, synchronized two-point measurements are uti-
lized: voltages and currents of phases involved into a fault. Let
us consider a simple network with three sections terminated by
relays R;_3 illustrated in Fig.la. Compensation is performed
for distance relay R;.

A pair of relay is chosen (either Ry — R, or R; — R3) in
order to wrap the system with all load taps and sections into a
simple equivalent line with series impedance Z calculated as:

- (1

where Vi = V1 — Vo is voltage between two faulty
phases (phl and ph2) measured by R; (index “s” stands for

sending) and similarly for current Iy = I — Ipyp; V, is
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Fig. 1: Wrapping of the system (a) into its equivalent line split
by the fault (b).

e
T

analogous interphase voltage measured by R, or R3 (index
denotes receiving); as a result, series impedance Z corresponds
to a positive sequence quantity [1]. At this step, prefault
measurements are utilized.

Then, the equivalent line is split by the faulty point as it
is shown in Fig.1b. At this stage, all measurements are after
fault inception. Parameter k is a relative distance from the
sending end. Hereafter, V is voltage at the faulty point and
I is current in a fault impedance. Faulty voltage V can easily
be determined having the following system of equations:

2

Vi =V, - kZI,
V=V, —(-kZI,

Here I, = I, — Iy is current at the receiving end. Then
compensation is realized as follows:

= V,- Vs
I
The value will be smaller than an actual line impedance
between the measuring and the faulty point because of the
load outfeeds (overreaching).
Nevertheless, depending on a chosen pair of relays, the
equivalent line approach can serve as a fault locator based on
measured impedance Zg, . This point is summarized in Table I.

=kz 3)

TABLE I: Compensated impedance Zg, obtained through the
equivalent line approach

Fault location R1-R> R1-R3
Section 1 kZ, kZ,
Section 2 Zi+(1-k7Zy Z)
Section 3 Z Z +(1-KZ3

Z,-3 are the summed line impedances (in positive sequence)
in the corresponding section. It is seen that, for example for
pair R\—R», if Zg, < Z, then a fault is in section 1; if

Zg, > Z — section 2; if Zp, = Z;, a fault takes place at the
intersection point or in any place of section 3. In order to find
this place, pair Rj—R3 is employed.

If a fault is neither in section 1 nor in section 2 or 3
(out of the protection zone), a real part of a calculated fault
impedance V;/I; will be negative and underreaching will take
place Zgi > Zzone1 (Zone 1 settings of Ry).

Loads will not significantly affect calculations due to neg-
ligibility comparing with high fault current. The method can
be extended to more measuring points.

A. Compensation of infeed currents from DG

The equivalent line approach is inadequate in case of
presence of DG in the protection zone. In order to compensate
infeed curents, an equivalent network is determined: a part of
a system between relays R; and R, is wrapped into N + 1
equivalent lines, where N is a number of additional measuring
points at interconnected generators. Fig.2 shows the example
with two generators (Rpg; and Rpg») in order to generalize
the approach.

R, Z Z, Z, R,
Ry Ry,
Fig. 2: The equivalent network with measuring points at DGs.
Now, prefault four-point synchronized measurements are

exploited in order to find series impedances Z;_3 in positive
sequence:

7, = Vi, = VRpe:
Ig,
7, = Vi: = VRoe
2 IRZ
7= VRoor = Vioo: @
Ir, + Iry,

where Vi, , and Vg, , are interphase voltages at the measur-
ing points; Ig,, and I, , are analogously interphase currents.
After that, utilizing measurements during fault, a fault location
procedure is introduced:
1) It is initially supposed that fault takes place in one of
the equivalent line. Then, Vi, I, can be calculated.
2) Fault parameters k, Vy are calculated according to (2),
additionally fault current as Iy = I, + I,, and fault
impedance as Zy = V¢/Iy.
3) Additional voltage drop AV on the equivalent lines due
to presence of the DGs is calculated:

AV =0, if line 1 is chosen
AV = Z3lg,;, + (1 =) Zy(Ig,, + Ir,,), if line 2
AV = kZ3lg,,,, if line 3 (5)

4) Vi, Zy and AV are saved.



5) All these steps are repeated for the next line.

As a result, vectors Vi, Zg and AV (size of all is 3 x 1,
in general case is (N + 1) X 1) are accumulated. A minimal
value in Zg (that is without added errors) points out the true
faulty equivalent line and associated Vy and AV from the
corresponding vectors can be extracted. Then, compensation
is performed as:

V= V- AV
= ;

Utilizing this approach, the same logic for fault location as
in Table I can be applied. Let us assume that all DGs are
located in section 3 (Fig.la), then the first two rows in the
table are valid for both pairs of relays. For pair R;—R3 and
fault in Section 3, Zg, stays the same at it is given in the table
(infeed currents are compensated). For pair Rj—R, and fault
in Section 3, calculated Zg, is not equal to Z; anymore and
becomes greater due to infeed currents.

The performed approaches are tested on the real network
with DG described in the next section.

Zs, ©)

III. TEST CASE NETWORK

The distribution network illustrated in Fig.3 is an actual 22
kV grid with DG: a synchronous (1.6 MVA) and an induction
generator (0.6 MVA). Main distribution transformer 77 is
20 MVA, the utility grid is 66 kV and has 250 MVA of short
circuit capacity. The network has overhead transmission lines
TLI-TL22 together with extensive cable sections (specially
marked lines 7L10_1,TL10_3,TL11_1,TL22 _2). Numerous
load points are connected with the main trunks by short cables;
detailed modeling of this configuration is bulky, therefore
represented as concentrated loads SO-S79. Protection functions
are accomplished by relays R/-R13. Relays R2, R6 and R10
are impedance type.

The model is built in PSCAD™/EMTDC™: the trans-
mission lines are represented as the Pl-equivalent models
(electrostatic asymmetry is taken into account), the loads are
delta-connected constant impedances, the utility grid is an
ideal voltage source with inductive short circuit impedance,
the transformers and the generators can be found in the
standard libraries of the simulation program. All parameters
were provided by the system operator and cannot be disclosed.

To cover extreme cases, high load is modeled. Since in-
terphase measurements are utilized, only three-phase-faults
are performed (two-phase have the same results) at line
ends. Arcing faults with a low fault impedance (~10 Q) can
be handled by quadrilateral characteristics of the impedance
relays as it was shown in [1]; therefore, a considerable
fault impedance is used (100 Q) to introduce underreaching
problems. As the compensation is applied, mho characteristics
for the impedance relays are used. For illustrative purposes,
Zone 1 is equal to 100 %. All line impedances are given for
positive sequence.

Simulated voltages and currents are processed through the
Discrete Fourier Transform with anti-aliasing filter in order to

u TLI

, ) Feeder 1

TL4

TLII_1 §7

TL1I_2

Fig. 3: 22 kV distribution network with DG.

extract magnitudes and angles of the fundamental components
only. Impedances are calculated during 50 ms after fault
inception according to requirements about protection speed
[8]. The compensation is started when an impedance falls
below 50 % from a prefault value.

IV. RESULTS AND DISCUSSIONS

Fig.4 and Fig.5 show application of the equivalent line
approach. Fig.4a shows the impedance trajectories measured
by relay R2 for the fault in 7L2. Relay pairs R2 — R3 and
R2 — R4 for identification of equivalent lines are utilized.
The compensation is performed according to (3) for relay R2.
The compensated impedances (hereafter, an end point of an
impedance trajectory marked by a circle is implied) falls into
Zone 1, whereas the uncompensated (notation “w/o cmp” is
used) does not. For both pairs, the compensated impedances
are the same according to Table I and equal to the impedance
of TL2 (Zrp»).

Fig.4b illustrates the fault in 7L6. The compensation with
pair R2 — R3 gives the same result as before (Zr1,) according



to Table I, whereas pair R2 — R4 leads to underreaching — the
compensated impedance is precisely equal to the impedance
between relay R2 and the faulty point (Zrzo + Zrrs + Zrie)-
Such result of the compensation is possible for feeders without
DG.

The small discrepancy (overreaching) is caused by the loads.
The compensated impedances for TLI6 and TLIS8 are equal
and situated inside Zone 2; they are not linked to the line
impedances between relay R6 and the actual faulty points as
in the previous case due to presence of the DGs.

12} 7 e Ty e R2-R3 H
7 A R2-R4
/ \ w/o cmp
10 ,/ \\ Zone 1 q
1 ¥ e O B \
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Fig. 4: The impedance trajectories measured by relay R2 for
the fault in a) 7L2 and b) TL6. Measurements of relays R3
and R4 are used for the compensation strategy.

Fig.5 demonstrates the uncompensated (measured by relay
R6) and the compensated loci (obtained by the means of pair
R6 — RI10) for the faults in Feeder 2: TLS, TL10 2, TLI3,
TL16, and TL18. The compensation start points corresponding
to 50 % of prefault impedance values are also presented. As
it is possible to see, the compensated impedances for TLS8
and TL10_2 are the same and equal to the impedance circle
corresponding to TL8. For TLI3, it is close to the circle
reflecting the impedances of TLS and TLI2 (Zris + Zrri12)-

20 30 4
RQ

Zone 1
———-Zone 2

Fig. 5: The uncompensated impedance trajectories measured
by relay R6 for the faults in 7LS8, TL10 2, TL13, TL16, TL18
and their compensation by the mean of relay R/0.

In order to identify a faulty position in the side branche
(TL13) measurements of relays R7 and R9 are utilized. In such
case, due to presence of the DG in the protection zone, the
equivalent network depicted in Fig.2 is used. Fig.6 shows the
result of the compensation accomplished according to (6).
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Fig. 6: The compensated with the help of relay R9 impedance
trajectories measured by relay R6 for the faults in 7LS,
TL10_2, TL13, TL16, and TLI8.

Since infeed currents are compensated, the impedances for
the faults in 7L8 and TLI0_2 are equal and close to circle



Zrrs according to Table I as in the previous case. It is also
noticeable that the overreaching errors for 7LS, TL10_2, and
TLI3 (the compensated impedance does not end on circle
Zr1s + Zrpi2 + Zrra3) are higher than in the previous case.

For low fault impedances, this error is smaller due to signif-
icant fault currents in the system. Although this circumstance
provides inaccuracies for evaluation of the fault locations, it
does not have negative influence on protection functionality.
Fig.7 illustrates the compensated impedances for the faults
outside the protection zone: Feeder 1 (7L2) and Zone 2 of
relay R6 (TL14).

20 T T - : : . . :
151 /
\ /
\ /
\ f’
\ /
10f b / 1
5f /
TL2
or T4 | ]
00,R6-R9 Zone 1
———-Zone 2

20 0 20 40 60 80 100 120 140 160
RQ
Fig. 7: The compensated with the help of relay R9 impedance
trajectories measured by relay R6 for the faults in TL2 and
TLI4.

The fault in the adjacent feeder is unambiguously discrim-
inated. Despite overreaching errors during the compensation,
the compensated impedance for the fault in 7L/4 cannot fall
into Zone 1 provoking miscoordination with downstream relay
R9; however, the locus crosses Zone 1, therefore Zone 1 must
not initiate instantaneous tripping (at least 50 ms delay is
required).

At the same time, an end point of a locus of a fault
close to relay R6 will be near the origin and can be outside
Zone 1 because of errors; hence, the mho characteristics must
have safety margins in other quadrants in order to guarantee
dependability.

In order to distinguish the faults in 7L/6 and TLI8, mea-
surements of relays R/0 and RII must be involved. The
compensation is realized for relay R/0 according to (6). Fig.8
demonstrates the results.

It is seen that the uncompensated impedances are signif-
icantly affected by the presence of the DG: the real parts
are higher than expected (three-phase-fault with interphase
impedance 100 Q must have position around 35 Q, see Fig.5),
the imaginary are negative due to injection of reactive power
by the synchronous generator. The compensated loci are close
to the corresponding circles (the fault in TL16 to Zrp6, and

TL16
TL18
— — —-TL16,w/o cmp
— — —-TL18,w/o cmp |
Zone 1
———-Zone2 4

0 5 10 15

Fig. 8: The impedance trajectories measured by relay R0 for
the faults in 7L16, TL18 and their compensation by the mean
of relay R11.

TLIS8 to Zone 1 as it is anticipated according to Table I) with
the small errors. The same conclusion about close-in faults is
valid.

These examples show applicability of the compensation
strategy base on the equivalent line or the network in case
of presence of infeed currents. In addition, it must be noted
that relay R70 is exposed to reverse power flow due to the DG;
however, this fact does not affect results of the compensation
either it is a master or a slave unit.

It is worth mentioning that the faults located outside the
protective zone give the compensated impedances significantly
beyond Zone 1 of relay RI0, see Fig.9. This peculiarity
hampers unnecessary tripping even if reverse power flow
occurs and assists coordination with the downstream relay.

V. CoNCLUSION

This work presents a fault impedance compensation strategy
for distance relays based on multi-point synchronized mea-
surements in distribution networks. The performed approaches
do not require information about detailed multitapped system
topology and loads. It has demonstrated sufficient performance
for high impedance faults in the system with the DG.

In reality, the compensation can be initiated based on two
conditions: an impedance falls below 50 % from a prefault
value; rate of change of impedance is comparable with several
tens of Ohms per millisecond.

In case of communication failure (losing of compensation
capability), an impedance relay can continue to perform pro-
tection functions, however dependability is threatened. For
end sections, when two-point measurements are not available,
single-end methods can be applied [3], [9] in order to improve
reliability.

As an advantageous outcome, the method allows fault
location in side branches using multi-point measurements.
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Fig. 9: The compensated with the help of relay R// impedance
trajectories measured by relay R/0 for the faults in 7L8 and
TLI9.

Utilization of the equivalent line or the network allows to
identify faulty sections and to estimate line impedance from
a relay to a faulty point. An error for the equivalent line is
below 3 % and for the network can be 20 % (the worst case
with a short side line, a high fault impedance and high load in
the system). It is affected by simplicity of the representation
and ways to improve it is a topic for further research.

The main drawback of the method is economical issues
of realization in practice since a number of synchronized
measurements is required. Despite this fact, application of the
proposed approach in the real system will benefit as follows:

« Elimination of underreaching issues caused by non-zero
impedance interphase faults and presence of DG.

« Fault location capability enabling improvement of power
supply reliability.

« Discrimination of fault location can help to avoid un-
intentional islanding and nuisance tripping of dispersed
generators.
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Experimental validation of a new impedance based
protection for networks with distributed generation
using co-simulation test platform

Konstantin Pandakov, Charles M Adrah, Hans Kristian Hgidalen, @ivind Kure

Abstracr—(,ombmed real-! tlme hardware-in-the-loop slmula-
tions and of ion networks (co-si
platforms) is a powerful testbed for development and validation
of relay protection schemes utilizing communication links espe-
cially for applications in Smart Grids. This paper introduces
laboratory tests in such environment of a new protection scheme
for medium voltage networks with distributed generation. It
is based on impedance measurements with compensation of
remote infeed currents and high fault resistances. §mce the
scheme utilizes multi-terminal measurements, a

of the latter have been discussed and demonstrated in [15].
Moreover, RT HIL tests can be useful for development and
verification of new protection methods for Smart Grids in-
volving communication networks [16].

