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ABSTRACT

This thesis presents innovative approaches for detection, classification and
characterization of abnormal events in electricity networks. Due to disturbances and/or
faults in electricity networks, the abnormal events are created; one such abnormal event
is the formation of power system island containing distributed generating resources and
the other is the voltage dips and/or swells. This thesis proposes a Support Vector
Machine (SVM) based approach for detection and classification of islanding events in a
distribution network embedded with Distributed Generation (DG). Furthermore, two
innovative approaches, which include three-phase voltage ellipse method and 3D
polarization ellipse technique, are proposed to detect, classify and characterize voltage
dips and/or swells in electricity networks.

In order to meet the increasing load demand of future electricity grids, integration of
distributed generation (DG) is expected to play an increasingly important role. Prior to
the integration of DG into electricity grids, the issue of anti-islanding protection is
needed to be considered. Conventional vector surge (VS) and rate-of-change-of-
frequency (ROCOF) relays are usually used to detect islanding; however, there is a non-
detection zone (NDZ) wherein islanding incidents are undetectable by these
conventional relays. For VS and ROCOF relays, NDZ is a function of active and
reactive power imbalance, which may exist inside the islanded segment. In this thesis,
using the concept of NDZ, the performance of these relays is evaluated for islanding
detection. The performance is also assessed using the performance indicators, namely,
detection rate (DR) and false alarm (FA). These indicators are also used to establish the
limitations of the VS and ROCOF relays for islanding detection, especially when there
is a small power imbalance between load and generation inside the islanded segment.

In the context of the problems and the limitations of the conventional relays outlined
above, this thesis proposes a multi-feature based technique for islanding detection of
synchronous type DG. In the proposed method, features are extracted from five network
variables associated with voltage signal. The extracted features are then used as inputs
to a support vector machines to classify the event as islanding or non-islanding. The
proposed method works effectively for both, outside and inside the NDZ of
conventional VS and ROCOF relays. A test network derived from Australian electricity

systems is used to generate a large number of islanding and non-islanding events with

Vi



different load types. The SVM based method is tested with special emphasis on the
most critical islanding cases associated with NDZ of VS and ROCOF relays.
Furthermore, all possible combinations of deficit and excess of active and reactive
power imbalance, which may exist during the occurrence of an island, are considered in
the testing phase. A comparative study between conventional relays (VS and ROCOF)
and the proposed SVM based relay (SVMR) is conducted using the performance
indicators, i.e., detection rate (DR) and false alarm (FA). Using the concept of
detection-time, performance of conventional relays and the SVM based relay is also
compared. Experimental results demonstrate that the proposed method can successfully
detect islanding events under different network contingencies and conditions including
the NDZ, where conventional relays are expected to fail.

Voltage dip is generally considered a power-quality problem of equal importance as
long and short interruptions in the supply. At present, it has become very challenging to
control the external factors that cause voltage dips. Thus, proper mitigation techniques
are desired. However, development of mitigation techniques requires the accurate
diagnosis, characterization and classification of voltage dips. Furthermore, classification
of voltage dips and swells plays an important role in the assessment of voltage dip ride-

through capability and immunity of electrical equipment.

To solve the classification and characterization problems associated with voltage dips
and swells in electricity networks, this thesis presents an approach that exploits three-
phase voltage ellipse parameters. It employs the instantaneous magnitude of three-phase
voltage signals in three axes, which are separated from each other by 120°. Thus,
resultant rotating vector, namely, three-phase voltage vector, traces an ellipse. Then, the
parameters of the ellipse, which include minor axis, major axis and inclination angle,
are used to develop an algorithm for classification and characterization of voltage sags
and swells. To this end, the inclination angle is used to classify the types of sags and/or
swells, whereas the minor and major axis are used to quantify the severity of sags and
swells, respectively. The proposed method is validated using recorded waveforms as
well as simulated sags and/or swells arising due to balanced and unbalanced faults at
different buses in a practical distribution network of Australia. The feasibility of the
proposed approach is demonstrated using extensive simulation for the use as a real-time

sag-swell monitoring tool.
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The approach, as mentioned above, can be used as a quick screening tool for voltage
dips/swells, and it can classify and characterize voltage dips in terms of the severity of
dip/swell-phase voltages with less computational effort and time. Moreover, a
comprehensive classification approach is devised to classify and characterize voltage
dips and swells associated with different dip-types, which may occur in power networks
due to propagation of dips through network elements such as power transformers with
various winding configurations. This new innovative approach exploits unique
signatures and parameters of three phase voltage signals extracted from the polarization
ellipse in three-dimensional (3D) co-ordinates. Five ellipse parameters, which include
azimuthal angle, elevation, tilt, semi-minor axis and semi-major axis, are used to
classify and characterize voltage dips and swells. Seven types of voltage dips, which
include a total of 19 groups of dips incorporating different kinds of balanced (three-
phase dips) and unbalanced (single-phase or double-phase) dips, are identified and
successfully classified using the 3D polarization ellipse parameters. Two types of
voltage swells, which include a total of 6 groups, are also classified using the proposed
method. The advantage of this method is that it can cope with large angle jumps, and
has capability to detect, classify and characterize both voltage dips and swells more
accurately. The proposed method is validated using real measurement data, recorded
waveforms provided by the IEEE 1159.2 working group, and the data of unbalanced
dips associated with phase angle jumps, voltage drops and rotations due to loading
effects. Moreover, the proposed detailed approach has been tested for its applicability to
assess the voltage sags/swells due to faults/disturbances associated with pre- and post-
islanding scenarios, such as, the transitional state of islanding, disconnection of DG or

establishment of island with proper control and grid re-synchronization.

All the proposed approaches of this thesis are developed based on multiple features of
three-phase voltage signals which can be captured in electricity networks through
potential transformers (or PTs). The captured signals can be processed in the high-speed
micro-processors and decisions can be made in the decision engine where proposed
algorithms are implemented on micro-controllers. Also, cycle by cycle event reports for

voltage dips/swells can be published in real-time.
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Chapter 1

INTRODUCTION

1.1 IMPORTANCE OF THE RESEARCH

Normal operation of electric power system ensures the continuous supply of
undistorted sinusoidal rated voltage and current at rated frequency to the customer end.
However, disturbances and/or faults in electricity networks may create abnormal events.
Detection, classification and characterization of these abnormal events are important, as
it finds its application for protection and mitigation issues, as well as post-disturbance

off-line analysis.

Voltage and current are two important parameters, which are utilized to classify and
characterize abnormal events. These parameters (voltage and current) are passed
through the instrument transformers, i.e., potential transformer (PT) and current
transformer (CT), in order to measure voltage and current respectively. The voltage and
current, which come out from the instrument transformers, are regarded as inputs for the
abnormal events detection-devices, such as, relays or other intelligent devices.
Therefore, reliability of PT and CT is an essential aspect for the detection-devices to
detect the abnormalities effectively. According to [1], CT has magnetic saturation issue
and it suffers from the error due to non-linearity, especially during fault or abnormal
condition. In contrast, PT provides excellent reproduction of primary voltage during
both transient and steady-state [1]. Normally, PT does not experience saturation, since
power systems are not operated above the voltage limit, and in most cases faults result
in a collapse or reduction in voltage, or sometimes voltage may rise but it does not
cause saturation [1]. Therefore, classification and characterization of abnormal events
utilizing only voltage parameter would certainly provide an accurate insight of the
events. Hence, taking voltage and its associated features as input parameters, innovative
approaches need to be developed which can detect, classify and characterize abnormal
events. To this end, this thesis mainly deals with the detection, classification and
characterization of two such abnormal events; first one is the formation of islanding and

the second one is the voltage dips and/or swells.



In order to highlight the motivation of the research in details, this Section discusses
the issues and the importance of the research related to the detection and classification
of islanding and voltage dips/swells. Section 1.1.1 presents the issues related to
islanding events and the currently available anti-islanding protection or islanding
detection schemes. The importance of new islanding detection method, which will take
voltage and its associated features as inputs and will also be able to perform effectively
outside as well as inside the non-detection zone of conventional relays, is discussed.
Section 1.1.2 discusses the issues related to voltage dips and swells; the presently
available voltage dips/swells classification methods and their limitations. The
importance of new algorithm for classification and characterization of voltage
dips/swells is highlighted as well.

1.1.1 Islanding Detection of Distributed Generation

In order to meet the increasing load demand of future electricity grids, integration of
distributed generation (DG) in distribution networks is expected to play an increasingly
important role. The penetration of DG is forcing the electricity system planners and
operators to develop standards, referred to as Interconnection Guidelines (IG) of
distributed resources with electric power system [2, 3]. An essential requirement for 1G
is the protection of DG islanding, also known as the protection of “loss of mains”.
Islanding is a situation when a portion of electric power system (EPS) is energized
solely by one or more Local DG systems while that portion of the EPS is electrically
isolated from the rest of the EPS [2]. This electrical isolation may occur due to feeder
switching, switchgear operation and/or fault clearing operation, etc. According to 1G [2,
3], islanded DG must be disconnected quickly in order to avoid probable hazardous
conditions, such as, power quality degradation, damage of utility and customer
equipment, etc. The IEEE 1547-2003 standard recommends the disconnection time to
be less than 2 seconds. However, recent trend of rapid automatic reclosing can cause
serious damage to both the islanded synchronous DGs and to neighbouring utility
equipment, if 2 seconds of DG disconnection benchmark is maintained [4]. Therefore,
this disconnection benchmark may have to be reduced to allow the disconnection of

islanded synchronous DG prior to the completion of first reclosing operation [2, 3,5].

At present, different techniques, such as, active, passive and communication-based

techniques are used to implement islanding detection schemes. Commonly used



communication based techniques include “transfer trip” and “power line signalling”.
They are reliable but can be costly depending on the availability of communication
infrastructure. Active islanding detection techniques are normally applied on the
inverter interfaced DG. These techniques involve a special control mechanism in
conjunction with the continuous monitoring of the variation of externally generated
signals at the DG site. This method provides several advantages as it tends to have fast
response with small Non-Detection Zone (NDZ); however, using this method leads to
degradation in power quality due to the perturbation imposed on the system. Examples
of some active islanding detection techniques, such as, slip-mode frequency shift, active
Frequency Drift, Sandia frequency and voltage shift method, have been reported in [6-
8]. Passive methods use different system parameters, e.g., voltage, current, frequency,
real power, reactive power, etc., and compare the parameter to a pre-specified threshold
to decide the occurrence of islanding. Passive methods do not affect the normal
operation of the DG system and are easy to implement, but they may not be reliable due

to lack in accuracy.

Due to the trade-off between accuracy and cost, conventional relays, which are
operated on the principle of passive islanding detection methods, are used for islanding
detection. Examples of such conventional relays comprise of Frequency Relay (FR),
Vector Surge (VS) relay which is also known as voltage jump relay or vector shift relay,
and ROCOF (rate-of-change-of-frequency) relay, etc. VS and ROCOF relays have
gained special interest in current industry practice [9-12]. The performance of these
relays has a strong correlation with active power imbalance of the islanded system. The
performance of VS and ROCOF relays deteriorates, when the power imbalance falls
below a certain specified threshold, which gives rise to the limitation of Non-Detection
Zone (ND2Z) [13]. To overcome this issue, several computational intelligence based
passive techniques have been proposed for islanding detection [14, 15]. Fuzzy rule-
based classifier, Decision Tree (DT) approach and wavelet based technique have
attracted widespread attention [16-18]. However, most of the computational intelligence
based passive techniques have utilized voltage and current as input parameters. Since,
current will be extracted through CT, and CT has magnetic saturation issue, the
performance of these approaches may have some limitations in practical power systems.
Besides, performance of all these approaches have not been assessed comprehensively,

specially, inside the NDZ of conventional relays, such as, VS and ROCOF relays etc.



Therefore, there is a need for new approach which will take voltage and its associated
features as inputs and will be able to detect islanding outside as well as inside the NDZ

of conventional relays with confidence.

1.1.2 Classification and Characterization of VVoltage Dips and Swells

Over the last few years, the concept of power quality (PQ) has been changed
significantly, due to technological progression and customer awareness of better
services. A few years ago, the main PQ concerns were the reliability, i.e., the frequency
of the discontinuity of electricity supply. At present, the problems related to PQ include
voltage dips or sags, fluctuations, temporary interruptions and harmonics [19]. The
increased application of non-linear power electronic devices in electric power systems
hastens the degradation of PQ, thereby necessitating more attention from electricity
sector agents [20].

Voltage dips are generally considered a power-quality problem of equal importance
as long and short interruptions in the supply [21, 22]. They are defined as the short-
duration reduction in root-mean-square (rms) voltage caused by switching and/or
starting of electrical motors, generators and bulk loads, transformer energization and
faults or short circuits in the power networks [23]. Even though power utilities and
customers are exerting extensive efforts to improve the reliability of power networks, it
has been very challenging to control the external factors that cause voltage dips. Thus,
proper mitigation techniques are desired. However, development of mitigation
techniques requires the accurate diagnosis, characterization and classification of voltage
dips. Furthermore, classification of voltage dips and swells plays an important role in
the assessment of voltage dip ride-through capability and immunity specifications of

electrical equipment.

Voltage dips are usually characterized by the minimum voltage magnitude and total
duration [24-27]. According to [28], these standards can be effective for the
characterization of single-phase and 3-phase balanced voltage dips; however, these
approaches fail to characterize unbalanced voltage dips, including single- and double-
phase dips. To resolve this problem, Bollen proposed a seven-type dip classification
[22], referred to as ABC classification. Bollen and Zhang also proposed a symmetrical
component based technique to classify and characterize voltage dips [23, 29]. In [30], it

was reported that the symmetrical component technique has some limitations in



characterizing unbalanced voltage sags originating from large dynamic loads. In [31], a
space vector method was presented wherein the ellipse inclination angle was used to
classify single-phase and double-phase voltage dips. However, this method is not
suitable for classification of voltage dips for the case of large phase angle jump.

The presence of DG in distribution networks is expected to have an impact on the
retained voltage during the occurrence of dip. DG can inject reactive power to support
the voltage during disturbance; it can also introduce additional phase angle jump which
can make the voltage dip classification even more complex. Furthermore, due to pre-
and post-islanding scenarios, such as, the transitional state of islanding, disconnection
of DG or establishment of island with proper controlling action, grid re-connection, etc.,
different types of voltage dips and swells may occur which may create the
characterization of voltage dips more critical. Therefore, a new algorithm for classifying
and characterizing voltage sags and swells is required, which would be unaffected by
phase-angle jump and would be suitable for real-time usage as well.

1.2 RESEARCH OBJECTIVES AND METHODOLOGIES

The main goals of this thesis is to develop innovative techniques which will be
applicable to solve two crucial issues in electricity network: 1) islanding detection of
distributed generation with special emphasis on the critical islanding events associated
with non-detection zone of vector surge and ROCOF relays, and 2) detection,
classification and characterization of voltage dips and swells, which will be applicable
for classification and characterization of voltage dips and swells under different network

conditions. The aims of this thesis are achieved through:

e The establishment of theoretical analysis, to examine the performance of
conventional vector surge and ROCOF relays for islanding detection, using the

concept of non-detection zone.

e The comprehensive investigation of VS and ROCOF relays associated with
islanding detection under all possible combinations (deficit and excess) of power

imbalance scenarios and at the presence of different types of loads.

e The development of innovative method for detection and classification of
islanding events which will take multiple voltage features as input; the proposed

method needs to be capable of islanding detection not only outside the NDZ of



VS and/or ROCOF relays but also inside the NDZ associated with the critical

events.

e The establishment of theoretical analysis for fault-initiated voltage dips and its
validation with simulation study. The investigation of different types of voltage
dips, which are originated due to propagation of dips through different network
elements. The detailed analysis of DG-impact, which is observed through the
depth of voltage-dip and phase-angle jump associated with different types of
fault-initiated dips.

e The development of innovative approach for classification and characterization
of voltage dips and swells; the developed approach should be applicable for

online monitoring of voltage dips/swells as well as offline analysis.

e The development of comprehensive approach for classification and
characterization of voltage dips and swells associated with different dip/swell-
types. The developed approach should be applicable for classification of voltage
dips/swells associated with phase angle jump. It has to be computationally fast
in order to make it suitable for real-time dip/swell classification and

characterization.

Conventional relays, such as, VS and ROCOF relays, are normally used as anti-
islanding protection device. In order to assess the performance of these relays, the
concept of detection-time versus active power-imbalance curve is used. To obtain these
curves, analytical formulae are developed. These curves are also obtained and verified
through repeated dynamic simulations. The concept of critical active power imbalance,
required for determining the boundary limit of non-detection zone (NDZ) of these
relays, is presented using these curves; three types of loads, which include constant
impedance, constant current and constant power loads, are considered during the
establishment of boundary limit of NDZ. Thus, critical islanding events, associated with
NDZ, wherein VS and ROCOF relays fail to detect islanding, are obtained. Moreover,
the comprehensive investigations on VS and ROCOF relays are conducted using the
performance indicators, namely, detection rate (DR) and false alarm (FA), under four
possible combinations of deficit and excess of active and reactive power imbalance
scenarios. In summary, the limitations of conventional VS and ROCOF relays are

investigated while dealing with the critical islanding events.



To overcome the limitations of conventional relays as stated earlier, an innovative
islanding detection technique is proposed. To this end, firstly, the whole problem is
identified as a two-class classification problem; the classes are islanding and non-
islanding. Then, a binary classifier is applied to classify the events. Support Vector
Machine (SVM), which is a binary classifier [32, 33], has been widely used in many
applications due to its excellent classification performance [34]. Therefore, to solve the
classification problems of islanding and non-islanding events, in the proposed approach,
SVM classifier is applied on the extracted features corresponding to different class of
events. In this technique, features are extracted from five network variables; they
include voltage, frequency, phase angle of voltage, rate of change of frequency, and rate
of change of voltage (ROCOQV). Then, these multiple voltage features are used as inputs
to the SVM to classify the event as islanding or non-islanding. Besides, the feature
extraction incorporates a sliding window; and the width of the window is optimally
selected considering the Receiver Operating Characteristics (ROC) of the SVM
classifier under different window-width. SVM is trained with linear, polynomial and
Gaussian RBF kernels; and by tuning the parameters of these kernels, improved
classification performance is achieved. In the testing phase, islanding events in the
presence of constant impedance, constant current and constant power loads, are
investigated. Moreover, combination of deficit and excess of active and reactive power
imbalance inside the islanded segment makes the islanding detection even more
complex [13]. In this thesis, islanding events, considering all possible combinations of
power imbalance scenarios under constant impedance, constant current and constant
power loads, are investigated and detected with a high degree of accuracy. The
performance of proposed approach, based on reliability and speed of islanding

detection, is also evaluated.

Voltage dips, being one of the most common power quality issues, have been
investigated through different types of fault-study in electricity networks. Seven types
of voltage dips and two types of swells normally exist in power system, due to these
different fault-types and their propagation through different network equipment.
Classification and characterization of these different types of dips and swells are
important to facilitate the development of mitigation techniques. Therefore, in order to
solve the classification and characterization problems of voltage dips (or sags) and

swells, an innovative approach based on three-phase voltage ellipse is proposed. The



proposed approach is effective for the application of sag/swell analysis tool in real-time.
In this approach, cycle by cycle classification is carried out to detect the types of
sags/swells which include single-phase, phase-to-phase and three-phase. Therefore,
classification is conducted based on severely affected dip/swell-phase. To this end,
unique signatures, which are composed of major axis, minor axis and inclination angle
of ellipse, are extracted from three-phase voltage signals by using three-phase voltage
ellipse transformation. The inclination angle is used to classify the types of sags/swells,
whereas the minor and major axis are used to quantify the severity of sags/swells.
Moreover, a comprehensive classification approach, based on the parameters extracted
from 3D polarization ellipse, is devised to classify and characterize voltage dips and
swells associated with different dip-types. It should be noted that in this detailed
classification approach, a total of seven types of voltage dips (A, B, D, F, E, C and G)
[22] which comprise 19 possible groups, and two types of voltage swells (H and I-type)
[31] containing 6 possible groups, are considered. The developed method can classify
and characterize all possible groups of dips and swells including the dips associated
with phase angle jump. In this approach, the parameters extracted through polarization
ellipse in 3D co-ordinates, are used to formulate different groups of voltage dips and
swells. With the developed formulae, and by following a multi-stage classification al-
gorithm, these seven types of dips, are classified. The main advantages of this method
are to analyse voltage dips and/or swell with severely affected dip/swell-phase and its
ability to provide complete dip/swell classification using a clear guideline of the
decision boundaries developed through the multi-stage classification algorithm.
Moreover, the detailed approach has shown its applicability to assess the voltage

sags/swells due to faults/disturbances associated with pre- and post-islanding scenarios.

1.3 OUTLINE OF THE THESIS

The contents of the remaining chapters of the thesis are briefly described below:

Chapter 2 is a literature review providing an overview of the definition of islanding,
its detection schemes and their issues as reported in literatures. Chapter 2 also provides
an overview of a power quality issue, known as voltage dips and swells, their types

which arise due to propagation of dips through different network element.

Chapter 3 presents the multi-feature-based SVM based method for islanding detection

of DG. The proposed method is tested with the events generated by considering the



practical scenarios of an Australian electricity network. The performance of the method
is assessed for critical islanding events associated with low power imbalance in the
islanded segment. Feasibility of the proposed method is also presented on the basis of

response-time/detection-time.

Chapter 4 describes the performance of vector surge (VS) and ROCOF (rate-of-
change-of-frequency) relays for detection of islanding. Comprehensive investigation of
NDZ of VS and ROCOF relays are conducted under different network contingencies
and conditions. A comparative study of VS and ROCOF relays with the SVM based
relay is conducted on the basis of classification performance as well as response-
time/detection-time.

Chapter 5 investigates the voltage dips and its associated phase-angle jumps in power
network due to four kinds of faults. The presence of synchronous type DG is also
included in the voltage dip investigations. Seven types of voltage dips, namely, A, B, D,
E, F, E, C and G, which are associated with the four types of faults, are analysed with
and without DG.

Chapter 6 describes an algorithm, using three-phase voltage ellipse parameters, for
real-time detection, classification and characterization of voltage sags and swells.
Validation of the algorithm is conducted using real measurement data and IEEE 1159.2
recorded waveforms. The proposed algorithm has also been demonstrated as a real-time

sag/swell monitoring tool.

Chapter 7 describes a comprehensive approach, using polarization ellipse parameters
in 3D co-ordinates, to classify and characterize seven types of voltage dips and two
types of voltage swells. A multi-stage classification algorithm using the formulae of
decision boundaries, are presented. The proposed algorithm is tested and validated with
real data, critical sags/swells data associated with phase angle jump and rotation of

phase voltages due to loading effects.

Chapter 8 presents a special case study, which includes the investigation of voltage
dips and swells associated with pre- and post-islanding scenarios of a distribution
network embedded with DG under different network contingencies and conditions. To

carry out this investigation, the 3D polarization ellipse technique, as proposed in



Chapter 7, is employed for the classification and characterization of voltage dips and

swells.

Chapter 9 summarizes the major outcomes of the work presented in the thesis, and
puts forward the recommendations and suggestions for future work arising from this

thesis.
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Chapter 2

LITERATURE REVIEW

2.1 INTRODUCTION

This chapter gives a brief review of two crucial abnormal events in electricity
network. Firstly, islanding of distributed generation and its detection schemes are
discussed; in alignment with this, the risk associated with operating an unintentional
islanded system and an intensive review of the major techniques available for islanding
detection is briefly presented. Secondly, a general introduction to voltage dips or sags,
associated with power quality, are presented. The effects of voltage dips, from the
customer’s as well as supplier’s point of view, are discussed. Different types of voltage
dips and swells, originated due to propagation of dips through the network element, are
presented in brief. The importance of voltage sags/swells classification and a review of
the major techniques available for characterization of voltage sags/swells is briefly
discussed. Lastly, based on the context of the literatures, a general discussion is

summarized highlighting the importance of the work presented in this thesis.

2.2 ISLANDING DETECTION IN DISTRIBUTED GENERATION

A literature review, on islanding and its detection schemes are highlighted in this
section. The review of islanding detection schemes, their advantages and limitations as

reported in current literature, are discussed in brief.

2.2.1 What s Islanding?

Islanding, also recognized as loss of grid or loss of mains (LOM), takes place when a
segment or part of the distribution network becomes isolated (electrically) from the
upstream grid side or main supply, yet the isolated segment remains energized by one or
more distributed generators (DG) [2]. Island can be developed at various locations with
different voltage levels, involving one or more DG and distribution feeders. Typically,
islanding takes place due to the opening of a recloser or circuit breaker in response to

fault in downstream side. Ideally, the relay used in DG protection should have the
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capability of detecting the fault as well as tripping the DG prior to inception of
islanding. However, islanding situation can happen due to the failure of DG protection
schemes or the manual switching of CB (circuit breaker) [35].

2.2.2 Risk of Islanding

Considering the rapid growth of DG penetration now-a-days, the probability of
sustained islanding has increased significantly. As a result, this phenomenon has raised
concern over the last few years. As shown in Fig. 2.1, unintentional islanding can occur
due to CB tripping for faults or any other disturbances, and this may cause several
safety and operational issues [36], for example, power quality may be degraded due to
the active and reactive power mismatch between the load and generation inside the
island. This mismatch gives rise to a deviation in the frequency and voltage, which can
further lead to damaging customers’ equipment as well as network equipment. Another
issue is the re-closing of circuit breakers in out-of-phase state, which may damage the
DG unit when grid-reconnection of island takes place. This damage occurs since the DG
is most likely to be out of synchronism with the grid side at the time of reconnection,
which may results in large transient currents causing the damage of DG. Finally, line
workers are put in risk due to the lack of safety from unintentional islanding, since the
island remains electrically active or energized by the DG while they assume it to be
electrically inactive or disconnected. Besides, Islanding may keep a particular segment
of the utility system unearthed, causing the islanded portion to be potentially unsafe and
presenting severe safety and health hazards [37]. Therefore, IEEE Standard 1547-2003

requires the immediate detection of islanding.

Disconnection
from Utility grid
due to disturbance
and/or faults

Island

Fig. 2.1. Schematic diagram of a utility network illustrating the concept of DG islanding.
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2.2.3 Review of Islanding Detection Schemes

Prior to adopting a loss of mains (LOM) protection schemes, it is important to
investigate the characteristics of the DG unit. Generally, two types of DG, which
include rotating machine based DG and inverter interfaced DG, are found. Rotating
machine based DG can be either induction generator or synchronous generator, whereas
inverter interfaced DG can be fed by rotating machine (e.g., induction generator) and
non-rotating devices, such as, fuel cells, PV panels, etc. [38]. Among these, the most
challenging task is the LOM protection for synchronous type distributed generator. This
is due to the availability of limited options for controlling the large generators to
facilitate islanding detection [38]. Moreover, synchronous generator deteriorates the
situation as it is highly capable of forming and sustaining an island [38]. Considering
the importance of LOM protection for synchronous DG, the remainder of this section
will focus on the main anti-islanding techniques associated with synchronous DG.

As shown in Fig. 2.2, based on their working principle anti-islanding scheme can be
generally classified into two categories, which are local detection methods and
communication based methods. Local detection methods are further divided into active
and passive methods. The operation procedure and performance of these techniques are

described in the following section.

Inter-tripping ‘
Communication- L .
> > Power line signalling

based
Phasor measurement

unit (PMU)

Islanding detection

techniques -
! Reactive error
Active export detection
N
methods
System impedance
monitoring
|, Local || N Under/over
detection frequency
Passive
. N
methods Under/over voltage
—»‘ ROCOF ‘

_.‘ Vector Surge ‘

—>{ Other methods ‘

Fig. 2.2. Classification of islanding detection techniques
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2.2.3.1 Communication based Techniques

Communication based techniques depend on telecommunication system to activate
the alert and trip DG units when islanding is detected. Their performances are not
dependent on the type of DG involved. They are free from the issues related to non-
detection zone and are, therefore, considered as reliable for islanding detection.
However, implementation of these techniques incurs a lot of investment, particularly in
infrastructure level. Moreover, for small DG units, considering the economic aspects, it
becomes less attractive compared to local detection schemes. From the recent
development in the communication arena, it is predictable that more reasonably priced
means of communication will be available in the near future. This is highly beneficial to
the development of anti-islanding techniques. However, if the communication system
fails to operate, so does the LOM protection. Therefore, reliability is another important
concern that needs to be taken into account. Examples of some communication based
techniques are presented below:

e Inter-tripping Scheme: This technique exploits communication links among the
nodes in the system to guarantee that DG units are disconnected correctly in
response to LOM detection [35]. An inter-tripping scheme, also identified as
transfer trip [39], operates on the principle of monitoring the status of all the
circuit breakers and reclosers that may result in islanding of DG [35, 38]. When
utility network is disconnected due to a switching operation, a trip signal is sent
to the respective DG units to avoid formation of island. These tripping signals
are sent through several possible mediums, such as, leased telephone line, radio
wave and hard wire.

e Power Line Signalling Technique: This scheme is almost similar to inter-tripping
scheme as mentioned before except that it exploits the power line as a medium.
Therefore, sometimes it is regarded as a part of the inter-tripping technique [39].
However, this scheme requires only one signal transmitter, unlike those
techniques, which require signal transmitters for each and every possible
disconnection points in the power network. The transmitter, which is a signal
generator, is placed at the secondary side of the substation bus of the utility. It
incessantly broadcasts a low-energy signal and the signal is received by the
receiver at each DG through the power line. Failure in sensing the signal is
considered as islanding condition, and it activates the immediate disconnection

of the DG units [38]. This technique can be a very reliable method for anti-
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islanding protection. However, the cost associated with the signal generator and
its installation may be very high, which make this technique uneconomical,
especially when this service is shared by a few DG units. Besides, the issue of
interference of the signal with other types of power line communication
applications, such as, automatic meter reading, should be taken into account
[38].

Phasor Measurement Unit (PMU): This scheme includes two phasor
measurement units (PMU); one unit is installed at utility substation and the other
one at the DG site. PMU placed at the utility substation calculates the utility’s
voltage phase-angle with respect to GPS (Global Positioning System) time-
stamp. This information is sent through a certain communication medium to the
receiver at DG site. Moreover, the PMU at DG site measures and keeps the
voltage phase-angle record at DG site. By using this information from the PMUs
at DG site and utility substation, the LOM detection unit then calculates the
difference of voltage phase-angle between the DG and utility substation. Then
the calculated result is compared with the initial phase-angle difference. If the
resulting value surpasses the prespecified threshold setting, a trip signal is
activated. In order to avoid the phase error, which may occur due to change of
network topology, the initial value of phase-angle difference is updated
periodically during steady state [40, 41]. Since this technique compares the
relative angular difference between the present state and the initial state, it is not
influenced by the phase shift occurred due to transformers connected between
two measuring points. In this scheme, 100 km geographical distance between the
utility substation’s PMU (reference PMU) and the DG’s PMU may be found.
Therefore, significant communications delay is expected when time-stamped
phasor measurements are transmitted in real time. This delay is a function of the

communication medium, which can be either shared or dedicated.

2.2.3.2 Active Methods for Islanding Detection

Active detection methods introduce disturbances into the system. Based on the

system’s responses as measured locally, islanding is detected [38]. In comparison to

passive methods these methods are more reliable for detection of islanding. The main

disadvantage of these methods is the deterioration of the power quality due to the direct

interaction. It is also alleged that the reliability of these methods may be compromised
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when penetration of multiple DG units are considered these days [42]. Moreover, too

much injections of disturbances may drive the power system into instability [43].

Examples of some active techniques are presented below:

Reactive Error Export Detection (REED): This relay has an interface with the
DG’s AVR (automatic voltage regulator) to control the DG and generate a
certain level of reactive power flow in the inter-tie between the utility grid and
the local site. This condition is maintained when the grid is connected. The relay
operation is activated when the deviation between the actual and desired
reactive power being exported sustains longer than a prespecified time period
[35, 44]. This relay is effective in detecting islanding; even when the generator’s
loading is not changed at all. However, the effective operation time of this relay
is very slow, which varies from 2-5 seconds; therefore, this relay finds its
suitability as back-up protection along with other “faster” anti-islanding
systems. This relay does not work for islanding detection of inverter-based DG
system, since inverter based DG normally operates at unity power factor.

System Impedance monitoring: When DG is operated in parallel with the utility
grid, the system impedance observed at the DG terminal is governed by the
utility and hence, it is very small in comparison to the case when island is
formed. This scheme employs this fact and calculates the changes in system
impedance for islanding detection [45]. To calculate the system impedance,
authors in [46] and [47] proposed a method which superimposes a small high
frequency (HF) signal onto the system voltage. This relay operates with very
high speed and it is free from nuisance tripping due to the network frequency
transients. Moreover, it does not have non-detection zone which arises due to
small power imbalance level in the formed island. However, concern arises if
there are two or more DGs in the developed island. Besides, the effectiveness of
this technique may be deteriorated due to the interference among the
disturbances injected by multiple DGs. Cost is also a concern, as this scheme

involves a signal generator at each DG end [35].

2.2.3.3 Passive Methods for Islanding Detection

Passive methods detect LOM by observing the changes in locally available network

parameters [48]. It is based on the assumption that a LOM will result in a measurable

deviation of the network parameters, i.e., voltage or frequency [49]. Therefore, the
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abnormal operation of DG can be easily detected by monitoring the deviation or

variation of one or more of these parameters [35]. The main advantages of these

methods are, they do not interact with the system normal operation, and thus do not

develop the power quality issues. Furthermore, communication is not needed to build up

the whole detection system, thus making them cost-effective options. However, the

drawback of these techniques is they suffer from the limitation of non-detection zone.

Examples of some passive islanding detection schemes include:

Under/Over Frequency Relay: Under steady state condition, DG maintains
relatively constant frequency as it runs in parallel with the upstream utility grid.
When islanding occurs, load and generation in the developed island are rarely
exactly matched, which results in changes in frequency. Therefore, out of limits
of frequency can be used as islanding detection parameter. The threshold setting
is required to be out of the range of normal operational limits. In Australia, the
recommended settings for under frequency and over frequency relays are 47 Hz
and 52 Hz respectively [50]. However, since the frequency does not change
instantaneously, this scheme may be rather slow in islanding detection.
Furthermore, this method depends on a large power imbalance to drive the
frequency out of the prespecified limits. Due to insufficient sensitivity, a large
non-detection zone may exist which could increase the probability of island
formation [35]. Due to these disadvantages, under/over frequency relays are
normally used as backup protection for islanding detection.

Under/Over Voltage Relay: Voltage is another important parameter commonly
used for islanding detection [35]. Similar to under/over frequency relays,
under/over voltage relays work on the assumption that there is always reactive
power imbalance in the formed island. This imbalance leads to a relative change
in the voltage level, e.g., excess of reactive power imbalance will drive up the
voltage and vice versa. Hence, it can be considered as an indicator of islanding.
The change of voltage is relatively faster than the frequency since, there is no
mechanical inertia associated with it [35]. The threshold setting for under/over
voltage relays should be outside the statutory voltage-limits. The standard
settings used in the Australia are +10%/-6% of the nominal voltage [50]. Once
the voltage surpasses these limits, the DG is required to be tripped off.
However, this method may be affected by many other network disturbances,

which can result in nuisance tripping. Moreover, it can be difficult to determine
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islanding under the situation where load and generation are closely matched. As
a result, island may sustain until the variation of load or generation takes the
voltage out of limits.