Application of a co-simulation platform that combines the
RT HIL testbed and a communication network emulator allows
thorough investigation of impact of communication network
imperfections on protection performance, as e.g. in [17],

network emulator has been developed to model Ethernet network
impairments. The test method uses Monte-Carlo approach for
evaluation of protection dependability. The results demonstrate
enhancement of 1mpedance relay performance compared to the

pro fault location capnbllltv is

avoiding cc | malfunctioning in real applications.

The current paper presents laboratory verification with a
RT HIL testbed of the new protection scheme developed in
[18] for distance relays in the multitapped distribution network
with DG. The method compensates under-reaching errors

preserved wnth sufficient accuracy. Nevertheless,
network imperfections, such as jitters and data loss, deteriorate
scheme functionality.

Index Terms—co-simulation testbed, distributed generation,
HIL, IEC 61850, impedance relaying

I. INTRODUCTION

XTENSIVE penetration of distributed generation (DG)

into distribution networks creates problems for correct
operation of the conventional protection mainly based on
overcurrent relays. It requires development of new schemes
to provide secure network operation.

Impedance (or distance) protection in such case can be an
advantageous solution as showed in [1]. Nevertheless, it is
prone to malfunctioning due to underreaching in presence of
remote infeed currents from DG and high impedance faults.

Single-end methods developed for transmission systems,
e.g. [2]-[7], might not be reliable for application in medium
voltage (MV) networks with complex topology. In such case,
dependability can be enhanced utilizing two-end [2], [8]-[12]
or multi-terminal [13] measurements requiring communication
links.

A necessary stage before real deployment of a new pro-
tective scheme is its laboratory validation. The most typical
approaches are standalone tests using relay test sets and real-
time (RT) hardware-in-the-loop (HIL) tests [14]. Advantages
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of imp measurements caused by remote infeeds and
high fault impedances during interphase faults (with ground
path as well if high impedance system grounding is used).
Since the compensation strategy in this scheme uses multi-
terminal measurements (required, at least, from DG locations),
a communication emulator has been developed and used in the
RT HIL tests to evaluate overall performance in close to real-
life conditions.

The rest of the paper is organized as follows: Section II
briefly outlines the developed compensation strategy (2 partic-
ular cases); Section III presents the laboratory co-simulation
platform for testing of the protection scheme that includes
the real time simulator OPAL-RT®, ABB impedance relay
RED 670® and the communication network emulator; the
network model with several load points and DG is described in
subsection III-A; functionalities and model algorithms of the
network emulator are listed in subsection III-B; Section IV
introduces the test method including Monte-Carlo simulations
for evaluation of method dependability for different conditions;
Section V contains the test results with discussions.

II. OVERVIEW OF COMPENSATION STRATEGY
The compensation strategy previously developed in [18]
consists of two similar approaches depending on if infeed
currents are present between two measuring points.

A. Equivalent line approach (ELA)

For two point measurements in a part of a network without
infeed currents (Fig.1), the following method of compensation
has been proposed:

U = Uerr

Zeps =
cps 7

1)
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Fig. 1: Exemplary network topology for application of ELA
(to the left) and its equivalent (to the right).
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Fig. 2: Exemplary network topology for application of ENA
with one infeed source (to the left) and its equivalent (to the
right).
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where Zgy is the compensated phase-to-phase impedance
calculated by the relay and used for tripping decision. As in
the standard approach, U is the interphase voltage and I is
the interphase current measured at relay location. Hereafter,
phasor quantities are implied. Voltage error Uy, is equal to
zero during normal conditions in the network, whereas it is
nonzero during fault situation recognized upon fulfillment of
three conditions together:

1) impedance magnitude measured at relay location falls
below a threshold: 80% of what was measured 40 ms ago
(two periods). It is expressed as [U/I| < 0.8|UP*/IP™|,
where ‘pre’ stands for prefault conditions.
rate of change of this impedance % over the last 5
samples is less than -1 Ohm/ms. Fast collapse indicates
a fault.
the real part of the impedance is positive that
indicates downstream fault (a directional element),
real(U/I) > 0.

Uy is calculated utilizing interphase measurements from
the remote end U, and [, as:

2

—

3

=

Ul, +U,I — 211,
Uerr = 1 , (@)
where z = (UP® — UP™)/IP* is a prefault equivalent
impedance of the network’s part between two measuring
points. Current directions are towards the network, Fig.1.
Hereafter, it is assumed that Z; is separately calculated for
phases a-b, b-c, and c-a.

B. Equivalent network approach (ENA)

The current paper experimentally verifies a particular con-
figuration when one source of infeed current (one measuring
point) is present in a part of a network between two other
measuring points, Fig.2. General situation with several sources
is described in [18]. Then, voltage error in equation (1) is equal
0 Uery = min[Uerr1, Uero) + Uerrs, Where:

Usrt = U(Iy + Linta) + Uintal — 211 (I + Linta)
I+ I + Tinga

Ur(I + ITinga) + Uinga Iy — 2217 (I + Linga)

I+ I + Tina

3)

Uenz =
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Fig. 3: Laboratory co-simulation testbed: the hardware-in-the-
loop testing platform with emulator of communication links.

and minimum is determined upon phasor magnitudes. Here
2= (UP® = U/, 22 = (UF* = Upg) /7™, g and
Iinfa are measured voltage and current at the infeed source.

If Uep is chosen from the minimum condition, then
Uerz = 0. If Ugyp, then

1
Uiy = Uns =V = - (Ve = Up + L) ()

I

This expression is a voltage drop on equivalent line z;
caused by only infeed current. It is zero on z;.

Equally, measurements at the infeed source can be taken as
U, and I, in equations (3)-(5), then the remote measurements
become Ujprg and [inge. Having possibility of such swap, two
voltage errors U, for compensation (1) appear. A minimum
value (upon magnitude) must be chosen to avoid overcompen-
sation and to increase fault location precision.

III. LABORATORY TEST SETUP

Fig.3 shows the full laboratory setup for verification of the
proposed method. The previously developed hardware-in-the-
loop testing platform [19] is expanded with a communication
network emulator [20]. Real time simulations of the network
with the DG are executed in OPAL-RT® with 50 ys time step.

Detailed description of the model with 2 embedded gener-
ators and fault scenarios are given in the next subsection.

Three-phase voltage and current measurements at the gen-
erators and the substation are formed as sample values (SV)
in the merging units (MU) using the standard IEC 61850.
SV measured at the substation are directly sent to ABB
relay RED 670® via MU3 in order to examine impact of
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Fig. 4: The test case network.

the DG on impedance measurements. SV measured at the
generators (MU1-2) are sent to the communication network
emulator. It models constant time delays, jitters, data loss
and background traffic in the SV flows imitating real time
communication links (more details are given in subsection
III-B). The emulator sends the obtained SV back to the real
time simulator (SV Subscriber). The MUs and the subscribers
have 4 kHz sampling rate, quality of SVs is set as good.

The compensator accomplishes calculations described in
section II, namely: it determines phasors utilizing the obtained
SV from the substation and both generators, calculates U — Uy
and converts it into an instantaneous signal. This signal
together with the measured current at the substation are formed
as SV in MU4 and sent to another impedance relay with the
same configuration.

In this work, time stamp on SV is not applied assuming un-
availability of GPS signal (non-synchronized measurements).
Thus, the compensator takes into account known permanent
latencies tq of the remote measurements superimposed by the
emulator: ty = 3 ms for DGI and ty = 2 ms for DG2 have
been chosen based on DG remoteness.

Thus, responses (missing or presence of the tripping signals)
of the relays with and without compensation are compared:
they send GOOSE messages back to the real time simulator
(GOOSE Subscriber). The tripping signals and the SV are
written to file for further off-line analysis.

The relay settings have Zone 1 not reaching the DG units to
allow keeping the feeder alive during DG internal faults and
Zone 2 covering the whole feeder and providing backup pro-
tection. Zone 1 has positive sequence impedance 13.5+13.51
Ohm with 20 ms time delay for coordination with load fuses;
Zone 2 has 20.5+20.5i Ohm. Its time delay must be bigger than
breaking operation at the DG units; however, for simplicity
and test quickness, 40 ms is set. The zones’ boundaries are
depicted in Fig.4. The quadrilateral relay characteristics have
forward direction and preset fault resistance 10 Ohm because
expected maximal arc resistance estimated on Warrington’s
formula [21] is 7.5 Ohm.

A. Test case network

The test case network is illustrated in Fig.4. Its model has
been realized in Matlab Simulink®, and all model parameters
are described in Table I.

Lines ‘TL’ are modeled as Pl-equivalents because studied
frequency wavelengths much larger than transmission line
lengths.

TABLE I: Network parameters.

Matlab model name: para S
S Three-Phase Source: 66 kV, 50 Hz, 0.055 H (source inductance)
T, Three-Phase Transformer (Two Windings): 50 Hz, Rm=500 pu,

Lm=500 pu (ideal model)

T: 20 MVA, Winding 1 [66 kV 0.0045 pu 0.09739 pu], Winding 2
[22-1.05 kV 0.0045 pu 0.09739 pu]

Tpg: 3 MVA, Winding 1 [6.6 kV 0.0066 pu 0.06336 pu],
Winding 2 [22 kV 0.0066 pu 0.06336 pu]

TL Three-Phase PI Section Line: 50 Hz, [r1 r0]=[0.36 0.5] Ohms/km,
[11 10]=[1.146 5.093] mH/km, [c] c0]=[10.137 4.794] nF/km,
length 10 km

Ld Three-Phase Parallel RLC Load: Delta configuration, 22 kV, 50
Hz, power factor 0.98, Qc=0, total active power is randomly set as
1 MW, 2 MW or 3 MW, 80% imbalance (see description below)

Synchronous Machine: 3 MVA, 6.6 kV, 50 Hz, [Xd Xd* Xd” Xq
Xq” X1]=[20.22 0.2 1.4 0.2 0.18] pu, [Tdo’ Tdo” Tqo”]=[4 0.025
0.1] s (open circuit), Rs=5e-3 pu, [H(s) F(pu) p]=[1 0 2]
Excitation System: IEEE type 1 (default parameters), Hydraulic
Turbine and Governor: default parameters

DG1.2

Loads ‘Ld’ have a random level of active power P and
imbalance. Load imbalance at the given load point is modeled
as interphase loads with values equal to 100%, 80% and 120%
(between randomly determined phases) from P/3. Each load
point is independently determined. Thus, overall load profile
and imbalance on the feeder alternates. Randomness is realized
using block ‘Random Source’ with uniform distribution and
not repeatable automatic initial seed.

The interconnected generators are operated with zero reac-
tive power production (unit power factor).

Phase-to-phase permanent faults are applied in 7 different
locations as shown in Fig.4 with detectable low resistance
(an arc with 10 Ohm) and undetectable high resistance (an
extraneous object with 50 Ohm causing intentional relay
underreach).

B. Communication network emulator

Testing of protection algorithms utilizing inter-substations
or even wide area networks requires modeling of communi-
cation network impairments to study their impact on overall
performance. At the same time, OPAL-RT® has limited capa-
bilities for these purposes. Thus, the communication emulator
is proposed to be used together with the RT simulator to mirror
behavior and characteristics of communication network prop-
erties that tend to have effects in the real-world applications.

The core functionality is to emulate topologies between
several relays exchanging GOOSE/SV packets or messages
so that the communication properties between source relays
and destination relays can be varied. These properties are
regarded as impairments in the network and include delays,
jitters, packet losses, packet corruptions, bandwidth restriction.
Additionally, the emulator as a software router can direct
packets to actual existing routers and other network elements
such as switches, bridges and hubs for integration into real
networks. Hence, the emulator is also used to achieve different
queuing schemes with different priorities, as well as different
router scheduling algorithms.

Network impairments applied in the current work are as
follows:



1) Random delay emulator element: It is used to emulate
jitters and the input is a specific range for random delays
expressed further in the paper using DG permanent latency tq.
Two jitter levels are used in the tests: 1) the low level when an
actual delay is between tq and 1.5t4); 2) the high level when
an actual delay is between ty and 2tq. Normal distribution is
used.

2) Burst packet drop emulator element: 1t is used to em-
ulate packet losses. It drops a consecutive number of packets
with a given probability. The input is a number of consecutive
packets to drop and a probability. Similarly, two data loss
levels are used: 1) the low level where 10% on average of
packets sending during 1 s are lost; 3) the high level where
20% on average of packets are lost during the same period.

3) Influence of background traffic and network dimension:
The generated SV of MUI and MU2 is sent through the
emulator combined with a VLAN enabled switch network
(HPE 1920) to the OPAL-RT® simulator. A separate back-
ground traffic generated as a User Datagram Protocol (UDP)
video source is added to the network traffic mix. The network
configurations utilizes the IEEE 802.1Q and IEEE 802.1p
priority tagging to investigate how prioritizing the background
traffic will affect the performance of the received SV from
MUI and MU2.

IV. TEST METHOD

In order to evaluate dependability and security of the tested
protection scheme, a Monte Carlo simulation approach is
used that applies several consecutive faults in arbitrary set
conditions. The following repeatable sequence with a three-
seconds period is utilized for each new fault:

e A random source sets load power P and a separate
source with its own seed determines phases where load
imbalance takes place. Settings are applied to all load
points independently with their own random sources.
After end of the transient period caused by load vari-
ation (2 s), a fault is initiated with random selection of
faulty phases. A different random source determines fault
resistance: 10 Ohm or 50 Ohm.

After another 100 ms the fault is cleared followed by a
relaxation period of 900 ms.

Thus, the performed compensation techniques can be ap-
plied for different fault parameters and network conditions.

In equations (1) - (5), U and I are always measured at the
main substation for device number 21 in Fig.4. U,, I, Uing,
Iinga can belong to either DG1 or DG2 depending on a case
below.

The following scenarios are studied:

o Case 1: no communication impairments are introduced.
DG permanent latencies are taken into account by the
compensator.

— Case la: test of equivalent network approach (ENA,
section II-B). Ujyg and [y are measured at DG1
(the source of infeed), U, and I, are at DG2 (a
remote end). 100 consecutive faults are simulated.

— Case 1b: ENA where Ujyq and [iyeq are measured at
DG2, and U, and I, are at DG1 (100 faults).

— Case lc: equivalent line approach (ELA, section
1I-A). U, and I, are measured at DG2, and DGI1
is disconnected from the grid (100 faults).

— Case 1d: ELA where U, and I,. are measured at DG,
and DG?2 is disconnected (100 faults).

Cases la-d are repeated for all 7 fault locations, in total
2800 faults for Case 1 have been simulated. Cases 1c and
1d are used to analyze impact of network configuration
on ELA fault location precision. Cases la and 1b are used
for the same purpose for ENA, as well as to verify validity
of the criterion for infeed source selection discussed in
subsection II-B.

Case 2 simulates communication link imperfections — the
low and the high level of either jitters or data losses. The
compensator still applies the predefined DG permanent
latencies.

— Case 2a: ENA with the low (50 faults) and the high
(50 faults) jitter level. Infeed source either DGI1 or
DG?2 is automatically specified using the criterion
discussed in subsection II-B.

— Case 2b: ENA with the low (50 faults) and the high
(50 faults) data loss level.

— Case 2c: ELA with disconnected DG1 for the low
(50 faults) and the high (50 faults) jitter level.

— Case 2d: the same as in 2c, but for the low (50 faults)
and the high (50 faults) data loss level.

— Case 2e: repeats 2c, but with disconnected DG2
instead of DGI.

— Case 2f: repeats 2d, but with disconnected DG2
instead of DG1.

For analysis, three extreme fault location have been
chosen - 1, 3, and 6. In total 1800 faults for Case 2 have
been simulated.

Case 3 studies impact of background traffic on SV
delays and packet losses. Faults are not simulated because
impact on protection is seen from Case 2. The practical
Ethernet switch used in tests has a priority mapping
of class of service queues (denoted with ‘pcp’ in the
text) that is selected 1, 2, and 3 categorizing traffic
types as background, best effort and critical applications
respectively. Since SV are the time critical traffic, they
were tagged with pcp 3. The background traffic was then
varied in the network with pcp 1, 2 and 3. Two video files
of 3MB and 10MB were used for the tests. Maximum
sending speed for them through 1 Gbps Ethernet is 480
Mbps and 710 Mbps correspondingly.

Finally, percentage of successful tripping among all faults
in a specific case can be calculated.

V. RESULTS AND DISCUSSIONS
A. Case 1

1) Case la and 1b: Firstly, Fig.5 demonstrates impedance
loci of faults in the adjacent feeder (location 0) for test case
la. Zns denotes steady-state healthy and faulty impedance
correspondingly; upward power flow from the DG can be seen
as the negative real part of Z;. Sympathetic tripping during
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Fig. 5: The impedance loci of faults at location 0 (the adjacent
feeder) in test case la.

TABLE II: Percentage of successful tripping in test case la
and 1b.

Low-ohmic faults High impedance faults
FL! w/o cps? with cps® w/o cps ‘ with cps
214 7225 | 21 72 Z1 72
1 100 100 100 100 100 100
o | 2100 100 100 100 100 100
o3 82 100 58 100
S|4 100 100 100 100
5 100 100
6 0 100
1 100 100
o | 2 [ 100 100 100 100
; 3 100
S|4 100
5 100
6
Ifault location, 2without cc sation, Swith ion, 1Zone 1,

5Zone 2.

the tests has not been registered: all impedance loci are out of
zones’ reach.

Hereafter, this location is out of interest and excluded from
the following analysis because tripping signal is not produced
by the investigated relay. Security of the protection is not
jeopardized because compensator cannot be initialized due to
conditions 1 - 3 in section II.

Table II shows calculated percentages of successful tripping
in test cases la and 1b for fault location 1-6 and two different
fault resistances compared to relay performance without the
compensation strategy.

The colored cells highlight indices indicating problems: red
(relay without compensation) or pink (with) shows decreased
dependability (less than 100%), orange - decreased security
(higher than 0).

It is seen that low-ohmic fault in location 1,2,4 is reliably
detected without compensation in both test cases; however,
blinding is observed for high impedance fault because all
locations and cases have 0. At the same time, application of
the compensation methods resolves this issue.

Fault location 1 and 6

25 T T
20 b
151 b
T 10 1
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Fig. 6: The measured steady-state fault impedances for low-
ohmic (LOF) and high impedance faults (HIF) at location 1
and 6 with compensation (cps) and without (w/cps).

We can clearly observe from Table II that relay depend-
ability without compensation is significantly decreased at
locations next to the generators (3,5,6). Dependability with
compensation is 100% for Zone 2 in all cases, whereas it is
not for Zone 1 due to compensation errors that leads to delayed
tripping (location 3 for Case la and 3,5 for Case 1b).

It is worth noting two main outcomes: 1) Zone 1 must not
see faults at location 6 (see Fig.4), whereas in both cases per-
centage with compensation is not O (the orange cells). In other
words, the compensated impedance might become smaller than
an actual. Since it can lead to a situation when internal faults
in DG1 cause unnecessary feeder tripping, the compensator
must be blocked to maintain protection selectivity. It can be
checked with the same conditions 1 - 3 in subsection II-A
applied to measurements at the DG locations: if they are not
fulfilled (current is measured towards the monitoring zone), the
compensation is not used for the feeder relay; 2) performance
of the compensation method in Case la is slightly better than
in Case 1b for location 5, whereas it is considerably worse for
location 3 and 6. As it will be shown further, it is linked with
fault location accuracy.

Finally, protection with compensation demonstrates faster
operation time: mean value is 40 ms for Zone 1 and 60 ms for
Zone 2 irrespectively of fault location and resistance. Without
compensation, it can reach 90 ms for problematic locations 3,
5, and 6.

Fig.6 demonstrates the reason for poor relay dependability
without compensation and improvements applying ENA (Case
la is considered) for close-in fault location 1 and far-end
location 6. It is seen from the figure that all high impedance
faults (HIF) without compensation are out of the zones’ reach.
Zone 1 can handle all low-ohmic faults (LOF) at close-in
location, whereas Zone 2 cannot detect all faults at far-end
location due to impact of the DG. ‘Z,,’ denotes an actual
fault impedance. The compensated impedances are inside the
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Fig. 7: Maximum, minimum and mean fault location errors
for Case la and 1b (LOF). Indices reflect number of faults
located with accuracy £10 km (upper), +5 km (middle), £2
km (lower).

zones and they have inherent errors with bigger dispersion due
to influence of variable network conditions that is the reason
of dependability and security issues in Table II. Though for
location 1 not all Z are in Zone 1, a corresponding locus
crosses it and, therefore, the tripping signal appears.

The main advantage of the strategy compared to differential
protection is preserving of fault location capability. It is seen
from Fig.6 that Z, for location 1 and 6 are distinguishable,
and it is of interest to analyze impact of the compensation on
fault location accuracy for all cases.

There are many different approaches for fault location cal-
culation in distribution networks with distributed generation.
In this paper, we use a simple one based on the imaginary part
of the compensated impedance discussed in [22]. Combination
of the compensation strategy with more complex locating
algorithms is out of the scope of this paper.

Error in kilometers can be calculated as imag(Zes —
Zaet)/r1, where r1 = 0.36 Ohm/km (Table I), and Z, is
registered when the tripping signal from Zone 1 or 2 appears,
or just a steady-state value if no response is present.

Fig.7 illustrates maximum, minimum and mean errors for
6 fault locations. LOF is considered because it has better
precision. For better insight, number of fault incidents (in %
from the total) that have a given precision are given alongside:
the upper value is precision £10 km, the middle is +5 km and
the lower is +2 km.

It can be seen from the plots that the precision for remote
locations 5 and 6 is better (compare corresponding indices
and mean values) for Case 1b, whereas Case la demonstrates
better accuracy for location 3. At the same time, average Ugy
for Case la is less than for Case 1b during fault at location 3,
and it is less for Case 1b for fault at location 5 and 6. Thus,
such criterion based on minimum U, (discussed in subsection
II-B) can be applied for infeed selection because it provides
higher Z,s and, consequently, better fault location accuracy.

To summarize, the presented results in Table II (the pink
and orange cells) and in Fig.7 are in good agreement with
theoretical expectations: if DG1 is a source of infeed (Case
la), then locations 5 and 6 are seen as location 4 that gives
better dependability and worse security because location 4 is
in Zone 1. However, it leads to bigger fault location errors

TABLE III: Percentage of successful tripping in test case lc
and 1d.

Low-ohmic faults High impedance faults
FL w/o cps with cps w/o cps ‘ with cps
Z1 72 Z1 72 Z1 72
1 100 100 100 100 100 100
o | 2 [ 100 100 100 100 100
o3 100 100 100 100
é 4 | 100 100 100 100 100
5] 100 100 100 100
6
R
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Fig. 8: Fault location errors for Case lc and 1d (LOF).

with a negative sign. At the same time, location 3 is detected
with some errors leading to the decreased dependability. The
opposite is true if an infeed source is DG2 (Case 1b): location
3 is seen as 4 (therefore errors are higher and dependability is
better), and 5 and 6 have better location precision (therefore
worse dependability and better security).

2) Case Ic and 1d: Table III shows relay dependability in
test cases lc and 1d. Case lc shows impact of DG2 (DG1
is disconnected) on relay performance without compensation.
As a consequence, dependability reduction is seen for fault
location 3,6 and HIF gives 0 as in the previous cases. Case 1d
illustrates impact of DG1 seen for location 6. Compensation
entirely improves indices for Case 1c, whereas HIF at location
5 has some difficulties for detection by Zone 1 in Case 1d. In
both cases, relay security is deteriorated for location 6 (non
zero indices for Zone 1). The same point about compensation
blocking as in the previous cases is applied here. Finally,
protection with compensation is also faster.

Fig.8 shows fault location errors. Case lc has bigger errors
for location 5,6 than Case 1d (zero indices mean large error),
but better precision for location 3. This is in agreement with
theory because if DGI is disconnected, then locations 5,6
are seen as 4 (therefore large negative errors in Case lc)
and location 3 is correctly determined; therefore, in Table
11, security at location 6 is completely disrupted. If DG2 is
disconnected, then the opposite situation arises: location 3 is



TABLE IV: Percentage of successful tripping in test case 2a
and 2b (ENA).

TABLE V: Percentage of successful tripping in test case 2c
and 2d (ELA, DG1 disconnected).

Case 2a (jitters) Case 2b (data loss)

Case 2c (jitters) Case 2d (data loss)

] o
FL E LOF HIF LOF HIF FL E LOF HIF LOF HIF
Z1 72 Z1 72 Z1 72 Z1 72 Z1 72 Z1 72 Z1 72 Z1 72
no' | 100 100 100 100 100 100 100 100 no 100 100 100 100 100 100 100 100

1 low | 100 100 100 100 100 100 100 100

1 low 100 100 100 100 100 100 100 100

high 818 100 857 100 | 955 100 100 100 high | 100 100 | 714 100 100 100 100 100
no ‘ 100 100 | 96,2 100 100 100 | 962 100 no 100 100 100 100 100 100 100 100
3 | low 33 767 5] 65 100 100 F 100 3 | low 0 88,9 0 82,6 | 143 914 | 133 66,7
high 0 15 0 10 20,8 833 | 269 769 high 0 50 0 0 429 100 | 41,4 96,6
no 163 100 | 11,7 100 | 16,3 100 | 11,8 100 no 100 100 100 100 100 100 100 100
6 | low 53.8 62,5 95.7 100 6 | low 100 94,1 100 90.9
high 20,7 23,8 . 75 55.9 high- 38,5 . 0 . 100 . 96,23

Ino impairments.

seen as 4 with large negative error (Case 1d), better security
at location 6 and worse dependability for 5 is due to better
location accuracy.

To summarize, LOF or HIF inside the zone of protection
are reliably detected (at least by Zone 2) with application of
the equivalent line or network approach. The main advantage
compared to differential protection is preserved fault location
capability since errors of impedance measurements can be
compensated especially for HIF. For both approaches, the main
source of location errors is load currents that are not directly
compensated by the given method of equivalences. Accuracy
can be improved applying the compensated measurements and
the methods discussed in [22].

B. Case 2

This sections demonstrates impact of communication net-
work imperfections, namely jitters and data packet loss, on
performance of the compensation methods. Here, fault loca-
tions 1,3 and 6 are only considered as extreme points.

1) Case 2a and 2b: Table IV demonstrates performance of
the compensation in test cases 2a and 2b compared to similar
in Case 1 (without jitters and data loss). The pink colored cells
show dependability deterioration compared with cases without
communication network distortions, blue - affected security
(location 6 only), and the green cells indicate improvements.

Jitter level rise (Case 2a) significantly aggravates relay
dependability in locations 3 and 6. Analysis of fault location
errors shows that it leads to compensated impedance increase
(especially reactive part that deteriorates fault location accu-
racy) and, consequently, underreaching; therefore, for location
1, influence is not so prominent.

Data loss level rise (Case 2b) has also similar impact —
relay dependability falls. Considerable influence is observed
for location 3 and 6 for the highest probability.

Improvements are observed for protection security with
jitter rise; however, worsening for data loss. At the same time,
if the tripping signal appears, operation time is not affected
by the communication impairments.

2) Case 2c and 2d: Table V shows results for impact of
jitters and data loss in test cases 2¢ and 2d on the equivalent

TABLE VI: Percentage of successful tripping in test case 2e
and 2f (ELA, DG2 disconnected).

Case 2e (jitters) Case 2f (data loss)

LOF HIF LOF HIF
VA 72 z1 72 Z1 72 z1 72
no 100 100 | 100 100 | 100 100 | 100 100
1 | low | 100 100 | 100 100 | 100 100 | 100 100
954 100 | 21,4 100 | 100 100 | 100 100
no 100 100 | 100 100 | 100 100 | 100 100

2
Level

3 | low | 148 92,6 0 69.6 69 100 9.5 857
high | 0 24,1 0 0 100 100 ‘ 100 100
no 453 100 | 362 100 | 453 100 | 36,2 100
6 | low 38,9 3l 93,1 90,5
high 0 0 92,9 90,9

line approach with disconnected DG1. Comparison with the
corresponding results in Case | are also present.

As it is possible to observe for location 1, dependability is
less than 100% only for the high jitter level and HIF. Impact
is less than in Cases 2a,b because only one communication
channel is affected. More serious consequences from jitter
and data loss level rise are seen for locations 3 and 6. At
the same time, clear falling tendency is present with increase
of jitter level (Case 2c); however, for data loss (Case 2d),
this dependency is not revealed. Finally, location 6 has higher
dependability indices due to the applied ELA: it is seen by
the fault locating algorithm closer to location 4. In such case,
communication network impairments have positive impact
on security. Impact of communication link imperfections on
location errors is the same as in the previous cases.

3) Case 2e and 2f: Table VI illustrates results for the
same ELA as before but DG2 is disconnected. Here impact
of the jitters on location 1 is seen even for LOF, and it
is higher for HIF than in the previous case. The reason is
that calculation errors increase with the distance between two
measuring points.

Performance at location 3 is better (indices are higher) than
in the previous case because location 3 is now seen as 4;
however, impact of network impairments for location 6 is
considerable compared to the previous case due to calculation
errors of the applied ELA. Positive impact on security in such
case is also higher.
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Fig. 9: Impact of 3MB and 10 MB background traffic set with
priority (pcp) 1, 2 and 3 on a) end-to-end delays (MU1), b)
percentage of lost packets (MU1), ¢) end-to-end delays (MU?2),
d) percentage of lost packets (MU2).

To summarize, the main reason of dependability issues
in the considered cases is the presence of errors during
calculation of the compensated impedance caused by non-
synchronized remote measurements or information losses. The
analysis of cases with jitter level variation (Case 2a,c,e) can be
useful for utilities for evaluation of protective scheme depend-
ability and security in case of sudden loss of synchronizing
signal or its unavailability (e.g. underground substations).
Data losses have overall adverse effect on the protective
schemes increasing relay underreach (Case 2b,d,f); therefore,
communication network reliability must be sufficient with
minimal packet losses. Finally, comparing results in test Case
2 and Case 1, it is possible to see that even with unreliable
communication, protection performance with compensation is
superior than without especially for HIF and for LOF in case
of low level impairments.