Rate-of-change-of-frequency (ROCOF) Relay: This is the most commonly
employed method to detect the unintentional islanding. It is based on the
assumption that there is always an imbalance between the load and generation in
the formed island [35, 51]. Soon after islanding, the resulting power imbalance
will give rise to a rapid change of frequency which, after neglecting the governor
action, can be approximated by the following equation: [35, 52].

ﬂ:_ PA-F % f (2.1)
dt 2H x S, '

wherePg = Output of DG

P.= Load inisland

Sen = DG rating

H = Inertia constant of generating plant

f= Rated frequency
It is worth noting that this approach only considers the frequency change
because of islanding, and it does not take into account the effect of fault [35].
The relay is triggered if the corresponding frequency slope (df/dt) exceeds the
prespecified threshold setting, and vice versa. For ROCOF relays, the typical
threshold values used in a 50Hz power system ranges from 0.1 Hz/s to 1 Hz/s
[52]. This setting relies on the strength of the network or system, the weaker the
system, the higher the setting [35]. ROCOF is usually being considered as a
sensitive and reliable method for detecting LOM on a distribution network.
However, this relay will fail to detect islanding when the power imbalance in the
formed island is small. In addition, ROCOF relays have been reported for
several mal-operation, for instance, it fails to discriminate between actual
islanding events and other network transients [38, 53], resulting in false
operation and nuisance tripping; therefore, the system’s integrity is directly
jeopardized. Besides, authors in [54] reported that commercially available
ROCOF relays, produced by different manufacturers, may respond differently to
the same event, even when their settings are same. This phenomenon is most

likely due to the different techniques employed by those relays. In general,
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ROCOF is considered as a feasible option for islanding detection. However, this
relay suffers from the limitation of non-detection zone and cannot provide useful
protection when the load-generation imbalance in the formed island is small.
Besides, it may cause excessive nuisance tripping due to network transients, i.e.
load switching, frequency excursion due to loss of bulk generation and network
faults.

Vector Surge (VS) Relay: Vector surge (VS) relays measure the time-duration of
an electrical cycle and start a new measurement at each rising zero-crossings of
the terminal voltage. The current cycle duration (measured waveform) is
compared with the last one (reference cycle). In an islanding situation, the cycle
duration is either longer or shorter, depending on if there is deficit or excess of
power imbalance in the islanded system, see Fig. 2.3. This variation of the cycle
duration results in a proportional variation of the terminal voltage angle 40,
which is the input parameter of VS relays. If the variation of the terminal voltage
angle exceeds a prespecified threshold, a trip signal is sent to the CB
immediately. Normally, vector surge relays allow this threshold to be adjusted in
the range from 2 to 20°. Another important characteristic available in these
relays is a block function by minimum terminal voltage. If the terminal voltage
drops below an adjustable level threshold Vyin, the trip signal from the VS relay
is blocked. This is to avoid, for instance, the actuation of the VS relay during

short circuits or generator start-up conditions.

vtk measured
., waveform

time

reference

At oc AB

Fig. 2.3. lllustration of the operating principle of vector surge relay [55].
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Due to the similarity of this VS relay with other frequency based relays, which
are also based on the principle of measuring the cycle duration of the voltage
waveform, it can also be categorized as a type of frequency based relay [38, 56].
And hence, it suffers from non-detection zone when the generation-load
imbalance in the formed island is very small. Moreover, this relay is susceptible
to network fault occurring on adjacent feeder. Other network transients, such as
load switching events may also falsely trigger the relay [35]. The mal-operation
of this relay has been reported in [54] and [57]. Increasing the threshold setting
may help in reducing the false operation, but this will in turn compromise the
sensitivity of this relay, making it wvulnerable to non-detection zone.
Compromise should thus be made between the reliability and sensitivity of the
relay.

Other Passive techniques: Passive method using a fuzzy rule-based classifier,
Decision Tree (DT) classifier and bi-orthogonal 1.5 wavelet based technique
have been discussed in [16-18, 58]. Wavelet based technique in an inverter
interfaced DG system [59], and islanding detection technique using voltage
unbalance and Total Harmonic Distortion (THD) of current, have been proposed
in [60]. In [61], an extension theory based method and in [62], ROCOV (rate-of-
change-of-voltage) and ROCOF (rate-of-change-of-frequency) indices-based
method have been presented. A new hybrid method is described in [63] and [64].
Detailed co-efficient of wavelet transformed negative sequence voltage and
current are used in [65]. Other passive methods, as reported in [66-68], exploited
the parameters, such as, ROCPAD (rate of change of phase angle difference),
proportional power spectral density of voltage, switching frequency for inverter
based DG. In [69], the technique using S-transform based cumulative sum
detector (CUSUM) and in [14], data-mining approach is applied and tested for
islanding detection. In [70], islanding detection of inverter-based DG was
evaluated using seven features and four classifiers: Decision Trees, Radial Basis
Functions, SVMs and Probabilistic Neural Networks. In [71], the authors carried
out a task of islanding detection in the presence of three types of DG units:
inverter-interfaced DG, synchronous-type DG, and multiple DG units
(synchronous type and/or inverter interfaced DG). In their approach, twenty-one

features are first extracted, from which four features are selected as input to a
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Random Forest (RF) classifier.

As discussed above, most of the passive islanding detection methods, such as,
ROCOF, VS, over/under voltage and over/under frequency relays, etc., suffer from the
limitation of non-detection zone (NDZ). NDZ is a function of power imbalance inside
the formed island. There are two aspects of power imbalance in an island. One is the
active power imbalance and the other is the reactive power imbalance [72]. Any
particular power imbalance situation in an island can therefore be presented as a point in
the AP and AQ plane as shown in Fig. 2.4, where A denotes power imbalance (a positive
value denotes excess or surplus power). There is also a detection time associated with
the operating point, which can be illustrated using a third axis shown in Fig. 2.4(a). If
one specifies a required detection time, there will be cases whose AP and AQ values are
not sufficient to result in a timely detection of the islanding situation by anti-islanding
relays. These cases or points in the AQ versus AP plane define a non-detection zone.

Fig. 2.4(b) is an illustrative plot of such a non-detection zone.

AQ

a Detection Time

Non-detection zone AP
for a required
detection time

AP
(a) (b)

Fig. 2.4.Power imbalance situation in the power mismatch plane and the associated non-detection zone.
(a) Detection time for a given power imbalance case, (b) Non-detection zone in the AQ versus AP plane
[72].

2.3 VOLTAGE DIPSAND ITS CHARACTERIZATION

A brief literature review on power quality with special emphasis on voltage dips and
swells, their effects, propagation of dips or sags, importance of classification of voltage
sags and the available techniques used for characterization of voltage sags and swells

are highlighted in this section.
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2.3.1 Power Quality and its Significance

The definition of power quality (PQ) is adopted from the book of K.

Bhattacharya[73] as mentioned below:
Power Quality is the combination of current quality and voltage quality, involving the
interaction between the system and the load. Voltage quality concerns the deviation of
the voltage waveform from the ideal sinusoidal voltage of constant magnitude and
constant frequency. Current quality is a complementary term and it concerns the
deviation of the current waveform from the ideal sinusoidal current of constant
magnitude and constant frequency. Voltage quality involves the performance of the
power system towards the load, while current quality involves the behaviour of the load
towards the power system [73].

In general, the quality of the electrical power involves all stakeholders in the energy
field, whether they are system operators, suppliers, producers, or consumers of
electricity. It has become a topic of great interest in recent years, mainly for the
following reasons:

1) Electrical disturbances have a high cost for industrial sector because they cause
downtime, loss of raw materials, a drop in production quality, premature aging
of equipment, etc.

2) Now-a-day, power electronics equipment is being widely used because of their
flexibility of operation, high efficiency, and high performance. These devices
are very sensitive to voltage disturbances and perturbing.

3) Due to the liberalization of the electricity market, power quality has become one
of the criteria for choosing an energy supplier over another from the consumers’
point of view. The suppliers must provide the energy to the customers with

maximum quality.

2.3.2 Voltage Dips or Sags

According to Dugan [74], power quality can be characterized with four categories of
electrical disturbances:

- Changes in the voltage amplitude (voltage dips, short interruptions and flicker)

- Fluctuations in frequency around the fundamental frequency,

- Changes in the voltage waveform (harmonics, interharmonics, noise),

- The asymmetry of the three-phase system imbalance.
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Thus, voltage dip is one of power quality issues and it is considered as the most
important power quality disturbances for industrial customers [75]. According to the
existing PQ standards [27, 76-82], voltage sag is defined as a short-duration reduction
of voltage magnitude in any or all of the phase-voltages of a single-phase or a polyphase
power supply at a point in the electrical system. By definition (according to IEEE Std.
1159), a voltage dip is a voltage drop of 10% to 90% of the nominal value for a period
of up to 0.5 cycle to 1 min. The draft Technical Report for Electromagnetic
Compatibility regarding voltage dips and short interruption on public electric power
systems states that voltage sag is an alternative name for the phenomenon voltage dip
[83]. Therefore, both terms dip and sag are used as synonym of each other.

A voltage dip is a multidimensional electromagnetic disturbance, the level of which is
mainly determined by the magnitude and duration. Magnitude of a voltage dip is the
value of residual voltage during the event. Duration of dip is time for which the root-
mean-square (rms) voltage stays below a voltage dip threshold, see Fig. 2.5. As
illustrated in Fig. 2.5, voltage dip threshold is set to 0.9 pu. However, different
thresholds can be used for different purposes, for example, voltage dip threshold values
for monitoring purposes are usually in the range of 85%-95% of the nominal voltage
[84], but for contractual purposes, that value can be as low as 70% of the nominal
voltage [85].
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Fig. 2.5.Measurement of voltage dip.

2.3.3 Effects of Voltage Dips

Modern manufacturing methods often involve complex continuous processes utilising

many devices acting together. A failure of one single device, in response to a voltage
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dip, can stop the entire process. This may be one of the most serious and expensive

consequences of voltage dip. Moreover, the effects of voltage dips considering different

types of equipment and economic aspect are summarized below:

1)

2)

3)

4)

5)

6)

7)

IT and process control equipment uses power electronic converter to convert the
AC voltage to regulated DC voltage. If the supply AC voltage drops below a
specific limit, due to voltage dip, regulated dc voltage will start to drop and
ultimately errors will occur in the digital electronics equipment.

Alternating current contactors (and relays) can drop out when the voltage is
reduced below about 80% of the nominal for duration of more than one cycle.
Harmonic pollution causes extra stress on the networks and makes installations
run less efficiently.

Electrical equipment (transformers, motors, etc.) may be overheated leading to
their lifetime reduction.

The existing installations may need to oversize to cope with additional electrical
stress which in turn increases the installation and running costs and their
associated higher carbon footprint.

New sites are refused because the new site would pollute the supply network to
a great extent.

Power drives can be very sensitive to voltage dips. Such systems generally
contain a power converter/inverter, motor, control element and a number of
auxiliary components. The effect on the control element can be critical, since it
has the function of managing the response of the other elements to the voltage
dip. The reduction in the voltage results in a reduction in the power that can be
transferred to the motor and hence to the driven equipment. Dips can lead to a
loss of control [86]. Moreover, behaviour of certain equipment is influenced by

the phase shift and/or point on wave (e.g., [87]) of voltage dips/sags.

Due to the advancement and proliferation of information technology and the

widespread use of power electronic devices in recent years, utilities’ customers in

various industrial fields are suffering economic losses from short interruptions and

voltage dips. Losses caused by a voltage dip may only be an annoyance for residential

customers (as a shutdown of a personal computer) but in the industrial and commercial

sectors the same event may cost millions of dollars [88]. Sometimes, the economic
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impact of sags/dips and interruptions is so strong that the total losses caused are

expressed in even billions of dollars per year [89, 90].

2.3.4 Cause of Voltage Dips

Voltage dips or sags are predominantly attributable to short circuit affecting the
power grid or connected installations, and the start of high power motors. However, the
short circuit remains the leading cause of voltage dips and short interruptions. Short
circuits may assign one, two or three phases, and can cause additional phase shifts
between them. The high power motors (asynchronous typically) can also be the cause of
voltage dips. In general, the motor current reaches the start time of 5 to 6 times the rated
current and gradually decreases as the machine approaches its rated speed. This
overcurrent generates a voltage drop which decreases with the decrease of the current.
Voltage dips caused by the starting of high power motors last between few seconds to a
few tens of seconds and are characterized by voltage drops on three phases. Moreover,
the interconnection of the renewable-resources based distributed generation (DG)
system to the existing power system could lead to power quality (PQ) problems, such as
voltage sags [91, 92]. Finally, voltage dips can also be caused by transformer saturation

or changes in the network structure.

2.3.5 Propagation of Voltage Dips

Voltage dips can be originated at different buses or lines in electricity network due to
different reasons as stated in section 2.3.4. Moreover, penetration of distributed
generation (DG) could have an impact on voltage-sag propagation and characteristics in
distribution networks [93]. However, when voltage dips propagate through different
electrical equipment, its magnitude and type are changed at different points as presented

below.

2.3.5.1 Dip propagation through network elements
Point A Zy

(A~ \—‘:li Point D
\\ N\

S

Fig. 2.6. Voltage divider to study the propagation of voltage dips.
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Sags propagate through different network elements of the network, and their severity
depends on the location of voltage-dip-measurement. The propagation of voltage dips
depends on two parameters: the power of short circuit and the distance from the fault
location and the measurement location. To better illustrate the propagation of voltage
dips, the example of a phase affected by a short circuit at point D is shown in Fig. 2.6.

Due to a short circuit, the voltage at the fault location D is zero. By applying voltage
divider rule, the voltage at the measurement point A is
z
V, =——1
Zy+Z,

(2.2)

If the electric distance between the fault location and the measurement point A is large,
the impedance of line Zy is increased by a significant amount. Accordingly, the
amplitude of the voltage Va gets close to that of the source E, i.e., the voltage dips
measured at point A is mitigated. From Fig. 2.6 and Equation (2.2) it is obvious that
voltage dips are reduced when they are propagating upstream in the network. However,
voltage dips propagate downstream without significant change in dip-magnitude.
Indeed, if we take the example of Fig. 2.6, assuming that the short circuit is occurred
before the measurement point A, the voltage at the measuring point is zero; therefore,

the potential downstream point D is also zero.

2.3.5.2 Dip propagation through transformers

The type of voltage dips can be changed by the transformers located within the
network. For example, the voltage dip at left of Fig. 2.7 is characterized by a drop of
voltage on one phase only. As it passes through the transformer Dyl1, it turns into a

drop of voltage on two phases, namely a and b.

C C

Dy11
d a

e
b

Fig. 2.7. Change of type of voltage dips through a transformer Dy11.
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Indeed, a voltage dip can be characterized by different signatures on the primary side
and secondary side of a transformer based on its type and connection. Depending on the
changes introduced in the signatures of voltage dips, there are three families of
transformers [94].

% Transformer through which the signature of the voltage dip is not changed
Voltage on the secondary side could be equal to the voltage of the primary side;
transformer of Yny, kind belongs to the group. The ratio of the voltages on the primary

side (v 5 )to the secondary side (v, ) can be represented as follows:
Ve = KTV e (2.3)

wherek is the ratio and T is the transformation matrix. The transformation matrix for this
type of transformer is the identity matrix, i.e.
100
T,=/010 (2.4)
001
% Transformer through which the sequence component is removed
Voltages on the secondary side are obtained by removing the zero-sequence voltages
of primary side. The transformers residing in this family are Dd, Dz, Y\Y, YYn. Their
transformation matrix is defined by:
. 2-1-1
T, =3 -12-1 (2.5)
-1-12
% Transformer through which the phase voltages are changed
The voltages on the secondary side are proportional to the difference of two voltages
on primary side. The transformers residing in this family are Dy, Yz, Yd. Their

transformation matrix is defined by:

Jo 1-1
j

T,=—|-1 0 1 (2.6)
Bl 0

Similarly, connecting the loads determines the type of voltage sags that they suffer.

Loads connected in delta or star with floating neutral change the type of voltage dips.
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2.3.6 Parameters determining the types of voltage dips and swells

Sags and swells signatures usually depend on several parameters: fault location, fault
type, system grounding and connection point of monitors[31]. The influence of these

parameters on the voltage sags and swells signatures is explained below.

1) Fault Type: Four major types of faults are found in electricity networks, which
include single line-to-ground, double line-to-ground, phase-to-phase and balanced three-
phase. Among these faults, single line-to-ground faults are the most common. They are
characterized by a drop in one of the phases; the other two phases remain unchanged or
increase as a function of system grounding. Double line-to-ground faults initiate major
drops in two phases with or without phase-angle shift as a function of system
grounding. The voltage in the non-faulted phase remains unchanged or increases.
Double phase-to-phase faults are characterized with drops and phase angle shifts of two
of the phases. The non-faulted phase remains unchanged. Balanced three-phase faults
are the most severe fault type. They are characterized by equal drops on the three phase

voltages without phase angle shift.

2) System Grounding: The system grounding influences the magnitudes of the non-
faulted phases [95]. In high-impedance grounded or ungrounded systems, non-faulted
phases at the fault location experience voltage rise. In grounded system or low
impedance grounded systems, the non-faulted phase is not affected.

3) Fault Location: Transformers usually remove the zero-sequence voltage [94]and in
this way they change the signature of the PQ disturbance. Therefore, voltage dips
propagate down to the network changing their phasors’ relation as a function of the
transformer type. Swells caused by faults do not propagate; they are measured only at

the same voltage level, where the fault occurs.

4) Connection of Monitors: Monitors can be connected either between phase and neutral
(star connection) or between phases (delta connection) [96, 97]. Phase-to-phase
connection of monitors is usually used in systems with delta connecting loads since they
measure PQ disturbances as experienced by the loads. However, concerning systems
with either star or delta connecting loads, phase-to-neutral measurements are
recommended. Star connection of monitors provides more information about the
system, for example the fault number and location. Another reason to choose star
connection is that phase to phase voltages can be deduced from phase to neutral

voltages, while the contrary is not possible.
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2.3.7 Different types of voltage dips and swells

Fig. 2.8. Voltage dips and swells signatures [31].

According to the classification of voltage dips universally recognized [22], there are 7
main types of voltage dips denoted by the letters A to G shown in Fig. 2.8, where d is
the amplitude of the largest drop in phase-voltage, also called the depth of the voltage
dip. For voltage dips of type C, G and I, dip-depth d does not correspond exactly to the
depth of the voltage dip due to additional phase shifts of voltages. However, for
insignificant amount of voltage drops, d can be considered identical to the depth of
voltage dip.

Sags A, B, C and E are measured voltage level where the fault occurs. They
propagate downstream network by modifying their signature depending on the type of
transformers, giving rise to other types of voltage dips that can be categorized as C, D, F
and G. Fig. 2.9 and Table 2-1 show the transformation of voltage dips A, B, C and E, as
they propagate downstream network, via the Dy (delta-wye) transformers. Sag type A,
due to 3-phase faults, has the voltage drops of same depth on all three phases without
additional phase shifts. This type of voltage dip propagates downstream network
without changing its signature. Sag Type B owes its origin to single-phase faults. They

are characterized by a voltage drop on one of the phases; the phases are not affected by
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the phase-shift. This type of voltage dip propagates downstream network by changing
its signature. For example, passing through a transformer-type Dy it becomes two-phase
voltage-type C. Sag Type C is produced either by phase-to-phase faults or by the
propagation of voltage dips of type B or D via transformers. They are characterized by
voltage drops with additional phase shifts of two phases; the third phase is not changed.
Propagating downstream in the network, these dips are transformed into type D. Sags
type D owes their origin to the spread of voltage sag type C via transformers. They are
characterized by a drop on a main phase and a relatively low additional voltage drops
and phase shifts for the other two phases. While propagating downstream network,
these dips are transformed into type C. Sag type E originates from the faults between
two phases and earth, and has voltage drops without phase-shift. They spread
downstream network by generating voltage dips type F. Sag type F originates from the
spread of dip-type E via transformers. They are characterized by a voltage drop on one
of the phases and phase difference between the other two phases is changed with small
amount of voltage-drop. Their propagation through a transformer gives rise to dip-type
G. Sag type G has voltage drops with additional phase shifts on two phases and a low
voltage drop for the third phase. This type of dip comes from the double transformation

of a voltage sag type E.

O

Point
C

Point Point
A B

Fig. 2.9. Transformation of the types of voltage dips

TABLE 2-1
PROPAGATION OF VOLTAGE DIPS

Voltage level Point A Point B Point C
A A A
T - B C D
ypes o
: C D ©
voltage dips
E F G
- H/I -
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Sags with swells due to faults in ungrounded systems are not represented in the
classification of [22] because they do not spread, and they are not experienced by delta
connected loads. However, these dips are considered in our study because they can
identify and locate some faults. Sags with swells are denoted by the letters H and I, and
their signatures are also shown in Fig. 2.8 where their depth is given by d. Sag type H
exhibits voltage drop on one phase and overvoltage on the other two phases. Sag type |
is characterized by voltage drops on two phases and a voltage of the third phase. Type H
is caused by single line-to-ground fault and type | is caused by double line-to-ground
fault.

Sags type B, D and F are often called single phase dip because they are characterized
by a voltage drop on one of the phases. Sags Type C, E and G are characterized by
voltage drop on the two phases and they are called double-phase dips. The voltage sag
type A is called three-phase dip. Sags type H and | are characterized by both voltage

drops and swells; they are also called voltage dips with swells.

2.3.8 Importance of voltage dips/swells classification and the existing
methodologies to classify voltage dips/swells

Several methods have been reported to classify Power Quality (PQ) events on power
systems, but insufficient effort has been given on classifying voltage sags based on
measurements. Only limited number of algorithms, as found in the literature, are well
known to characterize voltage sags using direct measurements data, without considering
the internal circuit behind the phenomenon [22]. The importance in voltage sag
characterization was first addressed to obtain statistics and then applied in equipment
testing and stochastic prediction [30]. Lately, advances in PQ monitoring and the
development of expert systems [98] have required new algorithms and mathematical
approaches to identity and classify disturbances in power systems to enhance mitigation
techniques and to improve new control schemes.

Significant efforts have been directed toward the complete characterization of voltage
sags. Most of the existing standards and methods characterize voltage dips or voltage
sags [99], through minimum magnitude and total duration [21, 26-28, 76, 77, 81, 82,
100]. This voltage sag characterization approach, only suitable for single-phase or
balanced 3-phase voltage sags, which gives conservative characterization [28]. The
other notable consequences of this approach are discussed in [29, 30], and [28].

Moreover, several methods have been proposed to characterize the types of voltage sags

31



from recorded waveforms. In [101], the potential gradient of positive- and negative-
sequence components of voltages is used for characterization; however it possesses a
limitation of identifying the single-phase voltage sag only. The SP (six-phase) algorithm
[30], [102] is a computationally simple algorithm, but gives erroneous characterization
with large negative phase-angle jump and for reasonable drops in voltage [30].
Recently, Bollen and Zhang proposed a symmetrical component based technique to
classify and characterize voltage dips [23, 29]. In [30], it was reported that the
symmetrical component technique has some limitations in characterizing unbalanced
voltage sags originating from large dynamic loads. In [31], a space vector method was
presented wherein the ellipse inclination angle was used to classify single-phase and
double-phase voltage dips. However, this method is not suitable for classification of
voltage dips for the case of large phase angle jump.

2.4 LITERATURE DISCUSSION AND SUMMARY

In the previous two sections, i.e., Sections 2.2 and 2.3, a literature review has been
presented regarding two crucial abnormal events: islanding of distributed generation and
voltage sags/swells. The conclusions on the literature survey can be summarized as

follows:

Islanding of Distributed Generation and its Detection Schemes:

e Due to disturbance or fault, a segment of distribution network energized with
DG may be disconnected from the upstream grid side or main supply, which
gives rise to the situation of islanding.

e The risk associated with unintentional islanding operation is severe, therefore,
several islanding detection techniques have been proposed in current literatures.

e A review of the common islanding detection techniques, which include, active,
passive and remote islanding detection methods, is conducted in Section 2.2.3.

e Each of the islanding detection techniques has their distinctive benefits and
drawbacks. For example, remote methods are effective but expensive; active
methods are reliable but they suffer from PQ disturbance; and passive methods
are cost-effective but they suffer from the limitation of non-detection zone
(NDZ).

e In recent literatures, with the introduction of intelligent based approaches in

islanding detection methods, the performance of passive islanding detection
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method has been critically evaluated and compared with the performance of the
new intelligent based approaches. However, the performance of passive
islanding detection methods has not been critically evaluated inside the NDZ of
conventional relays, such as, vector surge, ROCOF relays. Therefore, there is a
need for the development of new intelligent basedrelays for detection of
islanding which can perform effectively inside as well as outside the NDZ of

conventional relays.

Voltage Sags/Swells and its Classification and Characterization Methodologies:

Voltage dips are one of the most important power quality disturbances for
industrial, commercial as well as household appliances.

Voltage dips are caused by faults and other large increases in currents, which
could be triggered by transformer energization, motor starting, disconnection of
distributed generation (DG), etc., both inside the industrial plants and outside of
them.

Propagation of voltage dips through different network elements result in seven
types of voltage dips. Besides, two types of voltage swells are also found in
power systems.

Classification and characterization of voltage dips and swells are important to
enhance mitigation techniques and improve new control schemes.

Significant efforts have been given to conduct complete characterization of
voltage sags, which is evident from the study of current literatures. The literature
surveyreveals that there is a need for new algorithm for classifying and
characterizing voltage sags and swells, which would be unaffected by phase-

angle jump and suitable for real-time applications.
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Chapter 3

ISLANDING DETECTION OF DISTRIBUTED
GENERATION USING MULTIPLE-FEATURE-
BASED SUPPORT VECTOR MACHINES

3.1 INTRODUCTION

In this Chapter, a multiple-feature-based support vector machine (SVM) approach is
proposed for islanding detection of DG. The proposed method uses multiple-features
extracted from different network variables, such as, voltage, frequency and rotor angle,
which show distinguishable variation during the formation of islanding. The extracted
features are then used as inputs to a support vector machine (SVM) to classify the event
as islanding or non-islanding. The method has the potential to overcome the limitations
of conventional protection schemes. To demonstrate the performance of SVM based
approach, a set of features is generated from numerous set of off-line dynamic events
simulated under different network contingencies, operating conditions and power
imbalance levels. Features associated with different islanding and non-islanding events
are used to train the SVM. The trained SVM is tested on a practical distribution network
of Australia containing multiple DG units.Variation of detection time as a function of
power imbalance scenarios is also assessed in the testing phase. Furthermore, the
performance of the proposed approach is evaluated in terms of reliability and speed of

islanding detection.

The remainder of the Chapter is organized as follows. Section 3.2 presents a brief
overview of the theory of SVM, which is relevant to the classification of two classes.
Section 3.3 describes the multiple-feature-based SVM method. The experimental
evaluation of the proposed method is highlighted in Section 3.4. Considering the
reliability and response-time or detection-time as performance indicators, assessment of
the SVM based method is conducted in Section 3.5. Discussions followed by

Conclusion are presented in Sections 3.6 and 3.7.

34



3.2 BRIEF OVERVIEW OF THE THEORY OF SVM
For a two-class classification problem, a real valued d-dimensional input or feature
vector (XneiRd )can be labeled asy, ={-1,+1}, which indicates the class of x,. The

SV M separates the two classes by establishing a decision boundary hyperplane defined

by its normal vector w and a scalar bias b,

g(x)=w"x+b (3.1)
The function sgn@w' x+ b)can be used as a decision function to obtain an output y, =
-1 or +1, indicating the class of the input feature vector x,. If the two classes are

linearly separable, i.e., no input sample x,, satisfies w'x_+b=0, then

WX 2 b >0, for y,=+1 (3.2)
" <0, for y,=-1 '

To control separability, instead of (3.2), the following inequalities are considered:

>1 fory =+1
WT Xn —|—b{S -1 fOI‘ yn —_ (3.3)

Here, 1 and —1 on the right-hand sides of the inequalities can be a constant a (> 0) and
- a, respectively. But by dividing both sides of the inequalities by a, (3.3) is obtained
[103]. The expression in (3.3) is equivalent to

A (wT X, +b) >1 forn=12,.....,N (3.4)

The Euclidean distance between the hyperplane and the training data nearest to the
hyperplane is called margin. The objective of SVM is to find the optimal separating
hyperplane which maximizes the margin and thus, to maximize the generalization
ability of the classifier. This optimal separating hyperplane is obtained by considering
the maximum Euclidean distance to the closest training samples known as Support
Vectors (SVs).

The Euclidean distance from a training data x to the separating hyperplane is given by

lg(x)|/|w|. Therefore, all the training data must satisfy

JnIinl > p forn=12,....,N (3.5)

wherey is the margin. If (w, b) is a solution, (aw, ab) is also a solution, where a is a

positive scalar. Thus, the following constraint can be imposed [103]
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nw| =1 (3.6)
From (3.5) and (3.6), it is evident that the optimal separating hyperplane can be
achieved by obtaining w with the minimum Euclidean norm that satisfies (3.4).
Therefore, the optimal separating hyperplane can be achieved from the following

convex optimization problem
. 1, 2
minimize §||W|| (3.7)

subject to y, (WT X, +b)2 1 forn=12,...,N (3.8)

In (3.7), the square of the Euclidean norm ||w|| is used to make the optimization problem
quadratic programming (QP) [103].

Soft-margin support vector machine is applied to deal with linearly non-separable
training sets. To this end, the amount of training errors is measured by introducing a
slack variable & For example, the decision boundary hyperplane for linearly separable
and non-separable training sets of two classes of data are shown in Figs. 3.1(a) and
3.1(b), respectively. As shown in Fig. 3.1 (b), the decision boundary hyperplane with
non-separable training sets necessitates the introduction of slack variable &, to measure
the amount of training error for one misclassified training sample. Therefore, to deal
with linearly non-separable training sets, QP expressions of (3.7) and (3.8) are

reformulated as follows:
.. 1 2 N
minimize =|w| +C> ¢, (3.9)
w.e 2 n=1

subject to yn(wT X +b)2 1-¢  for n=12,...N

3.10
& 20 for n=12,....N (3.10)
where &, is a slack variable and the parameter C in (3.9) is a regularization parameter,

which determines the trade-off between the maximization of the margin and the

minimization of classification errors.
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Fig. 3.1. Linear separating hyperplane for data belongs to: (a) separable training sets, and (b) non-
separable training sets.

To solve the constrained QP problem presented in (3.9) and (3.10), Lagrange multipliers

p,20and », >0 are introduced. Hence, the Lagrange functional given as [103]:

QD A7) = ol +CY &, DAty 0%, +b) -1+, -y, a1

For the optimal solution, the following Karush—Kuhn-Tucker (KKT) conditions must

be satisfied

QWDLELY) S gy —0 (312)

6W n=1
oQ(W,b,¢&, By) _ _i By, =0 (3.13)

8b n=1
aQ(w,b,¢&,B,y) —C—f 3 =0 (3.14)

05,

AW sp-1eg] -0 oz
y.& =0, B,>0,7.20,& >0  forn=12,...N (3.16)

Solving (3.12) to (3.14) and substituting for wandy, in (3.11), we obtain the so-called

Wolfe dual problem:

rnalelze {Zﬂn __Z Zﬂnﬂmynym } (317)

n1m1

N
subjectto > B,y,=0andC>4,>0 forn=12,...N (3.18)

n=1
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The solution of the dual problem of (3.17) and (3.18) yields the Lagrange multipliers g

(n=1,2,....N). From (3.12), the solution forw has the form:

N
w=> B.Y,X, (3.19)
n=1

Clearly, the form of w is determined only the training data corresponding to a non-zero
Lagrange multipliers g, for which the constraints in (3.10) are exactly met; these
training samples are referred to as support vectors (SVs). The bias b is determined from
Equation (3.15) using any support vector. The final decision boundary g(x) can be
expressed as

9(x)= D B.Yo X X+b (3.20)

fn>0

wherex is the input test vector. As indicated earlier, the decision function can be taken

as sgn(g(x)), with a tuning parameter C.

A trick of kernel function is incorporated with SVM to deal with the problem of

nonlinearly separable classes. Suppose the input feature vectors x, are mapped to a

high-dimensional feature space as follows
z, = D(X,) (3.21)
The solution now involves the feature vectors z, instead of x,,. A kernel function is

defined as a function which computes the inner product of feature space mappings of
original data points. Using a kernel function the inner product becomes

d(x.), P(x..))=K(X,,X,). Therefore, replacing the inner product x'x in (3.20)
(Xn) » P(Xp,) ns X n

with the kernel function K (x,, X) yields the decision function

g()= D BY.K(X,, X)+b (3.22)

SVsorfn>0
The values of the kernel are evaluated over all training samples, in order to solve the
optimization problem in (3.9)-(3.10). Some popular choices of kernel functions for

SVMs include

¢ Radial basis function (RBF) kernel:

K(x,y>=exp{—'x‘y2' }

20
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e Polynomial kernel of degree p:
KX y)=(X"y+1)"

wherekernel parameters p (degree of polynomial) and o are just like regularization
parameter C and these are input parameters to the SVM training process and are tuned
to obtain the desired classification performance.

3.3 ISLANDING DETECTION OF DISTRIBUTED GENERATION
USING MULTIPLE-FEATURE-BASED SVM
The proposed SVM (support vector machine) based methodology is narrated in the
following three sub-sections. Section 3.3.1 presents the behaviour of network variables
under islanding situation. Section 3.3.2 describes the process of feature extraction from
credible islanding and non-islanding events. Section 3.3.3 narrates the proposed SVM
based method, which include the training and testing procedure of SVM using multiple

features extracted from islanding and non-islanding events.

3.3.1 Characterization of Network Variable under Islanding Situation

The behaviour of network variables can be observed by simulating a test network of
Fig. 3.2, which illustrates the single line diagram of a simple distribution network
energized with a synchronous generator (SG) based DG. Simulation yields the vector
diagram of Fig. 3.3, which shows the voltage behaviour at DG connection point; it is
drawn based on the values obtained by simulating the islanding scenarios generated by
opening the circuit breaker (CB) in the system shown in Fig. 3.2. During islanding
period, the system is composed by the synchronous generator and load only. At this
instant, the synchronous machine begins to feed a larger (or smaller) load because the
current provided by (or injected into) the utility side is abruptly interrupted. Thus, the
generator begins to decelerate (or accelerate) its rotor speed to reduce the power
mismatch. Therefore, the terminal voltage and angle with respect to a reference are
affected; which are illustrated in one pre-islanding (solid line) and two post-islanding
scenarios (dashed and dash-dotted lines) of Fig. 3.3. The dashed and dash-dotted lines
represent the behaviour of voltage at the connection point of DG during 6™ and 7" cycle
after the onset of islanding. In islanded mode, change of voltage behaviour in each cycle

is observed, which is influenced by the dynamics of synchronous generator.
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Fig. 3.3.Phasor diagram representing the voltage behaviour at DG connection point of the system shown
in Fig. 3.2 during pre- and post-islanding condition.

From Fig. 3.3, it is noticeable that islanding provokes the variations of voltage
magnitude and phase angle. Moreover, a change in frequency is also observed from the
change of period of voltage cycle. Therefore, in the proposed method, five variables are

used for feature extraction: frequency (f), rate of change of frequency (pf =df /dt),

rotor angle (6), voltage (V) in pu, and rate of change of voltage (,oV :dV/dt). In this

sub-section, in order to show the behaviour of five variables under islanding condition,
mathematical formulations are carried out followed by the simulation results. The
dynamic behaviour of the synchronous generator can be determined by using the
machine swing equation as presented below [104]:

2H d%s

——5=AP 3.23
600 dt2 ( )

where H is the generator inertia constant, g is the synchronous speed, and ¢ is the rotor

angle with respect to synchronously rotating reference frame. Assuming the network is
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operating at steady-state prior to islanding (do/dt = 0), integrating (3.23) yields

2
5(t)=5, + @, APt

(3.24)

wheredy is the rotor angle at steady state prior to islanding. The rotor angle ¢ is
measured with respect to synchronously rotating reference frame and it varies with time
during the transient period of islanding. The variation of the rotor angle during the

transient is given by

AP
ds _APaxt (3.25)
dt 2H
The rotor speed @, can be represented as
do
W, =0, +— 3.26
P T @O0t (3.26)
From (3.25) and (3.26), the rotor frequency can be expressed as
APT  t
f. =1, + 0 3.27
r 0 2H ( )
Therefore, the rate-of-change-of-frequency is
df  APf
r_—_0 (3.28)
dt 2H

According to [105], islanding condition with reactive power imbalance is analogous to
an incident when a pure reactive load is applied to the generator operating under no-load

condition for which the voltage behaviour can be presented as

t t

1 (1 1) (1 1)

V=X V| =+ ——— e - h
o \zw*[z \zwje [z Z'Je 0%

whereX_ is the reactive load, V; is the generator terminal voltage in pu. In (3.29), direct

axis transient and subtransient time-constant have been presented as 7o and ;
respectively. And direct axis synchronous, transient, subtransient reactances have been
presented as (|Z]), (|Z]), and (|Z']) respectively. Time domain analysis for 1 second
duration is carried out where islanding occurs at 0.5 second. For this event, the terminal

voltage, V; can be rewritten in the following form
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From (3.30), rate-of-change-of-voltage (dV/dt) can be obtained as below
0 0<t<05
W, _ (1 1) 11 1) 3.31
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Fig. 3.4. Behaviour of five network variables: (a) V, (b) dVv/dt, (c) f, (d) df/dt, and (e) 6 under islanding
condition (event inception at 0.5 second) using theoretical formula (solid line) and simulation (dash line).

Formulation of five variables, which include ¢, f, df/dt, V and dV/dt, are presented in
equations (3.24), (3.27), (3.28), (3.30) and (3.31), respectively. Response characteristic
of these five variables is carried out by simulating the network of Fig. 3.2 in MATLAB
SIMULINK. Under islanding situation, behaviour of five variables (using network
simulation and theoretical formula) is presented in Fig. 3.4, considering a deficit of
active power imbalance of 50% between load and generation within islanded network. It

should be noted that a simplified model of synchronous generator (SG) is used for
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theoretical formula, whereas in simulation, a detailed model of SG (6"-order 3-phase
model in d-q rotor reference) equipped with an automatic voltage regulator is applied.
Hence, a slight difference is found in Fig. 3.4 for theoretical formula and simulation.

3.3.2 Extraction of Features

In the proposed method, five variables are used for feature extraction: normalized

frequency f, rate of change of frequency p,= df/dt, normalized rotor angle o,

normalized voltage V, and rate of change of voltage p,= dV/dt. These variables are

extracted from the terminal voltage of the DG. The frequency variable, f, is obtained by
taking the time-inverse of the duration of two consecutive rising zero-crossing points of

voltage signal. ROCOV (p, ) and ROCOF (p, ) are extracted from the change of

voltage and frequency within small time interval Az (where 4z can be typically 5x10™s).
Rotor angle ¢ cannot be obtained from terminal voltage of DG in a straightforward
manner. However, to obtain one such variable which is analogous to the characteristic
of rotor angle ¢ and could be available from terminal voltage of DG, phase angle of

voltage (6) is used. The process of extraction of phase angle () of V is described below.

In order to obtain the phase angle (@) from the terminal voltage v(t), the
synchronously rotating reference frame is represented by a reference signal s(t) with 50
Hz frequency. Assuming a detection time of 200 ms and the power system frequency of
50 Hz, s(t) of 10 cycles is shown in Fig. 3.5 (a), and v(t) of 10 cycles duration is
processed to obtain the phase angle deviation from reference signal s(t) as shown in Fig.
3.5 (b). As indicated in Fig. 3.5 (b), four points — two zero-crossing points, one positive
half-cycle peak and another negative half-cycle peak points, are determined in each
cycle. This procedure is followed to obtain m+1 number of points during the duration of
10 cycles of v(t) signal; the points are denoted as to,t; to, ....tm. Then 6¢m), as shown in

Fig. 3.5 (¢), is obtained by using the following expression

e(m){mx%—(tm _to)}xg for m=0,12,.. (3.32)

wheref(m) = phase angle of v(t) in degrees with respect to s(t), and T = time period of
s(t). Thus, phase angle of voltage () is obtained from (3.32) and then, normalized 6 is
used and denoted as o, which is usedas one of the variables for classification of

islanding and non-islanding events.
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Fig. 3.5. Extraction of phase angle (6): (a) Reference signal s(t), (b) Terminal voltage v(t), and (c) Phase
angle of v(t) with respect to s(t).

Five features are extracted from the five variables as mentioned above, by taking
Standard Deviation (SD) inside a sliding data-window having a width of AT. For
instance, feature from a signal s'(¢z), which could be any of the five network variables,
are extracted by taking SD inside the AT width of a sliding data-window, as shown in
Fig. 3.6. Following the same procedure, five features are extracted from five network
variables, which are obtained during islanding situation with active power imbalance
(4P) of 50% in the islanded segment (see Fig. 3.7). As illustrated in Fig. 3.7, all five
variables show significant variations from normal condition since 4P is comparatively
high, i.e., 4P = 50%. But for 4P< 10%, these variables do not show major variations
and they look almost similar of those corresponding variables obtained under non-

islanding situations such as capacitor switching, load switching etc., as presented in
[106].
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Fig. 3.7. Illustration of feature extraction from five network variables: (a) V, (b) dV /dt , (c) f, (d) df/dt ,
(e) o, using a sliding data-window of AT width.
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Mathematically, the expressions of the five features are given by

o,=std{v(z); 7 €[t — 4T, t]} (3.33)
o, =std{f(z); r €[t — AT, t]} (3.34)
o,=std{s(z);  eft — AT, t]} (3.35)
Opy = Std{d\;(tr) : z‘e[’[ — AT, t] (3.36)

f
o, = std{ddif)  Telt— AT, t]} (3.37)

whereo, ,0¢ ,0,,0, and o, represent the features extracted from the network
variables: voltage (V), frequency (f), rotor-angle (o), rate-of-change-of-voltage (pv) and
rate-of-change-of-frequency (pf), respectively. Therefore, the feature vector can be
presented as

.
x=[o, 0y 050, O, (3.38)

where [.]" denotes the transpose operator.

3.3.3 SVM based Method for Islanding Detection

The proposed method can be described in three stages. The first stage involves the
training of Support Vector Machine (SVM) with different features obtained under
several islanding and non-islanding situations. In the second stage, the trained SVM is
applied to test the performance of the proposed approach under different network
contingencies and conditions. Third stage describes the flowchart of the proposed

algorithm, which is applied for the detection of islanding.
e Training of SVM

In accordance with the definition of supervised learning process, training of SVM

is conducted off-line and it can be summarized as follows.

1) A large number, i.e., n number of islanding and non-islanding events, which
may exist in the power system, are generated in a test network through repeated

dynamic simulation.
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2)

3)

4)

5)

6)

7)

For each event, the feature vector X, containing five features, are obtained by
following the Equations (3.33)-(3.38), considering a typical window width of
AT. 1t is worth noting that in this experiment, the location of islanding inception
is known a priori (ground-truth);therefore, any feature vector extracted from a
window which contains the islanding inception anywhere is labelled as an

islanding event.

For n number of training events, the feature vectors are kept in a feature matrix

as mentioned below

o) o/ 0,0 0,0 o,Q]
0,(2) 0:(2) 05(2) 0,(2) 0,(2)
Fn) =[x, X, X5 woo... x,]" =|0,3) o) 0,03 0,03 o, (339

0,(n) o) o,(n) o,M o,0)

Each training datax, corresponds to five features describing a particular
signature which belongs to one of two classes i.e. y, = —1 for islanding or y, = +1
for non-islanding.

Applying supervised learning algorithm, k-fold cross-validation is conducted
using the training data. Firstly, the data are divided into k subsets. Then, k-1
subsets are used for training, and the remaining subset is used for testing. Using
soft-margin SVM classification technique and employing linear, polynomial and
Gaussian RBF kernels, performance of the classifier is computed. The whole
process is repeated k times and the average classification performance is
calculated.

Tuning the regularization parameter C, kernel-parameters o for the RBF kernel
and the degree p for the polynomial kernel, k-fold cross-validation are conducted
several times. Thus, the optimal values of C, o and p are selected by observation.
Using the optimal value of C, and the kernel-parameters corresponding to
Gaussian RBF, linear, and polynomial Kkernels, training of SVM is

accomplished.
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e Performance Evaluation of Proposed Approach using trained SVM

Training of SVM vyields the decision function based on a number of support vectors

(SVs). Thus, by obtaining decision rule sgn(g(x)) from decision function (3.22), the

input test data x is classified as islanding or non-islanding event.

In this approach, the binary classification problems, which include islanding class and
non-islanding class, are encountered. Typically, DR (Detection Rate) and FA (False
Alarm) are used to show the performance of classifiers while dealing with classification
problems and it can be presented as below [107].

DR=TP/(TP+FN) and FA=FP/(FP +TN)

where TP = True Positive, TN = True Negative, FP = False Positive and FN = False
Negative. In this study, “Positive” implies that an event has been classified as
“islanding” whereas ‘“Negative” indicates the classified event as “non-islanding”.
Therefore, TP indicates the successful classification of islanding events, and FP implies
that non-islanding events have been classified as islanding or in other words, FP
indicates the misclassification of non-islanding events. Similarly, TN indicates the
successful classification of non-islanding events and FN specifies the misclassification
of islanding events. Thus, performance of the proposed approach is assessed using the
DR related to islanding detection and FA related to nuisance tripping. In short, DR
indicates the ratio of successfully detected islanding events to the total number of
islanding events whereas FA indicates the ratio of misclassification of non-islanding
events to the total number of non-islanding events. In other words, DR indicates the
accuracy of the proposed approach in islanding detection whereas FA specifies the rate

of nuisance tripping of DG during non-islanding conditions.

e Detection of Islanding using trained SVM
The flow chart presented in Fig. 3.8 shows the algorithm and steps of applying the
trained SVM to detect islanding. Five dimensional features (x,) are obtained from the

available voltage signal at DG connection point. These features are tested with the

trained SVM. Thus, the classification result which leads to either islanding (y,=-1) or
non-islanding (y,=+1) is obtained. If islanding is detected, a trip signal is sent to

disconnect the DG.
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Fig. 3.8.Flow chart for detection of islanding.

3.4 TEST RESULTS

The proposed method has been tested on a practical network in New South Wales,
Australia. Results will be presented in the following subsections.

3.4.1 Test System

RELAY

SG1

TL-16

@SM-l

A

Transmission Network »l«—Distribution Network—*

Fig. 3.9.Single line diagram of a test distribution network under study.

Repeated dynamic simulation is carried out using the test network of Fig. 3.9 to
extract the features corresponding to different islanding and non-islanding conditions.
The simulation is conducted using MATLAB/SIMPOWER software with 2 KHz
sampling rate. The test network comprises a radial distribution network which is

connected with the transmission network of Moree substation, New South Wales

49



(NSW), Australia. Data of transmission network side, such as, transmission lines,
transformers, etc., are collected from TransGrid, a Transmission utility of NSW,
Australia. Distribution network side comprises three 6-MW synchronous generators
(SGs) operating as DG. They are connected to the network through 33/0.69 kV
transformers. The transformers adjacent to SG1, SG2 and SG3 are used for locating the
relays of circuit breakers. These relays monitor the voltage signals in real-time. Data of
transformers, transmission lines, distribution lines and DGs are presented in Appendix
A.1. It should be noted that the simulation study involves the sampling rate of 2 KHz,
therefore, the relays at circuit breaker’s end would receive the voltage at 2 KHz
sampling rate (i.e. 40 samples/cycle for 50 Hz system); this sampling rate is realistic in
power system, since for phasor measurement unit (PMU), which is a reliable device for
measuring the voltage in electricity grids, can process 10 to 256 samples in each cycle
for 50 Hz system [108].

3.4.2 Generation of Events

The events for which a part of the network energized by DG is isolated from the grid
system are considered as islanding conditions. These conditions are generated by
artificially created instantaneous faults at some nodes in the transmission or distribution
feeder that result in DG islanding. Normal events that may exist in practical power
systems due to capacitor switching, loss of lines, load addition, load disconnection, etc.,
for which DG energized network is not isolated, are considered as non-islanding
conditions. Typically, in the test network, the situations that could be present during

islanding and non-islanding conditions are as follows [15, 109]:

» Tripping of main circuit breaker (CB) resulting to an islanded system with DG at
the presence of different range of active and reactive power imbalance in the
islanded section.

» Opening of any breakers between main grid and DG.

» Events that could trip breakers (CB; or CB,) in transmission network (see Fig.
3.9), and eventually island the DG under study.

» Load disconnection from the distribution network.

» Switching of capacitor bank in the network.

» Loss of line in the distribution system, apart from the line connected to the target
DG.
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» Occurrence of three phase fault in a distribution line, apart from the line
connected to the target DG.

Several islanding and non-islanding events are generated by conducting repeated
dynamic simulation on the test network of Fig. 3.9. Total 1 second time domain
simulation is carried out for each event, and an observation period of AT cycle is
considered for extracting the features. As presented in [15], several features are
extracted by taking the average value of 8 cycles of different network variables such as
voltage, frequency etc. Similarly, in this study, standard deviation of 10 cycles (i.e. 0.2
sec duration for fundamental frequency of 50 Hz) of each of the five network variables,
which include voltage, frequency, rate-of-change-of-frequency, rate-of-change-of-
voltage, and rotor angle, have been considered to extract the features required for
classification of events.In other word, a typical window width of A7 = 10 cycles of
observation period has been considered to extract the features. A list of generated
islanding and non-islanding events are presented in Table 3-1.

Variation of active and reactive power is considered to generate a large set of
islanding events. As presented in [72], active and/or reactive power imbalance in the
islanded segment, acts as a significant factor in the detection of islanding, especially
when vector surge or frequency relays are applied. Moreover, four possible
combinations of power imbalance scenarios may exist during the period of islanding
[72]. They are:

1) Scenario (a): Deficit of AP (active power imbalance) and deficit of AQ (reactive
power imbalance),

2) Scenario (b): Excess of 4P and excess of 40,

3) Scenario (c): Excess of 4P and deficit of 40, and

4) Scenario (d): Deficit of 4P and excess of 4Q.

Therefore, in this study, all these scenarios are taken into account while generating the
islanding events. Variation of active and reactive power imbalance is accomplished by
changing the load and generation profiles. In this study, deficit and excess of active and
reactive power imbalances are taken into account and the process of generating these

scenarios are described below.
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» Variation of active power imbalance: The deficit of active power imbalance is
simulated by keeping the active loads at their nominal values and gradually
varying the active power output from O to 1 pu. The excess of active power
imbalance is simulated by keeping the active power generation at their nominal
values i.e. 1 pu, and gradually varying the active power loads from 1 to O pu.

» Variation of reactive power imbalance: To generate the situation of deficit of
reactive power imbalance, the AVR (Automatic Voltage regulator) set point is
varied from 0.95 to 1 pu and the reactive components of the loads are kept at their
rated values. This guarantees that there are cases of deficit of reactive power in
the islanded system. Similarly, excess of reactive power imbalance is generated
by varying the AVR set point from 1.01 to 1.05 pu. For each AVR set point,

simulation is carried out as suggested in [72].

TABLE 3-1

SAMPLE LIST OF THE EVENTS UNDER ISLANDING AND NON-ISLANDING CONDITIONS

Event — Monitoring | No. of
Event description
name end Events

Tripping of CB at th f the followings:
ripping of CB at the presence of the followings DG-1/SG1 | 434

1) Three types of load: constant impedance (const. Z), constant

current (const. 1) and constant power (const. P) [72].

Islanding _ o ) o DG-2/SG2 434
2) All 4 possible combinations of power imbalance scenarios, i.e.,

deficit and excess of active power imbalance from 0% to 99.9%

and reactive power imbalance from 0% to 50% in the islanded

network [72]. DG-3/SG3 434

At the presence of three types of load (constant impedance,
constant current and constant power), several non-islanding
events are generated by considering the following actions [109]:

DG-1/SG1 240

1) Switching of capacitor, inductive load and non-linear load at
different time within 10 cycles of observation period. DG-2/SG2 240

Non-
islanding

2) Balanced three phase fault with fault clearing time from 0.05
sec to 0.1 sec within the observation period.

3) Disconnection of other DGs apart from the monitoring one. DG-3/SG3 240

52




3.4.3 Pattern of Features under Islanding and Non-islanding

conditions
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represented by minimum, maximum and average value of features: (a) o , o, (b) o,, o (© P

53



As presented in Table 3-1, a total of 2,022 events (including 1,302 islanding and 720
non-islanding) are generated and 5 features for each events are extracted. These features
correspond to the events: islanding and non-islanding, and therefore, prior to performing
the classification task, pattern of features are explored in this sub-section.

In [104].theeffectiveness ofthe conventional Vector Surge (VS) relay, was
investigated, and the non-detection zone (NDZ) associated with power imbalance factor
of the islanded network was discussed. According to [104], for a particular relay setting
of 10° and detection time (200 ms), a minimum of 43.86% active power imbalance is
needed for a VS relay to detect islanding in the test network energized with
Synchronous Generator (Inertia constant H = 1.5). Hence, in order to highlight the
problematic islanding cases of low power imbalance, islanding events with power
imbalance of less than 43.86% are considered as critical islanding cases whereas power
imbalance of greater than 43.86% are considered as non-critical islanding cases. In Fig.
3.10, minimum, maximum and mean value of features under critical islanding (a total of
900 events), non-critical islanding (a total of 402 events) and non-islanding cases (a

total of 720 events) are shown separately.

From Fig. 3.10 (a), it is observed that considering two features o, and o5, minimum

value of non-critical islanding events is higher than the maximum value of non-

islanding events. Therefore, using these two features o, and o, non-critical islanding

cases can be separated from non-islanding cases quite easily. But, the minimum value of
critical islanding features falls inside the range of the value of non-islanding features as
shown in Figs. 3.10 (a)-(c). Thus, classification becomes challenging for the critical
islanding events and non-islanding events. Hence, it is evident that classification will
give poor results if only one or two features are taken into account. Therefore, in the
proposed method, multiple features have been used to classify the islanding and non-

islanding events.

3.4.4 Classification Results of multiple-feature-based SVM Method

As stated earlier, by simulating the test network of Fig. 3.9, a total of 2,022 events are
generated. This includes 1,302 islanding and 720 non-islanding events. The number of
training and test events (including islanding and non-islanding) are presented in Table
3-11. From Table 3-11 it is observed that three types of load has been given equal

importance (i.e., evenly distributed) while generating these events. Table 3-Il also
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reveals that training stage possess less number of data than testing stage. It gives the
opportunity of comprehensive scrutiny of the proposed trained SVM tool with as many
testing data as can be present during different network contingencies and conditions.
Moreover, it should be noted that the training data was a different subset from the test
data; however, both sets are taken from the same system modelled in SimPower
SIMULINK.

TABLE 3-11

GENERATED ISLANDING AND NON-ISLANDING EVENTS AT THE PRESENCE OF DIFFERENT TYPES OF LOAD

Islanding Non-islanding

Type of load Deficit and excess No. of events No. of events
AP (%) AQ (%) Training Test Training Test
Const. P 0-100 0-50 80 354 80 160
Const. | 0-100 0-50 80 354 80 160
Const. Z 0-100 0-50 80 354 80 160
Total 240 1062 240 480

SVM is trained using the procedure presented in section 3.3.3. During the training
process, k-fold (with k = 5) cross-validation results in optimal regularization parameter
C = 225. Using the trained SVM, a total of 1,542 test events (consisting of 1,062
islanding and 480 non-islanding) are tested to investigate the performance of the

method. The classification-performance of the SVM based method is presented below.

3.4.4.1 Overall Performance of Proposed Method
Trained SVM produces a limited number of SVs (Support Vectors) for different

kernel functions; and with these SVs, an optimal hyperplane is achieved. Using this
optimal hyperplane, test data are classified. Overall, the performance of the proposed
method using linear kernel SVM is shown in Table 3-I11 considering three types of load
separately and collectively. DR (Detection Rate) and FA (False Alarm) are used as two
key performance indicators. The performance of the proposed method using Gaussian
RBF kernel and polynomial kernel SVM is also investigated and test results are
presented in Table 3-1V . From Table 3-1V it is evident that if parameters of the kernel

are properly tuned, the decision boundary can be established with small number of SVs.
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TABLE 3-111

ISLANDING DETECTION USING AN SVM CLASSIFIER WITH LINEAR KERNEL

Type of load DR (Detection Rate) FA (False Alarm)
Constant P 99.72% 0.63%
Constant | 100% 2.5%
Constant Z 100% 2.5%

Constant Z, P and | 99.91% 1.88%
TABLE 3-1V

ISLANDING DETECTION USING SVM CLASSIFIER WITH DIFFERENT KERNELS

Kernel Parameter value SVs DR FA
Gaussian RBF c=1 42 97.3% 0.4%
Polynomial p=2 18 98.3% 0.2%

3.4.4.2 Performance under most Critical Islanding Cases

In order to scrutinize the performance under the most critical islanding cases, the
proposed method is further tested with islanding events associated with power
imbalance (4P) ranging from 0.5% to 10%. To accomplish this task, all four scenarios
of power imbalance presented in section 3.4.2 are taken into account. At first, critical
islanding events corresponding to scenario (a), i.e., deficit of active and reactive power
imbalance scenarios, are tested. A total of 945 islanding events, considering deficit of
AP ranging from 0.5% to 10% in conjunction with deficit of 40 from 0% to 50%, are
generated. These test data were a new set and not a subset of the training data.Then DR
is obtained using linear, polynomial and Gaussian RBF kernel for each 4P level. Total
480 non-islanding test events as mentioned in Table 3-11 are also classified to detect FA
under each AP level of classification. The results are presented in Table 3-V and the
corresponding performance curve is shown in Fig. 3.11. From Table 3-V and Fig. 3.11,
it is observed that under most critical islanding cases, the three kernels show almost
similar performance if a trade-off between detection rate and false alarm rate is
considered. However, throughout the experimental results and considering less than 1%
false alarm into account, optimistic performance is achieved for polynomial kernel
which has successfully classified the islanding events with AP of 2% or higher; whereas

linear or Gaussian RBF kernel needs the power imbalance of 3% or higher to achieve
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100% accuracy in classifying the islanding events. Considering the pessimistic
performance (with Gaussian RBF or linear kernel) of the proposed method it is
revealed that detection rate falls below 100% when islanding events associated with AP
< 3% are encountered. However, for AP > 3%, multi-feature based approach shows

satisfactory results even for the pessimistic performance scenarios.

TABLE 3-V

PERFORMANCE OF SVM CLASSIFIER USING DIFFERENT KERNELS UNDER MOST CRITICAL ISLANDING CASES
ASSOCIATED WITH DEFICIT OF AP AND AQ

No. of Gaussian RBF kernel | Polynomial kernel Linear kernel
AP (%) islanding

events DR (%) | FA (%) | DR (%) | FA (%) | DR (%) | FA (%)
0.5 135 89.6 0.00 92.6 0.83 82.2 0.42
1 135 92.6 0.00 96.3 0.83 92.6 0.42
2 135 98.3 0.00 100 0.83 99.3 0.42
3 135 100 0.00 100 0.83 100 0.42
5 135 100 0.00 100 0.83 100 0.42
7 135 100 0.00 100 0.83 100 0.42
10 135 100 0.00 100 0.83 100 0.42

105 ‘ ‘ ‘ ‘ ‘ ‘
=:Linear kernel--Polynomial kernel—Gaussian RBF kernel
AlOO epEes
S R
TS’ 95,‘,' 4
©
c 90'/,"
i) /
8 g5/
L 85y
Q /
80
7 1 2 3 4 5 6 7

Active power imbalance or AP (%)

Fig. 3.11. Performance curve of multi-feature based SVM method with linear, polynomial and Gaussian
RBF kernel under most critical islanding cases.
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To investigate the classification performance of the proposed method, the other three
combinations, scenarios (b), (c) and (d) as presented in section 3.4.2, are also taken into
account. Thus, a total of 1,440 islanding events are generated considering AP from 0.5%
to 7% in conjunction with 4Q from 0% to 50% at the presence of three types of loads
(constant Z, constant | and constant P). SVM with polynomial kernel of order 3 (p = 3)
is applied to test the performance. Test results for scenario (b), (c) and (d) are shown in
Table 3-VI. From the classification results presented in Table 3-VI, it is observed that
under two scenarios: (d) deficit of 4P and excess of 4Q, and (b) excess of 4P and
excess of 40, 100% accuracy with 0.83% false alarm is obtained for all the test cases;
whereas the scenario (c) represented by the combination of excess of AP and deficit of
AQ yields 100% accuracy for AP > 5%.

TABLE 3-VI

PERFORMANCE OF SVM CLASSIFIER UNDER MOST CRITICAL ISLANDING CASES INCLUDING THREE
COMBINATIONS OF DEFICIT AND EXCESS OF AP AND AQ

AP No. of Scenario (c): Excess AP Scenario (d): Deficit AP SX;”:;?E(E)C;SESXZ%S
. : . " E00 “En0
(%) |séf1/r;(rj]ltr;g and Deficit AQ (0%-50%) | and Excess AQ (0%-50%) (0%-50%6)
DR (%) FA (%) DR (%) FA (%) DR (%) FA (%)

0.5 60 91.7 0.83 100 0.83 100 0.83
1 60 91.7 0.83 100 0.83 100 0.83
2 60 91.7 0.83 100 0.83 100 0.83
3 60 91.7 0.83 100 0.83 100 0.83
4 60 91.7 0.83 100 0.83 100 0.83
5 60 100 0.83 100 0.83 100 0.83
6 60 100 0.83 100 0.83 100 0.83
7 60 100 0.83 100 0.83 100 0.83

3.4.4.3 Performance of SVM based Method with Training and test Data extracted
from different Monitoring ends

To investigate the performance of the multiple-feature-based SVM method under
different monitoring ends, SVM is trained with the features obtained from the voltage
signal available from one monitoring end (located at a point close to SGlof Fig. 3.9)
and it is tested with the features extracted at other monitoring ends located at other
places, such as the locations close to SG2 and SG3. Thus, 434 islanding and 240 non-
islanding events (see Table 3-1) are used for training purpose and the remaining events
(868 islanding and 480 non-islanding events) are used for test purpose. The test results

are presented in Table 3-VII.
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TABLE 3-VII
PERFORMANCE OF SVM BASED ISLANDING DETECTION (TRAINING AND TEST AT DIFFERENT

MONITORING ENDS)

Kernel Parameter value | No. of SVs | DR (%) | FA (%)
Linear C =225 24 99.54 0
. p=2 16 99.09 0.31
Polynomial
p=3 7 99.64 6.69

From the test results of Table 3-VII, it can be concluded that both linear and
polynomial kernels show almost similar performance when training and testing are
carried out at different monitoring ends. However, from the simulation results, it is
revealed that SVM classifier using linear kernel shows 99.54% detection rate (DR) with
0% false alarm (FA), whereas polynomial kernel (with p = 2) shows DR of 99.09% at

the cost of 0.31% false alarm.

3.4.4.4 Performance of Proposed Method under Change in Network Topology

To test the proposed method under slight change in network topology, several test
cases are generated separately by eliminating one branch (DL-3), two branches (DL-3
and the branch connected through Dxfm-2) and shifting the open (or disconnection)
point (near the bus bar in between DL-1 and DL-2, and near the bus bar in between DL-
2 and DL-3) in the test network of Fig. 3.9. Thus a total of 640 test islanding events are
generated and these test events are classified using the trained SVM. It should be noted
that the trained SVM, which was developed using the training data of Table 3-11, is used
to test these new set of 640 islanding data. In other word, retraining was not conducted
to test the proposed method under the change of network topology. Considering the data
generated under the change in network topology as mentioned earlier, the test results of
SVM based method using linear and polynomial kernels are illustrated in Table 3-VIII.
In this study, a total of 480 non-islanding test events as mentioned in Table 3-11 are
classified to detect FA. From the test results of Table 3-VIII it is evident that higher
order polynomial kernel (p = 3) shows better performance than lower order polynomial
kernel (p = 2) in terms of detection rate (DR). However, polynomial kernel of order 3
shows higher false alarm (FA) than lower order (p = 2) polynomial kernel. On the other

hand, linear kernel shows 99.79% DR at the cost of only 0.15% false alarm.
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TABLE 3-VIII

PERFORMANCE OF SVM BASED ISLANDING DETECTION UNDER MINOR CHANGE IN NETWORK

TopPoOLOGY
Kernel Parameter value | DR (%) | FA (%)
Linear C=225 97.1 0.15
) p=2 82.1 0
Polynomial
p=3 97.86 4.4

3.4.45 Flexibility and Adaptability of Proposed SVM based Method

The proposed SVM based method is flexible to adapt changes in configuration. In the
proposed approach, the decision boundary of the SVM based classification technique is
established throughout the simulation results of a test network with multiple DGs. The
main criteria that define the decision boundary are based on the number of training
cases covering as many different non-islanding and islanding events as possible
including the different network contingencies and power imbalance levels. Therefore, if
significant changes are made in the network or in the circuit topology, decision
boundary needs to be re-established by new simulations and with new training sets.
However, throughout the simulation results, overall performance of the proposed
method shows satisfactory results even under most critical islanding cases of low power
imbalance. To scrutinize this method, training and testing are carried out at different
monitoring ends and under minor change of network topology. With properly tuned
kernel parameters, test results give detection rate of 98% and above, with less than 2%
false alarm and thereby show the acceptability of this method. But, to avoid the
probable false operation of the proposed method under significant change in network
topology, it is suggested to conduct the training of SVM at each monitoring end
separately using as many different islanding and non-islanding cases as possible so that

the SVM based method can adapt the new environment or change in configuration.

3.4.5 Comparative Analysis between SVM based Method and an
Intelligent Approach for Islanding Detection

As a comparative study with the method given in [14], the SVM based method has
been tested by simulating the test network of [14]. A total of 54 events have been
generated under the same operating conditions and network contingencies as presented
in [14]. Thus, five features of the proposed method corresponding to 54 events (27

islanding and 27 non-islanding) are generated. Event-wise plot of features
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corresponding to 54 events are shown in Fig. 3.12 and scatter plots of the features are
shown in Fig. 3.13. It should be noted that features of the proposed method were
different from the features of [9] and the 27 islanding events represented those islanding
cases where AP > 5%, as reported in [14]. Visual analysis of the proposed features
indicates that islanding features can be easily distinguished from the non-islanding
features (as shown in Figs. 3.12 and 3.13).As a result, multi-feature based SVM method
shows 100% accuracy with 0% false alarm for all test cases. In summary, test results
indicate that the proposed technique can detect all islanding events in the test cases,
unlike, the method presented in [14], which fails to detect 3 islanding cases at the
presence of 5% power imbalance as reported by the authors. However, the proposed
approach is aimed at critical islanding events, which are associated with low AP
(specifically for AP < 5%) in conjunction with all possible combinations (deficit and
excess) of active and reactive power imbalance. For those cases, the two classes are not
linearly separable, as shown in Fig. 3.14. Using the proposed approach, those critical

islanding events can be easily classified as demonstrated in Tables 3-V and 3-VI of

section 3.4.4.
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Fig. 3.12. Event-wise plot of features for 27 islanding and 27 non-islanding events of [14].
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3.5 ASSESSING THE EFFECTIVENESS OF SVM BASED METHOD
ON THE BASIS OF RESPONSE-TIME FOR ISLANDING
DETECTION

In section 3.4, performance of the SVM based method is assessed considering the
classification results obtained through the detection rate and false alarm for a significant
amount of islanding and non-islanding events. All these performance analysis
demonstrate the reliability of the proposed method in terms of accuracy of islanding

detection with a minor risk of nuisance tripping (false alarm). However, islanding
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detection tool has to be implemented in real-time application. Therefore, speed and
response-time or detection-time of the SVM based algorithm embedded relay or SVMR
(SVM based Relay) needs to be investigated. It should be noted that in this context,
speed implies the processing speed of SVMR and it is expected to be fast, given the fact
that the features extracted in real-time are passed through the trained SVM containing a
small number of support vectors. And, response-time or detection-time of relay is
defined as the time-delay, which starts soon after the onset of islanding and finishes as
soon as islanding is detected. Therefore, detection-time of SVMR at the presence of all
possible combinations of power imbalance scenarios is explored in this sub-section. To
this end, the trained SVM, developed in section 3.4.4 using the training data of Table 3-
I, will be used to assess the performance of SVMR. However, a total of 2,319 test
events, which comprises of 1,848 islanding and 471 non-islanding events, are generated
separately (see Table 3-1X) by simulating the test network of Fig. 3.9 to investigate the
performance of SVMR on the basis of response-time for islanding detection.