C. Case 3

Fig.9 shows results for test Case 3: end-to-end time delays
as mean values over 400000 SV packets with the standard
deviation (denoted as ‘std’) and percentage of lost packets
measured between the substations for DG1 and DG2 merging
units (MU1 and MU2 respectively) for the two background
sources used in the tests, i.e. 3 MB (maximum 48% traffic oc-
cupancy) and 10MB (maximum 71% traffic occupancy) video
file sizes, while varying the priority tags of the background
traffic as previously explained.

It can be seen that the background traffic with different
priority increases end-to-end delays because the mean values

are higher than preset (3 ms for MUI and 2 ms for MU2).
Moreover, the 10MB video file as a background traffic source
resulted in a generally higher increase in average network
delays and standard deviation compared to the 3MB video
file. Setting the background traffic with different priority tags
has resulted in different packet delay variations; however, a
strict regularity is not observed due to randomness nature of
packet delays.

Influence of the background traffic on packet losses is seen
from Fig.9b and Fig.9d: the 10MB video background traffic
generally resulted in more packet losses compared to the 3MB
video file. Unlike the previous case, a correlation between pcp
and lost packets is prominent. Thus, setting the background
traffic as critical messages with pcp = 3, same as the SV traffic
for DG1 and DG2, has resulted in the highest percentage of
lost packets in the network for both background traffic cases,
i.e. MU (2.01%, 3.98%) and MU2 (2.01%, 4.28%).

VI. CONCLUSION

The current paper presents laboratory tests of a new com-
munication assisted protective scheme for distribution grids
with DG using the developed co-simulation platform that in-
cludes a real time hardware-in-the-loop testbed and a network
emulator. The latter creates controlled network parameters for
testing and measurement of protection applications in such
environments.

The protection method consists of two approaches depend-
ing on a number of infeed current sources. It aims at elimina-
tion of underreaching errors during impedance measurements
associated with DG and high impedance faults. It demonstrates
promising results with ideal communication links improving
dependability compared to the conventional distance relaying.
Nevertheless, it has fault location errors due to impact of loads
not fully compensated by the method.

Communication impairments introduced with the help of
the emulator, such as uncompensated jitters or data losses,
can threaten the protection method because they lead to
underreaching errors especially for far end fault locations.

ELA can only be applied for a passive network between
two-point measurements (Fig.1). As it is seen from the analy-
sis, faults in lateral branches (when one DG is disconnected)
are seen in false locations (on the feeder); therefore, additional
measurements might be required for precise fault location.
Utilization of multiple-point measurements in such case might
require to use ENA if a network becomes active (Fig.2).
In order to select a correct (i.e. that gives the best fault
location precision) remote relay for calculation of Zg in
both approaches, the criterion of minimum U, or maximum
Zeps must be applied. Finally, the results reveal that ELA
demonstrates better fault location accuracy than ENA and
less susceptibility to communication network imperfections,
therefore it must be prioritized.
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Misoperation analysis of steady-state and transient
methods on earth fault locating in compensated
distribution networks

Konstantin Pandakov, Hans Kristian Hgidalen, and Jorun Irene Marvik

Abstract—Earth fault detection and location are very im-
portant issues in distribution networks. Current methods for
faulty feeder selection are based on measurements of steady-
state or transient signals. The work presented here identifies and
gives analyses of scenarios when ground protection based on
these methods is prone to ation in r gr ded
systems. It is shown that the traditional watt-metric approach
can malfunction depending on network and fault parameters.
The admittance methods help to eliminate many issues, how-
ever they might have complex settings depending on network
configurations. Special attention is paid to approaches based on
transient signals as the most promising alternative solution. The
current work considers methods utilizing zero sequence current,
angle, power, energy and admittance transients. The paper
reveals limitations for their application mainly due to presence of
electrostatic asymmetry, cables in a network, fault resistance and
inception angle. Nevertheless, dependability of these methods is
higher than the steady-state especially for intermittent faults. It
is also found that analysis of prefault information is important
both for the steady-state and the transient methods. The obtained
results can be used to enhance reliability of protective schemes
and as drivers for further developments of new algorithms.

Index Terms—ground fault protection, resonant grounding,
transient method, watt-metric

I. INTRODUCTION

Rom the current operation practice of medium voltage

(MV) networks, it is well known that the vast majority of
faults are single-line-to-earth type. In order to decrease fault
current, a system can be operated as an isolated or a non-
solidly earthed. In this work, the special type of grounding
of the main distribution transformer is considered — through
a Petersen coil that is quite common in Nordic countries. In
resonance grounded systems, ground faults are easily detected
(apart from high impedance faults) by measuring the zero
sequence voltage magnitude |Uy| (exceeds thresholds at a
substation), and fault current is suppressed facilitating self-
extinguishing of the arc.

For permanent faults, in order to affect as few customers as
possible, it is necessary to find the faulty point in the system
and isolate it. Measured |Uy| does not significantly depend
on fault location in a network; moreover, fault current is
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comparable with load currents that also jeopardizes selectivity
of the protection. Typically, problem of faulty feeder selection
is considered and X. Zhang et al. [1] provide comprehensive
review on the developed methods for this purpose. They can
be divided into three groups: injection of additional signals
in a substation (voltage, current with frequencies equal to
fundamental or higher), usage of steady-state signals, and
utilization of transients arising during faults. The injecting
methods require additional equipment and they are out of the
scope of this paper.

The traditional way of faulty feeder selection based on
steady-state signals is the watt-metric approach [1]: detection
of a magnitude and direction of zero sequence current I
with respect to Uy — normally, healthy feeders and a faulty
have different quadrants and magnitudes. In other words,
|To| cos(¢o) (Where zero sequence angle ¢y is between Uy and
I) will have a different sign for a faulty feeder comparing to a
healthy. Thus, directionality of the ground protection is tuned
according to this fact.

Paper [2] describes insufficiency of the watt-metric ap-
proach and a need for a resistor connected in parallel to a
Petersen coil. Such operation leads to increase of fault current,
produces transient overvoltages in a grid and it requires
additional equipment; therefore, it is of interest to find new
approaches. In case of sufficient line-to-ground conductance
and arcing faults (small impedances), |f[]\cos(¢()) can be
applied without the resistor. Nevertheless, reference [3] reports
the special cases when the sign of |Iy|cos(¢o) in both a
healthy and a faulty feeders are opposite compared to the
prescribed polarity that can lead to misoperation of relays.
It is also worth mentioning that a magnitude of zero sequence
current by itself is not a reliable indicator for high impedance
faults or presence of cables in a system. A new steady-state
solution, in contrast to the watt-metric approach, based on zero
sequence admittance is proposed in [4]. It copes with lose of
sensitivity and other issues.

As an alternative, transient methods are becoming a promis-
ing solution. In addition to what was given in [l], authors
of [5], [6] suggest to utilize the shape of the charge-voltage
curves. In [7], [8] deviation of the feeder capacitance to
the ground is estimated. Paper [9] suggests to measure only
phase current with further detection of its relative change
with respect to the previous periods. Besides the wavelet
analysis, other approaches are also performed, such as the
Hilbert-Huang [10] and the S-transform [11] investigations.
Authors of [12] describe research on the frequency spectrum.



The artificial intelligence algorithms involving the fuzzy-logic
[13], application of the analytic hierarchy process [14] and the
small-world network theory [15] can be found in literature as
well.

The first-half-wave methods [1] based on low frequency
transients deserve special attention due to suitability for
compensated and isolated systems, and practical realization
connected with limited sampling frequencies (few kilohertz)
of used modern relays. High frequency transients might be
contaminated by noise from measuring devices that makes
application of associated methods difficult. The basic idea
behind the first-half-wave methods is different polarity of
instantaneous zero sequence current io (with respect to voltage
up) of a faulty feeder in comparison with other right after
fault inception that helps to make decision in the first half
of a period. Paper [16] illustrates this effect and proposes
the algorithm calculating zero sequence impedance through
averaged over a specified time window quantities. Authors
of [17] utilize simple differential of iy (calculated at the
first milliseconds) for faulty feeder selection. References [18],
[19] present extraction of transient ¢y and application of
it as a main indicator. In order to enhance dependability,
different summation and integration techniques are proposed.
For instance, papers [20]-[22] calculate zero sequence active
power over a quarter of the period, [23] — energy (integration
time is not specified). In contrast, the Cumulative Phasor
Summing (CPS) technique of zero sequence admittance for
different moments of a transient period is used in [24].

To summarize, effect of difference between the prescribed
and a factual sign of cos(¢p) in a faulty feeder illustrated in
[3] is a key factor leading to inadequacy of ground protection
based on the watt-metric approach. As the nature of this
effect has not been analyzed in literature in details, the first
contribution of the current paper is a deep analysis of it.
Moreover, the paper shows how the effect might jeopardize the
steady-state [4] and even transient methods. From the variety
of the transient methods, the paper will substantially deal
with the basic approaches utilizing transients of zero sequence
current [16], angle [19], energy [23], and admittance [24].
As it is slightly mentioned in [1], the transient methods are
vulnerable to network and fault parameters; therefore, several
adverse effects deteriorating performance of the algorithms
have not been revealed in the prior studies due to simplicity
of the models (e.g. ideal symmetry) and lack of simulation
cases. Hence, the next contribution of the paper is revealing
what network nonidealities and fault origins can affect perfor-
mance of ground relays based on these transient methods. The
presented results might be valuable for estimation of the limi-
tations of the methods both in relay planning in compensated
distribution systems and as background for developments of
new algorithms.

II. THEORETICAL ANALYSIS ON FAULT LOCATING
UTILIZING STEADY-STATE SIGNALS

Let us consider a simple network depicted in Fig.1 with the
ground fault in phase b of the upper feeder.

The network parameters: Y, ; = Yo 5 = kY = ks (G +
jwC), where kY expresses the share of the faulty feeder in
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Fig. 1: Simplified network for analysis with two feeders.

the total shunt admittance to the ground of the network per

phase, Y, that consist of conductance G and capacitance C'

of a phase. Similarly, Y, = Y., = (1 — kp)Y = kY.
Indices f and & in the paper denote the faulty and the healthy
feeder correspondingly. MV networks have capacitive imbal-
ance AY = jwAC that is normally 1-5% from 3Y" [25]. Let us
assume that it takes place in phase b, then Y3, = k(Y +AY)
and Yy, ;, = kj, (Y + AY). The fault impedance is assumed to
be pure resistive, Yf = Gp. In this work, only permanent
resistive fault is studied.

For simplified steady-state analysis of ground faults, series
impedances of transmission lines and loads can be neglected
in comparison with large shunt impedances of lines. Taking
this into account, the following set of equations can be written
to describe the system in steady-state conditions:

31y = 3UoknY + Upkp, AY

3]70_] = 300/6_[Y + U),/CIAY + Upr

I, = 3[(j,f + 31o.p 5 @)
Eph = Uph + UI,

Iy =YL U ==Y Up

where index ph stands for phases a, b and c; Uph — phase
voltage; £, — the balanced source of voltage; Iy, and Uy, are
current and voltage of the Petersen coil, and Y. = (jwL) Lits
admittance; zero sequence voltage and currents are determined
as 3U0 S ZUph and 3IU<f/h, = leh,‘f/h,-

Let us assume for simplicity that k; = kj,, then the second
equation in (1) is turned to 31y y = 31, +U,G . The phasor
diagram for this case can be found in Fig.2a (AY is 1%,
direction of zero sequence current is from the substation).

As it is possible to see, ¢y of the healthy feeder is less
than 90° (|To.1| cos(¢pp.) > 0) and vice versa for the faulty
feeder (|Zo,f| cos(¢o,#) < 0). The traditional ground protection
is based on this fact. It should also be noticed that such
systems in Norway are overcompensated, therefore in further
analyses |Y7,| > 3|Y|. After fault identification, a resistor can
be connected in parallel with the coil that increases ¢ in the
faulty feeder and helps to facilitate the selection if watt-metric
contribution is scarce.
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Fig. 2: Phasor diagram of the simplified network for fault in
phase b and a) AY = 1%, b) AY = 5%.

Now, let us assume that AY is 5% in the network (it
provokes decrease of Uy, and I, to preserve the same compen-
sation rate). The phasor diagram for this case is illustrated in
Fig.2b. The zero sequence currents for both feeders change the
quadrants: apart from the previous case, |Io | cos(¢o,f) > 0
and |Io | cos(¢on) < 0. The protection can misjudge the
healthy feeder as the faulty that is referred to as polarity
disruption of ground relays. A parallel resistor will aggravate
the situation. Authors of [3] showed through simulations that
such situation appears for faults in a phase with the biggest
capacitance. As a matter of fact, it can also occur in other
phases depending on network and fault parameters, therefore
this effect requires more thorough investigation.

A. Analysis of the polarity disruption

Finding of dependencies of the performed effect on network
and fault parameters can be derived analytically through solu-
tion of (1) and decompositions of an angle of I/ ;/Uy into
real and imaginary parts. Here, numerical sensitivity analysis
is performed with the following parameters (the base is 22 kV
and 20 MVA): |E,,| = 1 pu,, Y = (0.24 4 j6.64) - 10 ° p.u.
and k_/ = k‘h.

It is possible to get from (1) that
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Fig. 3: Dependency of cos(¢g) on fault resistance in healthy
feeder for fault in different phases, AY = 1% and 5%, fixed
compensation rate.
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Fig. 4: Dependency of cos(¢g) on inductance of the Petersen
coil in healthy feeder for fault in different phases, AY = 1%
and 5%, two fixed fault resistances Ry = 0.4 p.u. and 124
p.u. The legend is the same as in Fig.3.

Assuming G’ = 0 as prefault conditions and choosing over-
compensation rate K = |Uy/Ey| as 5% [25] (hereafter, such
definition is used), inductance of the coil can be calculated for
different network parameters. Having U for fault conditions
(GF # 0), cosine of angle of fl;,h/f’/a) can be determined.

Fig.3 shows the results of analysis for constant compensa-
tion rate: dependency of cos(¢p) on fault resistance for three
phases and different capacitive imbalance (1% and 5%).

From the plot, it can be seen that dependencies are not
prominent for the small AY, whereas more evident for the
high imbalance. It must be noted that insufficiency of watt-
metric contribution (small G) shifts all curves down. Taking
this fact and the dependencies into account, it is possible to
conclude that probability of relay misoperation in the healthy



feeder (cos(¢o,,) < 0) increases with rise of fault resistance
for phase b and decreases for a and c¢. The same conclusions
are valid for the faulty feeder.

Fig.4 demonstrates the results for variation of compensation
rate. It is observable from the upper plot (the small fault
resistance) that cos(¢p ) < 0 only occurs for phase a and
AY = 5%. Nevertheless, all curves might fall into the negative
half-plane in case of insignificant G. The dependencies are
more nonlinear for the high fault resistance (the lower plot).
As the curves are shifted down with decrease of G, then
larger overcompensations (small L) might lead to misjudgment
(cos(¢o,5) < 0) for faults in phase b and increase dependabil-
ity of ground protection for faults in phases a and c. It is seen
that the opposite situation arises for higher L. Analysis for the
faulty feeder demonstrates the same results.