TABLE 3-IX

GENERATED ISLANDING AND NON-ISLANDING EVENTS FOR THE ASSESSMENT OF SVMR ON THE BASIS OF
RESPONSE-TIME

Scenarios Islanding events | Non-islanding events
Scenario (a): Deficit AP and Deficit AQ 462
Scenario (b): Excess AP and Excess AQ 462 471
Scenario (¢): Excess AP and Deficit AQ 462
Scenario (d): Deficit AP and Excess AQ 462
Total 1848 471

The remaining part of this Section is structured as follows. Firstly, width of the data-
window, which is used during feature extraction process, is optimally selected
considering the Receiver Operating Characteristics (ROC) of the SVM classifier under
different window-width. Then, a decision-rule is proposed considering the detection-
time and reliability of islanding detection. Lastly, flowchart of the proposed SVMR and
its performance is presented on the basis of detection-time. It should be noted that
response-time and detection-time are same and will be used interchangeably in this

Section.
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3.5.1 Optimal selection of the width of Data-window for SVM based
method

In section 3.4, a typical value of data-window-width A7 was selected as 10 cycles for
extracting the feature-vector required for classification of islanding and non-islanding
events. Moreover, for the test data, the location of onset of islanding was a ground-
truth;therefore, any feature-vector extracted from a data-window which contains the
islanding inception anywhere was labelled as an islanding event. As a result, detection-
time after the inception of islanding was not reflected in the classification results.
However, if detection-time is considered, then width of data-window AT will play a
vital role. If small AT is selected, the detection-time will be small which implies the fast
response; but it increases the risk of false alarm along with poor detection rate. Large
AT, on the contrary, increases the detection-time. Therefore, the performance of SVM
classifier is assessed from the classification results of numerous events of Table 3-1X,
by using the five features extracted through a data-window of A7 width, as presented in
section 3.3.2. The width of the data-window is optimally selected by conducting the
SVM based classification, using the features extracted from the situations having win-
dow-width (47) of one-cycle, five-cycle, eight-cycle and ten-cycle. For each situation,
the threshold value of SVM classifier is varied gradually to obtain the Detection Rate
(DR) and False Alarm (FA). Thus, the Receiver Operating Characteristics (ROC) curve,

as shown in Fig. 3.15, is obtained.
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Fig. 3.15.ROC curve of the proposed approach for one-cycle, five-cycle, eight-cycle and ten-cycle data-
window length.

As indicated in the ROC curve of Fig. 3.15, it is worth noting that the classifier’s

performance using eight-cycle and ten-cycle data-window are almost similar; and their
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performances are comparatively better than the five-cycle and one-cycle data-window
for FA < 5%. However, considering the speed and performance, eight-cycle data-
window has been selected as optimal data-window to investigate the performance of the
proposed method on the basis of islanding detection-time.

3.5.2 Development of a Decision-rule for SVMR on the basis of
Reliability and Response-time of islanding detection

In order to assess the performance of SVMR on the basis of reliability and response-
time, features are needed to be extracted in real-time. Moreover, in practical situation,
the inception-time of islanding is not known in advance. Therefore, to investigate the
performance of the proposed SVMR on the basis of reliability and detection-time,
sliding data-window of eight-cycle width is moved by a typical step-size of one cycle,
and the features are extracted inside each window block or sample to classify the event
as islanding or non-islanding. To accomplish this task, at first, features of the generated
islanding and non-islanding events are considered with known event inception-time
(ground-truth). Then eight-cycle data-window, which starts from 15 cycles prior to
event inception, are moved by one cycle step-size until 20 cycles posterior of event
inception-time is reached. Thus, 28 samples are obtained for each event including is-
landing and non-islanding. These samples are classified using the trained SVM and
decisions are made based on the majority voting of the classification results of
consecutive samples, for example, 3, 5, 7 or 9 samples. Moreover, the decision-rule
based on the classification results of 1 sample, which does not require majority voting,
is considered. Higher number of samples, e.g., 11 or higher, may also be investigated
for the decision making process; however, it would require higher detection-time and,
eventually makes it less practical option. It should be noted that odd number of samples
are considered for the decision-rule, since it simplifies the decision making process; for
example, 9 samples decision-rule requires at least 5 samples to be classified as islanding
for the detection of an actual islanding event. Again, note that majority voting of 9
samples consider the previous consecutive 9 samples in descending order; and it implies
that in time-domain, the rightmost end of eight-cycle data-window of 9" sample
specifies the instant of “event classification time” or detection-time (see Fig. 3.16).
Decision-rule of 3, 5 and 7 samples follow the same technique as used for 9 samples’

decision-rule.
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Fig. 3.16. Data-stream for illustrating the rule of majority voting applied in SVMR (SVM based Relay).

Fig. 3.17 illustrates the DR and FA of the proposed approach, using sliding data-
window of eight-cycle width and applying the decision-rule based on the majority
voting of the classification results of 9 samples, 7 samples, 5 samples, 3 samples and
one sample. In Figs. 3.17(a) and (b), the x-axis is the “event classification time” or
detection-time, which starts soon after the inception of islanding and non-islanding
events, respectively. From Fig. 3.17(a) it is evident that one sample decision-rule can
yield almost 100% DR within 100 ms of islanding inception. But, this decision-rule
imposes the risk of 1% FA after 100 ms of event (non-islanding) inception; and it can
reach to a maximum of 7% FA after 250 ms (see Fig. 3.17(b)). The decision-rule,
obtained from the majority voting of 7 consecutive samples, gives the performance level
in between 9 samples and 5 samples. Similarly, the decision-rule of 3 consecutive sam-
ples yields the performance level in between 5 samples and one sample, see Fig. 3.17
for illustration. In summary, if 200 ms is taken as an allowable detection-time, then
keeping a trade-off between response-time/detection-time and the reliability as
demonstrated by the classification results (i.e., DR and FA), decision-rule of 9 samples
yield comparatively better performance than the decision-rule of 7, 5, 3 samples and one
sample, see Figs. 3.17(a)-(b). Therefore, 9 samples decision-rule is selected and applied
for the application of SVMR.
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Fig. 3.17. Performance of the proposed SVM based approach, indicated by (a) Detection Rate and (b)
False Alarm, using decision-rule of 9 samples, 7 samples, 5 samples, 3 samples and one sample.

3.5.3 Operational flowchart for the application of SYMR and its
Performance Evaluation on the basis of detection-time

The operational steps, involved for islanding detection using SVMR, are shown
in the flowchart of Fig. 3.18. It is to be noted that decision-rule, using 9 samples of

majority voting, is applied in this flowchart. The whole process is summarized
below.

1) Voltage (V), frequency (f) and rotor angle (o) are extracted in real-time at the
target DG location.

2) 5 features, which include standard deviation of V, f, 4, dV/dt and df/dt, are
extracted in real-time considering 8 cycles of data-window.

3) Feature vector X(i)is formed as below:
X()={o,,0¢,05,0,,04}
wherei represents the observation instant in terms of cycle of voltage signal.
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4)

5)

6)

7)

X (i) is classified with trained SVM and result is obtained as Y(i)=-1 for
islanding or Y (i)=+1 for non-islanding.

If Y (i)=-1, then decision of islanding is made for the i-th sample and a counter
is set to count the number of islanding sample; if v)-+1 then counter value is set
to zero.

If 9 samples of decisions are not available, i.e., i <9, then increasing i by 1, i.e.,
I=1+1, steps 1) to 5) are repeated 9 times until the decisions (islanding or non-
islanding) of 9 samples are available.

When decisions of 9 samples are available, then the decision-rule using majority
voting of previous consecutive 9 samples are applied. Therefore, event will be
detected as islanding, if at least 5 out of 9 samples detect the event as islanding.
And, a trip signal is sent to disconnect the DG. Otherwise, non-islanding event is
detected and steps 1) to 7) are repeated from the next cycle by increasing iby 1
i.e. i=i+l.

(" Start

Y

Extraction of normalized voltage (V), frequency (f) and rotor angle (§)
from starting of i-th to end of (i+7)-th cycle at target DG location

v v v v v
O.V O-f 0-6 O./j\/ o pf
' v v v v
Formation of feature vector: X(i)={0,,0,0,,0,,0,}
v

‘ Classification with trained SVM and evaluation of Y(i) ‘

‘ Islanding ‘

Fig. 3.18.0perational flowchart for islanding detection using SVMR.
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Performance of proposed algorithm based SVMR is evaluated by considering the
response-time of islanding detection. To this end, Fig. 3.19 illustrate the islanding
detection-time of SVMR, during all possible combinations of power imbalance
scenarios, which include deficit and excess of active power imbalance (AP) and reactive
power imbalance (AQ) inside the islanded network. In Fig. 3.19, y-axis refers to
“detection time” which is considered to be started soon after the onset of islanding.
Islanding events, which are used for comparative analysis, are generated by keeping 4P
= 0.5%, 1%, 1.5%, ...... , 99.9% (deficit or excess) in combination with AQ = 10%,
20%, ..., 50% (deficit or excess) inside the islanded segment, by varying the load-
generation profile and AVR setting of exciter model of synchronous generator as stated
in section 3.4.2. Thus, the islanding events corresponding to four possible combinations
of power imbalance scenarios are obtained. Then “detection time” for each event 1S
determined using the SVMR. It should be noted that decision-rule of SVMR has
employed 9 samples majority voting due to its reliability, as demonstrated in section
3.5.2. From Fig. 3.19 it is revealed that islanding detection time of SVMR falls within
the range of 120 ms to 300 ms, which is much lower than the IEEE 1547-2003 recom-

mended standard tripping times of 2 seconds.

300 —Scenario (a)!
Tg Scenario (b)
o 250¢ ~Scenario (c)|
E --Scenario (d)
5 200 |
2150 1

10G 20 10 1 g 60 80 100

Fig. 3.19. Detection time of the proposed SVM based relay (SVMR) under four possible combinations of
power imbalance: scenario (a) - deficit of 4P and 4Q, scenario (b) - excess of 4P and A4Q, scenario (c) -
excess of 4P and deficit of 4Q, and scenario (d) - deficit of 4P and excess of 4Q.

3.6 DISCUSSIONS

Proposed multi-feature based SVM method can be applied in real networks provided

that the SVM is trained with most expected circuit configurations and covering all
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forms of power imbalance level for islanding events along with all possible types of
non-islanding events which may occur in the system. Moreover, the speed of response
of the algorithm embedded relay is expected to be fast, given the fact that the features
extracted in real-time are passed through the trained SVM containing a small number of
support vectors. Since the features of the proposed approach depend only on the
terminal voltage parameters (amplitude, frequency, phase angle, etc.), retraining is not
needed for this algorithm embedded relay, if minor changes occur in the system, e.g., if
a new line or DG is installed, or a normally open point is shifted. To confirm this
assertion, the trained SVM, which was kept unchanged, was tested with several test
cases (A total of 640 islanding events) generated separately by eliminating one branch,
two branches and shifting the open point in the test network of Fig. 3.9. The test results
are presented in Table 3-VIII, which indicates that the performance deteriorates by only
1% in DR in comparison to the results shown in Tables 3-111 and 3-1VV. Numerically, in
the proposed approach, active power imbalance of 0% to 100% and reactive power
imbalance of 0% to 50% in the islanded system, were considered by varying the load
and generation profiles (applying the procedure presented in [72]). For islanding cases,
variations of active and reactive power imbalance, play a vital role in the variation of
system parameters, such as, voltage, frequency, phase angle, etc. In the proposed
approach, all possible combinations of active and reactive power imbalances were taken
into account. Therefore, the trained SVM classifier is expected to be independent of
network topology. Nevertheless, minor changes in the network can decrease the
accuracy slightly (1% is obtained in the above test). But, this slight degradation of
accuracy may be avoided, if larger volume of training data is considered. Therefore,
retraining is not required if minor changes occur in the system provided that SVM is
trained with larger volume of data covering all possible combinations of islanding and
non-islanding events. However, for safe operation of the network with the distributed
generation, if significant changes in network topology take place, for example, addition
or disconnection of large DG unit and addition or disconnection of line that plays a
significant role in the operation of the network, then the system must be remodelled to

generate the training data and the SVM has to be retrained accordingly.

3.7 SUMMARY

This chapter presents a SVM based method for islanding detection of synchronous

type DG units. The proposed approach employs multiple features which are extracted
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from five network variables, and then, these features are fed to a support vector machine
(SVM) classifier to classify the event as islanding or non-islanding. Several islanding
and non-islanding events have been generated by simulating the practical scenarios in a
test network of Australia. Supervised SVM classifier with linear, polynomial and
Gaussian RBF kernels are used to train the selected features of these numerous
islanding and non-islanding events. With the training data, grid search is carried out to
fine-tune the kernel parameters (i.e. p and o). Using the tuned parameters of trained
SVM, islanding cases are tested and detected.Applicability of the proposed method is
also tested on the basis of reliability and detection-time. To this end, an optimally
selected sliding data-window is used; the optimal selection is conducted by analysing
the Receiver Operating Characteristics (ROC) curve of the SVM classifier using
different window-width. In summary, the contributions of this chapter can be

summarized as follows:

e Islanding events at the presence of constant Z, constant | and constant P load along
with all possible combinations of deficit and excess of active and reactive power
imbalance, are detected by the proposed SVM based method with a high degree of

accuracy, and the rate of false alarm is limited.

e Proposed method is scrutinized by testing several critical islanding events associated
with low active power imbalance (for both, deficit and excess) in combinations with

deficit and excess of reactive power imbalance.

e For the example test system, the proposed technique has successfully detected the

islanding events for active power imbalance of 5% and above.

e The performance of SVM based relay (SVMR), which can be developed from the
proposed algorithm, is evaluated as an effective tool. The evaluation index includes
the reliability, which comprises the detection rate (DR), false alarm (FA), and the

speed represented by the detection-time of islanding.
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Chapter 4

COMPARATIVE STUDY BETWEEN
CONVENTIONAL AND SVM BASED RELAYS
FOR ISLANDING DETECTION

4.1 INTRODUCTION

Due to the rapid increase in the penetration of distributed generation (DG) in the
distribution networks, the correct operation of islanding or detection of loss-of mains
(LOM) is an important requirement. Conventional relays, such as, Vector Surge (VS)
and ROCOF (rate-of-change-of-frequency) relays are usually used to detect islanding;
however, there is a Non-Detection Zone (NDZ) wherein islanding incidents are

undetectable by these relays.

Nowe-a-days, utilities have raised their voice over the issue related to the false
operation or malfunctioning of VS and ROCOF relays, which is commonly employed as
LOM detection method. Normally, setting of VS and ROCOF relays is established by
the generators’ manufacturers and the utility guidelines for interconnecting distributed
generation units. Typically, this relay-setting is kept within the range of 0.1 to 1.2 Hz/s
for ROCOF and 2° to 20° for VS relays [104, 110]. Tuning these relay-setting at very
small value, e.g., close to 0.1 Hz/s for ROCOF or 2° for VS relay, allows them to
operate during small frequency variations in the power system, which may violate the
IEEE guidelines [2] by creating nuisance tripping during normal events of the power
system. To avoid this violation and nuisance tripping, these relays can be set at larger
value; but this may cause a failure of islanding detection within the pre-specified time
for an islanded network with small power imbalance. As a result, Non-detection Zone
(NDZ), wherein VS and ROCOF relays fail to detect islanding, becomes larger. In
short, the NDZ of VS and ROCOF relays and the incidents of nuisance tripping,

associated with islanding detection, are a function of relay-setting.
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This Chapter presents the performance of VS and ROCOF relays in islanding
detection; the concept of NDZ is used for this performance study. An analytical formula
is developed for determining the NDZ of VS and ROCOF relays. Extensive simulation
is conducted to verify the formula, as well as to investigate the boundary limit of NDZ
under different types of voltage-dependent loads and considering all possible combina-
tions of power imbalance scenarios. Moreover, performance of VS and ROCOF relays
is compared with the proposed SVM based approach using the performance indicators,
namely, detection rate (DR) and false alarm (FA). Using the concept of detection-time,
performance of VS and ROCOF relays is also compared with the SVM based relay
(SVMR). A test network derived from Australian electricity systems is simulated to
generate a large number of credible islanding and non-islanding events. In the testing
phase, all possible combinations of deficit and excess of active and reactive power

imbalance scenarios, which may exist during the period of islanding, are considered.

The remaining part of the Chapter is organised as follows. In Section 4.2, the basic
operating principle of VS relay is discussed; an analytical formula is presented for
determining the boundary limit of NDZ of VS relay for islanding detection. Moreover,
extensive simulation is conducted to investigate the boundary limit of NDZ under
different types of voltage-dependent loads, which include constant impedance, constant
current and constant power loads; during these investigations all possible combinations
of deficit and excess of active and reactive power imbalance scenarios are considered as
well. In Section 4.3, the boundary limit of NDZ for ROCOF relay is investigated under
different network conditions. In Section 4.4, a credible number of islanding and non-
islanding events, generated by simulating a test network of Australia, are tested to
investigate the performance of VS and ROCOF relays with variable relay-setting and
detection time. The comparative analysis of VS and ROCOF relays with SVM based

approach is carried out in Section 4.5. Section 4.6 concludes the Chapter.

4.2 BOUNDARY LIMIT OF NON-DETECTION ZONE OF VECTOR
SURGE RELAY
This Section investigates the boundary limit of non-detection zone (NDZ) of vector
surge (VS) relay applied in islanding detection. To do so, performance curve of the

relay is analysed using the concept of NDZ. Section 4.2.1 describes the basic operating

principle of VS relay followed by the derivation of an analytical formula of NDZ in
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Section 4.2.2. Detailed simulation is conducted in Section 4.2.3 to verify the formula as
well as to investigate the boundary limit of NDZ considering the impacts of load
dynamics and reactive power imbalance. During this simulation study, all possible
combinations of active and reactive power imbalance scenarios (deficit and excess), are
taken into account. Considering all aforementioned conditions, the pessimistic boundary

limit of NDZ for VS relay is achieved.

4.2.1 Operating principle of VS Relay

Commercial vector surge relay measures the time-duration of an electrical cycle and
starts a new measurement at each rising zero-crossing points of the terminal voltage.
The current cycle duration of the measured waveform is compared with the previous
one (reference cycle). In an islanding condition, the cycle duration is found to be either
longer or shorter, depending on if there is a deficit or excess of power in the islanded
subsystem, see Fig. 4.1. This change of the cycle duration yields a proportional change
of the terminal voltage angle 46 which is fed to the vector surge relay as input
parameter. If 46 exceeds a pre-determined threshold angle «, a trip signal is sent to the
circuit breaker immediately. Normally, vector surge relay permits this threshold value to
be tuned in the range from 2° to 20° [104]. VS relay also uses a block function by
minimum terminal voltage Vmin. If terminal voltage falls down to Vs, the trip signal
from the vector surge relay is blocked. This is performed to avoid, for example, the

activation of the VS relay during short-circuit or generator start-up conditions.
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Fig. 4.1.1llustration of cycle by cycle measurement of terminal voltage for the operation of vector surge

relay.
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4.2.2 Analytical Formula for determining the Non-detection Zone of
VS Relay

For VS relays, the critical power imbalance is the active power imbalance for which
the relay can marginally detect islanding; for any smaller value, it is unable to perform
within a permissible timeframe. The zone below the critical power imbalance is referred
to as the Non-Detection Zone [72]. Critical active power imbalance (4Pys crit) acts as a
separation boundary between detection and non-detection zone of VS relays. This
separation boundary also indicates the boundary limit of NDZ. Therefore, the
formulation of the boundary limit of NDZ is carried out by using the concept of critical
active power imbalance.

Figure 4.2 illustrates a network with a synchronous generator (SG) type DG operating
in a grid-connected mode. During islanding, the load is fed from the DG source only.
Therefore, the boundary of the NDZ of the VS relay can be determined by analysing the
operation of the SG. The dynamic behaviour of the synchronous generator can be

characterized using the machine swing equation [104]:

2H d35

@, dt?

=P —P=—P,=AP (4.1)

whereH is the generator inertia constant, o is the synchronous speed, and ¢ is the rotor
angle with respect to the synchronously rotating reference frame. Since ¢ varies with

time during the transient period of islanding, the rotor speed w, can be presented as:

o =a, +39 (4.2)
"0 dt '

Assuming to is the onset of islanding, at t = to, w,= we and hence ds/dt=0. Taking this

initial condition into consideration and integrating equation (4.1) twice, yields the rotor

angle ¢ at time t:

COOAP )
S(t)=0,+ AH (t-t,) (4.3)

wheredy is the rotor angle at steady state prior to islanding.
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Fig. 4.2.A synchronous type DG operating in a grid-connected mode.

For VS relay, the difference of ¢ within each cycle interval is measured and compared
with VS relay setting o. The VS relay is triggered when the difference between rotor
angles (40) within any of the cycle intervals crosses the relay setting a. Figure 4.3
illustrates an islanding situation where the variation of the terminal voltage v(t) is shown
in Fig. 4.3(a), and the rotor angle J(z) is presented in Fig. 4.3(b). A moving window of
fixed width AT seconds in duration is proposed to calculate the change in rotor angle.

Inception of islanding (@)
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Fig. 4.3. Pre-islanding (solid line) and post-islanding (dash-dot line): (a) terminal voltage v(t) at SG

(Synchronous Generator) end (b) rotor angle 6(¢) with moving window to detect rotor angle change.

Let 40(t) denote the rotor angle change between t and (¢+47). Using (4.3), the rotor
angle change is obtained as:

(2eAT +AT?) (4.4)

AP
AS(t+AT) =5t +AT)—S(t) = “):H

wherezr = ¢ — to. An islanding event is detected if A4J(t) exceeds the relay setting «, which
gives
AP QAT +AT?) < (4.5)

where 4P is negative considering load is higher than generation during islanding, and
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als negative due to proposed moving window based method of detecting 46 with
negative 4P. Using the expression of total detection time 7, ( r, =z+AT ), expression

(4.5) can be re-written as:

DpAP (20,AT —AT? )< (4.6)

Taking the equality constraint of (4.6) and setting A7 = 0.02 sec (i.e. one cycle in 50 Hz
system), Fig. 4.4 (i.e. zq versus AP) is obtained for a specific relay setting. For an
allowable detection time (zq), the critical power 4Py crit, Which separates detection and
non-detection zone, is indicated by the vertical dotted line.

Detection , ‘
Time <4—APofDZ ———»

()

Allowable Ty

4—_AP of NDZ ——»

va_crit

>
Active power imbalance (AP)

Fig. 4.4.Islanding detection time of VS relay as a function of 4P; and 4P, ¢ or boundary limit of NDZ
separating detection zone (DZ) and NDZ.

To find the minimum absolute value of AP, i.e. critical active power imbalance
(4Pys_crit) of VS relay, a window width (47) of 0.02 second is considered, as it is the
period of fundamental frequency of 50 Hz voltage signal. So, by putting 47 = 0.02 sec
and 74 = 0.2 sec in (4.6), 4P of VS relay can be obtained with specific relay setting a.
Thus, as an example, for absolute value of « = 10° and H = 1.5, the minimum absolute
value of 4P, i.e. APy ¢rit OFf VS relay can be obtained as 0.4386 pu which indicates the
boundary limit of NDZ.

Constant power load model is assumed for developing the expression given in (4.6).
To extend it in a general form, the load dynamics and power imbalance factor are taken
into consideration as reported in [104]; thus, the generalized expression of critical active
power imbalance for constant power (constant P), constant impedance (constant Z), or

constant current (constant 1) load can be obtained from the following:

AP =APY"F (4.7)
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where4 Py is the initial power imbalance value at the instant of islanding, 4P denotes the
final active power imbalance for constant Z, constant | or constant P load; and PF is a
factor which is in the range of 1.2 > PF> 0.8 considering average power imbalance
variation of £ 20%. Empirical value of PF is selected as 1, 0.8 and 0.9 for constant P,
constant Z and constant | load respectively when there is a deficit of electric power

[104]. Thus, by replacing 4P given in (4.6) with AP,™ given in (4.7), the absolute

critical active power imbalance for constant P, constant | and constant Z load can be
obtained as 0.4386 pu, 0.4763 pu and 0.5172 pu respectively. Hence, boundary limit of
NDZ for the VS relay corresponds to the boundary when active power imbalance within
the islanded network falls down to 43.86%, 47.63% and 51.72% for constant P,
constant | and constant Z load respectively.

4.2.3 Simulation study to investigate the pessimistic boundary limit of
NDZ of VS relay

Four possible combinations of power imbalance scenarios, as presented in Section
3.4.2 of Chapter 3, may exist during the period of islanding [13]. For each scenario,
pessimistic boundary limit of NDZ is defined in terms of maximum numerical value of
critical active power imbalance for a typical detection time. Firstly, in Section 4.2.3.1,
scenario (@), i.e., deficit of AP (active power imbalance) and deficit of 40 (reactive
power imbalance), is considered while investigating the pessimistic boundary limit of
NDZ. To this end, performance of VS relays under different load-types and different
range of reactive power imbalance are explored. Then, scenario (b) — excess of 4P and
excess of 40, scenario (c) — excess of AP and deficit of 40, and scenario (d) —deficit of

AP and excess of 4Q, are investigated in Section 4.2.3.2.

4.2.3.1 Influence of Load Types and Reactive Power Imbalance on NDZ
The analytical expression (4.7) reveals that load-types have significant impact on the

boundary limit of NDZ for VS relay. In this sub-section, a time-domain simulation is

carried out to investigate the impact of load-types and reactive power imbalance (4Q)

on NDZ. Scenario (a) is considered during this simulation study.

Fig. 4.5 shows the single diagram of the test system used for the simulation study. In
Fig. 4.5, 132 kV, 50 Hz, sub-transmission system with short-circuit level of 1500 MVA
feeds a 33 kV distribution system through a 132/33 kV transformer. Three phase model

of all network components are used. Two pi-section distribution lines have been
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modelled with each 10 km long. Synchronous generator (SG) based DG is embedded
with automatic voltage regulator (AVR) and it is used for this study. Islanding condition
has been simulated by opening the circuit breaker (CB) at 1.5 sec. The simulation
procedures for the variation of active and reactive power imbalance are adopted from
[72]. Thus, repeated dynamic simulation is conducted with different ranges of active
and reactive power imbalance for different load-types, which include constant
impedance, constant current and constant power loads. Then the detection time for
specific relay setting (i.e. a = 10°) is obtained. The power imbalance corresponding to
the detection time of 200 ms [13] is considered as critical active power imbalance; for
VS relay, it is denoted as 4Pys_crit.

30 MW
1 2\ cB 3 4133/069kv 5 +AVR
132kv | 132/33kv DL-1 DL-2
1500 MVA L0 MW
4 MVAr 7 MVAr

Fig. 4.5.A five-bus network with synchronous type DG and conventional relay.

From the simulation results, it is observed that 40 has negligible impact on the
boundary limit of NDZ for constant P load; 4Pys_crit IS obtained as 45.8% for different
ranges of 40. But the influence of 40 on boundary limit of NDZ is quite evident for
constant Z and constant | load, as shown in Fig. 4.6. From Fig. 4.6, it can be observed
that the pessimistic boundary limit of NDZ is obtained by keeping the reactive power
imbalance at its maximum. In this study, a reactive power imbalance of 50% has been
considered as the maximum reactive power imbalance, since during electric system
islanding the system voltage may collapse whenever the reactive power imbalance
exceeds 50% [111]. Thus, for VS relay (a« = 10° and detection time = 200 ms), the
boundary limit of pessimistic NDZ is indicated by the active power imbalance level of
66%, 58% and 45.8% for constant Z, constant | and constant P load respectively, see
Fig. 4.6.
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Fig. 4.6. Impact of AQ on 4Py it Or boundary limit of NDZ of VS relay (relay-setting = 10°) for (a)
constant current and (b) constant impedance load.

4.2.3.2 Influence of active and reactive power imbalance scenarios on
NDZ

In Section 4.2.3.1, scenario (a), i.e., the scenario consisting of a deficit of active and
reactive power imbalance in the islanded system, is considered for investigating the
boundary-limit of NDZ. It concludes that the pessimistic boundary-limit of NDZ is
obtained for constant Z load. Therefore, in this sub-section, the remaining three
scenarios, i.e., scenarios (b), (c) and (d), are investigated at the presence of constant Z

load to obtain the pessimistic boundary-limit of NDZ.
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Fig. 4.7. lllustration of pessimistic boundary limit of NDZ of VS relay (relay-setting= 10°) under power

imbalance conditions: (a) excess of 4P and excess of 40, (b) excess of 4P and deficit of 40, and (c)

Varying 4P (deficit or excess) and 4Q (deficit or excess) on the test system of Fig.
4.5, detection times for scenarios (b)-(d) are obtained. Thus, the test results for scenarios
(b), (c), and (d), are acquired and they are illustrated in Figs. 4.7 (a), (b), and (c),
respectively. Fig. 4.7 (a) shows that for scenario (b), pessimistic boundary limit of NDZ

or maximum numerical value of 4Py crit is achieved when 4Q is kept at its maximum

5 0.6 v
Active power imbalance (pu)

deficit of 4P and excess of 4Q.
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value, i.e., 40 = 50%. However, for scenarios (c) and (d), the pessimistic boundary
limit of NDZ is obtained at 4Q = 0%, as shown in Figs. 4.6 (b)-(c). In summary, the
pessimistic boundary-limit of NDZ of VS relay under four possible power imbalance
scenarios are presented in Table 4-I.

TABLE 4-1

PESSIMISTIC BOUNDARY LIMIT OF NDZ OF VS RELAY UNDER FOUR POWER IMBALANCE SCENARIOS (RELAY -
SETTING = 10° AND DETECTION TIME = 0.2 SECONDS)

Power imbalance scenarios 40 (%) APys it (%)
(a): Deficit 4P and deficir 40 50 66
(b): Excess 4P and excess 4Q 50 24.5
(c): Excess 4P and deficit 40 0 44
(d): Deficit 4P and excess 4Q 0 52.4

4.3 BOUNDARY LIMIT OF NON-DETECTION ZONE OF ROCOF

RELAY

In this Section, boundary limit of non-detection zone (NDZ) for ROCOF relay is
investigated. To this end, the performance-curves specifying the NDZ, is analysed
which in turn evaluates the performance of the relay for islanding detection. Section
4.3.1 describes the basic operating principle of ROCOF relay; using the concept of
NDZ, an analytical formula is developed in Section 4.3.2. Extensive simulation is
conducted in Section 4.3.3 to verify the formula as well as to investigate the behaviour
of ROCOF under different types of voltage-dependent loads, which include constant
impedance, constant current and constant power loads. During this performance study,
all possible combinations of active and reactive power imbalance scenarios (deficit and
excess), are taken into account. Considering all aforementioned conditions, the

pessimistic boundary limit of NDZ for ROCOF relays is achieved.

4.3.1 Operating principle of ROCOF Relay

A simplified diagram of a distribution network is illustrated in Fig. 4.8 to describe the
operating principle of ROCOF relay. A synchronous generator (SG) based DG,
embedded with ROCOF relay, is allowed to operate while connected with upstream
side. Disconnection of DG (By opening the circuit breaker of Fig. 4.8) from the

upstream grid side, due to faults or any other disturbances, results in islanding.
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Consequently, SG becomes the only source to feed the loads in the formed island.
Therefore, a power imbalance between load and generation occurs due to the presence
of the power mismatch, which was provided by the grid to the DG or injected into the
grid from the DG, prior to the formation of islanding. This power imbalance causes the
system frequency to vary dynamically, and this change of frequency is proportional to
the power imbalance inside the islanded segment. This implies that the islanding events
with low power imbalance may not be detected within a pre-specified time if change of
frequency is considered. Therefore, to accelerate the detection process, rate of change of
frequency is selected as a decisive threshold for ROCOF relays.

Up§t_rearr_1} | 7 ] I @
Utility side CB ROCOF
Load Relay SG

Fig. 4.8. A simplified diagram of a network with synchronous type DG and ROCOF relay.

For ROCOF relays, rate-of-change-of-frequency is calculated within a measuring
window, typically 2 cycles to 40 cycles of width [110]. The obtained “rate-of-change-
of-frequency” signal is then passed through a low-pass filter 1/(T.s+1), see Fig. 4.9, to
eliminate the high-frequency transients. The filtered ‘“rate-of-change-of-frequency”
signal is compared with a pre-specified relay-setting A; if it exceeds A, a trip signal is
sent. Typically, A lies in the range of 0.1 to 1.2 Hz/s. To avoid the relay tripping during
generator start-up, the generator’s terminal voltage is also monitored and if it falls
below a specified level Vnin, then the ROCOF relay is not allowed to operate (see Fig.
4.9).

Instantaneous| |~"IUENCY | [Derivative funztri?)?f{j(r)ck:
vty plestimation = pae (T .s+1) r(t)
Terminal block_1, df/dt (Fzk)
voltage (Hz (Hzls) If
waveform Magnitude of »<_|r(t)| > relay-setting (1)

voltage: V(p.u.) &V >V,

yes

Trip signal

Fig. 4.9. A simplified schematic diagram illustrating the operation-algorithm of ROCOF relays.
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4.3.2 Non-detection Zone of ROCOF Relay

Non-detection Zone (NDZ) of ROCOF relays can be defined by using the concept of
critical power imbalance, which is considered to be the minimum active power
imbalance required in a formed island so that ROCOF relay can detect islanding within
a pre-specified time and relay-setting [13]. The separation between detection and non-
detection zone is marked by the critical active power imbalance, as shown in Fig. 4.10.
In order to develop the analytical expression of critical power imbalance of ROCOF
relay, the machine swing equation (4.1) and the rotor speed wy, as shown in (4.2), is
taken into account. From (4.2), the frequency f; at time t is obtained as

f,AP
f.=f,+ ;H (t-t,) (4.8)

r

wherefoandf, represents the frequency in Hz. Differentiating (4.8) with respect to t, the
rate-of-change-of-frequency is given by

df,  f,4P

4.9
d 2H (4.9)

The obtained rate-of-change-of-frequency, as given in (4.9), is passed through the first-
order transfer function block, see Fig. 4.9. Moreover, in (4.9) the parameters foandH are
constant terms; AP is also constant for constant power load model. Thus, in the Laplace
domain the output of transfer function block can be presented as

f, AP

O ahs(rs )

(4.10)

Applying inverse Laplace transform in (4.10) yields the response in the time-domain

f, AP

= (- ™) (4.11)

r(t)=
Considering the time delay of 4z, which occurs due to the measuring window applied in
calculating the rate-of-change-of-frequency, the allowable detection time z4 becomes
Ty=t+4t (4.12)
Thus, from (4.11) and (4.12), r(t) can be expressed as

f, AP

= (1—ga-0ma ) (4.13)

r(t)=

Now, the output signal r(t) is monitored by the ROCOF relay; if r(t) exceeds the pre-
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specified relay-setting A, then the relay triggers. Thus, the condition for triggering the
relay can be presented as

f, AP

- (1—e o n) > (4.14)

The terms 4P and 4 can be both positive or negative depending on the excess and deficit
of active power imbalance in the formed island. Moreover, the relay setting A should be

less than the steady-state value, f;ﬂp , as obtained from (4.11). Therefore, considering

the equality constraint in (4.14) with the condition: z<%, 7,4 as a function of 4P

becomes

vy =At—T,In| 1— 2 (4.15)
f AP

Equation (4.15) defines the performance curve of ROCOF relay, which is illustrated in
Fig. 4.10. For an allowable detection time zg and relay-setting A, the critical power

imbalance 4P., which defines the non-detection zone, is marked in Fig. 4.10.

AP of DZ

Allowable 7
L d

Detection time (rd )

4P ofNDZ. AP

-
o
.
=
.
>

| Activé power ir‘nbalance‘ (4P)

Fig. 4.10.Performance curve of ROCOF relays represented by detection time (zq) versus active power
imbalance (4P); and critical power imbalance 4P, separating detection zone (DZ) and NDZ.

Numerically, for 7= 0.2 s and A = 1.2 Hz/s, the value of 4P, for ROCOF relay can be
obtained from (4.15). Thus, as an example, selecting the parameters as 4t = 0.1s, T, =
0.12's, H= 1.5, and fo = 50 Hz, 4P. yields 12.7%, which indicates the boundary limit of
NDZ of ROCOF for a relay-setting of 1.2 Hz/s and detection time of 0.2 s.

Expression (4.15) is derived by considering constant P (constant power) load model,
and hence it is valid for constant P load only. As reported in [110], the load dynamics

influence the boundary of NDZ for ROCOF relays, and the impact is represented by the
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following expression

AP, =ek!n (&%) (4.16)
where 4R, represents the 4P, for constant P load, 4p. indicates the 4P, for constant P

or constant current (constant I) or constant impedance (constant Z) load; k is a function
of relay-setting A. For constant P load k = 1, whereas for constant Z and constant | load,
k is obtained empirically through repeated dynamic simulations [110].

4.3.3 Simulation study to investigate the boundary limit of NDZ of
ROCOF Relay

As stated in Section 4.2, four possible combinations of power imbalance scenarios
may exist under islanding condition. Firstly, in Section 4.3.3.1, scenario (a), i.e., deficit
of 4P (active power imbalance) and deficit of 40 (reactive power imbalance), is
considered while investigating the boundary limit of NDZ, which is obtained through
the performance curves of ROCOF relays under different load-types and reactive power

imbalance. Then, scenarios (b), (c) and (d) are investigated in Section 4.3.3.2.

4.3.3.1 Influence of Load Types and Reactive Power Imbalance on NDZ
As shown in (4.16), for different load-types, the boundary limit of NDZ or AP, can be
obtained through non-linear relationship, which is dependent on the empirical analysis.
Therefore, a time-domain simulation is carried out to investigate the influence of
constant P, constant Z, and constant | load on the boundary-limit of NDZ. A simple 5
bus network, shown in Fig. 4.5, is used for this simulation study, wherein the network
parameters and other relevant data are adopted from [13]. The ROCOF relay is
implemented using the algorithm illustrated in Fig. 4.9. However, to incorporate the
effect of measuring window, the estimated frequency is passed through the operation of

“derivative block™ using the following expression

o, _1$ 4,
dt N & At

wherem specifies the number of cycles, Afy is the change of frequency within m-th

(4.17)

cycle, and Aty is the duration of m-th cycle in seconds. The value of N typically lies

within 2 to 40 cycles; in this study, N is selected as 5 cycles [110, 112].

Repeated dynamic simulations are conducted on the system presented in Fig. 4.5,

employing different ranges of active power imbalance and different load-types, which
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include constant P, constant Z and constant I. Then, considering a specific relay-setting
(i.e. 4 = 1.2 Hz/s), the detection time is obtained. The minimum power imbalance,
which is required for the ROCOF relay to detect islanding within 200 ms [13], is
regarded as critical active power imbalance 4P.. Fig. 4.11 shows that for a specific
relay-setting and detection time, the pessimistic boundary-limit of NDZ or 4P. is
obtained for constant Z load (i.e. 4P. = 19.9%), whereas the optimistic NDZ is obtained
for constant P load (i.e. 4P; = 11.8%).

ROCOF relay performance curves with different load-types
‘ T T T T
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Fig. 4.11. Performance curves of ROCOF relays under three types of load (relay-setting: A= 1.2 Hz/s).

Since the pessimistic boundary-limit of NDZ is acquired for constant Z load, further
investigation on the boundary-limit of NDZ, is conducted by analysing the impact of
reactive power imbalance (4Q) at the presence of constant Z load. To this end, repeated
dynamic simulation is carried out with different ranges of active and reactive power
imbalance when the loads are of constant Z type. Keeping 0%, 10% and 30% of 40, the
performance curves are illustrated in Fig. 4.12, which shows that 40 has significant

impact on the boundary-limit of NDZ or 4P for constant Z load.

ROCOF relay performance curves with AQ variation
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Fig. 4.12. Performance curves of ROCOF relays with the variation of AQ and at the presence of constant
impedance load (relay-setting: A= 1.2 Hz/s).
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4.3.3.2 Impact of active and reactive power imbalance Scenarios on NDZ

Among the four possible power imbalance scenarios, scenario (a) was explored in
section 4.3.3.1, while investigating the performance of ROCOF relays. Therefore, in
this sub-section all four scenarios are investigated to obtain the pessimistic boundary-
limit of NDZ for each scenario. In this performance analysis, the maximumvalue of 40
is selected as 50% since exceeding this value may collapse the voltage level of the
system [111].

300—— @
\ ='Scenario (a), const. Z load, AQ=50%
250k ‘| "\ =Scenario (b), const. Z load, AQ=50%
H \ ='Scenario (c), const. P load, AQ= 0-50%
1

N
o
o

Detection time (ms)
&
2

100r A
50r A
0 2
0 20 . 40 60 80 100
Deficit or excess of AP (%)
300 (b)

=:Scenario (d), const. Z load, AQ=0.1%
=Scenario (d), const. P load, AQ= 0-50%
='Scenario (d), const. Z load, AQ=50%

Detection time (ms)

40 60 80 100
Deficit of AP (%)

Fig. 4.13. Performance curves of ROCOF relays (relay-setting: A= 1.2 Hz/s) under (a) scenario ():
deficit of 4P and 4Q, scenario (b): excess of 4P and 4Q, scenario (c): excess of AP and deficit of 4Q; (b)
scenario (d): deficit of 4P and excess of 4Q.

Fig. 4.13 illustrates the performance curves of ROCOF relays under four possible
power imbalance scenarios, considering the pessimistic boundary-limit of NDZ. To
obtain the pessimistic limit of NDZ, each scenario is investigated with constant P,
constant | and constant Z load for 0% <4Q < 50% and 0% <A4P < 100%. Then, the
maximum numerical value of AP; is considered as the pessimistic limit of NDZ of
ROCOF relay. For scenarios (a) and (b), the pessimistic limit of NDZ is obtained for
constant Z load with 4Q 0f50%,whereas investigation of scenario (c) reveals that the

pessimistic limit of NDZ is found for constant P load with AQ ranges from 0% to
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50%,see Fig. 4.13 (a). By analysing the performance curves of scenario (d), it is evident
that when 4Q gets close t050%, a constant P load yields the pessimistic limit of NDZ.
Moreover, for constant P load, the performance curve does not show significant
variation when 4Q changes from 0% to 50%. However, varying AQ towards0% yields
the numerically maximum 4P for constant Z load, as depicted in Fig. 4.13(b). Table 4-
Il summarizes the pessimistic boundary-limit of NDZ, i.e., 4P, of ROCOF relay under

all four scenarios.

TABLE 4-11

PESSIMISTIC BOUNDARY LIMIT OF NDZ OF ROCOF RELAY UNDER POWER IMBALANCE SCENARIOS (RELAY -
SETTING = 1.2 HZ/S AND DETECTION TIME = 0.2S)

Power imbalance scenarios Load-type A0 (%) AP, (%)
(a): Deficit 4P and deficiz 40 Constant Z 50 29.5
(b): Excess 4P and excess 40 Constant Z 50 20.5
(c): Excess 4P and deficit 40 Constant P 0-50 12
(d): Deficit AP and excess 40 Constant Z 0-0.1 19.9

In summary, considering all possible power imbalance scenarios and using a specific
relay-setting of A = 1.2 Hz/s and a detection time 74 = 200 ms, the variation of AP is
observed for all three types of load; the maximum numerical value of 4P is obtained as
29.5% for scenario () i.e. deficit of AP and 4Q. Besides, for scenarios (b), (c) and (d),
AP is obtained as 20.5%, 12% and 19.9%, respectively.

The investigations on NDZ of VS and ROCOF relays, as presented in Sections 4.2
and 4.3, have provided the insight into the performance of these conventional relays for
a particular relay-setting (e = 10° for VS and A = 1.2 Hz/s for ROCOF relay) and
detection-time (200 ms). In continuation with this study, the following Section
investigates the performance of VS and ROCOF relays under variable relay-setting and

detection-time.

4.4 CASE STUDY FOR INVESTIGATING THE PERFORMANCE OF
VS AND ROCOF RELAYS

A case study is conducted to investigate the performance of VS and ROCOF relays
for different relay-setting and detection-time. To do so, a total of 6,000 events, which
include 4,800 islanding and 1200 non-islanding, are generated from the test network of

Fig. 3.9 (presented in Chapter 3). It is worth noting that all four possible combinations,
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i.e., deficit and excess of AP (0%-100%) and 4Q (0%-50%), are considered while
generating the islanding events. Table 4-111 shows the number of islanding and non-is-
landing events used for the investigation. As shown in Table 4-111, three types of loads
are given equal importance while generating the islanding and non-islanding events.
Besides, even distribution of AP is maintained in the generated islanding events under
each type of load. For example, for scenario (a) and constant Z type-load, total 400
events have been generated by keeping 4P of 1%, 2%,...,100%, where 4 events are
generated for 4P = 1%, another 4 events are generated for 4P = 2%, and so on. In the
remaining part of this Section, performance of vector surge and ROCOF relays is
investigated; in Section 4.4.1 and 4.4.2, performance of VS relay is investigated,
whereas performance of ROCOF relay is assessed in Section 4.4.3 using a wide range

of relay-setting and detection-time.

TABLE 4-111

ISLANDING AND NON-ISLANDING EVENTS USED FOR THE PERFORMANCE ANALYSIS OF VS, ROCOF AND SVM-
BASED APPROACH

Islanding events
Power imbalance scenarios Lo 7ge Nem-HElae g
Const. Const. Total events
Const. Z | p
(a): Deficit 4P and deficiz 40 400 400 400 1200
(b): Excess 4P and excess 40 400 400 400 1200
1200
(c): Excess 4P and deficit 40 400 400 400 1200
(d): Deficit 4P and excess 40 400 400 400 1200

4.4.1 Performance of VS relay under variable relay-setting

In this sub-section, using the concept of critical active power imbalance (4Pys_crit), VS
relay is evaluated as a function of relay-setting (). To do so, a curve, which represents

APys it as a function a, can be obtained from the equality constraint of (4.6), assuming
the parameters H, 7, and A7 are constant. The curve is illustrated in Fig. 4.14 for H =
155, 74=200 ms and 47 =20 ms. The curve reveals the minimum amount of active

power imbalance or APy it required for a VS relay to detect islanding at different
relay-setting («), when DG is synchronous generator (inertia constant H = 1.5 s) type

and allowable islanding detection time (z,) is 200 ms.
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Fig. 4.14. Critical active power imbalance (4Pys_cir)associated with islanding detection of synchronous
generator using VS relay with variable relay-setting |«

According to [104], normally VS relay allows the setting of « in the range from 2° to
20°. Moreover, using the absolute value of a smaller than 2° may create nuisance
tripping and as a result, performance of VS relay may degrade severely. Therefore, in
Fig. 4.14, the curve of VS relay corresponding to different value of 4Py crit is plotted as
a function of absolute value of o considering |a| > 2° and using (4.6) with equality
constraint. The curve obtained from analytical expression given by (4.6) is also
validated by the simulated data of Table 4-111 and results are plotted in Fig. 4.14. From
Fig. 4.14, it can be concluded that VS relay fails when power imbalance is less than

8.8% considering the minimum relay setting of |« = 2°.

4.4.2 Performance of VS relay as a function of relay-setting and
detection-time

As stated earlier, normal operating range of VS relay lies within 2° to 20°. Hence, by
tuning the relay-setting from 2° to 20°, performance of VS relay is investigated using
the data of Table 4-111 and considering a typical detection time ranging from 110 to 200
ms. In this context, false alarm (FA) and detection rate (DR) are selected as the two key
performance indicators. Firstly, FA corresponding to 1200 non-islanding events, see
Table 4-111, are calculated by varying the relay-setting from 2° to 20° for a specific
detection time (z4) , €.9., 110 ms. Then, 74 is changed to 120 ms and FA is calculated
for the aforementioned range of relay-setting. Thus, Fig. 4.15 is obtained using variable
relay-setting and detection time, and it highlights the FA of VS relay. Similarly, DR for
all four power imbalance scenarios is determined. For each power imbalance scenarios,

a total of 1200 islanding events are considered separately. The test results are illustrated
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in Figs. 4.16(a)-(d).
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four possible power imbalance scenarios: (a) deficit of AP and deficit of 40, (b) excess of AP and excess

of 40, (c) excess of 4P and deficit of 40, and (d) deficit of AP and excess of 4Q.
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Fig. 4.15 shows that keeping a very small value of relay-setting, i.e., close to 2°,
yields a very high percentage of FA. For example, if the relay is set below 10°, the risk
of FA reaches 20% or more (see Fig. 4.15). Figs. 4.16(a)-(d) illustrate the opposite
picture of Fig. 4.15 in terms of relay-setting. As shown in Figs. 4.16(a)-(d), for a relay-
setting of 10° or less, DR of 80% or more can be achieved. Moreover, Figs. 4.15 and
4.16(a)-(d) reveals that, for small relay-setting and small detection time, performance is
improved in terms of FA (i.e. less FA) whereas poor performance is achieved if DR is
considered. Therefore, in order to keep a trade-off between DR and FA, settings of VS

relay are adjusted as per utility and standard requirement.

4.4.3 Performance of ROCOF relay as a function of relay-setting and
detection-time

Normally ROCOF relay is operated by keeping the relay-setting from 0.1 Hz/s to 1.2
Hz/s. Therefore, by tuning the relay-setting from 0.1 Hz/s to 1.2 Hz/s, performance of
ROCOF relay is investigated using the data of Table 4-111 and considering a typical de-
tection time ranging from 100 to 200 ms. Following the similar strategy as used for VS
relay, firstly, FA corresponding to 1200 non-islanding events are calculated by varying
the relay-setting from 0.1 Hz/s to 1.2 Hz/s for a specific detection time (zq) , €.g., 100
ms. Then, g4 is changed to 101 ms and FA is calculated for the aforementioned range of
relay-setting. Thus, Fig. 4.17 is obtained using variable relay-setting and detection time,
and it highlights the FA of ROCOF relay. Similarly, DR for all four power imbalance
scenarios is determined. For each power imbalance scenarios, a total of 1200 islanding

events are considered separately. The test results are illustrated in Figs. 4.18(a)-(d).
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Fig. 4.17. False alarm of ROCOF relay with variable relay-setting and detection time (zg).
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Fig. 4.18. Detection rate (DR) of ROCOF relay as a function of relay-setting and detection time (z),
under four possible power imbalance scenarios: (a) deficit of AP and deficit of 40, (b) excess of 4P and
excess of 40, (c) excess of 4P and deficit of 40, and (d) deficit of AP and excess of 4Q.
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As expected, Fig. 4.17 shows that keeping a very small value of relay-setting, i.e.,
close to 0.1 Hz/s, yields a very high percentage of FA. For example, if the relay is set
below 0.5 Hz/s, the risk of FA reaches 20% or more (see Fig. 4.17). Figs. 4.18(a)-(d)
illustrate the opposite picture of Fig. 4.17 in terms of relay-setting. As shown in Figs.
4.18(a)-(d), for a relay-setting of 0.5 Hz/s or less, DR of 70% or more can be achieved.
Moreover, Figs. 4.17 and 4.18(a)-(d) reveal that, for small relay-setting and small
detection time, performance is improved in terms of FA (i.e. less FA) whereas poor
performance is achieved if DR is considered. Therefore, in order to keep a trade-off
between DR and FA, settings of ROCOF relay are adjusted as per utility and standard
requirement. Moreover, visual inspection of Figs. 4.18(a) and 5.18(d) reveals that
scenarios (a) and (d) follow almost similar trend of DR with the variation of relay-

setting.
4.5 COMPARATIVE ANALYSIS OF VECTOR SURGE AND

ROCOF RELAYS WITH SVM BASED APPROACH

TABLE 4-1V

ISLANDING DETECTION USING AN SVM CLASSIFIER WITH LINEAR KERNEL

Type of load Detection rate False alarm

Constant P 98.64% 0.63%
Constant | 100% 2.5%
Constant Z 100% 2.5%

In Chapter 3, performance of SVM-based approach for islanding detection of DG is
elaborately presented. However, in order to conduct the comparative analysis of VS and
ROCOF relays with SVM-based approach, the events of Table 4-111 are tested using the
trained SVM. It is to be noted that trained SVM, as developed in Chapter 3, were kept
unchanged, i.e., no re-training was conducted to test the events of Table 4-111. The test
results are illustrated in Table 4-1V, which indicate the successful classification of the
islanding events with limited rate of false alarm (less than 3%). In Section 4.5.1,
comparative analysis between VS and SVM relay is conducted; then, comparative study
between ROCOF and SVM relay is carried out in Section 4.5.2 on the basis of ROC

(Receiver Operating Characteristic) curves and detection-time of islanding.
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4.5.1 Comparative Study between VS relay and SVM based Method

In this sub-section, VS relay and SVM based method is compared using two criteria
of performance evaluation. First criteria is based on the ROC curves which is obtained
by applying the VS and SVM based methods in islanding detection; second criteria is
based on the performance of VS and SVM relays, by assessing the detection-time of
islanding using both methods. The comparative study between SVM and VS relays
using these two performance criteria are presented in Sections 4.5.1.1 and 4.5.1.2,

respectively.

4.5.1.1 Comparative Performance Analysis between VS relay and
SVM Method using ROC curves

In order to conduct the comparative analysis between VS and SVM-based approach,
detection time of 200 ms is considered for both methods. In 50 Hz system, 10 cycle cor-
responds to 200 ms; therefore, feature extraction of SVM-based approach is performed
by using a sliding time window of A7 = 10 cycle duration, see Section 3.3. Thus, using
the common platform, i.e., same data of Table 4-111 and equal detection time of 200 ms,
performance of VS and SVM-based approach is compared. The Receiver Operating
Characteristic (ROC) curves, as shown in Fig. 4.19, are used for this comparative
analysis. To this end, ROC curves corresponding to four possible combinations of
power imbalance scenarios are taken into account. Tuning the threshold setting of both
methods, FA and DR are obtained which gives rise to the ROC curves. For instance, VS
relay-setting is varied from 2° to 20°, and at each relay-setting, FA and DR are
considered for plotting the ROC curves of VS relay. In the similar approach, decision
boundary of trained SVM is tuned by changing the bias value b and the ROC curves are
acquired thereby. As illustrated in Fig. 4.19, SVM-based approach produces
significantly better performance than VS relay for scenarios (a), (b), (c) and (d), which
include all possible combinations of deficit and excess of active and reactive power
imbalance scenarios soon after the inception of islanding. However, VS relay can
produce almost same DR of SVM method if FA of 40% or more, i.e., a risk of high

percentage of nuisance tripping, is allowed in the system, see Figs. 4.19(a)-(d).
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Fig. 4.19. ROC curves of VS relay and SVM-based approach under scenarios: (a) deficit of 4P and
deficit of 40, (b) excess of AP and excess of 40, (c) excess of AP and deficit of 40, and (d) deficit of 4P
and excess of 40.

45.1.2 Comparative Performance Analysis between VS relay and
SVM Method on the basis of detection-time

Using the data of Table 4-III, islanding “detection time” of each event is determined
for the conventional vector surge relay (VSR) as well as SVM relay (SVMR). But, the
final value of detection time, as plotted in Fig. 4.20, is selected by taking the average
value. To do so, at each 4P level, 10-15 events are considered and their average
detection time is selected as final detection time at that AP level. This same technique is
followed for all combinations of power imbalance scenarios, which include deficit and
excess of active power imbalance (4P) and reactive power imbalance (40). Thus, Figs.
4.20(a)-(d) are obtained and they illustrate the islanding detection time of SVMR and
VSR. It is worth noting that setting value of VSR was kept at 10° during this
comparative study, since this setting gives a reasonably good performance if a trade-off
between DR and FA are taken into account (see Figs. 4.15 and 4.16). Similarly, 9
sample majority voting, which is demonstrated in Chapter 3 as a reliable decision-rule,
is considered for SVMR. As shown in Figs. 4.20(a)-(d), SVMR relay can successfully
operate under all possible combinations of power imbalance scenarios within 200 ms of
the onset of islanding. However, SVMR requires a slightly higher detection time, i.e.,

200-300 ms under the scenario (b), i.e., excess of AP and AQ with AP < 5% (see Fig.
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4.20(b)). VSR needs larger detection time in comparison to SVMR for scenarios (a)-(d)
when 4P < 50%; however, for AP > 60%, it requires detection time of around 100-160
ms, which is slightly lower than SVMR that operates within 160-200 ms of islanding
inception. Therefore, for an allowable islanding detection time of 200 ms and taking all
possible combinations of 4P and AQ into account, it can be concluded thatSVMR

supersedes the performance of VS relay.
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Fig. 4.20. Detection time of the SVM based relay (SVMR) and vector surge relay (VSR) under four
possible combinations of power imbalance scenarios: (a) deficit of 4P and deficit of 40, (b) excess of AP
and excess of 40, (c) excess of AP and deficit of 40, and (d) deficit of 4P and excess of 4Q.

4.5.2 Comparative Study between ROCOF relay and SVM based
Approach

In this sub-section, ROCOF relay and SVM based method is compared using two
criteria of performance evaluation as used in Section 4.5.1. The two performance
criteria, which include the ROC curves and the assessment of the relays on the basis of

detection-time of islanding, are presented in Sections 4.5.2.1 and 4.5.2.2, respectively.

4.5.2.1 Comparison of ROCOF Relay and SVM method using ROC
curves

In order to conduct the comparative analysis between ROCOF and SVM-based
approach, detection time of 200 ms is considered for both methods. Thus, using the

common platform, i.e., same data of Table 4-111 and equal detection time of 200 ms,
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performance of ROCOF and SVM-based approachis compared. The Receiver Operating
Characteristic (ROC) curves, as shown in Fig. 4.21, are used for this comparative
analysis. Tuning the threshold setting of both methods, FA and DR are obtained which
gives rise to the ROC curves. For instance, ROCOF relay-setting is varied from 0.1 Hz/s
to 1.2 Hz/s, and at each relay-setting, FA and DR are considered for plotting the ROC
curves of ROCOF relay. As illustrated in Fig.4.21, SVM-based approach produces
significantly better performance than ROCOF relay for scenarios (a), (b), (c) and (d),
which include all possible combinations of deficit and excess of active and reactive
power imbalance scenarios soon after the inception of islanding. However, for scenarios
(a)-(d), ROCOF relay can produce almost same DR of SVM method if FA of 42% or
more, i.e., a risk of high percentage of nuisance tripping, is allowed in the system.
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Fig. 4.21. ROC curves of ROCOF relay and SVM-based approach under scenarios: (a) deficit of 4P and
deficit of 40, (b) excess of 4P and excess of AQ, (c) excess of 4P and deficit of 40, and (d) deficit of 4P

and excess of 40.

4.5.2.2 Comparison of ROCOF Relay and SVM method on the basis
of detection-time of Islanding

Using the data of Table 4-III, islanding “detection time” of each event is determined
for the conventional ROCOF relay as well as SVM relay (SVMR). But, the final value
of detection time, which is plotted in Fig. 4.22, is selected by taking the average value

as mentioned in Section 4.5.1.2. Thus, Figs. 4.22(a)-(d) are obtained. These figures
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illustrate the islanding detection time of SVMR, and ROCOF relay, during all possible
combinations of power imbalance scenarios. It is worth noting that ROCOF relay-
setting was kept at 1.2 Hz/s during this comparative study, since this setting gives a

reasonably good performance if a trade-off between DR and FA are taken into account
(see Figs. 4.17 and 4.18).
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Fig. 4.22. Detection time of the SVM based relay (SVMR) and ROCOF relay; under four possible
combinations of power imbalance scenarios: (a) deficit of AP and deficit of 40, (b) excess of 4P and
excess of 40, (c) excess of 4P and deficit of 40, and (d) deficit of 4P and excess of 4Q.

As shown in Figs. 4.22(a)-(d), SVMR relay can successfully operate under all
possible combinations of power imbalance scenarios within 200 ms of the onset of
islanding. ROCOF relay needs larger detection time in comparison to SVMR for
scenarios (a), (b), (d) when 4P < 20%, and for scenario (c) when 4P < 12%; however,
for 4P > 20%, it requires detection time of around 100 ms, which is slightly lower than
SVMR that operates within 160-200 ms of islanding inception. Therefore, considering

an allowable islanding detection time of 200 ms along with all possible combinations of
AP and 40, SVMR supersedes the performance of ROCOF relay.

4.6 SUMMARY

This Chapter has presented performance evaluation of vector surge (VS) and rate-of-

change-of-frequency (ROCOF) relays, and a comparative analysis of VS and ROCOF
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relays with the support vector machines (SVM) based approach, employed in islanding
detection of Distributed Generation (DG). The performance of VS and ROCOF relays
was evaluated using the concept of NDZ; the comparative analysis was based on the
receiver operating characteristic (ROC) curves obtained under all possible combinations
of power imbalance scenarios, which may exist during the formation of an island.
During the testing phase, a large number of islanding and non-islanding events were
generated by simulating the probable practical scenarios in a test network of Australia.
Test results demonstrate that SVM-based approach is more reliable and effective than
VS and ROCOF relays, in terms of the detection rate (DR) and false alarm (FA). In
summary, the following contributions are highlighted in this Chapter:

e Boundary limit of non-detection zone (NDZ), associated with VS and ROCOF
relays, is established and formulated for constant P load. It has been further
investigated for constant Z and constant | load.

e Boundary limit of NDZ of VS and ROCOF relays, at the presence of constant Z,
constant | and constant P load along with four possible combinations of deficit and
excess of active and reactive power imbalance scenarios, are investigated to obtain
the pessimistic limit of NDZ for VS and ROCOF relays.

e Using an example test system, performance of VS and ROCOF relays is evaluated
with variable relay-setting and detection time.

e Performance of VS and ROCOF relays is compared with the SVM based relay
(SVMR) on the basis of detection-time of islanding; SVMR demonstrates
comparatively better performance than VS and ROCOF relays.

e SVM-based approach is compared with VS and ROCOF relays on the basis of ROC
curves, which explicitly show the superior performance of SVM-based method over
VS and ROCOF relays.
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Chapter 5

VOLTAGE DIPS/SAGS AND ITS ASSOCIATED
PHASE-ANGLE JUMPS IN ELECTRICITY
NETWORKS

5.1 INTRODUCTION

Over the last few years, the concept of power quality (PQ) has been changed
significantly, due to technological progression and customer awareness of better
services. A few years ago, the main PQ concerns were the reliability, i.e., the frequency
of the discontinuity of electricity supply. At present, the problems related to PQ include
voltage dips, fluctuations, temporary interruptions and harmonics [19]. The increased
application of non-linear power electronic devices in electric power systems hastens the
degradation of PQ, thereby necessitating more attention from electricity sector agents
[20].

Voltage dip is usually considered a PQ problem of equal importance as long and short
interruptions in the supply [21, 22]. They are generally defined as the short-duration
reduction in root-mean-square (rms) voltage caused by switching and/or starting of
electrical motors, generators and bulk loads, transformer energization and faults or short
circuits in the power networks [23]. Even though power utilities and customers are
exerting extensive efforts to improve the reliability of power networks, it has been very

challenging to control the external factors that cause voltage dips.

Deregulation of energy market, economic benefits for distributed generation (DG)
owners, and higher reliability through the reduction of outage intervals, have increased
the penetration of local distributed generators, which are typically synchronous
machines [11, 52]. This increased penetration of DG will have an impact on the PQ
issues in a number of ways. The positive impact can be observed for certain disturbance

levels, such as voltage dips, harmonics, and voltage fluctuations. However, utility
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companies provide specific interconnection guidelines, and these local generators or
DGs must comply with these guidelines/requirements [2]. Failure to meet these
requirements will trip the DG; as a result, PQ issues, e.g., voltage dips may occur during

the disconnection period of DG.

This Chapter investigates the voltage dips and its associated phase-angle jumps in
power network due to various kinds of faults. The presence of synchronous type DG is
also included in the voltage dip investigations. Seven types of voltage dips (A, B, D, F,

E, C, and G) as proposed in [22], are taken into account during the study.

The remaining part of the Chapter is structured as follows. Section 5.2 describes the
analytical expression of voltage dips due to balanced and unbalanced faults; the
presence of DG is also included in the developed expressions. An illustrative example is
presented in section 5.3 to validate the developed expressions. Section 5.4 highlights the
severity of voltage dips for different fault-types, fault-location, size and location of DG.
Section 5.5 presents a brief discussion addressing the importance of classification and

characterization of voltage dips. Section 5.6 concludes the Chapter.

5.2 VOLTAGE DIPS AND PHASE-ANGLE JUMP WITH AND
WITHOUT DG

Voltage dips may occur from motor-starting, transformer energizing, and short-
circuits in the transmission and/or distribution system. In this section, voltage dips
initiated by short-circuits are analysed. Firstly, an analytical expression of voltage is
presented for a distribution network, where voltage dip occurs due to fault. To this end,
a general expression of seven types of voltage dips (A, B, D, F, E, C and G), with and
without DG, is developed.

PCC

Fault

Fig. 5.1.Single line diagram of a distribution network model.
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In order to determine the voltages at different buses of a test network, the distribution
network model of Fig. 5.1 is considered. This model comprises source impedance (Zs)
at the point of common coupling (PCC). The source voltage Es and impedance Zs are
regarded as Theévenin equivalent of the upstream side. A total of n number of buses is
shown in the model, where a fault (with fault impedance Z;) occurs at bus x. In this
model, load currents are assumed to be negligible during fault (since fault currents are
typically very high in comparison to load current). Synchronous Generator based DG is
considered to analyse the impact of DG on voltage dips. It is to be noted that firstly, the
general expressions of voltage dips associated with different types of faults and their
corresponding types of dips are developed. Then, the contribution of DG is included to
develop the expressions of voltage-dip and phase-angle jump during fault.

To formulate the general expressions of voltages during different types of faults, in
Section 5.2.1, sequence-network diagram is formed considering the positive, negative
and zero sequence impedance of the network. In Section 5.2.2, the 3-phase voltages
during-fault (or the during-fault voltage) at a monitoring bus m are determined. Then,
in Section 5.2.3, taking seven types of voltage dips into account, voltage-dip d is
expressed as a function of sequence-impedance component of the network. Moreover,
phase-angle jumps associated with different dip-types are presented. Lastly, Section
5.2.4 shows the derivation of the expressions of voltage-dip d, and phase-angle jumps

associated with different dip-types, when DG is connected to the network.

5.2.1 Sequence Network Diagrams for different types of Faults

Considering the test system of Fig. 5.1, voltage-current relationship can be given in

terms of bus admittance matrix as
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[I ]: [YBUS ][V] (5.1b)
Re-arranging Eq. (5.1b) yields
V=Y I [1]=[2][1] (52)

whereZ refers to the bus impedance matrix ([Z]: " ]’l) and the elements of Z are

divided into two parts: driving point impedance and transfer impedance, which can be
presented as below:

{driviving pointimpedance whenk =1
kI —

transferimpedance whenk # |

The driving point impedance of a bus/node is equal to the Thévenin equivalent
impedance of the network observed from that bus/node. Therefore, the driving point
impedance or the diagonal elements of Z is applied to calculate the short-circuit current
due to faults at different buses. In short-circuit studies, symmetrical components are
assumed to be independent. In other words, assuming the network to be symmetrical,
where an unsymmetrical fault takes place, the three sequence components, i.e., positive,

negative and zero sequence components, are independent of each other.

For the test network of Fig. 5.1, the positive, negative and zero sequence impedance
matrixes are built to develop the sequence network diagram associated with balanced
and unbalanced faults. Therefore, three single-phase sequence network diagrams are
required for individual consideration. These sequence diagrams are single-phase models
of the power system and the impedance matrix can be used to model them. Using the
method proposed in [113, 114], the three sequence bus impedance matrixes for the

network can be easily obtained.

In order to build the sequence impedance matrix, the sequence impedance (positive,
negative and zero sequence) encountered by the currents is investigated. It reveals that
sequence  currents depend on power system  equipment, such as,
transmission/distribution line, transformer, generator, etc. Both positive and negative
sequence impedance of non-rotating apparatus, e.g., transmission/distribution line, is
same. However, zero sequence impedance of overhead line usually lies between two to
six times of positive sequence impedance, and it depends on grounding wires, tower

footing resistance, etc. The leakage impedance of transformers represent the positive
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and negative sequence impedance, whereas zero sequence impedance of transformers
varies from open circuit to a low value based on the connection of transformer winding,
the core construction and method of neutral grounding [115]. For evaluating the

synchronous generator’s performance, the positive sequence synchronous reactance,

X4, is used in steady state analysis, whereas subtransient reactance (X )and transient

d
reactance (Xd) is used in transient study. Negative and zero sequence impedance of

synchronous machine are provided by the manufactures, based on their test results.

From the above discussion it can be concluded that the positive-sequence network is
almost equal to the negative-sequence with two exceptions: a source is absent in the
negative-sequence network and the reactance of the generator due to negative-sequence
may be different from the positive one. The structure of positive-sequence impedance

matrix (Z P) is similar to the negative one (Z N ) but a small numerical difference may

be found which is negligible. The zero-sequence impedance matrix is quite different
from negative and positive ones. It has no voltage source and has discontinuities due to
transformer winding connections; and the impedance values are different from positive

ones.

Four major types of short-circuit faults are normally found in power systems, they
are: a) balanced three-phase fault, b) single-phase/single-line to ground fault, c) phase-
to-phase fault, and d) double line-to-ground fault. Fault a) is known as symmetrical or
balanced fault whereas faults b), c) and d) are regarded as unsymmetrical or unbalanced
faults. The connection diagrams of the hypothetical stubs for these four types of faults

through a fault-impedance Z:are shown in Fig. 5.2.

Now, considering a fault at bus x (with fault impedance Z;) of Fig. 5.1, the sequence
network diagrams associated with the four types of faults are illustrated in Fig. 5.3. It

should be noted that in Fig. 5.3, the superscripts 0, P and N over the variables indicate
the zero, positive and negative sequence components and Vapre“")indicates a-phase

voltage at faulted bus x prior to the fault.
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Fig. 5.2. Hypothetical connection diagrams for (a) 3-phase symmetrical fault, (b) single line-to-ground
(SLG) fault, (c) phase-to-phase fault, and (d) double line-to-ground fault, through fault impedance.
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Fig. 5.3. Sequence network diagrams for (a) 3-phase symmetrical fault, (b) single line-to-ground
(SLG) fault, (c) phase-to-phase fault, and (d) double line-to-ground fault.
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5.2.2 Expression of phase-voltages during different types of Faults

Development of the expressions of 3-phase voltages during balanced dip (associated
with balanced faults) and unbalanced dip (associated with unbalanced faults) is

presented below:
) Balanced voltage dip

Balanced dips are caused by three-phase faults. Considering a three-phase fault at bus
x of Fig. 5.1 (with fault impedance Zy), voltage at node m (monitoring bus) during the

fault is given by
V mx =V pref(m) + AV mx (53)

whereV ™ =Voltage at monitoring bus m due to 3-phase fault at bus/node x,
V P — pre-fault voltage at monitoring bus m, and

AV ™ = Change in voltage at monitoring bus m due to 3-phase fault at bus/node x.