From these conclusions, it is noticeable that reliability of
the traditional steady-state approach is low for insignificant
natural watt-metric contribution and high electrostatic imbal-
ance. Moreover, dependency of the polarity disruption effect
on network and fault parameters prejudices application of
[To| cos(¢o) for faulty feeder selection without the parallel
resistor. The effect also has impact on the alternative admit-
tance method [4]; therefore, full analysis including lines (with
kg # ky) and loads follows.

III. THEORETICAL ANALYSIS OF FAULT LOCATION
UTILIZING TRANSIENT SIGNALS
In this paper, signals are only analyzed at the fundamental
frequency and all high frequency components are filtered out.
For the system in Fig.1, the following set of equations is valid
for the instantaneous quantities:

ion = 3%k, C + 3ugky G + Lk, AC

3ig,p = 3%k C + BughsG + L ky AC + upyGp

ir, = 3io,f + 3io.n (3)
€ph = Uph + UL
uy, = Ld’;—’f = —ug

Numerical solution of this set, based on the Runge-Kutta
method with time discretization 10 ° s, with the same param-
eters used before and G = 0.008 pu, AY = 0.02 - 3Y,
K = 5% (L = 0.113 p.u.) is demonstrated in Fig.5 as ug(t),
ig,f/n(t). The initial conditions (in p.u.) corresponding to
up(0) = 0: e,(0) = —1.222, ¢,(0) = —0.006, e.(0) = 1.228,
0(0) = 0.006, 77,(0) = —1.98.

The dynamic changes of the zero sequence currents in the
faulty and the healthy feeder right after the fault (t = 0) are
in opposite directions due to (dis)charging processes of the
line capacitances. This peculiarities is used, for example, in
the algorithm performed in [16]. Furthermore, considering the
rest part of the transient period, it is seen that the zero sequence
angle in the faulty feeder ¢ f tends to values greater than 90°.
This phenomenon is used, for instance, in [19]. As a matter of
fact, the transient period is significantly affected by network
structures, parameters (including loads and line impedances),
presenting nonidealities and fault origins; therefore, it requires
further thorough investigation using an EMTDC-like software.

i -10'3,p.u.

0

ugpu

0 0.005 0.01 0.015 002

time,s

Fig. 5: Numerical solution of the differential equations in (3)
for zero sequence voltage ug and currents in healthy g j, and
faulty feeder g, ;.

Feeder1

Phase-to-ground
fault

Load

Main grid

Load

Fig. 6: Test case network.

IV. TEST CASE NETWORK

The study is carried out based on the network depicted
in Fig.6. The model is built in PSCAD™/EMTDC™. The
main grid is modeled as an ideal voltage source with in-
ductance (provides short circuit capacity). The distribution
network consists of two feeders (transmission lines TL1, TL2
with variable lengths 10-50 km) with frequency dependent
distributed parameters. For the given in Appendix A geometry,
PSCAD calculates an admittance to the ground of each line
per phase (per km) that gives possibility to determine the total
network admittance per phase Y. Electrostatic imbalance in
the network AY = jwAC is modeled as additional capacitors
connected to phase b at the beginning and the end of each
feeder; their values can be calculated as kg, AC/2. Coeffi-
cients ky and kj, will only depend on line lengths since their
geometric parameters are the same, and AY” is chosen as 1-5%
from 3Y to determine AC. The main distribution transformer
has delta-wye connection and the secondary low voltage side



is grounded by the inductor. L is varied in accordance with
3Y and so that to get compensation rate K = 1 — 5% from
phase voltage of the transformer secondary side. In order to
exclude influence of mutual inductances between phases, the
lines are ideally transposed. Other parameters can be found in
Appendix A.

The ground fault is always applied in Feeder 1 at the end
(the location on the feeder is fixed because its change will not
significantly alter the results). Simulated voltages and currents
(as in Fig.5) are processed through the Discrete Fourier
Transform (one-cycle at 50 Hz, sampling frequency is 4 kHz)
with low-pass filtering (second order Butterworth with 1.5 kHz
cut-off frequency) in order to extract magnitudes and angles of
the fundamental components only. Consequently, apart from
instantaneous quantities, we obtain dynamic variation of U
and I (time-varying 50 Hz phasors) for further analysis.

Models of current transformers are not included into this
study; however, it must be noted that their accuracy might be
a concern for small fault currents and, as a consequence, for
the locating methods.

V. RESULTS AND DISCUSSIONS
A. Steady-state signals

Impact of variable network and fault parameters on the watt-
metric approach has been studied using the performed model
(for ky = kp,). The results obtained through the simulations
demonstrates similar dependencies of cos(¢g,,) as in Fig.3
and Fig.4, and therefore are not presented. Additionally to
the previous conclusions, it was found that load variation has
indirect influence provoking changing of L in order to keep the
same compensation rate; it can be regarded as the dependency
on inductance in Fig.4. Finally, it was identified that ground
resistivity does not have significant influence on performance
of the steady-state methods.

The new admittance-based method described in [4] has
been investigated for faulty feeder selection: the results are
performed in Fig.7a (k; = kj, both lines are 50 km). Zero se-
quence admittances Yo = (Io—Iopre) / (Uo—Uopre) = Go+3Bo
(“pre” stands for prefault) are calculated for the faulty (the
red markers) and the healthy feeder (the blue) for different
network and fault conditions. As it is possible to see, the faulty
admittances fall into the operating area for the faulty feeder
irrespectively of phase, compensation, electrostatic imbalance,
fault impedance or watt-metric contribution of the network.

Fig.7b shows the admittances calculated for ky # kj,, fault
resistance Ry = 3 k€, AY is 2%, K = 5%. If the faulty
feeder is shorter than the healthy (10 km versus 50 km, that
is ky = 1/6 and k;, = 5/6), Yo s is in the operating area
(the red o-marker). If it is longer (50 km versus 10 km,
that is ky = 5/6, k, = 1/6), Yy, falls into the operating
area, whereas Y ; is in the non-operating (the x—markers).
Such situation is present due to two reasons: firstly, it is the
polarity disruption effect; secondly, prefault ¢ displacements
caused by |Io ¢| > |Io.p| (prefault) because ks > kp. This
issue requires individual settings for each feeder with more
complex operating area in order to avoid misoperation.

It has been found that for cases with ky # kj, the same
conclusions regarding postfault cos(¢g) are applicable (Fig.3,
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Fig. 7: Calculated zero sequence admittances for (a) equal
feeder lengths of 50 km, k; = k; = 0.5 and (b) different
feeder lengths: ky = 1/6, kj, = 5/6 and ky = 5/6, kj, = 1/6.

Fig.4). Displacement of ¢y must be taken into account if a
method utilizes prefault measurements. This phenomenon is
typical for a network with cables and will be illustrated later.

B. Transient signals

This section examines scenarios when the algorithms [16],
[19], [23], [24] based on transient signals are prone to misop-
eration. Furthermore, two fault start times are applied: when
phase voltage u,y, in faulty phase crosses O that is referred to
as 0” inception angle (might occur when an extraneous object
is in contact with a power line); when uy;, has a maximum
value, that is 90° inception angle (can happen due to leakage
ground current through an aged isolator). Below application
of different quantities as an indicator of the faulty feeder is
studied.

1) Indicators based on zero sequence angle: Fig.8a shows
the typical behavior of cos(¢g) in case of fault (K = 5%,
Ry =3kQ, AY = 1%, 0° inception angle, both lines are 50
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km) in the phase with small capacitance to the ground. The
similar picture is observed for symmetrical systems regardless
of a phase. Paper [19] suggests to use a simple threshold (the
dashed line) to select the faulty feeder; however, it is not
suitable solution in case of faults in the asymmetrical system:
Fig.8b shows the transients for the same ground fault in phase
b — cos(¢g) of the healthy and the faulty feeder cross the
threshold.

Simulations have revealed that the transient process is
not significantly affected by AY, but extended penetration
of cos(¢p,,) into the negative half-plane mainly occurs for
large K and phase @ with 90° inception angle or b with
0° hindering the decision making procedure. Additionally,
small fault resistances make the process faster (all important
transients are only present during the first 5 ms) and oscillatory
(change of the sign) that complicates signal acquisition and
processing.

2) Indicators based on zero sequence energy: Paper [23]
offers to use e for feeder selection:
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Fig. 9: Zero sequence energy eq for fault in phase a) b with
Ry = 3 kOhm, b) a with Ry = 10 Ohm, and different AY".
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where t;,,. is time of fault inception, ¢, — time of the end
of integration, 7" is the period of the fundamental component.

Such parameter can help to avoid uncertainties caused
by variation of cos(¢o) during the transient process. Fig.9a
illustrates the application of it for the same fault in phase b
(Fig.8b) — e( of the faulty feeder develops into the negative
half-plane as shown in [23]. Nevertheless, due to the polarity
disruption effect appearing for high AY, eq for the healthy
and the faulty feeder can change the half-planes (the dashed
curves). This effect can also jeopardize other methods based on
power, energy, impedance or admittance calculations. Proper
choice of 4., might not improve the situation because, as
it is shown in Fig.9b for faults in phase a with 0° inception
angle and Ry = 10 Q, ¢g of the healthy feeder comes into
the negative half-plane (and vice versa for he faulty) breaking
the preset polarity. The reason was shown in the theoretical
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analysis (Fig.3, Fig.4): cos(¢o,n) < 0 occurs for phase a
and low fault resistances. Additionally, it was found that the
method is highly sensitive to correct determination of ;.
(error in 1 ms is sufficient to get the wrong decision because of
phase oscillations) and requires different settings for relays. It
was also shown by [3] that the polarity disruption has negative
influence on this method in the steady-state period.

3) Indicators based on polarity of instantaneous zero se-
quence current: The method based on polarity of iy described
in [16] shows correct operation in all cases above. Neverthe-
less, the approach is compromised for the system with an
underground cable. In order to demonstrate this, the model
(Fig.6) is modified as follows: Feeder 1 has a 25 km overhead
line and a 25 km underground cable (the parameters are given
in Appendix A) connecting the load and the line, length of
TL2 is 50 km.

Fig.10 shows the normalized by the steady-state values
instantaneous zero sequence currents and voltage for high
impedance fault in Feeder 1. It is possible to see that right after
the fault inception dig,j, /dt < 0 and dug/dt < 0 as well; from
the theoretical analysis and previous studies, dig f/dt > 0
must be true (as in Fig.5), whereas it is not regardless of
inception angle (or phase) due to large capacitance to the
ground of the cable. However, this effect is not present during
faults in Feeder 2 (without cables) or low Rj.

It is worth mentioning that eq is not the reliable indicator
for high impedance faults occurring at 90° inception angle for
the given system because of strong capacitive current from the
cable.

4) Indicators based on zero sequence admittance: The
Cumulative Phasor Sum proposed in [24] is calculated as:

tstop
NV = Y Yoli), )
i=tinc
where Yy (i) = Io(i)/Uy(i) is the zero sequence admittance
(the fundamental frequency is considered) at specific time
instant i.
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Fig. 11: Transient characteristics of cos(¢o) for fault (phase
a, AY = 2%, 90° inception angle) in feeder with cable and
two fixed fault resistances Ry = 3 k{2 and 10 €.
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Fig. 12: Cumulative admittance phasors calculated using (5)
for fault (phase a, AY = 2%, 90° inception angle, R; = 3
k2 and 10 Q) in feeder with cable.

With proper t5,, (otherwise Y, will have an opposite sign
due to the polarity disruption effect), this method analogously
demonstrates good performance for cases in subsections V-B1
and V-B2. Moreover, it is fast (designed for intermittent faults)
and does not require variety of settings — the decision is made
on the ground of phasor positions. Nevertheless, an adverse
effect appears for the system with the cable in subsection
V-B3.

Fig.11 demonstrates extracted cos(¢g) for fault in phase
a, K = 3%, AY = 2%, 90° inception angle, Ry =10 Q
and Ry = 3 k. Presence of the cable leads to significant
inequality of prefault zero sequence currents in the feeders,
[To.s| > |Io.n|; therefore, as can be seen from the plot,
there is displacement of prefault cos(¢) of the healthy feeder
mentioned in section V-A. Due to this reason together with
high Ry = 3 kQ, faults in Feeder 1 will lead to cos(¢o,) < 0
during the transient and the steady-state periods. For Ry = 10



TABLE I: Summary on the analyzed methods.

Method Network conditions of inadequacy The worst fault conditions

SSY, [Io|cos(¢o) [21 L2 G, 12 AY, | L HIF* in phase with the highest Y (among three phases).
SS, Yo [4] 1 AY, prefault |Io ¢| > |Io,n] HIF in phase with the highest Y.

T?, cos(¢o) [19] AY # 0, fault inception angle. HIF at 0° inception angle.

T, eo [23] 1 G, T AY, | L, wrong detection of fault inception time. LOFS in phase with the smallest Y.

T, ig [16], XYy [24]

Prefault |Iy, ¢| > |Io,n| (especially in mixed networks).

HIF in the feeder with large penetration of cables.

! steady-state, Zinsufficient/small value, 3 excessive/big value,  high impedance fault, ® transient, 6 low-ohmic fault.

€, cos(¢o,) is predominantly in the positive half-plane. Thus,
the CPS method works correctly for low-ohmic faults, see
Fig.12. However, for high impedance faults, both phasors fall
into the operating area (the dashed arrows).

Dependability of the method is improved if displacement
tends to zero (operation point is close to resonance) because
angle transients fall into the positive half-plane (as for low-
ohmic faults); therefore, careful analysis of prefault conditions
is important as in the case with steady-state methods.

To summarize, the transient methods are prone to mal-
functioning in case of high impedance faults in compensated
systems with significant electrostatic imbalance of phases and
presence of underground cables. Finally, simulations have
revealed that ground resistivity and load imbalance will not
have significant impact on transient methods.

To conclude this section, we shall note that similar results
will be obtained for models of networks with more complex
topologies because they can be wrapped into two-feeder model
(Fig.6), where the healthy feeder will perform a background
network as it is shown in [8]. Furthermore, many methods
were theoretically illustrated on two-feeder models and tested
on complex models or on real measurements, e.g. [4].

VI. CONCLUSION

The current work presents the most important methods
(some of them can be founded in modern relays) for ground
fault locating in distributed networks with resonant grounding
and possible scenarios of their misoperations. The summary is
presented in Table I. It indicates combination of the network
parameters together with the worst fault conditions leading to
inadequacy of the methods.

The protection based on steady-state signals is prone to the
polarity disruption when a healthy feeder can be misjudged
as a faulty. The obtained results clearly indicate how this
effect depends on network and fault parameters. In many cases,
this problem can be eliminated applying the parallel resistor;
however, it provokes new challenges and finding of better
solutions is still an ongoing process.

Utilization of transients to extract information is a more
evident solution, however it requires more developed tech-
nologies (in terms of signal acquisition and processing) and
careful analysis in order to avoid incorrect decisions. The
results show that the network electrostatic asymmetry, phase,
fault impedance and inception angle have significant impact
on the transient period compromising the algorithms. Other
challenges might appear for cumulative criteria in networks
with extensive penetration of cables, however mainly for high
impedance faults. All these circumstances imply a need for

further development of algorithms applicable for different
network and fault types, as well as independent of information
about system parameters, complex signal processing tools or
additional equipment. It is advantageous to have universal
settings for all relays in a system and fast operation time.

The further work will be dedicated to finding of an al-
gorithm meeting the described requirements and handling all
adverse effects performed in the current paper.

APPENDIX A
MODEL PARAMETERS

TABLE II: Elements of the model and their description.

Element Description

Main grid 66 kV (line-to-line), short circuit capacity 250 MVA,
50 Hz

Transformer 20 MVA, 66/22 KV, leakage reactance 10%, copper
losses 0.45%, tap 0.906 (primary side)

Overhead line  Hight 7.1 m, distance between 3 conductors (radius

(TL1 and TL2) 10 mm, DC resistance 0.43 Ohm/km) 1.5 m (plane

geometry), shunt conductance 10 ® S/km

Cable (part of Depth I m, distance between phases 0.5 m (plane

TLI1) geometry); conductor: resistivity 4.2 - 10 8 ohm-m,
radius 5 mm; insulator: relative permittivity 5, radius
9 mm

Ground resistivity 200 ohm-m

Load (100%) interphase impedance 60 + j19 Ohm
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FAST PROTECTION AGAINST ISLANDING AND UNWANTED TRIPPING OF
DISTRIBUTED GENERATION CAUSED BY GROUND FAULTS

Konstantin Pandakov
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ABSTRACT

Ground faults (GF) in a feeder with interconnected
distributed generation (DG) might lead to overvoltages in
healthy phases even after feeder disconnection from a
substation, obstacles for reclosing schemes, and safety
hazards. It requires urgent disconnection of DG to
prevent islanding. On the other hand, fast location of GF

in compensated networks is a difficult task and finding of

the correct fault location is necessary in order to
decrease a number of undesirable DG decoupling.

The current paper proposes a communication—based
scheme preventing islanding forming in a system. The
scheme utilizes a new fast and universal indicator
revealing fault positions. A locating algorithm is also
applied to restrict unwanted disconnection of DG. The
method is tested on a model in PSCAD/EMTDC of an
actual 22 kV multiterminal grid grounded by a Petersen
coil and including DG.

The results show that the new indicator can reliably
discriminate faults in the system. It has been found that
precision of the locator utilizing two—point measurements
is not sufficient and might lead to nuisance tripping of the
DG. Using of multi-point measurements and the
proposed indicator helps to solve this problem for a
complex feeder topology. Finally, the same signals can be
applied to enhance accuracy of the locator.

INTRODUCTION

Proliferation of distributed generation in power systems
leads to several complications linked to dependability of
the traditional protection schemes. Ground faults bring
special issues in compensated and isolated networks.
References [1] and [2] show that DG has no impact on
performance of ground relays; however, for reliable and
safe operation, it is necessary to disconnect
interconnected  generators as fast as possible.
Undervoltage protection, used for this purpose, might
lead to unnecessary decoupling of DG in case of faults in
adjacent feeders or in downstream locations. On the other
hand, relaxing of its settings and having proper fault right
through capability can cause unintentional islanding in a
system.

[3] describes the state—of-the—art methods on anti—
islanding protection. The main purpose of such methods
is to detect loss—of—main situation from DG point of view
in a network a feeder circuit breaker is open. Taking into
account that the vast majority of faults in distribution
networks are single-line-to—ground and they have
temporary character, it is advantageous for system
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reliability to disconnect DG as fast as possible and
initiate reclosing procedures. It excludes application of
complex schemes with check of synchronization and
presence of an island if a fault is permanent.

For this purpose, a communication-assisted scheme [4]

can be applied as the most reliable and fast approach. DG

obtains measurements from a substation (or several

depending on configuration) in order to determine a

ground fault location:

e If it is inside of a potential island (a monitoring
zone), DG must be decoupled.

e If it is outside, DG can continue operation (the
standard undervoltage protection can be blocked).

Nevertheless, locating of ground faults in compensated
(in this work, such type of grounding is only considered)
distribution networks is a difficult task due to weak fault
currents. The traditional approach based on steady—state
signals with connection of a parallel resistor [5] is out of
interest because such procedure leads to delays, switching
transients, increase of fault current, and additional
investments (for this reason, signaling methods are not
considered here).

On the one hand, climination of the resistor will
accelerate operation, but on the other, it will decrease
dependability of the methods based on comparison of
residual current directions as it was shown in [6].
Therefore, phase—comparison schemes, for example in
[7], can be compromised. Approaches based on variation
of current magnitudes, for instance due to alternating of
compensation rate presented in [8], might be inadequate
in networks with cables or can lose sensitivity in case of
high impedance faults. Alternative methods, for example
based on calculation of zero sequence admittances [9],
require pre—fault information, and settings depend on
network configuration. Approaches utilizing low—
frequency transients require careful study because they
depend on network and fault parameters, whereas high—
frequency are difficult to implement in practice due to
susceptibility to measuring noise.

Incorrect determination of a fault position might lead to
nuisance tripping of DG or, in the worst case, unexpected
presence of the source. Thus, a new indicator not
depending on network or fault parameters is needed to
determine whether fault is in front or behind a ground
relay. This paper proposes a simple and universal
algorithm utilized in the fast communication—based
protection in order to prevent potential islanding
situations in a network or unwanted DG disconnection
caused by ground faults, as well as to facilitate reclosing
schemes in a feeder with DG. Furthermore, for
decreasing of outage time, it is desirable to extract
information from the same signals about a probable faulty
area. The paper also offers an improved method,
presented earlier in [10], on ground fault location
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estimation demanding less computations and with
possibility of precision enhancement.

DEVELOPMENT OF A NEW INDICATOR

Synchronized two-point measurements at a substation
and DG are needed in order to find parameters of an
equivalent line, Fig.1, through the following equation:

V.“ _ lll
ANNIAK

M
where Z is the series impedance, Y is the shunt
admittance, V" and [ are the voltage and the current at the

sending (index s) and the receiving (r) end. All variables
are zero sequence quantities.
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r tr
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Figure 1: Equivalent line.

The next step is to change the real part of the calculated
admittance as |real(Y)|+j+ximaginary(Y) because, in most
cases, it might be negative during ground faults. Finally,
the line is split by the faulty point as shown in Fig.2.

v (I-k)z v, I

i & kZ Z,

28 (1-k)Y

2 2
= =y 1[ = =

Figure 2: Splitting of the equivalent line by the fault.

Hereafter, V;is the voltage at the faulty point and / is the
fault current. Parameter & (a relative distance from the
sending end) can be determined having the following
system of expressions:

V=V, —kz(I, - V.¥)
Vi =V~ (= kzZ(1, - v,457)

(2)
It yields the quadratic equation below that is solved for .
»ZY
k T(V,‘ —V,)—kZU,+ I, = V,Y) +

Y
Vo=V, +Z(I,-V,=)=0
(=v3) 3)

The real part of the smallest root is taken as an indicator

with the following condition applied in the algorithm:

e }=0.5 — the fault is in front of the sending and the
receiving relay.

e k=0 — the fault is behind one of them.

Such k—indicator has simple universal settings for the
whole system (even if the topology is changed) and
immunity to fault origins because equation (3) does not
contain Vs and I Moreover, any prefault information is
not needed. This method does not provide information

about exact fault location, therefore the algorithm is
supplemented by a locator utilizing the same
measurements as outlined in the next section.

DESCRIPTION OF THE ALGORITHM FOR
FAULT LOCATION

The same signals obtained from the sending and the
receiving end together with prefault information about a
zero sequence network are used in the locator. It is based
on solution of the following matrix equation (in zero
sequence quantities):

L] (Vs
Ll |V,
I 1%

[zw] M =1""]
Ll |V
Iy Vi

“)

In distribution networks there are many load outfeeds
between the measuring points as it is illustrated in Fig.3.

v, nvv 7,
s 1 V
L I
Figure 3: Multitapped network.

1 1

"

In (4) they are considered as voltages at load points
Vi...V, and load currents /;...J,. In compensated systems
loads are decoupled from the main trunk by the mean of
YD transformers; therefore, for the zero sequence
network /1=...= I, =0 is valid.

Equation (4) is nonlinear because zero sequence
impedance matrix under fault conditions Zk) is unknown
and depends on a fault location. Thus, finding of Z(k)
provides information about a possible faulty area. It is
worth noting that number of measuring points N,, must be
greater or equal to two due to the fact that: the number of
the rows N in (4) is N=N,,+Nig+1 (Njg— the number of the
load taps), and the amount of the unknowns is Nu+3
(Vi...Va, Vi, I, k containing in Z).

The current work proposes the following method for

solution:

1. Linearization of Z(k): a fault is assumed to be at a
specific position chosen arbitrary, then known Z* can
be formed.

2. Vector of currents I is determined. In fact, only /; is
unknown:

Vm - Z;,I:Nfl N Il:N—I
Iy=———
‘mN )
where m is a row that can be chosen among the rows
containing the measured voltages and the currents.
Notation m,N means an element in row m and
column N. Notation 1:N-1 means all elements from 1
to N-1.
3. Calculation of a voltage error. The calculated
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voltages can be compared with the measured in order
to find the most probable fault location. For this
purpose, norm of a relative voltage errors is
evaluated:

a7, = |V~ B T

\48

Vi, ©)
where division is elementwise (voltage vector V is
used), index 7/ denotes an exact faulty point position
on a chosen line [. Therefore, k=i«dk with
geometrical step dk and i=0:1/dk, and /=1:N; with
the number of lines N,.

4. The fault position is changed (i and [
correspondingly) with fixed m, the matrix of errors is
accumulated, AVo.11:n.

5. Finding of min(AV) gives row i™" and column /™"
with the minimal element. Values ,= i""«dk and
Vw=I"" are memorized for fixed m.

6. Additionally, parameter a,, (for fixed m) is calculated
as o =|[AV™ny AVminy | AY™ing| | where AV™.5 the
first five minimal errors from AV.

7. Row m for calculation of I is changed and all steps
are repeated. Values of K,, /, and a, are
accumulated.

8. Finally, condition min(a.y,) gives m that leads to
better precision, denoted as m-f. After that, the most
accurate k,.sand /,,.rcan be chosen.

‘min

Steps 6 — 8 differ the proposed approach from the
previously developed in [10] and provide higher
precision for the locator. Working with an impedance
matrix requires fewer computations. Furthermore, in
order to speed up calculations, parallel processing is
possible (e.g. steps 1 — 6 can be executed simultaneously
for different m=1:N,). The performed algorithms have
been tested on the model described below.

TEST CASE NETWORK

Several fault locations have been studied by means of the
model of the distribution network illustrated in Fig.4. It is
an actual 22 kV grid with DG: a synchronous and an
induction generator. Main distribution transformer T1 is
grounded through a variable inductor (the value and over
compensation rate 3.5 % are provided by the system
operator). The network has overhead transmission lines
TL1 — TL22 together with extensive cable sections
(specially marked lines TL10 1, TL10 3, TLI11 1,
TL22_2). Numerous load points are connected with the
main trunks by short cables; detailed modelling of this
configuration is bulky, therefore represented as
concentrated loads SO — S19. Protection functions are
accomplished by relays R1 — R13.

The model is built in PSCAD™/EMTDC™: the
transmission lines are represented as the Pl-equivalent
models (electrostatic asymmetry is taken into account),
the loads are delta—connected constant impedances (that
represents the YD distribution transformers), the utility
grid is an ideal voltage source, the transformers and the

generators can be found in the standard libraries of the
simulation program. All parameters were provided by the
system operator and cannot be specified.

Figure 4: 22 kV distribution network.

Islanding situation will arise in case of faults in the lines
marked by red colour in Fig.4 provided that relays R7,
RO, R11 successfully clear the downstream faults.

RESULTS AND DISCUSSIONS

Fig.5 shows dynamic behaviour of the k—indicator for the
faults (inception time is 4.45 s) in Fig.4. In addition to the
lines specified above, a fault was applied for different
phases (to handle network asymmetry) and fault
resistances — 10 Ohm and 3 kOhm. Relays R6 and R13
are used to identify the equivalent line.
R6-R13

0.6 T

04 :(_ decision made

| ~150 ms

AF

0.2

Faults in F2

44 4.5 46 4.7 4.8 4.9 5
time
Figure 5: Dynamic performance of the k—indicator.

As it is possible to see, the faults in Feeder 1 are
effectively discriminated regardless of fault origins.
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Moreover, decision is made during the first few hundreds
milliseconds (the transient period) that provides
possibility for fast operation.

After the correct feeder selection, the faults in lines
TL10_3, TL14, TL19_1 must be separated from the red—
marked in Feeder 2 (Fig.4) in order to prevent nuisance
tripping. For this purpose, the fault locator is used. Fig.6
shows the dynamic performance of the locator for the
fault in line TL8. Here, post-fault processing of the
recorded measurements is applied, step dk = 0.01 is used.

15—
!
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45 5 55 3 65
time,s

Figure 6: Dynamic performance of the fault locator.

In Fig.6, period 1 represents the transient period, and 2 —
the steady—state; as it is possible to notice, stable solution
for error of K. (the line is determined correctly), is
achieved in the second period. It is also seen that the
low—ohmic fault (higher fault current) leads to the better
accuracy. Therefore, a parallel resistor or decrease of the
Petersen coil inductance (period 3 reflects gradual
process as an example) can be applied: it improves the
precision of the locator.

Fig.7a illustrates the calculated results for the faults in
phase A with resistance 3 kOhm in the locations mapped
on the one-line diagram of Feeder 2. It can be seen that
the maximal errors (Ai;3) belong to lines TL10_3, TL14,
TL19 1 that are the side branches from the main path
between relays R6 and R13; in contrast, the more precise
results are achieved for lines TL8, TL16. Errors A3
lead to nuisance tripping of the DG.

X Real
b4 o AV
f<— min
El =2 [
- min
P R ° Ava‘ H
b/ o avy"
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[ ] 'q P!
P
A\
X
a b

Figure 7: Fault location for (a) two—point measurements,
(b) line TL10_3.

Fig.7b demonstrates that the several possible (calculated
on the basis of the first five minimal voltage errors
AV™iny5) locations for one fault, for example in line
TL10 3, can identify that it is in the side brunch.
Nevertheless, accuracy required for reliable prevention of
nuisance tripping of the DG is still poor even for larger
overcompensation.

Algorithm for four—point measurements

In order to avoid unintentional decoupling of DG because
of locator error, measurements of relays R6, R7, R9, R11
must be involved. Hence, the k—indicator can be used to
discard the lines downstream of these relays. Fig.8
illustrates this method for the faults in the system for all
three phases in each line and two fault resistances — 10

Ohm and 3 kOhm (hence, six cases for each line).
R6-R7
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Figure 8: The k—indicator for four—point measurements.