Equation (5.3) shows that the voltage during the fault is equal to the pre-fault voltage at
the monitoring bus plus the change of voltage due to the fault.

Now, during three-phase short-circuit at X, the current “injected” into X is given by
(5.4), where V "*®is the pre-fault voltage at bus x, Z, is the Thévenin impedance or

the impedance seen from the faulted bus x into the network, and the minus sign is
considered due to the direction of current. Only positive-sequence values are required to
perform the calculations.
\/ Pref®)
ez o
Once the “injected” current is known, the voltage-change at any bus m can be calculated
using the transfer impedance between bus m and node x, denoted as Z . Thus, change
in voltage is given by
AV™ =-2Z_ Lrem (5.5)
Z, +7Z,
From (5.3) and (5.5), the during-fault voltage at bus m, due to 3-phase fault at x, is

obtained as
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V pref(x)

V mx _ V pref(m) me
Z, +7Z,

(5.6)
Equation (5.6) shows that the voltage-change at bus m due to a 3-phase fault at node x is

given by the ratio of the transfer impedance to the driven point impedance at the faulted
bus/node.

i) Unbalanced voltage dip

Symmetrical components are used for the analysis of unbalanced voltage dips which
are caused by unsymmetrical faults. As the sequence components are independent in
symmetrical systems, the during-fault voltage for each sequence components can be
determined by using (5.3). Before the fault, only a positive-sequence component

(V P"”Ef) exists in the node voltages; therefore, pre-fault voltage of negative and zero

sequences are zero. The during-fault sequence voltages are given by

\VARES\VASLLSI\VAS (5.7a)
VN =0+AV" (5.7b)
VO =0+AV° (5.7¢)

Considering phase-a as the symmetrical phase, the phase voltages can be obtained by

applying the symmetrical components transformation as presented below.

v,] [1117ve
V, [=|1 a* a|VF (5.8)
(A 1a a?|v"

From (5.7) and (5.8), the phase-voltages can be presented as

V, =V L AVP LAV AV (5.9a)
V, =a’V P 1 a’AvVP +aAv " + AV (5.9b)
V. =aVv " raAv® +a’Av + AV (5.9¢)

(a) Unbalanced voltage dip due to single line-to-ground (SLG) fault

As shown in Fig. 5.3, due to single-phase or single line-to-ground (SLG) fault at bus

X, the current injected into the positive, negative and zero sequence networks, is given

by
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pref(x)

IP=_ a QP =N =0 5.10
X zt+z3+z2 +3z. 0 T X (5.10)

Now, the sequence voltage-changes at bus m due to fault at bus x are given by

pref(x)

AVP™ =_7ZP a 5.11a
™ ZP+zZN+7° +3Z. ( )

pref(x)

V

AVN™ —_7ZN a 5.11b
™ zh+zZN+Z0 +3Z, ( )

pref(x)
AV =—Z7) ——2 (5.11c)

ZP +zZN+Z7° +3Z,

The during-fault sequence voltages at node m are given by

pref(x)
pref(m) = a

\VARLES VA . 5.12a
ZF+7ZN+Z° +3Z, (5.122)

pref(x)
v =7 2 5.12b
™ ZP+zZN+Z° +3Z. (5:120)

pref(x)

mx V

Vo™ =—70 2 (5.12¢)

™ zZh+zZN+Z0 +32Z,

Transforming back to phase components, the phase-voltages due to SLG faults are

obtained as follows,

pref(x)
mx pref(m) P N 0 V
Va :Va - me + me + me . 5.13
( )(z;+zXNX+z;’X+3zf) (5.132)
ref(m) V pref(x)
v =a?v,”" " —(a2zP +azl +Z9,) s 50 a7 ] (5.13b)
XX XX XX f
. pref(x)
vr=av," " —(azf +a’z + 2%) s N5 a7 ] (5.130)
XX XX XX f

(b) Unbalanced voltage dip due to phase-to-phase fault

In the analysis of phase-to-phase fault, only the negative and positive sequence

networks participate. As shown in Fig. 5.3 (c), the positive- and negative-sequence
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current at the fault location is equal in magnitude, but the direction is opposite. Equation

(5.14) gives the injected currents in the sequence networks.
pref(x)

17 =— a P =N 5.14
X zZFP+zN+z,. X (5.14)

The change of positive- and negative-sequence voltage is given by

vV pref(x)
AV ™ =_7P a 5.15a
™ ZE+zZN+Z. ( )

pref(x)

AV N™ = zN a 5.15b
™ Zr+Zi+Z, ( )

Moreover, the change of zero-sequence voltage is zero. Thus, the phase-voltages are
obtained by adding the pre-fault voltage to (5.15a) and then, performing the
transformation of sequence components to phase components. This yields the phase-

voltages, at bus m due to phase-to-phase faults at bus x, as given below,

pref(x)

mx _y, Prefm N _ —P V,
v = (ZN —zP ) 2 7)) (5.162)
pref(m) V pref
v,™ =a2Vv,""" +(azN —a’z" ) @ Ty o (1)
XX XX f
\Vj mx —av pref(m) n (aZZ N —aZ P ) apref(X) (5 16C)
c = a mx mx (Z;-I‘ZX,\)‘(-FZf) .

(c) Unbalanced voltage dip due to double-phase to ground fault

Following the diagram shown in Fig. 5.3 (d), the fault current due to two-phase-to-
ground fault can be easily derived. The three sequence currents are different as the
sequence networks are connected in parallel. Thus, the injected currents in the sequence

networks are given by

VAR v, (28 + 28 +32,)
P a a XX XX f
' = ZMz0%+3z,)  zhzN+zP (2% +3Z, )+ 28 (2% +3Z,) G-172)
ZP + ’i:x xx0 f XX S XX XX XX f XX XX f
o Zh+Z0 +3Z,
pref(x)
N v," (20 +3z,)
IN = (5.17b)

zPzN+ 7P (2% +32, )+ zN(z° +32Z,)
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pref(x)

0 _ XX
= AR ;’xiszf)+zN(zgx+3zf) (5.17¢)

The nodal voltages can be calculated by means of sequence currents and the transfer
impedances in the corresponding sequence. The positive-sequence voltage is the only
sequence voltage that is present prior to the fault and is equal to the pre-fault voltage at
phase a. Thus, the during fault sequence voltages are

ey PO v,""(z) + 2% +32,) .
e ™ zPzN 4+ 7P (2% +32Z, )+ 2N (28 +32,) (5.182)
v," (28 +32,)
N,mx N a XX f
Vi = zPzN+ 7P (20 +3zZ, )+ zN(z8 +3Z,) (5.180)
pref(x)
0 mx 0 a XX
VI = zPZN+ 78 (2% +32, )+ 2820 +32,) (5.18¢)

Finally, the during-fault phase voltages are found by applying the symmetrical

component transformation as follows,

pref(m) Ry, pref(x) {(Z No_ me XZO +3Z ) (Zr?nx — ZrI:X )ZX,\)I(}

Vat =V * ZPzNy70(z0 43z, )+ ZN(Z0 +3z,) O
. pref(m) pref(x) {(aZN —a ZmXXZO +37Z ) ( —a ZP )Z }
Vor=atVe 4V, ZPzN 4+ 7P (20 +3Z, )+ Xx(zfx+3zf) (5.190)
mx pref(m) pref(x) {(a ZN —aZ XZO +3Z ) (Zgnx —aznﬁx)le\)l(}
Ver=ava o Ve zPzN ¢ zxx(zgx +szf) zN(z% +3z,) (5.19¢)

5.2.3 Voltage-dip and phase-angle jump for seven types of Dips

Seven types of voltage dips normally exist in electricity networks; they are A, B, D,
F, E, C and G type, as discussed in Chapter 2. Dip-types A, B, and E are obtained due to
3-phase, single line-to-ground, and phase-to-phase faults, measured at the fault location.
Dip-type C may result from phase-to-phase fault measured at the fault location. Dip-
types D and F are obtained from the propagation of dip-types C and E via transformers.

Dip-type G usually results from the propagation of dip-type F [31] and it is usually
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found for double line-to-ground faults. Phasor representation of seven types of voltage
dips with severely affected dip-phase is illustrated in Table 5-1.

TABLE 5-1
VOLTAGE PHASORS FOR SEVEN TYPES OF VOLTAGE DIPS

Dip-
type

Phasor re-presentation of voltages (solid arrow indicates voltages

Severely affected dip-phase during|dip)

Voltage phasors:

A abc-phase >_> ........ -

Voltage phasors (severely affected a-phase):
a-phase or b-phase or c-

phase | e >

ab-phase or be-phase or ca- Voltage phasors (severely affected bc-phase): ‘

phase

Voltage phasors (severely affected a-phase):

D |a-phase or b-phase or c-
phase

Voltage phasors (severely affected bc-phase):

E |ab-phase or bc-phase or ca-
phase

Voltage phasors (severely affected a-phase):

F | a-phase or b-phase or c-

phase
Voltage phasors (severely affected bc-phase): »
G |ab-phase or bc-phase or ca- .
phase
J

In summary, three types of dips are characterized with major drop in one of the
phases (B, D, and F); they are called single phase voltage dips, see Table 5-1 for
illustration. Three dips are characterized with major drops in two of the phases and are

called double phase dips (C, E, and G). The dip-type A is called a three-phase dip or
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balanced or symmetrical dip. Now, the expression of voltage-dip d, is derived for seven
types of dips, assuming the pre-fault voltage at monitoring bus m and the faulted bus x
is 120°.

(a) Voltage-dip d, for type A

From (5.6), the expression of phase-a magnitude for type-A dip can be given by
(assuming pre-fault voltages =120°)

_ me
Z +7Z,

(5.20)

Thus, for dip-type A, the expression of voltage-dip d,, observed at monitoring bus m

due to fault at bus x, is given by
d™ =1-|Q,| (5.21)

me

where O, =1— .
Z +Z,

(b) Voltage-dip d, for type B, D and F

Taking the phase-voltage a into account, from (5.13a), the expression of phase-a

magnitude for dip-types B, D, and F can be given by (assuming pre-fault voltages =
1/0°)

ZnF:x+Zr,r\1]x+Z|?1x |
Zh+ZN+20,+3Z,|

—l1—

mx
a

(5.22)

Thus, for dip-types B, D and F, the expressions of voltage-dip d,, observed at

monitoring bus m due to fault at bus x, are given by

d)™ :1_|QBDF| (5.23)

ZI’EX +ZI'T'\1IX + Zf?]X
ZFP+Z0+2Z2 +3Z,

where Qg =1-
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(c) Voltage-dip d, for type E and C

Taking the phase-voltage b into account, from Eq. (5.16b), the expression of phase-b

magnitude for dip-types E, and C can be given by (assuming pre-fault voltages =1.20°)

mx
b

Thus, for dip-types E and C, the expressions of voltage-dip d,, observed at monitoring

2713 2N Lj4rl3—P
e Z  —¢€ Z.,

ZP+ZN+Z,

. ej47r/3

+ (5.24)

bus m due to fault at bus x, are given by

d™ =1— Q| (5.25)

j2ri3 N _ ,j4zi3—P
e Z, —¢ Z.,

_ ej47r/3
- ZP+zN 17
XX XX f

+

where Q..

(d) Voltage-dip d, for type G

Considering the phase-voltage b, from Eqg. (5.19b), the expression of phase-b
magnitude for dip-type G can be given by (assuming pre-fault voltages =1.20°)

mx
b

(o2 2 —ei*°z} N28, +3Z, )+ (25, —e'*"2zF )z} |
VAWAN +ZXPX(ZSX+BZf)+ zN(z° +3z,) ‘(5-26)

— ej47r/3+

Thus, for dip-type G, the expressions of voltage-dip d,, observed at monitoring bus m

due to fault at bus x, are given by

d> =1— Q| (5.27)

{(ej27z/3 zN _614”/3Z;’XXZSX +3Z, )+ (Zr?1X —eiA”/‘o’ng)Zii}
zPzN + 7P (28 +32, )+ zN(z8 +32,)

XX XX

where Q, =e!*""* +

The expressions of d, for seven types of dips are summarized in Table 5-11. Along
with the reduction of the voltage magnitude, as presented through the expressions of

d™, remote fault also leads to a variation in the phase angle of the voltage. This

variation of phase angle is known as phase-angle jump [116]. From Eq. (5.6) it can be

observed that for symmetrical fault or type-A dip, phase-angle jump occurs when the
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quotient Z—mxz is not a real number. However, for unsymmetrical fault or dip-types
+

w T L
B, D, F, E, C, and G, the phase-angle jump of each phase-voltage are considered
separately. From expressions (5.3)-(5.19), the phase-angle jumps corresponding to
seven types of voltage dips can be easily derived, and these are given in Table 5-11I. It is
to be noted that for deriving the expressions of phase-angle jump, pre-fault voltage is
assumed to be 1.20°. Moreover, due to fault at bus x and monitoring point at bus m of
Fig. 5.1, the phase-angle jumps at a-, b-, and c-phase are denoted as
A Ag™ ;and Ap™, respectively.

TABLE 5-11
EXPRESSIONS OF VOLTAGE-DIP FOR SEVEN TYPES OF VOLTAGE DIPS

Dip-type Voltage-dip (dy) at monitoring node m due to fault at bus x
d™ =1-|Q,|
A
Z
where Q, =1-—™—
Z +Z;
m
dv ) :1_|QBDF|
B,D,F P N 0
Z +Z_ +Z
where Qgpe =1— ——m—m X
Z +2,+72,+3Z,
m:
d™ =1— Q|
E,C jari3 g2 Zn,:‘x _ej4ﬂ/3Zan)x
where Q. =¢€ + 5 N
VANE WANE VAP
m
d> =1—|Qg|

{(ejzms ya _ej47r/32;’XXZ)(<)X 132, )+ (Zr?]x —e””IBZ;X)ZX’\:(}
zPzN +ZXF;(ZSX+3Zf)+Z:i(ZSX+3Zf)

where Q_ =e'*"® +

XX XX
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TABLE 5-111
EXPRESSIONS OF PHASE-ANGLE JUMP FOR DIFFERENT DIP-TYPES

E/IFZ Phase-angle jump at monitoring node m due to fault at bus x
A mx jo Z mx mx
Apg” =|argee” — ——"—— = A" =A
:ua g{ ZXX + Zf } ,le /uc
- zZP +z) +2°
Alu;nx :arg eJO _ - mx - mx - mx
Z +2,+2Z, +3Z,
B A/me — 4_72'_arg ej47z/3 _ej4dgzr'r:1x +ej2d3 Zn'\:x + Zr?]x
13 zP +zN+7° 437,
A/me — 2_72'_arg ej27z/3 _ej2d3zn|:x +ej47d3 ngx + Zr?lx
¢ 3 ZP +zN+Z7° +3Z.
N P
A’umx =larg ejO + me — me
a P N
Z +Z, +2Z,
E A/,lmx — 4_7Z-_arg ej4zz/3 +ej27z/3 Zr'r\llx _ej4ﬂ7'3z;’x
13 zP+zN 4+ 7,
Au™ =2—7T—arg o273 +ej47d3 Zn -z,
C P N
3 VANE W ANE AP
. o Nzn-z0 )25 +32, )+ (20, - 25 )23
Hy =farg | el + 5T P[>0 N[0
zPzN 1+ zP(20 +32, )+ zN(2% +32Z,)
{( jori3 7 N _ o jari3 P Xzo 37 ) (ZO _ i3z P )ZN}_
G mx __ 472- j43 € mx € mx XX + f + mx e mx XX
A/Ib = —arg| e + P—N P(—0 N(=0
3 z2PzN+77 (28 +32, )+ ZN(Zz% +32,)
) ej4ﬂi3zN _ej27z/3zF’ ZO +3Z + ZO _ej27z/32P ZN ]
Aluénxzz_ﬂ-_arg|:ejznj3+{( mx mxX XX f) ( mx mx) xx}

zhzN + 7P (20 +32, )+ Z2N (2% +32,)

5.2.4 Voltage-dip d, and phase-angle jump for seven types of Voltage

Dips with DG

Table 5-11 and 5-111 summarize the expressions of voltage-dip and phase-angle jumps

due to different types of dips. In these expressions, inclusion of DG was not considered.

Considering a synchronous generator based DG connected at n-th bus of Fig. 5.1, the

expressions of d, (voltage-dip) and phase-angle jumps associated with balanced and

unbalanced fault initiated dips are presented below.
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)] Balanced voltage dip (Type A) with DG

Due to balanced or symmetrical fault at bus x, voltage at any monitoring bus m can be
obtained. To do so, the test network of Fig. 5.1 is simplified to derive the during-fault
voltage at m and the simplified equivalent network is shown in Fig. 5.4. Now,

expressing the DG internal voltage as E,;, and applying superposition theorem at

monitoring bus m, see Fig 5.4, voltage at bus m can be given by

E.Z, (zergn *Zoo )+ Eos {Zf (Zs + Zequ + Zexgq)"' (Zs + Zequ)zé(qm}
225 +(2 2 22N v 2, +28) P

mx __

where

quxz Equivalent impedance between bus x and PCC bus or bus 1,
Z ' = Equivalent impedance between bus m and n,

Z, = Equivalent impedance between bus x and m.

PCC/Bus 1 Bus x Busm Bus n
1x Xm ° mn
zy Z —Z

eq eq

Fig. 5.4. Simplified network diagram of the test system of Fig. 5.1 for dip-type A associated with

balanced 3-phase or symmetrical fault at bus x.

Taking the magnitude of phase-voltage a of (5.28) into account, voltage-dip (d,) at

monitoring bus m due to fault at bus x can be given by

E.Z(ZI+ Zog )+ Epe {2, (2, + 28+ 227 )+ (2, + 22 )22 }| 629
Z,ZX (2 1z + 20 N2+ 2, +2Y) \ '

q

dm™ =1-

Besides, phase-angle jump associated with dip-type A can be easily obtained from

(5.29), which is given by

E.Z, (20 +Z0e )+ Ene{Z, (2, + 28+ 22 )+ (2, + 22 )z 2}
Z, 22+ (Z0 +Zpe + 252, + 2, +22)

q

Ap™ :arg{ } (5.30)
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Expressions (5.28)-(5.30) are valid for the network topology shown in Fig. 5.1. In
Fig. 5.1, DG is connected at remote end of a radial distribution feeder, and fault occurs
between PCC bus and DG-connected bus. Thus, the simplified diagram of Fig. 5.4 is
obtained and it is solved to get the during-fault (balanced) voltage at any monitoring bus
m by applying superposition theorem. Similarly, for different positioning of DG along
with different fault-location in the network, firstly, the simplified diagram needs to be
obtained; then it can be solved to get the during-fault (balanced) voltage at any

monitoring bus.
i) Unbalanced voltage dip (Type B, D, F, E, C, and G) with DG

The presence of synchronous generator based DG in the network will obviously have
an impact on the positive-, negative- and zero-sequence impedance matrix. Therefore, in
order to develop the expressions of voltage-dip due to unbalanced faults with DG, the
sequence impedance matrixes are taken into consideration. The positive-, negative- and
zero-sequence impedance matrixes at the presence of synchronous generator based DG
are shown in Fig. 5.5, which is acquired due to unbalanced fault at bus x of Fig. 5.1.
Now, the description of symbols used in Fig. 5.5 is given below:
z{,zY,z2 are the positive-, negative-, and zero-sequence impedance of upstream
source, respectively.

Zh.,Z0.,Z2, are the positive-, negative-, and zero-sequence impedance of
synchronous generator based DG, respectively.

Zo 2T, 2™ are the positive-, negative-, and zero-sequence equivalent impedance
between bus 1 and bus x.

Z;X” ,Ze';’x" , ZS&X” are the positive-, negative-, and zero-sequence equivalent impedance
between bus x and bus n.

z>.zN

XX ! XX?

Z? are the positive-, negative-, and zero-sequence Thévenin equivalent

impedance observed at bus x.
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Fault

PCC/Bus 1 .
z" "
——
> VP
V pref(x)
E a
O«
Fault (b)
PCC/Bus 1 Busn
X N
| = Z
+
EIID\IG — V N
—p
Fault (C)
PCC/Bus 1 Busn 50 ]
xn 0'
z Sq P Zxx
+
0 0
EDG —- v
—

Fig. 5.5. (a) Positive-, (b) negative-, and (c) zero-sequence impedance diagrams of the test system of

Fig. 5.1 for investigating voltage-dip associated with unbalanced fault at bus x.

Balanced faults as well as unbalanced faults including SLG, phase-to-phase, and
double line-to-ground fault can be investigated by connecting the three sequence
networks of Fig. 5.5 in the order as shown in Fig. 5.3. It is to be noted that from the
equivalent network diagrams as illustrated in Fig. 5.5, calculation of Thévenin

equivalent impedance(z"' zN ZQ'X) is a cumbersome task, especially for a large

network with multiple DGs. Therefore, in order to make the task independent of
network topology, bus impedance matrix is utilized. To this end, firstly, a minor
modification, due to introduction of DG, is incorporated in the admittance matrix of

(5.1) as follows

YR 2 AT 2R Y,
NOU 2 AR 2N Y,
. Yoo Yoo, A (T Y e, Y
I:YBUS ]: x1 X2 XX xm xn (531)
Y Y AR 2 v
Yot Yopeooooooo YooY Yoo+ Voo |
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Then, taking the inverse of the bus admittance matrix of (5.31), the bus impedance
matrix is achieved; thus, the modified bus impedance matrix is denoted by a slight

change in the notation (addition of a “dash” in the superscript of “impedance symbol”)
and it is given by[Z']=[v., |*. Now, with the inclusion of DG, the positive-(Z” ),
negative- (Z N') and zero- (ZO')sequence impedance matrix are built as discussed in

section 5.2.1. And, the sequence-impedance matrixes are described as: Z” = positive-

sequence impedance matrix including DG’s positive-sequence (xjg) reactance while

building the impedance matrix, Z" = negative-sequence impedance matrix including

DG’s negative-sequence (X)) reactance while building the impedance matrix, Z° =

zero-sequence impedance matrix including DG’s zero-sequence reactance (ng) . Thus,

with the introduction of DG, firstly, the sequence-impedance network is formed; then
sequence network diagrams associated with different types of fault initiated dips are
developed as discussed in Section 5.2.1. Afterwards, the expressions of voltage-dip d,
for seven dip-types are obtained, which are summarized in Table 5-1V. Moreover, the

phase-angle jumps associated with these types of dips are presented in Table 5-V.

TABLE 5-1V
EXPRESSIONS OF VOLTAGE-DIP FOR SEVEN TYPES OF VOLTAGE DIPS WITH DG

Dip-type Voltage-dip (dy) at monitoring node m due to fault at bus x

B2, (20 + Zo )+ EnslZ, (2, + 25+ 20 )+ (2, + 25)220 |
Z, 22+ (20 +Zpe + 252, +2Z, +2Y)
Or,

d™=1-
A |

dr =1-|2,| ' Z
v = Al» Where O, zl_ﬁ
f

XX

d;” :1_‘QBDF‘
_ ZptZytZy
Z0+ZN +Z22 +3Z,

B,D,F

where O _ =1

mx _q_ !
d =1- Q|

j2z13 - N' jazi3—5 P'
e Z., —€ Z.

Z°+ZN +Z,

E,C

_ej47r/3

where Q. +

d =1- [ |
{7 zy —eroz] Nz3 +32, )+ (25, —e "2}, )2} )
Z7Zy + 75 (25 +32, )+ 2825 +32,)

where Q_ =el*"* +
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TABLE 5-V

EXPRESSIONS OF PHASE-ANGLE JUMP FOR DIFFERENT DIP-TYPES WITH DG

E/g: Phase-angle jump at monitoring node m due to fault at bus x
_ Z
Amx:ar ejo_$ ZA mx:A mx
/ua g{ ZXX+Zf} :ub :uc
A Or,
mx Eszf(zezn +ZDG)+ EDG {Zf(zs +Zel(;(+zext‘4m)+(zs +Z;qx)z:qm} mx mx
A,Lla =arg Z le mn xm 1x :A/ub _A'uC
ZE+(Zr vz 202+ 2, +2E)
- zZP yzN 4 z°
A mx:ar ejO_ : mx : mx : mx
Ha g{ ZF 7V 1 7% 137,
4 ) ej4;z/3ZP' +ej2;zi3 ZN' +ZO‘
B A/th:nx :_ﬂ_arg ej47z/3 _ . mx . = mx mx
3 Z +2,+2,+3Z,
. ejZdSZP' +ej4m’32N' +ZO'
A/Jénx :Z_ﬂ_arg e12m’3 _ = mx S = mx mx
3 Zy+Z+2Z,+3Z,
; zN-z"
Alu;nx :arg e]O + = mx = mx
L, +Z,+2Z,
. N P ey i 2
Ho =379 ZP 47V 47
XX XX f
Au™ _2_7T_ar g 1273 +ej4ﬂ/3 Zn’\]‘x _ejMSZ;;
He =3 99 ZP 17N 47
XX XX f
N* P 0' 0' P N'
,Umx —|arg ejo i {(me _meXZxx +‘?’Zf )+(me _me)zxx}
a z2PzN 75 (2% +32, )+ 2N (2% +32,)
G | om |47 e e ZN e ZF )28 +3Z, )+ (28, —e*Zh )z |
Au,” =l—-—arg e + PN P70 N (-0
3 zPzN + 2P (2% +32, )+ 2N (2% +32,)
o ox s &M 2N ez N20 437, )+ (28 P ZE )z |]
Ape” =—-—arg e + PN P70 N[>0
3 2P zN 4+ 7P (2% +32, )+ 2N (2% +32,)

In Tables 5-111 and 5-V, phase angle jumps associated with dip-types D, F and C are

not shown, since these types of dips are generated due to propagation of dips through

different types of transformer winding configurations; it is discussed briefly in the next

Section. From the expressions shown in Tables 5-1V and 5-V, it is evident that DG will

have an impact on the value of voltage-dip and phase-angle jump for symmetrical and

unsymmetrical faults initiated (different types of)voltage dips. In the next section,
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simulation of a test distribution network is conducted to validate the analytical

expressions under different types of voltage dips with and without DG.

5.3 ILLUSTRATIVE EXAMPLE FOR VALIDATING THE
ANALYTICAL EXPRESSIONS ASSOCIATED WITH VOLTAGE

DIPS

In Section 5.3.1, a simulation study is conducted which explores different types of
dips and their associated phase-angle jumps at different buses during different types of
faults. Then, in Section 5.3.2, validation of the analytical expressions of Section 5.2 is

carried out considering the common test system and experimental platform.

5.3.1 Simulation Study

Single line diagram of a simple radial distribution network is shown in Fig. 5.6. This
test system is simulated to analyse the different types of fault-initiated dips at different
buses of the system. The upstream side of the test system is represented by Thévenin
equivalent of the utility grid, where voltage level and fault level is considered as 66 kV
and 1000 MVA, respectively. It is connected to PCC bus through a 66/11 kV
transformer. Three-phase loads are distributed along the distribution feeder. A
synchronous generator type DG (capacity of 2 MW) equipped with automatic voltage
regulator (AVR) is connected at the remote end of the distribution feeder, see Fig. 5.6.

The details of the test network’s parameters are presented in Appendix A.2.

1 Ls Ls Lg
2 3 5 8 11/0.415 kv 11

7 [ | | \ | | Ve |

Sub W | Z {2 | Z () \E(E/‘
66/11 kV 2 MW

+AVR

L, L
Lo

PCC

Fig. 5.6. Single line diagram of a radial distribution network with synchronous generator (SG) based DG.

Now, due to fault at any arbitrary bus(for this study, bus 8 is selected), voltages and

their corresponding phase-angle at different buses are monitored. As discussed in
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section 5.2, four types of faults are usually found in power system; they are Single line-
to-ground (SLG) fault, phase-to-phase fault, double line-to-ground fault and
symmetrical or balanced 3-phase fault. These faults are the primary reason for
developing different types of dips. However, propagation of dips through different
network elements can change the type of dips. For example, transformer winding
connection and load-connection can influence the type of dips. A general discussion on

transformer winding connection and load connections are presented below.

(a) Transformer Winding Connection
Transformer winding connections are classified into three types to explain the
transfer of three-phase unbalanced voltage dips, as well as the change in voltage dip-
type, from one voltage level to another [22].
= Type 1 - Transformers that do not change anything to the voltages. The primary
voltages (per unit) are equal to the secondary per unit voltages. The only
transformer configuration that falls under this type is the Wye Grounded-Wye
grounded (Yg-YQ).
= Type 2 — Transformers that remove the zero-sequence voltage. Basically, the
secondary voltage (pu) is equal to the primary voltage (pu) minus the zero-
sequence component. The Delta-delta (Dd), Delta-zigzag (Dz) and the Wye-wye
(with both windings ungrounded or with only one star point grounded) belong to
this type.
= Type 3 — Transformers that changes line and phase voltages. Delta-wye (Dy),
Wye-delta (Yd) and the Wye-zigzag (Yz) fit under this type.

(b) Load Connection

Three-phase loads in power networks are usually connected in two ways: wye-
connected and delta-connected. These types of connectivity of loads, along with
different combinations of fault-types and transformer-types, can also influence the type
of dips.

In the simulation study, the seven types of dips, as discussed in Section 5.2.3, are
generated by using the combinations of above three factors, i.e., fault type, winding
connection of transformer, and load-connection. The combinations, which have been

applied for generating the seven types of dips, are shown in Table 5-VI.
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Table 5-VII illustrates the voltage-dip (dy) and phase-angle jumps associated with
seven types of dips. These dips are encountered at bus 10 of Fig. 5.6, due to fault at bus
8. Two scenarios are investigated in this simulation study; first scenario did not take DG
into account, whereas the second scenario included the presence of DG at bus 11. From
Table 5-VII it is evident that the presence of DG improves the voltage profile during
dip, by showing comparatively less d, than the d, obtained when DG was not present.
The reason is, the current provided by DG during fault, may keep the fault-current
supplied by upstream side to a lesser amount resulting in less voltage drop at the
monitored buses. Therefore, improvement of voltage-dip (d,) is observed for all seven
types of dips, see Table 5-VII. However, phase-angle jumps show slight difference for
the two scenarios under all types of dips. It is due to the fact that DG-reactance
influences the impedance matrix, and hence, phase-angle jumps are affected. To
demonstrate the effect of voltage-dip and phase-angle jump with and without DG, Fig.
5.7 illustrates the instantaneous 3-phase voltages and its associated phase-angle,
voltage-dip (d,) for type-D dip with severely affected a-phase.

TABLE 5-VI
GENERATION OF SEVEN TYPES OF DIPS CONSIDERING DIFFERENT COMBINATIONS OF NETWORK ELEMENTS AND FAULTS [22]

Voltage | Fault Transformer type Load-connection
Dip-type | type | Type1:Yg-Yg | Type 2:Dd | Type 3:Dy Wye Delta
A 30 No effect on transformer type No effect on load connection
B LG Yes Yes
c LG Yes Yes
LL Yes Yes
D LG Yes Yes
LL Yes Yes
E LLG Yes Yes
F LLG Yes Yes
Yes Yes
G LLG Yes Yes
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TABLE 5-VII

SEVEN TYPES OF VOLTAGE DIPS WITH AND WITHOUT DG OBSERVED AT BUS 10

Ground- Without DG With DG
Voltage | truth Phase-angle jump Phase-angle jump
Dip- | (Severely | voltage- Voltage- o]
type affected | dip () | [Au,|° | M| | [Are| | dip (@) | |Am,| | [Au| | 1T
dip-phase) °
A abc-phase 0.9212 65.37 65.37 65.37 0.9122 67.06 67.06 67.06
B a-phase 0.9488 68.75 15.14 13.59 0.945 70.22 14.93 13.91
C ca-phase 0.4835 64 7 68 0.4801 60 5 63
D a-phase 0.7544 70 25 28 0.7499 69 24 27
E ab-phase 0.4777 58.91 58.74 0 0.4725 58.89 58.70 0
F a-phase 0.7645 73 19 32 0.7605 71 17 28
G ab-phase 0.9607 2 68.74 7 0.9577 3 70 8

Table 5-VII shows the voltage-dip (d,) and phase-angle jump at one monitoring bus,

i.e., at bus 10. To investigate the effect of voltage-dip and phase-angle jumps at all other

buses in the distribution feeder, a SLG and phase-to-phase fault initiated B- and E-types

dips are investigated and the results are illustrated in Tables 5-VIIIA and 5-VIIIB,

respectively. Similar to the previous analysis as conducted for monitoring bus 10, the

other buses also encounters the difference in voltage-dip (dy) and phase-angle jumps

with and without DG. However, buses in the proximity of fault encounter larger

voltage-dip in comparison to the buses at farther away from the fault-point.
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Fig. 5.7. (a) Instantaneous 3-phase voltages, (b) its phase-angles in time-domain, and (c) the associated
voltage-dip (d,), observed at bus 10 due to voltage dip D-type with severely affected a-phase.

TABLE 5-VIIIA
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VOLTAGE DIPS AND PHASE-ANGLE JUMPS OBSERVED AT DIFFERENT BUSES DUE TO SLG FAULT AT BUS 8

VoI_tage Bus Without DG - With DG -

Dip- number | Voltage- Phase-angle jump Voltage- Phase-angle jump
e dip () | Az | | [A|” | |As]” | diD@) | [Ap,|® | [Am|” | A
B 1 0.059 1.42 1.44 1.86 0.058 1.42 1.17 1.81
B 2 0.108 2.59 1.44 1.86 0.109 2.60 1.16 1.79
B 3 0.4015 4.11 5.20 4.10 0.398 4.30 4.99 4.23
B 4 0.4015 411 5.20 4.10 0.398 4.30 4.99 4.23
B 5 0.6966 8.43 10.52 9.18 0.69 9.11 10.31 941
B 6 0.6966 8.43 10.52 9.18 0.695 9.11 10.31 941
B 7 0.6966 8.43 10.52 9.18 0.695 9.11 10.31 941
B 8 0.9488 68.75 15.14 13.59 0.945 70.22 14.93 13.91
B 9 0.9488 68.75 15.14 13.59 0.945 70.22 14.93 13.91
B 10 0.9488 68.75 15.14 13.59 0.945 70.22 14.93 13.91
B 11 0.9488 68.75 15.14 13.59 0.946 64.69 14.93 13.92

TABLE 5-VIIIB
VOLTAGE DIPS AND PHASE-ANGLE JUMPS OBSERVED AT DIFFERENT BUSES DUE TO PHASE-TO-PHASE FAULT AT BUS 8
Without DG With DG
VoDI_tage Bus Phase-angle jump Phase-angle jump

tyg)e_ number \é?;)t?gf)' A, AL o \é(inltag < o . .

. | |Au P | |Aua]” | [Au|” | (A

E 1 0.0912 0 5.77 1.80 0.0897 0 5.80 1.77

E 2 0.1334 0 9.30 3.20 0.1315 0 9.34 3.15
E 3 0.2977 0 20.24 14.73 0.295 0 20.33 | 14.59
E 4 0.2977 0 20.24 14.73 0.295 0 20.33 | 14.59
E 5 0.4221 0 36.67 33.08 0.4182 0 36.77 | 32.90
E 6 0.4221 0 36.67 33.08 0.4182 0 36.77 | 32.90
E 7 0.4221 0 36.67 33.08 0.4182 0 36.77 | 32.90
E 8 0.4777 0 58.91 58.74 0.4725 0 58.89 | 58.70
E 9 0.4777 0 58.91 58.74 0.4725 0 58.89 | 58.70
E 10 0.4777 0 58.91 58.74 0.4725 0 58.89 | 58.70
E 11 0.4777 0 58.91 58.74 0.4723 0 57.99 | 57.65

5.3.2 Validation of Analytical Expressions of Voltage Dips with and
without DG

In Section 5.3.1, the voltage-dip (d,) and phase-angle jumps under different types of
faults are calculated using the simulated results at different monitoring buses. To
validate the expressions developed in Section 5.2, this sub-section explores the case by

case study of different types of fault initiated dips and their associated phase-angle
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jumps with and without DG employing the developed analytical expressions as well as
through network simulations. To this end, voltage-dips and phase-angle jumps, as
observed at bus 10 due to fault at bus 8, are calculated from the impedance matrix of the
test network shown in Fig. 5.6 and the analytical expressions associated with balanced
and unbalanced faults. The results can be seen in Tables 5-IXA and 5-1XB. Two
scenarios, which include the presence of DG and the absence of DG, are taken into
account in this study. To carry out the validation, the results obtained through
simulation and analytical expressions are placed side by side. Less than 1% difference is
found in the test results, which indicate the acceptability of the developed expressions
of presented in Section 5.2.
TABLE 5-1XA

ANALYTICAL EXPRESSION AND SIMULATION-WISE VOLTAGE DIPS, PHASE-ANGLE JUMPS OBTAINED AT BUS 10 DUE TO FAULT AT BUS

8: WHEN DG IS NOT PRESENT

Ground- Without DG (Analytical expression) Without DG (Simulation)
Voltage truth A A
. Phase-angle jum Phase-angle jum
Dip- | (Severely | voltage- b P Voltage- JE P
type | affected | dip(d) | (A" | [Am]® | |Ae® | diP@) | (At | [Am|® | (A

dip-phase)

A abc-phase | 0.924 67.77 67.77 67.77 0.9212 65.37 65.37 65.37

B a-phase 0.9478 68.72 1485 | 1351 | 0.9488 68.75 15.14 13.59

E bc-phase | 0.4667 0 58.89 | 58.73 | 04777 0 5891 | 58.74

G bc-phase | 0.9597 3 69 6 0.9607 2 68.74 7
TABLE 5-1XB

ANALYTICAL EXPRESSION AND SIMULATION-WISE VOLTAGE DIPS, PHASE-ANGLE JUMPS OBTAINED AT BUS 10 DUE TO FAULT AT BUS
8: WHEN DG IS PRESENT

Ground- With DG (Analytical expression) With DG (Simulation)
Voltage truth : -
. Phase-angle jum Phase-angle jum
Dip- | (Severely | voltage- 2 SRR Voltage- e
type | affected | dip(d) | [Aw,|® | [Am|® | (At | diP @) | [Au|® | [Am]® | A

dip-phase)

A abc-phase | 0.9147 68.24 68.24 68.24 0.9122 67.06 67.06 67.06

B a-phase 0.9422 70.18 14.90 13.86 0.945 70.22 14.93 13.91
E bc-phase | 0.4625 0 58.86 58.67 0.4725 0 58.89 58.70
G bc-phase | 0.9571 4 71 9 0.9577 3 70 8

In order to conduct the further validation of the developed expressions, balanced 3-
phase faults are taken into account. The during-fault bus voltages and phase-angle
jumps at all buses in the distribution feeder are observed with and without DG. The

voltage-dip (dy) and phase-angle jumps at different buses obtained through simulations
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are shown in Figs. 5.8 (a)-(b), whereas the d, and phase-angle jumps obtained through
analytical expressions are highlighted in Figs. 5.8 (c)-(d). Following the similar
approach, unbalanced faults, such as, SLG and phase-to-phase faults, are investigated
with and without DG using network simulations and analytical expressions; see Tables
5-XA, 5-XB, 5-XIA, 5-XIB for illustration. Less than 1% difference is found in all the
test results, which is in line with the previous study.
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Fig. 5.8. Voltage-dip (d,) and phase-angle jumps at bus 10 due to balanced 3-phase faults at bus 8;
d,obtained from (a) analytical expression and (b) simulation; phase-angle jumps obtained from (c)

analytical expression and (d) simulation.
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TABLE 5-XA
ANALYTICAL EXPRESSION AND SIMULATION-WISE VOLTAGE DIPS, PHASE-ANGLE JUMPS OBTAINED AT DIFFERENT BUSES DUE TO

SLG FAULT AT BUS 8: WHEN DG IS NOT PRESENT

Without DG (Analytical expression)

Without DG (Simulation)

Voltage BUs ' :

Dip- number | Voltage- Phase-angle jump Voltage- Phase-angle jump

type dip (@) | [Asa|” | [As]” | [Asre|” | GIPE) | [Ap,|® | |A|” | [Ap]®
B 1 0.0581 1.38 1.15 1.78 0.059 1.42 1.44 1.86
B 2 0.1069 2.56 1.15 1.78 0.108 2.59 1.44 1.86
B 3 0.3974 4.07 491 4.02 0.4015 4.11 5.20 4.10
B 4 0.3974 4.07 491 4.02 0.4015 4.11 5.20 4.10
B 5 0.6866 8.39 10.23 9.10 0.6966 8.43 10.52 9.18
B 6 0.6866 8.39 10.23 9.10 0.6966 8.43 10.52 9.18
B 7 0.6866 8.39 10.23 9.10 0.6966 8.43 10.52 9.18
B 8 0.9478 68.72 14.85 1351 0.9488 68.75 15.14 | 13.59
B 9 0.9478 68.72 14.85 1351 0.9488 68.75 15.14 | 13.59
B 10 0.9478 68.72 14.85 1351 0.9488 68.75 15.14 | 13.59
B 11 0.9478 68.72 14.85 1351 0.9488 68.75 15.14 | 13.59

TABLE5-XB

ANALYTICAL EXPRESSION AND SIMULATION-WISE VOLTAGE DIPS, PHASE-ANGLE JUMPS OBTAINED AT DIFFERENT BUSES DUE TO

SLG FAULT AT BUS 8: WHEN DG IS PRESENT

Voltage

With DG (analytical expression)

With DG (Simulation)

Dip- nulileger Voltage- Phase-angle jump Voltage- Phase-angle jump

3195 dip () | |As,|* | [Ap|” | |Aze]” | diP@) | |As | | [Ap|® | [Ase]®
B 1 0.0575 1.38 114 177 0.058 1.42 117 181
B 2 0.106 2.56 1.13 1.75 0.109 2.60 1.16 | 1.79
B 3 0.3964 | 4.26 4.96 4.18 0.398 4.30 499 | 4.23
B 4 0.3964 | 4.26 4.96 4.18 0.398 4.30 499 | 4.23
B 5 0.6853 | 9.07 | 10.28 | 9.36 0.69 9.11 | 1031 | 941
B 6 0.6853 | 9.07 | 10.28 | 9.36 0.695 9.11 | 1031 | 941
B 7 0.6853 | 9.07 | 10.28 | 9.36 0.695 9.11 | 1031 | 941
B 8 0.9422 | 70.18 | 14.90 | 13.86 | 0.945 | 70.22 | 14.93 | 1391
B 9 0.9422 | 70.18 | 14.90 | 13.86 | 0.945 | 70.22 | 14.93 | 1391
B 10 0.9422 | 70.18 | 14.90 | 13.86 | 0.945 | 70.22 | 14.93 | 1391
B 11 0.9401 | 64.65 | 14.90 | 13.88 0.946 64.69 | 14.93 | 13.92
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TABLE 5-XIA

ANALYTICAL EXPRESSION AND SIMULATION-WISE VOLTAGE DIPS, PHASE-ANGLE JUMPS OBTAINED AT DIFFERENT BUSES DUE TO

PHASE-TO-PHASE FAULT AT BUS 8: WHEN DG IS NOT PRESENT

Voltage

Without DG (analytical expression)

Without DG (Simulation)

Dip- nu?#tsJer Voltage- Phase-angle jump Voltage- Phase-angle jump

e dip () | Az | | Ay | |Ar]” | diD@) | [Ap,|® | A" | [Ar]”
E 1 0.0802 0 5.74 1.79 0.0912 0 5.77 1.80
E 2 0.1224 0 9.27 3.19 0.1334 0 9.30 3.20
E 3 0.2867 0 20.22 | 14.72 0.2977 0 20.24 | 14.73
E 4 0.2867 0 20.22 | 14.72 0.2977 0 20.24 | 14.73
E 5 0.4111 0 36.65 | 33.07 | 0.4221 0 36.67 | 33.08
E 6 0.4111 0 36.65 | 33.07 | 0.4221 0 36.67 | 33.08
E 7 0.4111 0 36.65 | 33.07 | 0.4221 0 36.67 | 33.08
E 8 0.4667 0 58.89 | 58.73 | 0.4777 0 58.91 | 58.74
E 9 0.4667 0 58.89 | 58.73 | 0.4777 0 58.91 | 58.74
E 10 0.4667 0 58.89 | 58.73 | 0.4777 0 58.91 | 58.74
E 11 0.4667 0 58.89 | 58.73 0.4777 0 58.91 | 58.74

TABLE 5-XIB

ANALYTICAL EXPRESSION AND SIMULATION-WISE VOLTAGE DIPS, PHASE-ANGLE JUMPS OBTAINED AT DIFFERENT BUSES DUE TO

PHASE-TO-PHASE FAULT AT BUS 8: WHEN DG IS PRESENT

Voltage

With DG (Analytical expression)

With DG (Simulation)

Dip- nulileger Voltage- Phase-angle jump Voltage- Phase-angle jump

3195 dip () | |As,|* | [Ap|” | |Aze]” | diP@) | |As | | [Ap|® | [Ase]®
E 1 0.0797 0 5.77 1.75 0.0897 0 5.80 177
E 2 0.1215 0 9.31 312 | 0.1315 0 9.34 | 315
E 3 0.285 0 20.30 | 1457 | 0.295 0 20.33 | 14.59
E 4 0.285 0 20.30 | 1457 | 0.295 0 20.33 | 14.59
E 5 0.4082 0 36.74 | 32.88 | 0.4182 0 36.77 | 32.90
E 6 0.4082 0 36.74 | 32.88 | 0.4182 0 36.77 | 32.90
E 7 0.4082 0 36.74 | 32.88 | 0.4182 0 36.77 | 32.90
E 8 0.4625 0 58.86 | 58.67 | 0.4725 0 58.89 | 58.70
E 9 0.4625 0 58.86 | 58.67 | 0.4725 0 58.89 | 58.70
E 10 0.4625 0 58.86 | 58.67 | 0.4725 0 58.89 | 58.70
E 11 0.4623 0 57.95 | 57.62 0.4723 0 57.99 | 57.65
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5.4 CHARACTERIZATION OF VOLTAGE DIPS

In this section, voltage dips are characterized by analysing the voltage-dip and phase-

angle jumps at different buses under several scenarios, which include the fault-type,

fault location, capacity (sizing) and location of DG in the distribution feeder.

i)

Voltage dips characterization for different fault-types

Four types of faults, as discussed earlier, are analysed using the test network of Fig.

5.6. Voltage-dip (dy) and phase-angle jumps at different buses are observed due to fault

at bus 8. The analytical expressions derived in Section 5.2 are used for this dip-

observation. The results are shown in Table 5-XII. It is to be noted that phase-angle

jumps of one phase voltage, which shows the highest value, is presented in the Table 5-

X1l for different types of faults. However, the phase-angle jumps of other phase-

voltages are also obtained from the network using developed expressions. From the test

results it is evident that balanced 3-® faults yield the higher d, than phase-to-phase

faults. SLG faults result in higher d, than balanced 3-® faults in the vicinity of fault

location (i.e. adjacent to bus 8). Moreover, double line-to-ground faults show less d,

than balanced 3-@ faults at monitoring bus 1 to 4, i.e., close to the upstream side.

TABLE 5-

Wl

VOLTAGE DIPS AT DIFFERENT BUSES FOR DIFFERENT FAULT-TYPES

Fault-types

Balanced 3-phase | SLG (single line to Phase-to-phase Double line-to-
o fault ground) fault fault ground fault
Faulted | Monitoring
node Bus Voltage- Z?%SIZ_ Voltage- Z‘:}ZSIZ' Voltage- ZZZSIZ_ Voltage- Zl:]zslz'
dip (d.) um dip (dy) um dip (dy) um dip (dy) um
in pu jump in pu jump in pu jump in pu jump
(degree) (degree) (degree) (degree)
1 0.1314 3.12 0.0575 1.38 0.0797 5.77 0.0947 6.11
2 0.2067 5.33 0.106 2.56 0.1215 9.31 0.1567 10.31
3 0.4624 8.36 0.3964 4.26 0.285 20.30 0.4445 22.30
4 0.4626 8.37 0.3964 4.26 0.285 20.30 0.4445 22.30
5 0.7088 15.87 0.6853 9.07 0.4082 36.74 0.7315 38.94
8 6 0.7084 15.55 0.6853 9.07 0.4082 36.74 0.7315 38.94
7 0.7085 15.45 0.6853 9.07 0.4082 36.74 0.7315 38.94
8 0.9118 70.42 0.9422 70.18 0.4625 58.86 0.9577 59.86
9 0.9138 68.66 0.9422 70.18 0.4625 58.86 0.9577 59.86
10 0.9147 68.24 0.9422 70.18 0.4625 58.86 0.9577 59.86
11 0.9093 64.28 0.9401 64.65 0.4623 57.95 0.9644 56.95
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i) Voltage dips characterization for different fault-location

In this study, fault locations are selected at bus 1, 5 and 8, and the associated voltage
dips, phase-angle jumps are monitored at all buses; see table 5-XIII for illustration. It
should be noted that SLG fault is considered in this study, since 70% (approximately) of
the faults in the power system are SLG-types[115]. Voltage-dips (d,) in the vicinity of
faults show the highest value. For instance, when fault occurs at bus 5, then phase-
voltages at bus 5 and its adjacent buses, which are bus 6 and 7, experience the most
severe dip as shown in Table 5-XII1. However, fault occurred adjacent to upstream bus
has less severe voltage dips. For example, when fault occurs at bus 1, which is nearest
to the upstream side, then voltage-dip at a monitoring bus 4 experiences less dip in
comparison to the fault that occurs at bus 8 located far away from upstream grid, see

Table 5-XI111 for more details.

TABLE 5-XII1
VOLTAGE DIPS AT DIFFERENT BUSES DUE TO FAULT AT DIFFERENT LOCATION

Fault location

Bus 1 Bus 5 Bus 8
Fault- | Monitoring Phase- Phase- Phase-
type Bus \épltage— angle Voltage- angle Voltage- angle
ip() | dip(d) | . dip(d) |
in pu jump in pu jump in pu jump
(degree) (degree) (degree)
1 0.4136 54.07 0.0807 2.02 0.0575 1.38
2 0.4007 42.18 0.1485 3.84 0.106 256
3 0.3906 40.54 0.5563 8.50 0.3964 4.26
4 0.3906 40.54 0.5563 8.50 0.3964 4.26
5 0.38 38.96 0.9209 69.29 0.6853 9.07
SLG 6 0.38 38.96 0.9209 69.29 0.6853 9.07
7 0.38 38.96 0.9209 69.29 0.6853 9.07
8 0.3689 37.44 0.8991 54.84 0.9422 70.18
9 0.3689 37.44 0.8991 54.84 0.9422 70.18
10 0.3689 37.44 0.8991 54.84 0.9422 70.18
11 0.3671 36.90 0.896 52.01 0.9401 64.65
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i)  Voltage dips characterization at the presence of DG with different

capacities

In this study, fault-location is considered at bus 8, and the capacity of synchronous
generator based DG, which is placed at bus 11, is varied from 1 MW to 3 MW keeping
unity power factor. The voltage-dips and their associated phase-angle jumps due to SLG
fault is monitored at different buses. The test results are shown in Table 5-XIV. As the
DG size increases, the injection of fault current from the DG also increases, which
facilitate to improve the voltage profile during dip. Therefore, during the fault, less
voltage-dip is found at different buses when 3 MW DG is connected instead of 1 or 2
MW DG,; see Table 5-XIV for more details.

TABLE 5-XIV

VOLTAGE DIPS AT DIFFERENT BUSES CONSIDERING THE PRESENCE OF DG WITH DIFFERENT CAPACITIES

DG Size
1 MW 2 MW 3 MW
Fault- | Faulted | Monitoring Voltage- Phase- Voltage- Phase- Voltage- Phase-
type Bus Bus - angle : angle : angle
dip (dy) um dip (dy) um dip (dy) um
in pu jump in pu jump in pu jump
(degree) (degree) (degree)
1 0.0578 1.38 0.0575 1.38 0.0572 1.38
2 0.1064 2.56 0.106 2.56 0.1055 2.57
3 0.3968 4.17 0.3964 4.26 0.3958 4.38
4 0.3968 4.17 0.3964 4.26 0.3958 4.38
5 0.6859 8.73 0.6853 9.07 0.6844 9.51
SLG 8 6 0.6859 8.73 0.6853 9.07 0.6844 9.51
7 0.6859 8.73 0.6853 9.07 0.6844 9.51
8 0.945 69.50 0.9422 70.18 0.9385 70.97
9 0.945 69.50 0.9422 70.18 0.9385 70.97
10 0.945 69.50 0.9422 70.18 0.9385 70.97
11 0.9439 66.54 0.9401 64.65 0.9349 62.48

iv) Voltage dips characterization at the presence of DG at different location

In this study, fault-location is considered at bus 5, and the location of synchronous
generator based DG is selected at bus 3, 6 and 11. The size of the DG was 2 MW and it
wasoperating at unity power factor. The test results are illustrated in Table 5-XV. From
the test results it can be concluded that, placement of DG closer to the fault-location
causes less severe voltage-dip adjacent to the faulted bus in comparison to the DG-

placement farther away from the faulted node. In this test investigation, considering
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faulted node as bus 5, bus 6 is the nearest location for DG placement; under this
scenario, voltages at bus 6 and 7 of the distribution feeder encounters comparatively
less voltage-dip than the scenario when DG is placed at bus 3 or bus 11. It should be
noted that SLG fault is considered for this investigation.

TABLE 5-XV
VOLTAGE DIPS AT DIFFERENT BUSES CONSIDERING THE PRESENCE OF DG AT DIFFERENT LOCATION
DG Location
Bus 3 Bus 6 Bus 11
Fault- | Faulted | Monitoring Phase- Phase- Phase-
type | node Bus VIBIEgS- angle VOG- angle Vel angle
dip (dy) . dip (dy) . dip (d) :
in pu jump in pu jump in pu Jump
(degree) (degree) (degree)

1 0.079 1.99 0.0806 2.02 0.0807 2.02

2 0.1455 3.79 0.1484 3.85 0.1485 3.85

3 0.5462 8.32 0.5563 8.50 0.5563 8.50

4 0.5462 8.32 0.5563 8.50 0.5563 8.50

5 0.9244 68.65 0.9208 69.30 0.9209 69.30

SLG 5 6 0.9244 68.65 0.8989 54.79 0.9209 69.30
7 0.9244 68.65 0.8989 54.79 0.9209 69.30

8 0.9244 68.65 0.9208 69.30 0.8991 54.85

9 0.9244 68.65 0.9208 69.30 0.8991 54.85

10 0.9244 68.65 0.9208 69.30 0.8991 54.85

11 0.9244 68.65 0.9208 69.30 0.896 52.02

5.5 DISCUSSION

This Chapter defines the during-fault voltage dips in terms of minimum magnitude of
3-phase voltages and the phase-angle jumps associated with the fault. This approach
lacks the classification of voltage dips in terms of severely affected phase-voltages, and
also the classification of seven types of voltage dips. However, the accurate diagnosis,
characterization and classification of voltage dips are an important requirement for
developing voltage-dips-mitigation techniques. Furthermore, classification of voltage
dips plays an important role in the assessment of voltage dip ride-through capability and
immunity specifications of electrical equipment. Therefore, an approach for
classification and characterization of voltage dip/sag is presented in Chapter 6
highlighting the severely affected phase-voltages. This approach has a great potential to
be used as a sag/swell monitoring tool or quick screening tool. However, this approach

finds its limitation for the classification of some voltage dips, more specifically four-
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types D, F, C, and G, which are affected by phase-angle jumps. Therefore, in Chapter 7,
a detailed and innovative approach for classification and characterization of seven types
of voltage dips is presented; the proposed detailed approach can effectively classify the
dips even when the phase-voltages are affected by phase-angle jumps and rotation due
to loading effects.

5.6 SUMMARY

This Chapter mainly investigates the voltage dips and its associated phase-angle
jumps in power network due to four major types of faults, which include single line-to-
ground (SLG), double line-to-ground, line-to-line or phase-to-phase and balanced 3-
phase faults. The presence of synchronous generator type DG is also included in the
voltage dip investigations. Seven types of voltage dips, namely, A, B, D, E, F, E, C and
G, which are associated with these four types of faults, are analysed with and without
DG. Firstly, analytical expressions of seven types of voltage-dip and their phase-angle
jumps are developed. Then, a simulation study is conducted to validate the developed
expressions. Simulation study demonstrates the acceptability of the developed
expressions for investigating during-fault voltage dips at different buses in a test
network with and without DG. Lastly, characterization of voltage dip is conducted
under the influence of DG. The size of DG and its location are also examined to
highlight the impact of DG during-fault. Moreover, the influence of fault-types and

fault-location are observed during the investigation.
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Chapter 6

DETECTION, CLASSIFICATION AND
CHARACTERIZATION OF VOLTAGE DIPS AND
SWELLS USING THREE-PHASE VOLTAGE ELLIPSE
PARAMETERS

6.1 INTRODUCTION

Automatic analysis of voltage sags and swells is an essential requirement [31]. Many
techniques have been developed for the detection and classification of sags and swells
in electrical power distribution systems. Most of the existing standards and methods, as
reported in [28], give conservative characterization for 3-phase unbalanced dips or sags,
since these approaches can only characterize single-phase or three-phase balanced dips.
Therefore, there is a need for new algorithms that can classify and characterize balanced
and unbalanced sags and swells altogether keeping a higher level of accuracy for real-
time usage.

This Chapter presents an algorithm for detection, classification and characterization
of voltage dips (sags) and swells in electricity networks, using three-phase voltage
ellipse parameters. The proposed method employs the instantaneous magnitude of three-
phase voltage signals in three axes, which are separated from each other by 120°. Thus,
resultant rotating vector, namely, three-phase voltage vector, traces an ellipse. Then, the
parameters of the ellipse, which include minor axis, major axis and inclination angle,
are used to develop the proposed algorithm for classification and characterization of
voltage sags and swells. To detect the types of sags/swells (single-phase, phase-to-phase
or three-phase) in real-time, cycle by cycle classification is carried out. To this end, the
inclination angle is used to classify the types of sags/swells, whereas the minor and
major axis are used to quantify the severity of sags/swells. The proposed method is

validated using real data recorded by IEEE working group and some real data measured
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from Belgian transmission grid. The method is further tested for the sags and swells
generated due to balanced and unbalanced faults at different buses, in a test distribution
network embedded with distributed generation (DG), and in a practical distribution
network of Australia. This Chapter also demonstrates the capability of the proposed
algorithm to be used as a real-time sag/swell monitoring tool.

The remaining part of the Chapter is organized as follows. Section 6.2 describes the
algorithm of proposed approach for real-time detection, classification and
characterization of voltage sags and swells using three-phase voltage ellipse parameters.
Validation of the proposed approach is conducted in Section 6.3, using real data
obtained from Belgian transmission grid and the real data recorded by IEEE 1159.2
working group [117]. Fault initiated sags and swells generated in a practical distribution
network in Australia, are classified and characterized in Section 6.4. Section 6.5
demonstrates the development of the proposed algorithm as a real-time sag/swell

monitoring tool. Section 6.6 and 6.7 present the discussions followed by conclusion.
6.2 PROPOSED APPROACH

In order to classify and characterize voltage sags and swells, the proposed approach
employs three-phase voltage ellipse transformation using 3-phase voltages to obtain
three parameters of an ellipse, which comprise the minor axis, major axis and
inclination angle. In this section, the proposed approach is described in four sub-
sections. Analytical formulation and visual representation of three-phase voltage ellipse
and its corresponding parameters are presented in section 6.2.1 and 6.2.2 respectively.
Shape of 3-phase voltage ellipses, under different types of sags and swells are
determined and shown in section 6.2.3; the algorithm for classification and

characterization of sags and swells is narrated in section 6.2.4.

6.2.1 Analytical formulation of Three-phase Voltage Ellipse

During the disturbances, phase angle differences among three-phase voltages may
deviate from the nominal value of 120°. Therefore, voltage signals are pre-processed.
To do so, voltage magnitude of three-phase voltages are extracted separately for a
period of one cycle and prior to applying 3-phase voltage ellipse transformation, phase
voltages are considered to be separated from each other by 120°. Then parameters of the

ellipse, originated from 3-phase voltage ellipse transformation, are extracted.
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Considering, phase angle differences among three-phase voltages before, during and
after the disturbances as 120°, the phase voltages can be presented as:

v, (t) =)V, |cos(w?) (6.1a)
Vy (t) = |V, |cos(wt — 2/3) (6.1b)
v, (t) =V, |cos(wt — 47 /3) (6.1c)

Applying Clarke transformation in the three-phase voltages of (6.1) yields

g
2 2
£ a0
5,0|-21 2B 62
E,(H) 1 1 1 V(1)
2 2 2

The first two components of (6.2) can be presented as a 3-phase voltage vector in a

complex plane as presented below,

2 x| Va(®
E(t):Ea(t)+jEﬂ(t):§|:l e'? ejg} Vo () (6.3)

Ve (0)

The third component, which represents the zero sequence voltage, can be presented as
Eo()=7 (v () +v, () +v, (1) (6.4)
Expanding (6.1) using Euler’s formula and then, placing it in expression (6.3) gives
N |(ejwt +e Jwt)
2 A

E(t)= {l e's ej3} @(ej”t +et) (6.5)
NC| jot —jot
e ver)

From (6.5), 3-phase voltage vector can be formulated as

200 Hw MWJGW [w Ml NJ } 66)
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Eq. (6.6) is analogous to the ellipse represented as sum of positive and negative angular
frequency phasors [118]:

E(t)=E‘el™ + E-e 1 (6.7)

where g+ =\E+

el E- :‘E-‘eiwj and major axis (Ama), minor axis (Ami), inclination

angle (y) are given by

A =[E"|+[E] 6.8)
Au=[E|-E] 69)

w =050y +y) (6.10)
TABLE 61

THREE-PHASE VOLTAGE ELLIPSE PARAMETERS DURING DIFFERENT TYPES OF DIPS AND SWELLS

e Di&/j:;e” 3-O voltage ellipse parameters
¥ Ama Ani
A (712) £ (z]12) v @V, +V)/3
B (x16) % (x/12) Y (v, +V)/3
C (5716) = (z/12) v (v, +V)/3
Dip AB (213 +(z/12) | (V, +2V)/3 v,
BC 0+ (r/12) (v, +2V)/3 2
CA @x13)+(z/12) v, +2v)/3 V,
ABC - V, Vv,
0+(r/12) (v, +V)/3 v
B 2713) = (z/12) (v, +V)/3 vV
(13 +(x112) | (2, +V)/3 Vv
Swell AB (57/6)+(z/12) v, W, +2V)/3
BC (712) % (7 112) V, V¢ +2v)/3
CA (z16)*(7112) Vv, V, +2v)/3
ABC - \Z \Z

Thus, by applying 3-phase voltage ellipse transformation on the pre-processed 3-phase
voltages, three parameters: major axis, minor axis and inclination angle, can be
obtained. In Table 6-1, analytical formula based three parameters, obtained from three-
phase voltage ellipse transformation under different types of sags and swells, are
presented using pre-processed voltages, where Vi and V indicates pu voltage of

sag/swell phase and undisturbed phase respectively. More details of these analytical
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formulations are given in the Appendix B.

6.2.2 Visual representation of Three-phase Voltage Ellipse

The proposed approach applies 3-phase voltage ellipse transformation on three pre-
processed voltage signals. At first, instantaneous pre-processed voltages, as shown in
(6.1), are represented by the tips of the vectors, which are obtained by mapping

v, (t),v, (t) and v (t) in a_axis, b_axis and c_axis, respectively (see Fig. 6.1(a)). Thus,

resultant of these three instantaneous vectors, denoted by £ and named as three-phase
voltage vector, rotates with time. Considering a time-duration of one cycle, the tip of
rotating three-phase voltage vector traces an ellipse as illustrated in Fig. 6.1(a). By
using the expressions (6.1)—(6.10) and mapping the ellipse in a complex plane, the
major axis (Ama), minor axis (Ami) and inclination angle (y) can be obtained as
demonstrated in Fig. 6.1(b).

@ (b)
*,b_axis C_axis|—@-A —#%m
—>» O-B
—» O-C
@ | >»E g AN\ Ama |
f3) Py mi ]
g = 4 Re
= =
2| S ’
= S ]
‘,.-"é_ax‘is | | “.__.‘P_axis - - ]
Magnitude (pu) Magnitude (pu)

Fig. 6.1. (a) Generation of 3-® voltage ellipse from 3-® voltage vectorE ; (b) 3-® voltage ellipse and its
parameters: major axis (Ama), Minor axis (Ay;) and inclination angle (), in a complex plane.

The variations of magnitudes of 3-phase voltages are reflected on the parameters of
the ellipse and the decision boundary is set by the inclination angle as shown in Table 6-
I. Phase angle jump is extracted separately to keep the information but it is not used as
classification parameters since phase-angle jump may degrade the performance. For
example, three-phase voltage signals, extracted during single phase fault in a DG
embedded distribution network, are passed through the proposed approach with and
without pre-processed voltages and it is shown in Fig. 6.2. From Figs. 6.2 (b)—(c), it is
evident that due to large phase angle jump, single phase sag is incorrectly classified by

inclination angle (A-sag is classified as AB-sag), when the proposed method uses the
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input three-phase voltages which are not pre-processed. In contrast, the proposed
method with pre-processed voltages classifies the A-sag correctly (see Table 6-1 and

Fig. 6.2 (¢)).

_Va(t) _Vb(t) _Vc(t) (a) Classified Window

e XN
KA X

.08 0.09 A 0.11 0.12
'|lee (sec)
(b) | ©

Im 1 ‘ m

H
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1
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05 05l
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Magnitude (pu)
Magnitude (pu) |

X
w=70.94°

05 indicating| -0t
/ AB sag
05 0 05 1y 05 0 05 1
Magnitude (pu) Magnitude (pu)

Fig. 6.2. Classification of single phase sag (A-phase sag of (a)) using proposed method: (b) without pre-
processed 3-phase voltages and (c) with pre-processed 3-phase voltages.

6.2.3 Shape of Three-phase Voltage Ellipses during different types of
Dips and Swells

The proposed approach transforms 3-phase voltages in one complex variable named

3-® voltage vector (g). As observed, under normal condition, peak of the locus of Eft)

represents a circle with radius equal to the nominal voltage, and for 3-phase sag, radius
of the circle becomes smaller than the nominal voltage. Similarly, for three-phase swell,
radius of the circle becomes larger than the nominal voltage. But, for single- or double-
phase sag or swell, locus of three-phase voltage vector becomes an ellipse with different
inclination angle depending on sag/swell severity, and drop/rise in phase voltages.
Using pu values of 3-® voltages and applying the proposed approach, the shape of
ellipses and their inclination angles (y) under different types of voltage sags/swells, are

shown in Fig. 6.3. Note that Fig. 6.3 is drawn in a complex plane, where real and

imaginary part of g(t) is mapped in x- and y-axis respectively.
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Fig. 6.3. Major axis (solid arrow), minor axis (dotted arrow), shape of ellipses under normal condition
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(k) BC-phase swell, (I) AB-phase swell, (m) ABC or 3-phase sag and swell.

145



6.2.4 Classification and Characterization of voltage Dips and Swells

In Section 6.2.4.1, an algorithm for classification of voltage dips and swells is
presented. Then, characterization of voltage dips and swells is explored in Section
6.2.4.2.

6.2.4.1 Algorithm for Classification of Voltage Dips and Swells

Flowchart of Fig. 6.4 shows the algorithm of classification of sags and swells, using
three-phase voltage signals within one cycle window length. At first, the complex phase
voltages are extracted in each cycle of a sliding window using the DFT (Discrete
Fourier Transform). Then, the phase voltage magnitude and phase angle, i.e. the voltage
phasors, at power system frequency (50 Hz or 60 Hz), are extracted; this eliminates the
harmonics of the input signal. Phase angle jump are calculated from the phasors and
these are kept as information. Voltage magnitude (pu) of all three phasors are
considered to be separated from each other by 120° and these voltage phasors are
regarded as pre-processed voltages. Three parameters including major axis (Ama), minor
axis (Ami) and inclination angle () are extracted by applying 3-phase voltage ellipse

transformation on the pre-processed voltages.

Analysing the three-phase voltage ellipse parameters under different types of sags
and swells, as presented in Table 6-1, it can be concluded that ABC sags, ABC swells
and normal condition (no sag/swell) of the system can be easily classified. To do so,
some threshold conditions can be applied on the three-phase voltage ellipse parameters.
According to IEEE 1159.2 standard, V < 0.9 pu is considered as sag whereas V > 1.1 pu
is defined as swell. Thus, for unbalanced sag and a dip-depth equal to 10% of the
nominal voltage, the maximum value of (Ami/Ama) and the maximum value of Ay are
obtained as 0.933, which arecalculated from Table 6-1 by putting Vi=09 puand V =1
pu. Similarly, for unbalanced swell and a voltage rise of 10% of the nominal voltage,
the minimum value of A, is obtained as 1.0667. Moreover, for balanced sag (ABC sag)
and balanced swell (ABC swell), value of (Ami/Ama) is obtained as 1. Thus, by
incorporating the necessary boundary conditions on the three-phase voltage parameters:
(Ami/Ama), Ama and Ani; ABC sags, normal condition (no sag/swell) and ABC swells of
the system can be classified as shown in Fig. 6.4. Besides, zero-sequence component
parameter, as given by expression (6.4), can enhance the classification of normal

condition, ABC dip and ABC swell. During these conditions, all three-phase voltages
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are equal and they are separated from each other by 120°, which yields the theoretical
value of zero-sequence component as zero, see (6.4). Thus, incorporating this additional
zero-sequence parameter (Eo), classification of normal condition, ABC dip and ABC
swell is conducted, see Fig. 6.4.