Applying three pairs of relays (R6 — R7, R6 — R9 and R6
—R11), it is possible to construct the equivalent lines and
find & for each pair. It is seen that relays R6 and R7
eliminate (k~0) the faulty lines in Feeder 1 and in front of
relay R7 (polarity is towards the substation).
Analogously, relays R6 and R9 discriminate line TL14
and Feeder 1; relays R6 and R11 — Feeder 1 and TL19_1.

Applying AND logic between these three pairs, the final
decision leave lines TL8, TL9, TL13, TL16, TL18 with
k~0.5. All these lines belong to the area of the potential
island; therefore, the DG can be disconnected in a fast
manner. Conversely, if £~0, the DG continues operation
with the grid with respect to its fault ride through
capability. Numerous simulations with various network
and fault parameters show high reliability of such
approach.

Fig.9 illustrates performance of the locator for the faults
inside the potential zone: all corresponding lines are
correctly identified, and error of & depends on fault
resistance and compensation rate (inductance L, is greater
than L; in the plot). It is noticeable that the error is small
or around zero for the long lines (e.g. TLS, ~15 km) and
significant for the short (e.g. TL9, ~500 m).

CONCLUSION

This work has demonstrated the performance of the
proposed A—indicator for ground fault position
identification. It has the following advantages: simple
settings coming to logical 1 or 0 (less information in data

4/5



-G

TL8 TL9 TL13 TL16 TL18
Figure 9: Fault location error for
measurements.

four—point

packages) and not depending on (variable) system
configurations, immunity to fault parameters (locations,
impedances), fast decisions during few hundreds
milliseconds, no need in prefault information.

The improved fault locator based on the zero sequence
network demonstrates sufficient usability for the
multitapped distribution network. Accuracy can be
enhanced by decreasing of a Petersen coil inductance at
the substation or using more measurements and the
smaller network size.

Application of the proposed algorithm in the real system

will benefit as follows:

e Avoiding of unnecessary tripping of the DG caused
by ground faults.

e Fast identification of potential islanding situation in
case of ground faults in the network followed by
disconnection of the DG and initiation of reclosing
procedures.

e Accurate ground fault
reliability of power supply.

It is worth mentioning that the basic indicator for ground
fault identification and initialization of the performed
algorithms can be zero sequence voltage. The further
work requires studying of difficulties arising with
presence of intermittent faults in cables (unstable
signals).

location that improves
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An additional criterion for faulty feeder selection
during ground faults in compensated distribution
networks

Konstantin Pandakov, Hans Kristian Hgidalen, and Sidsel Tretteberg

Abstract—Identification of faulty feeders and sections during
ground faults in compensated medium voltage systems is a
task d ding develop t of new methods. Existing
steady-state approaches, such as the watt-metric or the admit-
tance based, can be compromised by various parameters of
distribution lines or network configuration. Moreover, sensitivity
might be threatened during high imped faults. Transi
methods (extensively studied in the recent literature) require
thorough analysis before implementation due to their dependency
on fault and system parameters. The current paper proposes a
new approach for faulty feeder selection during ground faults.
It has been tested in the laboratory utilizing EMTP simulations.
Performance of the developed algorithm has been compared with
the conventional steady-state method implemented in a modern
feeder relay. The results show improved selectivity and robustness
of the new proposed algorithm. Moreover, its applicability for real
systems has been demonstrated on fault records obtained from an
actual distribution network. The proposed approach can be used
as an additional criterion to increase selectivity of the ground
fault protection in compensated networks.

Index Terms—ground fault protection, resonant grounding,
transient

I. INTRODUCTION

N compensated distribution systems the main transformer

is grounded through an inductor (Petersen coil). This de-
creases earth fault current and thereby increases probability of
a self-extinguishing arc. In case of permanent or longstanding
intermittent faults, breaking operation is required that inter-
rupts load current. In order to affect as few customers as
possible, it is necessary to determine a faulty branch (or a
feeder in general) and isolated it from the network.

The traditional method of earth fault detection is to measure
zero sequence voltage magnitude at the substation and zero
sequence currents in each feeder in order to compare them with
thresholds. For identification of a faulty feeder, zero sequence
current magnitude is not a reliable indicator (especially for
long lines and cables), whereas its direction (that is phase
with respect to zero or negative sequence voltage) is typically
utilized.

As it was shown in [1], this standard approach of faulty
feeder selection is jeopardized in case of high impedance
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faults. Reference [2] demonstrates that the direction can also
be erroneously determined due to significant capacitive im-
balance in the network. The main reason of adverse effects
in compensated networks related to this is the large reactive
component of zero sequence current compared to the active.
This insufficient natural watt-metric contribution of the grid is
considered in [3]; therefore, in order to guarantee selectivity
of ground protection, a parallel resistor is connected to the
Petersen coil [3], [4].

Connection of a parallel resistor during faults leads to
increase of fault current and switching transients; moreover,
the ground protection can misoperate due to resistor malfunc-
tioning or delayed operation during intermittent faults. Thus,
development of a new protection scheme independent of such
operation is important for utilities.

Reference [1] proposes a novel admittance method showing
a good performance without the parallel resistor (due to the
natural losses of the coil and the network). The main disad-
vantage is a need of prefault measurements and information
about the network for calculation of individual settings for
each relay. This method together with the standard approach
is related to steady-state approaches that might be unreliable
for intermittent faults [5]. At the same time, as it was stated
above, methods based on only magnitude of zero sequence
current, for instance [6], can be compromised by presence of
cables in a network. Signaling methods, for example [7], are
of less interest because they require additional equipment.

On the basis of these facts, transient algorithms deserve
special attention as an alternative solution. Methods using
fast transients and wavelet analysis, as in [8], have several
obstacles for practical realization, such as high frequency
sampling and sensitivity to noise during signal acquisition.
Hence, approaches utilizing slow transients (up to 1 kHz)
are of great importance due to suitability for isolated and
compensated networks [9], simplicity of signal processing and
measurement (frequency sampling is limited to some kHz).

Reference [9] uses earth capacitance estimation for feeder
selection and it requires information about the feeding net-
work. Charge-voltage characteristics are used in [10] and
they require complex algorithms for pattern recognition. Paper
[11] describes investigation of frequency spectrum, however
such approach requires better models taking into account
frequency dependency of transmission line parameters. Paper
[12] demonstrates that polarity of instantaneous zero sequence
current in a faulty feeder is differed from healthy ones during
the first milliseconds after fault inception. This observation
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Fig. 1: Two-feeder compensated system with fault for analysis.

gives a basis for development of algorithms based on transients
of current phase as it is performed in [13].

Transient methods are subjected to many adverse effects.
They can partially be eliminated applying integrating criteria,
such as zero sequence power in [14] or energy in [15]. Addi-
tionally, reference [16] presents application of zero sequence
impedance and [5] — admittance. Nevertheless, transient power
and energy algorithms tend to malfunction for asymmetrical
systems as it was shown in [17]. Moreover, these methods have
not been extensively studied for mixed networks, i.e. having
both cables and overhead transmission lines, and various fault
conditions (impedance, inception angle, phase in presence of
electrostatic imbalance).

To summarize, the proposed paper aims to develop a new
transient faulty feeder selection algorithm that is capable
of reliable operation without the parallel resistor. Section II
outlines the proposed algorithm justified by an initial analytical
analysis. Its applicability is tested in the laboratory using
simulated and actual fault records. Section III details the com-
plete Monte Carlo simulations in PSCAD/EMTDC. Algorithm
performance is also compared with the standard steady-state
method described above implemented in a modern feeder
relay. Section IV explains the laboratory test setup for these
purposes. Section V contains the test results with discussions.
Finally, real fault records from a 22 kV distribution network
are utilized in subsection V-D in order to examine suitability
of the algorithm for the existing measuring facilities.

II. THEORETICAL BACKGROUND

A simple network depicted in Fig.l is used to describe
physics behind the standard steady-state method and the new
transient criterion for faulty feeder selection. It has: utility
grid with positive sequence voltage V,, positive (denoted
as 1) and zero sequence (denoted as 0) reactance x4 and
240 correspondingly; a step-down transformer with positive
sequence reactance x grounded through a Petersen coil with
impedance Z,. represented as inductor (L,.) with resistive
losses (2 in parallel); a healthy feeder (denoted as h) having
series impedance Zj,1,0 and shunt admittance Y},1,0; a faulty
feeder (denoted as f) with similar parameters Zy; o and Yy; o
and fault resistance Ry at the beginning of the feeder; a load
transformer (2,7) and load impedance Zp,1 .

In order to detect and locate a single-line-to-the-ground
(SLG) fault, zero sequence voltage uy measured at the com-
mon busbar and zero sequence currents in the feeders (450 and
iyo in Fig.1) are required.

(a) (b)

Fig. 2: a) Decomposition of the system into the positive,
negative (not shown) and zero sequence network, b) the
simplified network with the equivalent impedances.

The faulty system can be represented as series connection of
the sequence networks shown in Fig.2a: the negative sequence
network is the same as the positive (only source Vj is shorted)
and, therefore, omitted. Fig.2b demonstrates its simplified ver-
sion. Here equivalent healthy feeder zero sequence impedance
iS Zeno &~ 1/ Yy because typically Zpo < 1/Y0. Yio consists
of shunt conductance G and capacitance C. For simplicity,
Yo = Yo is assumed and, therefore, Z. o = Zeno-

Equivalent positive sequence impedance Zgp1 = Zey1 =
Zr1 because again Zp, < I/th, and Zpy > Zp1, xp7.
Equivalent reactance x; includes both x4, and x7.

For the system in Fig.2b, the following equations can be
written:

ino = —upG — C'le

77f(] = ihO +i= ipc - zth

. — ug 1 ug

tpe = ULy T 3R, = 3L Jouo+ 3R,. (M
ug =V, —3Ryi— L%

U= lpec — 2ipo

Here i is current in fault resistance and i,. is in the
Petersen coil. The fourth equation is derived assuming that
potential ' &~ V, because x1 is much smaller than equivalent
impedance of connected in parallel Z.p1, Zef1, and the rest
part of the scheme with prevailing zero sequence impedances.
Additionally, an equivalent impedance of parallel connection
of @1, Zen1, and Zogi (the negative sequence network) is
roughly equal to =1 because zy < Z,1/2 (see above). Angular
frequency is w.

System (1) is solved for ug, ino, iyo using the numerical
method with time step 0.1 ms and the following parameters:
Vg =12.7kV, zy = 17.3 Q, w = 314.16 rad/s, C = 1 pF,
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Fig. 3: a) The standard stead-state approach for faulty feeder
selection, b) the transient period of time-varying angle ¢g
between zero sequence voltage and current.

G =6.3 puS, Lye = 1.5 H, Ry, =23.6 kQ, Ry =100 Q. All
initial conditions are zero.

The obtained instantaneous signals are processed using
Discrete Fourier Transform (DFT with sliding window of one
period T' = 2w /w = 20 ms) [18] in order to derive 50 Hz
time-varying phasors Uy, 0, Ifg

Fig.3a illustrates the standard approach for faulty feeder
selection: both steady-state phasors |In|e?? 0 and |Ifo|e??70
(¢ is angle between Uy and 1) are in the non-tripping region
(insufficient natural watt-metric contribution from the system);
in order to shift the faulty phasor into the tripping region, a
parallel resistor (denoted as R, chosen 1.8 k{2) is connected to
the Petersen coil (resulting in the dashed arrows). The healthy
phasor almost preserves its position after such operation.

This approach has several disadvantages mentioned in the
introduction; therefore, we propose to utilize the transient
period of cos(¢) right after fault inception: Fig.3b shows that
during the first period, cos(¢ro) and cos(¢zg) are explicitly
distinguishable: the first one is mainly situated in the positive
half plane, the second - in the negative; unlike the sine function
that develops in the same direction for both. It allows selection
of the faulty feeder before connection of the parallel resistor

)

— &

‘{/(n‘ cos(do,i), cos(do,i— 1)|

if || > sign(e;) - €1
€maxi = €i

otherwise

€maxi = €i—1

Y
Y3

Y trippin
AN

Fig. 4: The block diagram of the algorithm.

and avoiding relay misoperation associated with this.

The block diagram of the proposed logic is presented in
Fig.4 and it includes:
Block 1 realizes signal processing with DFT (one period
sliding window) and LF (low-pass filter) of uo and ¢ in
order to extract |Up i, ¢o.;» and ¢ ;—1 (i denotes current
sample, 7 — 1 is previous). Sampling frequency Fs = 2
kHz is used in this work for laboratory experiments.
Condition 2 checks fault presence if zero sequence volt-
age magnitude exceeds threshold Usiy.
Block 3 zeros all initial conditions used during calcu-
lations (reset function) and the output in order to avoid
tripping when fault is absent.
Block 4 accomplishes calculation of parameter ¢; as
trapezoidal integration of cos(¢g) samples (with zero
initial conditions):

& = i1+ [cos(dui) + cos(doa1)| /2F) @

Integration improves selectivity handling undesirable an-
gle oscillations and thereby allows application of simple
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Fig. 5: |Up| with Uy and cos(¢p) as the solution of system
(1), and corresponding time running em, from the integration
applied in the new proposed algorithm.

settings because cos(¢so) is predominantly in the nega-
tive half plane and vice versa for cos(¢p0) (see Fig.3b).
Block 5 looks for maximum of |¢;| (either for positive or
negative ¢;) because during integration, cos(¢p ;) might
change sign and shift €; closer to zero where selection
procedure can be problematic (less certainty due to os-
cillations and measurement errors).

Condition 6 limits the extreme point search by one period
T = 27 /w where all necessary information is contained
(seen from Fig.3b). For this purpose, each new sample
cos(¢p,;) utilized after fault inception is counted by
variable ‘cnt’. If this condition is true, the output of the
algorithm e,y 1S set to zero and a new sample is taken.
Condition 7 holds €y, after integration of one period.
This condition can be false only when cnt = T'Fy, then
the output of the algorithm is ep,y; calculated by block
5.

Block 8 sends logical one to the relay tripping logic if
€max,i 18 strictly negative during fault (illustrated below).
Then, the loop is repeated with the new samples of
voltage and angle.

The relay tripping logic includes outputs from other al-
gorithms; therefore, the performed one is considered as an
additional criterion improving selectivity. Further in tests,
presence of this logical one (the tripping signal from the
algorithm) is examined; its application in the relay tripping
logic is out of the scope of this paper.

Fig.5 shows time-varying |Up| (solved system (1)) with
Usgtare = 1.5 kV, faulty and healthy cos(¢g) from Fig.3b, and
corresponding time running e, for them. It is possible to
see the start time of the integration and the end when €pmyy
becomes negative for the faulty and positive for the healthy.
Hence, inherent operation time of the algorithm is 20 ms (one
period).

To sum up, the algorithm in Fig.4 produces the tripping
signal only if fault occurs in front of the relay (em.; < 0)
and it lasts longer than one period (otherwise, |00,i‘ < Ustart

12 C2

025m  025m Cl 11

Fig. 6: Geometry of the overhead line and the cable applied
in the EMTP model.

TABLE I: Elements of the model and their parameters.

Element Parameters

Main grid 66 kV, 50 Hz, 241 = 17.3 Q

Main trans- 20 MVA, 50 Hz, D/Y(Lags), 7 = 0.1 pu, unideal,

former no load losses, copper losses 0.0045 pu, 66kV/22kV, no
saturation, tap 0.97

Overhead G = 3-10 ' S/m, DC resistance 0.43 Q/km, ideal

line transposition, p = 1, sag 0, length 50 km, geometry in
Fig.6

Underground G = 2.6-10 9 S/m, conductor C1: resistivity 4.2-10 ®

cable Qm, o = 1, diameter 0.01 m; insulator I1: € = 5, p = 1,
diameter 0.018 m; C2: 2.2-10 7 Qm, p = 1, diameter
0.022 m; 12: € = 2.3, p = 1, diameter 0.026 m; length
10 km, geometry in Fig.6

Load Zp1 =500 + 78.51

Petersen coil Zpe = 4+ 200i Q (overcompensation +3 A), parallel
resistor R = 760 €2 (according to Norwegian regulations

[19])

and block 3 resets initial condition of the integration and the
counter of samples).

Thus, universal settings for all relays at the substation can
be applied regardless of feeder parameters and zero sequence
current magnitude.

III. TEST CASE NETWORK AND MONTE CARLO
SIMULATIONS

To study the transient phenomena during ground faults
in a systematic way, the network in Fig.l is realized in
PSCAD™/EMTDC™. One of the feeder is an underground
cable, the other is an overhead line (see Fig.6). Both are line
models with frequency dependent distributed parameters. All
model parameters can be found in Table I.

Such topology is used to create extreme conditions for a
conventional ground fault protection: the cable has dominant
uncompensated capacitive earth-fault current (94.4% from the
total) compared to the overhead line. In this network, feeder
active earth-fault current only constitutes 2% from capacitive;
therefore, application of the parallel resistor is required to
ensure reliable protection operation.

Three fault types have been introduced: permanent low-
ohmic (250 cases in each feeder, 500 in total) and high
impedance fault (250 cases in each feeder, 500 in total), as well
as low-ohmic intermittent faults (250 cases in each feeder, 500
in total). In total, 1500 fault scenarios have been simulated.
Faults have been simulated consecutively as self-clearing with



on time 0.5 s and relaxation time 0.5 s. Each fault (of each
type) has arbitrarily determined parameters in order to examine
performance of the algorithm under different conditions.

The following parameters are randomly changed: faulty
phase (a, b or c), fault location (beginning and end of the
feeder). Additionally, according to [2], it is important to
introduce electrostatic asymmetry for the overhead line: an
additional capacitor is arbitrarily connected to one phase (a,
b or ¢). Its value is varied between 0 and 5% from the
total ground capacitance of the line [20]. At the same time,
parameters are randomly changed for:

o Permanent low-ohmic faults: Ry = 0...500 €2, inception

angle 0...90° (important for transient methods).

o Permanent high impedance faults: Ry = 0.5...3 kQ,

inception angle 0...90°.

o Low-ohmic intermittent faults: Ry = 10...100 €2, number

of strikes, their inception times and durations.

Randomness of the parameters in PSCAD is realized using
block ‘Random Number Generator’ with uniform distribution
and automatic initial seed. For permanent faults, it produces
a new random number every | s that is used to determine
fault parameters above (phase, location, size and position of
the capacitor, fault resistance, inception angle) for each new
fault.

For intermittent fault modeling, this block produces a ran-
dom value (between O and 1) every 50 ms during 0.5 s on
time — if it is greater than 0.5, a strike is initiated (50%
probability). Fault resistance is varied with the same frequency.
Other parameters (phase, location, size and position of the
capacitor) are only changed every 1 s.

The parallel resistor is connected after 100 ms as fault is
detected (exceeding of Usy,r) and disconnected without delay
if |Uy| < Ugan Its malfunctioning is also modeled: it is not
connected if the random number generator produces a value
(between 0 and 1) less than 0.05 (5% probability).

In the simulations, Ugar has been chosen equal to 1.5 kV to
guarantee detection of far-end high impedance faults (R; =
3 k) at the substation.

IV. LABORATORY TEST SETUP

Simulated instantaneous u( and i, (for each feeder in order
to check sympathetic tripping) are saved in .csv files and
played back with Fy = 2 kHz in OMICRON CMC356 using
advanced transient play functionality. Analog signals are sent
to a modern microprocessor based ground relay (vendor and
product cannot be disclosed) and binary tripping signals are
registered during the tests, see Fig.7. The relay utilizes the
standard steady-state method (see Fig.3a) with the following
settings: Operate current — 8 A (cable) and 2.5 A (overhead
line), operate voltage — 1.5 kV, forward/reverse angle — 80°,
reset delay time — 0 s, minimum operate time — 40 ms.

The algorithm in Fig.4 is realized by means of a pro-
grammable microcontroller STM32F4 Discovery. Since it can-
not accept large analog signals and scaling leads to poor
precision, ug and 7o are played back with Fy = 2 kHz in the
OPAL-RT real time simulator in order to compare algorithm
performance with the relay for the same signals in equal

OMICRON CMC356pls

Microprocessor
based ground

Analog relay Analog
(1), ig(t) tripping
F=2kHz signal

Fig. 7: The laboratory setup for testing of a modern micro-

processor based ground relay.
Analog (0-3V)
tripping signal

OPAL-RT

PSCAD
simulations

TCP/IP 100 Mbps
uy(b), ig(t), F=2 kHz

USR-TCP232-T2

STM32F4

Fig. 8: The laboratory setup for testing of the developed
algorithm.

conditions. The signals are sent using TCP/IP protocol trough
interface transformer USR-TCP232-T2 to the microcontroller
(embedded UART interface). Binary tripping signals are sent
back to the simulator as analog voltage signals, see Fig.8.
Thus, we verify algorithm applicability in situations close
to reality (presence of communication latencies, hidden or
neglected factors not appearing in off-line simulations) and
estimate operation time.

Current and voltage transformers in the model are assumed
ideal.

V. RESULTS AND DISCUSSIONS

In this section the following indices are used for the faulty
feeder (iyo is used in the test setups):
« successful (S) operation (presence of tripping signal):

- Sg = Tr/Ng - 100%, where Ny is the number of
faults when the parallel resistor properly operates, T
is the number of cases among Nr when the tripping
signal appears.

= Snor = Thor/Nuor - 100%, where Njor is the number
of faults when the parallel resistor fails to connect,
Thor is the number of cases among N,,r When the
tripping signal appears.

Obviously, Ng + Nyor = 250, and 100% for both Sg
and Spor shows that misoperation of the method is not
registered during the tests.



TABLE II: Indices for permanent faults in the cable.

Low-ohmic High impedance
(0...500 Q) faults (0.5...3 k) faults
Index | Ground Algorithm | Ground Algorithm
relay in Fig.4 relay in Fig.4
Sk 100 100 100 100
Shor | O 100 0 100
Unor | 100 - 100 -
top 160.8 44.1 169.5 44.1
tst 24 6.4 4.4 6.9

« unsuccessful (U) operation (no tripping signal):
= Unor = Myuor/(250 — Tr — Thor) - 100%, where
Mpyor is number of missed tripping signals when
the parallel resistor fails to connect (over the total
number of missed tripping signals).
A value less than 100% indicates that there is an another
reason of protection misoperation different from failure
of the parallel resistor. If Tr + Thor = 250 (no missed
tripping signals), then Uyor cannot be computed (denoted
as ‘~’ in the tables below).
o top - mean operation time in ms and t is its standard
deviation in ms.

A. Permanent cable faults

Table II shows results for permanent faults in the cable.
The row with S,or indicates that the ground relay cannot
recognize faults and U,or shows that the reason is the parallel
resistor malfunction. Thus, dependability of the relay depends
on resistor operation due to presence of high capacitive
current from the cable. At the same time, the new proposed
algorithm demonstrates good performance in all cases (no
missed tripping signals). Smaller than 100 ms operation time
(44.1 ms includes 20 ms operation time of the algorithm and
communication latencies) means that it makes decision before
operation of the parallel resistor.

In these tests, the signal from the healthy feeder (the
overhead line) iy sent to the ground relay does not lead
to tripping signals. In other words, sympathetic tripping does
not occur. However, it happens when the new algorithm is
tested during a specific fault scenario: R; > 2.5 k{2 and
significant electrostatic imbalance (~5%) in the phase adjacent
to the faulty. In such cases, the algorithm tends to disconnect,
together with the cable, the healthy overhead line. Fig.9
shows cos(¢yp) in such fault scenario and clearly demonstrates
predominantly negative values for both feeders in the transient
period (in contrast to Fig.3b).

Though security of the ground relay is guaranteed in such
case by minimum operating current (2.5 A for the overhead
line), sympathetic tripping arises for more sensitive settings
(for example, 0.5 A if the system operator requires detection
of 10 k€2 faults). This point has been verified through separated
tests not demonstrated in this paper.

B. Permanent overhead line faults

Table III shows results for permanent faults in the overhead
line. For low-ohmic faults, we can observe similar results as

0.4 T T T T T T

03r 1
fault starts

trip

cos(mu)

1
1
1
1
1
1
1
1
1
1
1
1
1
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t[s]
Fig. 9: The transient period of cos(¢g) and the trip signal in
the healthy feeder during high impedance fault in the cable in
the highly asymmetrical system.

11.55 1.6 11.8

TABLE III: Indices for permanent faults in the overhead line.

Low-ohmic High impedance
(0...500 ©) faults (0.5...3 kQ) faults
Index | Ground Algorithm | Ground Algorithm
relay in Fig.4 relay in Fig.4
Sk 100 100 100 100
Snor | 0 100 100 100
Unor | 100 - - -
top 164.7 442 44.7 452
tt 3.8 6.7 1.4 6.9

in the previous case. For high impedance faults, the ground
relay produces tripping signal even when the parallel resistor
fails (Spor = 100%) because uncompensated capacitive earth-
fault current in the overhead line much less than in the cable.
Performance of the algorithm is similar to the previous case;
furthermore, sympathetic tripping does not occur for any of
the test cases.

C. Intermittent low-ohmic faults

Table IV shows results for low-ohmic intermittent faults.
The row with Sg indicates that the ground relay cannot guar-
antee reliable operation even if the parallel resistor properly
works (indices are less than 100%). It happens because of
unstable faulty signals and inherent operation times of the
relay algorithm. For faults in the cable, the relay can initiate
tripping in a few cases when the parallel resistor misoperates
(non-zero Shor).

In Table IV, index Uy is less than 100% in all cases
showing that the reason of relay misoperation is not only
parallel resistor failure. Indeed, Fig.10 shows zero sequence
magnitude and cos(¢g) for such case. It can be observed
that, after connection of the resistor, fault disappears (from
relay point of view because voltage magnitude is below the
threshold until the second strike occurs); if this time span is
less than relay operation time, it cannot detect the fault. In



TABLE 1V: Indices for low-ohmic (10...100 £2) intermittent
faults.
Fault in cable Fault in overhead
line
Index | Ground Algorithm | Ground Algorithm
relay in Fig.4 relay in Fig.4
Sk 83.7 100 86.4 100
Shor | 4.3 100 0 100
Upor | 37.3 - 32 -
top 212.8 443 2114 443
Lst 927 6.9 932 6.37
15 T T T T
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Fig. 10: Zero sequence voltage magnitude and angle during
restriking fault on the feeder.

this test set, the new proposed algorithm does not miss any
tripping signal.

It is necessary to mention that the presented indices for the
ground relay can be improved if the resistor is disconnected
with a sufficient time delay or it is constantly connected to
the Petersen coil (such operation is sometimes used by utility
companies, however not widespread).

D. Real fault records

The system operator of an actual 22 kV distribution network
in Norway (total capacitive current is about 80 A) provided
oscillograms of 21 ground faults that occurred in the autumn
2016 - winter 2017. Ground relays in this network are capable
of recording only if they initiate start (ready to trip) or tripping
signal. The recordings consists of measured zero sequence
current and phase voltages that are used to calculate zero
sequence voltage. The sampling frequency is 600 Hz. Fig.11
demonstrates the registered magnitudes of zero sequence volt-
ages (the real settings of U,y is 1.5 kV for the primary
side), extracted cos(¢p) and tripping signals obtained using
the laboratory setup in Fig.8 for 9 the most interesting faults
(repetitive cases are not included):

e Row 1 (depicted time range is 0-2 s): low-ohmic tempo-

rary (self-extinguishing) fault.

Fig. 11: Zero sequence voltage magnitude (left, the dash-dot
horizontal line is Uyay) and angle (middle) for 9 fault records

10 from an actual distribution grid, and response of the new

proposed algorithm (right) as the tripping signal.

Row 2 (0—4 s): low-ohmic fault cleared by the breaker. It

makes extracted cos(¢) unstable due to uncertainties be-

cause of feeder disconnection and, consequently, current

disappearance.

Row 3 (0-2 s): temporary high impedance (~5 k2) fault

(the voltage magnitude is close to the threshold).

Row 4 (0-2 s): cleared low-ohmic restriking fault (the

voltage magnitude has 2 spikes).

Row 5 (0-2 s): cleared medium-ohmic (~1 k<) fault with

prefault current close to zero (unstable cos(¢y)).

Row 6 (0-2 s): temporary medium-ohmic fault.

Row 7 (0-2 s): temporary restriking medium-ohmic fault

(2 spikes).

Row 8 (0-2 s): self-extinguishing short-time low-ohmic

intermittent fault.

Row 9 (0-6 s): cleared medium-ohmic intermittent fault.
We can observe that precision of the existing measuring fa-

cilities is sufficient for algorithm implementation and cos(¢y)

can be extracted even with the lower sampling frequency.

Regardless the fault conditions, it initiates the tripping signals

(especially in row 5); however, since it is quite fast (~40 ms),

it requires inclusion of operation time delay in the tripping

logic (Fig.4) in order to avoid unnecessary operation during

self-extinguishing faults.



VI. CONCLUSION

The paper proposes a new faulty feeder selection algo-
rithm. Though it utilizes zero sequence voltage and current
angle as the standard approach, the work introduces novelty
distinguishing it from the previously developed methods: 1)
the time-varying current angle is utilized (transient approach);
2) the first transient period after fault onset is considered
(it contains the most indicative information); 3) integration
criterion has been developed to improve selectivity.

The developed algorithm has demonstrated good selectiv-
ity compared to the existing method in laboratory tests for
permanent and transient faults with various parameters. Its
performance is not affected by number of feeders; therefore,
it can equally be applied in more complex systems. The main
advantages are simplicity in signal processing, no need of
additional equipment (application for the real fault records
shows its usability), universality of algorithm settings for all
relays in the network, and reset delay time settings that can
be challenging are not required; moreover, the decision can
be made in a fast manner without involvement of the parallel
resistor. Nevertheless, it is not an universal solution because of
a few identified sympathetic tripping cases; therefore, it can be
used as an additional criterion improving selectivity together
with more complex tripping logic typically involving pickup
current to guarantee security. Finally, algorithm application is
limited by high impedance faults when zero sequence voltage
does not exceed Uy and the algorithm is not initialized.

The future work requires deeper study of algorithm perfor-
mance for real systems and fault records, finding limitations
and improvements.
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