Real-time extraction of 1 cycle of 3-
phase voltages using sliding window

v
3-phase voltage phasors
v | 1
EXtrfCtlon't%f 3-d voltage glllplste Information of phase-
parameters wi pre-procelsse voltages angle jump

Yes A, —1]<0.066
& (|A, —1<0.0667)

& ([Eo| < A)

A 4

Normal No
Condition ////Tf\\\\
(A, <0.933)
Yes \ "
SAG ABC swe No
Swell (A, B, C, AB, BC, CA)
If\ ’ 1 1 1 1
Yes /{ ) = classification using w of Fig. 6.5
mi — Pma

¥

Sag (A, B, C, AB, BC, CA)
classification using w of Fig. 6.5

Fig. 6.4.Flowchart of the proposed algorithm.

In Fig. 6.4, taking IEEE 1159.2 standard into account, the normal condition is defined
as a condition when the value of major and minor axis lies in the range of 0.933 to
1.0667. And, to distinguish swells, the condition: (Ama > 1.0667) is applied considering
the minimum value of major axis under 10% voltage rise of the nominal voltage. For
ABC swells, theoretical value of (Ami/Ama) is obtained as 1, which implies the difference
between Ana and A, is zero. Therefore, to classify ABC swells, the difference between
major and minor axis is considered to be less than or equal to A, where a typical value
of A = 0.05 is selected. Similarly, to classify ABC sags, the conditions: (Ami < 0.933)
and (Ami = Ama)are applied. Additionally, during this classification stage, the condition

of zero-sequence component (Eo) is applied.

147



In the last stage of the flowchart, unbalanced or single and double-phase sags/swells
(A, B, C, AB, BC, and CA) are classified by using one parameter — inclination angle
(w). For this classification, the range of inclination angle as shown in Fig. 6.5, are
considered.

I BC-sag/A swell [ B-sag/CA swell
I AB-sag/C swell H A-sag/BC swell

I C-sag/AB swell 1 CA-sag/B swell

1050 900 750
120° 60°

Fig. 6.5.Range of inclination angle (y) under different types of sags/swells.

6.2.4.2 Characterization of Voltage Dips and Swells

Once the different types of voltage dips and swells are classified, their severity can be
characterized. For balanced three-phase (ABC) dip/swell, severity of dip/swell can be
calculated from the major or minor axis of the ellipse, see Table 6-1. However, for
unbalanced dip/swell, i.e., A, B, C, AB, BC, and CA dip/swell, severity of dips and
swells can be evaluated from the two parameters — minor axis (Ami) and major axis
(Ama), respectively. Since Ami is a function of faulted or disturbed phase-voltage
magnitude (V) as shown in Table 6-1, A is considered as a characterization parameter
for evaluating the severity of unbalanced voltage dips. Similarly, for unbalanced voltage
swells, Ana is selected as a characterization parameter since it is a function of V. Another
technique to evaluate the gravity of dip/swell is to estimate the surface area of the
ellipse in the complex plane. The decrease of the surface area of the ellipse is
proportional to the dip gravity. Similarly, increase of the surface area of the ellipse is
proportional to the swell gravity. For example, for a given dip-depth, three phase
voltage dips are most severe, followed by double phase and single phase dips, which is

reflected in the surface area of the ellipse.

148



6.3 VALIDATION OF THE PROPOSED APPROACH

The proposed method is validated with real data recorded by IEEE working group
[117] and the real data obtained from [119].

6.3.1 Validation of the Proposed Method with real data provided by
IEEE 1159.2 working group

Real data, recorded by IEEE 1159.2 working group[117], are used to validate the
proposed algorithm. Fundamental frequency of the waveforms corresponding to the real
data was 60 Hz. At first, complex phase voltages are extracted by applying DFT for one
cycle window length. Then, the magnitudes of 3-phase voltages at +60 Hz are obtained
separately and passed through the proposed approach to extract the 3-® voltage ellipse
parameters. Using these ellipse parameters, cycle by cycle classification and
characterization is conducted. For the recorded waveforms, total 6 cycles are observed
and classification results of third cycle (0.033 sec to 0.05 sec duration) are presented in
Table 6-11. In Table 6-11, 2" to 4™ column shows the three-phase voltage ellipse
parameters under different types of sags and swells whereas 5" column presents the
“classification results”. Table 6-11 illustrates the successful classification of different
types of sags and swells. Moreover, severity of sags and swells can also be quantified

from the minor axis (Ami) and major axis (Ama) parameters respectively.

TABLE 6-11
CLASSIFICATION OF SAGS/SWELLS WITH REAL DATA RECORDED BY IEEE WORKING GROUP

Wave number t;lg (Zr:gi,?]r d?\tll\‘/ﬁlL) 3_q)AV01tage eﬁipse paramiters Classification results
mi ma 14
wave 1 B sag 0.72 1.05 30.92 B sag
wave 2 Csag 0.56 0.99 149.51 C sag
wave 6a Csag 0.45 0.72 145.29 C sag
wave 6b C sag 0.35 0.65 147.64 C sag
wave 6¢ AB sag 0.73 0.81 63.65 AB sag
wave 13 A sag 0.74 1.05 88.61 A sag
wave 14a C sag and AB swell 0.44 1.10 150.29 C sag and AB swell
wave 14b C sag and AB swell 0.46 1.09 150.39 C sag and AB swell
wave 14c C sag and AB swell 0.45 1.07 150.77 C sag and AB swell
wave 15 C sag 0.68 1.04 151.61 C sag
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For the application of the proposed approach as a monitoring tool, wave 15 of [117]
is taken as an example. Cycle by cycle classification and characterization of wave 15,
during 6 cycles of observation period, are illustrated in Fig. 6.6. As shown in Fig.
6.6(b), at each cycle, shapes of ellipse are plotted in a complex plane, and the ellipses
represented by the dashed lines indicate the normal condition whereas ellipses marked
by the solid lines specify the sag condition (in this case C sag). Moreover, deviation of
minor axis (Ami), from normal value of 1 pu, can be seen in Fig. 6.6(c), which
characterizes the sag in terms of severity. In summary, the proposed algorithm is able to
provide the exact type of sags and/or swells with severity indicator (Ama and/or An;) as
reported in Table 6-11. Moreover, the proposed method was also tested with adding
noise (SNR ranging from 20 dB to 30 dB), and harmonic distortion (THD was varied
from 1% to 20%); under these conditions, it was found that performance of the

proposed method was not affected.
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6.3.2 Validation of the Proposed Method using real data measured at
Belgian transmission grid

To validate the proposed algorithm, voltage sags measured in Belgian transmission
grid [119] are used. The phasors presented in Table 6-111 are extracted from the
waveform stored during the occurrence of voltage sag. Thus, one single phase sag
(Event 2) and two double phase sags (Event 1 and Event 3) are obtained for validation of
the proposed approach. For classification of each type of sags, the three-phase voltage
parameters including inclination angle, major axis and minor axis, are used as shown in
the flowchart of Fig. 6.4. The results and their corresponding three-phase voltage
ellipses in a complex plane, are presented in Table 6-1V and Fig. 6.7 respectively. Table
6-1V shows the successful classification of two double phase sags (BC-phase and CA-
phase sag) and one single phase sag (A-phase sag), using the inclination angle (w) and
the decision boundary shown in Fig. 6.5. Among these three types of sags, BC-phase
sag is found to be the most severe sag as characterized by the minor axis.

TABLE 6-111

REAL DATA OBTAINED FROM BELGIAN TRANSMISSION GRID

Events Type(classifiiad in [119] 3-phase voltage phasors
ground-truth) V. A V.
Event 1 C (CA-sag) 0.83845.2° | 0.982£-117.9° 0.8762115.3°
Event 2 D (A-sag) 0.72621.7° | 0.964,-114.6° 0.958,116.9°
Event 3 E (BC-sag) 0.97721.2° | 0.286£-166.6° 0.3652124.2°
TABLE 6-1V
CLASSIFICATION OF SAGS/SWELLS WITH REAL DATA OF BELGIAN TRANSMISSION GRID
Events 3-phase voltage ellipse parameters Classification results
Ani Anma ye
Event 1 0.85 0.94 111.82 CA-phase sag
Event 2 0.80 0.96 90.62 A-phase sag
Event 3 0.32 0.76 3.01 BC-phase sag
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Fig. 6.7. 3-phase voltage ellipse during: (a) Event 1, (b) Event 2, (c) Event 3.

6.4 CASE STUDIES

Using the proposed approach, three cases, which include Case 1, Case 2 and Case 3,
are studied. Case 1 incorporates a 12 bus test distribution network embedded with
Synchronous Generator (SG) based DG. Case 2 includes a practical distribution
network of NSW, Australia. Case 3 incorporates a typical mesh distribution network.
Several test cases of voltage sags and swells, originated from faults at several buses in

these distribution networks, have been detected, classified and characterized.

6.4.1 Case 1l

A test distribution network shown in Fig. 6.8 has been simulated to test the proposed
method for detection and classification of sags and swells. The simulated system is a
radial distribution network with base-power of 24 MVA. It is comprised of a 132-kV,
50-Hz, subtransmission system with a short-circuit level of 1000 MVA, represented by
a Thévenin equivalent (marked as Sub in the figure), which feeds a 33-kV distribution
system through a 132/33-kV transformer. In this system, there are four 6-MVA
synchronous generator (SG) connected to bus 6, 12, 10 and 8. These four DGs are
connected to the network through 33/0.69 kV transformers. The lines are modelled as =
section line. The synchronous generator is represented by a sixth-order three-phase
model in the d-q rotor reference frame and it is equipped with an AVR (Automatic
Voltage Regulator) represented by the IEEE—Type 1 model. More details of the

network parameters are presented in Appendix A.3.
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Fig. 6.8. Single line diagram of a 12 bus test distribution network.

The test system is simulated at 2 kHz sampling frequency and the relays are placed at
transformer connection points of SG1, SG,, SG3; and SG4 respectively, to collect three-
phase voltages. Several test cases of voltage sags and swells are generated by artificially
creating balanced and unbalanced faults at bus number 11 and 4. Total 2 second time
domain simulation is carried out where fault occurs soon after 1 second with fault
duration of 5 cycles. And, a typical fault resistance of 0.001 ohm is considered. The
voltage waveforms are collected from the relay connected at bus 6. By applying the
proposed approach, cycle by cycle classification is carried out on the collected
waveforms. The classification results of one cycle, which starts soon after the inception

of faults, are presented in Table 6-VA.

From Table 6-VA, it is evident that for the fault at bus 11, balanced and unbalanced
sags are classified correctly by the value of inclination angle () (see Fig. 6.5) and
severity of sags can be realized from the value of minor axis (An;). Additionally, for the
fault at bus 4, sag and swell are observed simultaneously where severity of sag and
swell can be characterized from the value of minor axis (Ami) and major axis (Ama)
respectively. The three-phase voltage ellipses under the sag/swell conditions of Table 6-
VA are shown in Fig. 6.9. In Table 6-VA, the voltage sags are monitored from bus 6;
however, the voltage sags encountered at bus 2, due to fault (balanced and unbalanced)
at bus 11 and 4, are also classified and characterized as illustrated in Table 6-VB. The
severity of voltage sags can be realized from the parameter An,i. From Tables 6-VA and
6-VB, it is revealed that the severity of voltage sags observed from bus 2 is

comparatively less than the voltage sags encountered at bus 6, due to similar type of
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fault at bus 4 or bus 11. Moreover, AG fault at bus 11 did not cause a sag; therefore, the

proposed approach classifies it as normal condition or “No-sag/swell” condition.

TABLE 6-VA
CLASSIFICATION AND CHARACTERIZATION OF FAULT INITIATED SAGS/SWELLS OBSERVED FROM BUS 6

- vol 11 -
Fault Type | Fault at Bus 3-® voltage ellipse parameters Classified Sags/Swells
Ani Anma we
AG 11 0.72 0.85 81.39 A-sag
BG 11 0.73 0.86 25.48 B-sag
CG 11 0.74 0.87 142.22 C-sag
AB 11 0.59 0.69 58.8 AB-sag
BC 11 0.59 0.69 3.56 BC-sag
CA 11 0.59 0.68 119.15 CA-sag
ABC 11 0.52 0.53 30.17 ABC-sag
AG 4 0.46 1.27 88.21 A-sag and BC-swell
BG 4 0.46 1.24 27.95 B-sag and CA-swell
CG 4 0.46 1.27 148.36 C-sag and AB-swell
@) (b) © (d)
1 ———F=— 1 o=t 1 e 1 e
’, \\ - 1 ~ -, \\ v ~~
0.5- I/ %\; 05 I,// \\Ai 05 l’//_\ \\\ 0.54'%%
! ! Y / \ / \
I Vo I/ =
| 1 \ ] \ ! \ ll
\ \ / / \ / ‘\\ ) / 05 A K / !
0.5 1 =051 /| -05 +— 0. < !
\\N\// 4 \\\x | PR 4 \\\\J ‘ \\x //’,,
1 T Sen=" ) Soel ="’ 1 Semf=
1 0 1 ! 1 0 1 ! 1 0 1 1 0 1
€ ® ) (h)
1 e 1 1T 1 —eFees
// \‘\\ // T “\\ 2 ‘\\ 1 ,,/’/3 S
05 III P \\ 05 /" \\ 05 ',I \\ 05 "/ \\“
i / \ i 1 \ i / \ \ / \
i i L o HEEE 1
‘\ \ / ll ‘\ I’ ‘\ K j ll 05 ‘\ } Il
055N SN | 057 A1 05 vl . j/’
\\\ ’/’ \\N i ,/’ \s\ R 1 —-—
1 0 1 1 0 1 1 0 1 1 0 1

Fig. 6.9. Three-phase voltage ellipses observed under normal condition (dashed line) and under: (a) A-
sag, (b) B-sag, (c) C-sag, (d) AB-sag, (e) BC-sag, (f) CA-sag, (g) ABC-sag, (h) A-sag and BC-swell.
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TABLE 6-VB

CLASSIFICATION AND CHARACTERIZATION OF FAULT INITIATED SAGS/SWELLS OBSERVED FROM BUS 2

Fault Type | Faultat Bus ?:D VOltaie - paramjters Celszzﬂet:rzggastli\:segs
mi ma U4
AG 11 0.94 1.01 90.66 No-sag/swell
AB 11 0.88 0.95 60.78 AB-sag
ABC 11 0.83 0.85 89.77 ABC-sag

AG 4 0.89 1.00 90.3 A-sag

BG 4 0.90 0.99 37.01 B-sag

CG 4 0.90 0.99 143.65 C-sag

6.4.2 Case 2

In this study, several test cases of balanced and unbalanced fault initiated sags, at
several buses in a rural distribution network of Australia, have been detected, classified
and characterized.
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Fig. 6.10.A test distribution network in Australia.

Fig. 6.10 shows an 11 KV rural distribution network extracted from the New South
Wales distribution networks, Australia. The system is simulated in SIMPOWER
SIMULINK to generate the fault initiated sags. The simulated system is a radial
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distribution network with base power of 100 MVA. It is comprised of a 66-kV, 50-Hz,
subtransmission system with a short-circuit level of 1000 MV A, represented by a utility
source, which feeds an 11-kV rural distribution feeder through a 66/11-kV transformer.
Total load of 4 MW has been distributed at several buses of the distribution network.
More details of the network parameters, such as, loads, distribution lines, etc., are
presented in Appendix A.4.

Symmetrical faults or ABC faults and non-symmetrical faults, such as, single phase
faults (AG: A-phase-to-ground, BG: B-phase-to-ground, CG: C-phase-to-ground) and
double phase faults (AB: line-A-to-line-B, BC: line-B-to-line-C, CA: line-C-to-line-A)
are simulated at two arbitrarily selected buses, bus 66 and bus 37, of the test network
shown in Fig. 6.10. These faults initiated sags are monitored from different monitoring
ends i.e. from bus 49, 46, 8, 70, 62 and 43. Total 2 second time domain simulation is
carried out where fault occurs soon after 1 second with fault duration of 5 cycles. And, a
typical fault resistance of 0.001 ohm is considered. By applying the proposed approach,
the classification results of one cycle, which starts soon after the inception of faults, are
presented in Table 6-VI and Table 6-VII. Moreover, Fig. 6.11 shows the visual

presentation of the three-phase voltage ellipses corresponding to the sags of Table 6-VI.

Figs. 6.4-6.5 and Tables 6-VI and 6-VII show that voltage sags can be classified by
the inclination angle (y) and the sag severity can be characterized by the minor axis
(Ami). From Tables 6-VI and 6-VII, it can be observed that a sag monitored in the
vicinity of the fault-location has a lower An; value than a sag monitored at relatively
distant end. For example, when a fault occurs at bus 66 (see Fig. 6.10), bus 49 is nearer
than bus 46 in terms of electrical distance from the fault-location. Therefore, for
different types of sags, Ani value obtained at monitoring bus 49 gives a lower value (see
Table 6-VI and Fig. 6.11). Besides, sags encountered at buses 8 and 70, which are
relatively farther than buses 49 and 46 (in terms of electrical distance from the fault-
location at bus 66), indicates less severity than the sags occurring at buses 49 and 46.
Some events, such as single-phase faults at bus 66, did not cause a sag at bus 8 or 70;
hence, it is correctly classified as a “No-sag” condition, see Table 6-VI. Similarly, the
Ani value obtained from monitoring bus 62 is lower than the An; value obtained from
monitoring bus 43, when the fault occurs at bus 37, see Table 6-VII for illustration.
Moreover, the sag at bus 8, which is relatively farther than bus 62 or 43, indicates less

severity than the sag observed at buses 62 and 43. In contrast, Ani at bus 70 indicates
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more severe voltage sag than the sags realized at buses 62 and 43, since bus 70 is
relatively nearer to the fault-location (bus 37), see Table 6-VII.

TABLE 6-VI
CLASSIFICATION AND CHARACTERIZATION OF FAULT INITIATED DIPS/SWELLS: FAULT AT BUS 66

_IT_(;I/:I; MonBiL(:ring 3-® voltage ellipse parameters Classified Sags/Swells
Ani Ana W
49 0.76 0.98 88.14 A-sag
AG 46 0.86 1.01 87.32 A-sag
8 0.94 1.01 83.47 No-sag
70 0.94 1.02 79.08 No sag
49 0.76 0.97 29.43 B-sag
BG 46 0.86 0.99 29.30 B-sag
8 0.95 0.99 32.05 No sag
70 0.96 0.99 24.3 No sag
49 0.76 0.97 147.07 C-sag
cG 46 0.86 1.00 145.45 C-sag
8 0.94 1.00 128.42 No sag
70 0.95 1.00 121.95 No sag
49 0.73 0.91 52.10 AB-sag
AB 46 0.82 0.96 49.10 AB-sag
8 0.91 0.99 51.88 AB-sag
70 0.92 1.00 81.85 AB-sag
49 0.74 0.90 170.46 BC-sag
BC 46 0.83 0.95 167.14 BC-sag
8 0.92 0.98 165.1 BC-sag
70 0.93 0.99 166.23 BC-sag
49 0.73 0.91 109.74 CA-sag
CA 46 0.83 0.97 106.08 CA-sag
8 0.9 1.00 105.2 CA-sag
70 0.91 1.00 105.1 CA-sag
49 0.63 0.64 81.67 ABC-sag
ABC 46 0.76 0.77 68.81 ABC-sag
8 0.87 0.89 89.87 ABC-sag
70 0.88 0.90 89.64 ABC-sag
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TABLE 6-VII

CLASSIFICATION AND CHARACTERIZATION OF FAULT INITIATED DIPS/SWELLS: FAULT AT BUS 37

Fault | Monitori 3-® voltage ellipse parameters Classified Sags/Swells
Type ng Bus A Ana e
62 0.62 0.93 88.08 A-sag
AG 43 0.67 0.95 88.14 A-sag
8 0.79 0.96 86.32 A-sag
70 0.55 0.92 85.35 A-sag
62 0.63 0.92 28.82 B-sag
BG 43 0.67 0.94 28.97 B-sag
8 0.81 0.95 29.43 B-sag
70 0.56 0.90 26.29 B-sag
62 0.62 0.92 147.20 C-sag
cG 43 0.67 0.94 147.15 C-sag
8 0.81 0.95 141.68 C-sag
70 0.56 0.90 143.83 C-sag
62 0.61 0.87 53.48 AB-sag
AB 43 0.65 0.89 53.63 AB-sag
8 0.85 0.97 59.45 AB-sag
70 0.67 0.92 53.65 AB-sag
62 0.61 0.86 172.16 BC-sag
BC 43 0.66 0.88 172.20 BC-sag
8 0.86 0.95 172.81 BC-sag
70 0.68 0.90 170.79 BC-sag
62 0.60 0.87 111.78 CA-sag
CA 43 0.65 0.89 111.83 CA-sag
8 0.84 0.97 110.36 CA-sag
70 0.67 0.92 109.97 CA-sag
62 0.42 0.42 91.69 ABC-sag
ABC 43 0.50 0.50 93.10 ABC-sag
8 0.72 0.74 89.73 ABC-sag
70 0.38 0.39 88.51 ABC-sag
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Fig. 6.11. Three-phase voltage ellipses observed at monitoring bus 46 (solid line) and 49 (dashed line)
due to faults at bus 66 results in: (a) A-sag, (b) B-sag, (c) C-sag, (d) ABC-sag, (e) AB-sag, (f) BC-sag,
and (g) CA-sag.

6.4.3 Case 3

In Case 3, the detection, classification and characterization of balanced and unbal-
anced fault initiated sags are conducted in a typical mesh distribution network. Fig. 6.12
shows an 11 kV mesh distribution network, simulated in SIMPOWER SIMULINK to
generate the fault initiated sags. The simulated system is comprised of an 11-kV, 50-Hz,
subtransmission system with a short-circuit level of 1000 MVA, represented by a
source. A total load of 600 kW is distributed at buses 1, 2, 3, 4, and 5 of the distribution
network. Three synchronous type DGs, each with a capacity of 250 kW, are placed at
buses 3, 4, and 5. Symmetrical and unsymmetrical faults are simulated at two arbitrarily
selected buses: bus 3 and bus 5 of the test network of Fig. 6.12. These faults initiated
sags are monitored from different monitoring ends i.e. from bus 1, 4 and 5. A fault
occurs 0.2 second after the start of the simulation and lasts for 5 cycles. The
classification of sags and characterization of sags and swells using the proposed
approach are presented in Table 6-VIII. Test results indicate that all fault-initiated sags
are classified correctly from different monitoring points. It is to be noted though that the
phase-voltages observed at bus 1, which is close to the upstream side or source side, did
not encounter sag due to AB-phase fault at bus 3; therefore, it is correctly classified as

“No-sag” or normal condition by the proposed approach.
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Fig. 6.12.A typical mesh distribution network.
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TABLE 6-VIII
CLASSIFICATION AND CHARACTERIZATION OF FAULT INITIATED SAGS/SWELLS IN A MESH DISTRIBUTION
NETWORK

Fault | Faultat | Monitoring 3-O voltage ellipse parameters Classified Sags/Swells

Type bus bus A A e
1 0.92 1.01 89.84 A-sag

AG 4 0.36 1.03 89.56 A-sag
5 0.81 1.02 89.69 A-sag
1 0.92 0.98 69.2 No-sag

AB 3 4 0.47 0.79 61.46 AB-sag
5 0.80 0.93 63.56 AB-sag
1 0.89 0.91 90 ABC-sag

ABC 4 0.04 0.04 95 ABC-sag
5 0.72 0.74 90.02 ABC-sag
1 0.85 1.01 89.9 A-sag

AG 4 0.66 1.03 89.45 A-sag
5 0.33 1.02 89.88 A-sag
1 0.84 0.95 64.08 AB-sag

AB 5 4 0.66 0.87 62.63 AB-sag
5 0.49 0.82 61.13 AB-sag
1 0.78 0.79 90 ABC-sag

ABC 4 0.49 0.50 90.77 ABC-sag
5 0 0 99 ABC-sag
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6.5 MONITORING OF VOLTAGE SAG/SWELL IN REAL-TIME

USING PROPOSED APPROACH

This Section presents a tool for voltage sag/swell monitoring in electricity network.
The proposed tool can be used for real-time monitoring of voltage sag/swell if the
following facilities are available in the network:

e Time synchronization among all monitoring nodes is readily available according to
the IEEE Standard C37.118-2005 [120].

e The monitoring system requires the instantaneous 3-phase voltages at every 1 cycle.
Therefore, reliable input data, in the form of 3-phase instantaneous voltage signals,
is required to be sent to the proposed algorithm embedded tool in real-time. These
can be obtained using potential transformer (PT), which provides an excellent
reproduction of primary voltage, both transient and steady-state [1], and reliable
communication channel, such as, TCP/IP, switched Ethernet, high-speed wide area
networks, etc. Illustration of such reliable communication channels can be found in

IEC61850 standard [121], which is employed for substation automation.

In short, if the facilities, such as, real-time data transfer, data synchronization and level
of data reliability, etc., are available in an electricity network which is to be monitored,
then the proposed tool can be installed in a monitoring station to analyse the voltage
sag/swell in real-time. Taking the availability of the above facilities into consideration,
this Section demonstrates a real-time sag/swell monitoring tool. To this end, a total of
14.42 seconds time-domain simulation is carried out using the test network of Fig. 6.8.
Several types of sags and swells are generated by artificially creating different types of
faults at buses 11 and 4, with a time interval of 1.3 seconds and fault duration of 5
cycles. The snapshot of instantaneous 3-phase voltages during normal condition,
balanced and unbalanced sags and swells are shown in Fig. 6.13. The snapshot of real-
time sag and swell monitoring tool along with log report are shown in Fig. 6.14.

In Fig. 6.14, “Real-time Sag Monitoring” tool demonstrates the three-phase voltage
ellipses generated in real-time after processing the time-domain instantaneous 3-phase
voltages through the proposed approach. The ellipses, corresponding to the balanced
and unbalanced sags, are created in their respective square blocks. In each block, “time
(sec)” indicates the instant of the sag or normal condition; and “Ama”, “Ami” specifies

the value of major and minor axis during that instant. Similarly, ‘“Real-time Swell

161



Monitoring” tool demonstrates the shape and behaviour of three-phase voltage ellipses
under normal and disturbed conditions. The whole scenario can be visualized through a
video. The video can be viewed from the following link:

https://drive.google.com/file/d/0B41p0bgMwpWrajlvU0ZVRINtM28/edit?usp=sharing

TABLE 6-1X
LOG REPORT OBTAINED FROM CLASSIFICATION OF SAGS/SWELLS USING PROPOSED APPROACH IN REAL-TIME

Fault/Event Observed and classified sag/swell
Fault/Event . -
Type occurrence time | Dip/swell Detection time (sec)
sec

= type From To

AG fault 0.1-0.2 A-sag 0.1 02
ABC-sag 0.2 0.22
BG fault 15-1.6 B-sag 15 1.62
ABC-sag 1.62 1.64

CG fault 2.9-3.0 C-sag 2.9 30
ABC-sag 3.0 3.04
ABC fault 4.3-4.4 ABC-sag 43 4.46
AB fault 5.7-5.8 AB-sag 5.7 58
ABC-sag 5.8 5.86
BC fault 7.1-7.2 BC-sag 7.1 7.22
ABC-sag 7.22 7.26
CA fault 8.5-8.6 CA-sag 8.5 8.62
ABC-sag 8.62 8.66

ABC-swell 9.9-10 ABC-swell 9.9 10
CG fault 11.2-11.3 AB-swell 112 11.3
C-sag 11.2 11.3
AG fault 12.5-12.6 BC-swell 125 12.6
A-sag 12,5 12.6
BG fault 138139 | CA-swell 138 13.9
B-sag 13.8 13.9

In Fig. 6.14, “Log Report of Sag-Swell” is also shown and it is obtained by storing
the real-time data: “time (sec)” and “three-phase voltage ellipse parameters”, in a log
file. The log report can be a useful record for off-line analysis of sag/swell data in
electricity networks. Table 6-1X summarizes this log report and it highlights the
classification results of different types of sag/swell, which are initiated by different
types of faults as discussed earlier. Moreover, duration of sag/swell is also obtained

from the “Detection time (sec)” of sag/swell occurrence. From Table 6-1X, it can be
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observed that during the transition of A-sag to normal condition, ABC-sag is found. For
instance, duration of AG fault is 0.1-0.2 sec, and the classified sag is A-sag followed by
the detection time ranging from 0.1 to 0.2 sec. However, ABC-sag is found from 0.2 to
0.22 sec, i.e., during the transition of A-sag to normal condition, which is evident from
Fig. 6.13 and hence, it is reflected in the classification results of Table 6-1X. Similar
observation is found for B-, C-, ABC-, AB-, BC-, and CA-sag conditions.
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Fig. 6.13.Instantaneous 3-phase voltages observed at a monitoring point during different types of
faults and under normal condition.
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Real-time Swell Monitoring
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LOG REPORT OF SAG-SWELL

Timestamp (sec)| Ami | Ama |Ir1c||nat|or1 angle (degree)|
A-5AG 0.1000 06113 0.9340 88.4758 -
A-SAG 0.1200 0.5799 0.8644 B8.5694 F
A-5AG 0.1400 0.5640 0.8514 88.5501
A-5AG 0.1600 0.5565 0.8505 88.6781 =
A-5AG 0.1800 0.5526 0.8447 88.6936
ABC-5AG 0.2000 0.8742 0.8976 90.8157
B-SAG 1.5000 0.5670 0.9421 252435 B
B-SAG 1.5200 0.5802 0.8885 28.8391
B-SAG 1.5400 0.5627 0.8508 289214
B-SAG 1.5600 0.5543 0.8484 28.9452
B-SAG 1.5800 0.5500 0.8420 289459
B-SAG 1.6000 0.7850 0.8588 29.5152
ABC-5AG 1.6200 0.5244 0.8277 101.1045
C-5AG 2.5000 0.6146 0.9335 1494237
C-SAG 2.5200 0.5751 0.8795 1451845
C-SAG 2.5400 0.5585 0.8544 145.0425
C-SAG 2.9600 0.5501 0.8418 1439924
C-SAG 2.5800 0.5456 0.8351 148.9688
ABC-SAG 3.0000 0.8220 0.8757 143.7159

Fig. 6.14.Snapshot of real-time sag and swell monitoring tool, and the log report for off-line analysis.
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6.6 DISCUSSIONS

In this Chapter, the three-phase voltage ellipse is formed by considering two
orthogonal components in a complex plane. These two components are obtained
through Clarke’s transformation. The third component, ie., the zero-sequence
component, is applied as a parameter for the classification algorithm in conjunction with
the ellipse parameters.

The proposed three-phase voltage ellipse method is simple to use as an online tool
and provides a quick screening of voltage dip/swell. It has some limitations in
classifying the types of voltage dips, which are influenced by phase angle jump,
specially the types D, F, C, and G, as presented in[22]. However, pre-processed
voltages, which are applied in the three-phase voltage ellipse method, can identify the
D, F type dips as double-phase dips and C, G type dips as single-phase dips correctly. In
short, the method can classify and characterize voltage dip/swell in terms of the severity
of dip/swell-phase voltages. According to[22], different types of voltage dips are
originated due to propagation of dips through different network elements, such as,
transformers of different types (e.g. delta-wye, wye-delta etc.). Transformers cause
phase-angle shift of voltages along with change of voltage magnitudes; thus, making the
classification task even more complex. Therefore, the detailed classification of voltage
dips and swells would require the events to be classified in terms of severity of
dip/swell-phase as well as with the identification of dip/swell-type. Taking this into
consideration, a new and detailed approach using 3D polarization ellipse parameters is
proposed in the next chapter (Chapter 7) to classify and characterize voltage dips and

swells of different types.
6.7 SUMMARY

A new algorithm for classification and characterization of voltage sags and swells is
proposed in this Chapter. It is based on the shape of three-phase voltage ellipse which is
defined by the three parameters of ellipse: major axis, minor axis and inclination angle.
Prior to applying the three-phase voltage ellipse transformations on 3-phase voltages,
voltage phasors are pre-processed in order to ignore the impact of phase angle jump,
which may deteriorate the performance of classification. Then three-phase voltage

ellipse parameters are extracted which are used to classify and characterize voltage sags
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and swells. The proposed method is validated with real data, and simulated data (sags
and swells) during balanced and unbalanced faults in test distribution networks (radial
and mesh networks) as well as in a practical distribution network of Australia.
Moreover, this chapter also exhibits the development of the proposed algorithm as a
real-time sag/swell monitoring tool. Based on the validation with recorded waveforms
and demonstration of the approach as a sag-swell monitoring tool, the proposed method
would be an important tool for real-time detection and classification of voltage sags and

swells in electricity networks.
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Chapter 7

DETECTION, CLASSIFICATION AND
CHARACTERIZATION OF VOLTAGE DIPS AND
SWELLS USING 3D POLARIZATION ELLIPSE
PARAMETERS

7.1 INTRODUCTION

Voltage dips are usually characterized by the minimum voltage magnitude and total
duration [24-27]. According to [28], these standards can be effective for the
characterization of single-phase and 3-phase balanced voltage dips; however, these
approaches fail to characterize unbalanced voltage dips, including single- and double-
phase dips. To resolve this problem, Bollen proposed a seven-type dip classification
[22], referred to as ABC classification. Bollen and Zhang also proposed a symmetrical
component based technique to classify and characterize voltage dips [23, 29]. In [30], it
was reported that the symmetrical component technique has some limitations in
characterizing unbalanced voltage sags originating from large dynamic loads. In [31], a
space vector method was presented wherein the ellipse inclination angle was used to
classify single-phase and double-phase voltage dips. However, this method is not
suitable for classification of voltage dips for the case of large phase angle jump.

This Chapter presents a new method for classification and characterization of voltage
dips and swells in electricity networks. The proposed method exploits unique signatures
and parameters of three phase voltage signals extracted from the polarization ellipse in
three-dimensional (3D) co-ordinates. Five ellipse parameters, which include azimuthal
angle, elevation, tilt, semi-minor axis and semi-major axis, are used to classify and
characterize voltage dips and swells. Seven types of voltage dips, which include a total
of 19 groups of dips incorporating different kinds of balanced (three-phase dips) and
unbalanced (single-phase or double-phase) dips, are identified and successfully

classified using the 3D polarization ellipse parameters. Two types of voltage swells,
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which include a total of 6 groups, are also classified using the proposed method.Cycle
by cycle classification is carried out in this approach. The proposed method is validated
using real measurement data, recorded waveforms provided by the IEEE 1159.2
working group, and the data of unbalanced dips associated with phase angle jumps,
voltage drops and rotations due to loading effects. The advantage of this method is that
it can cope with large angle jumps, and it has the capability to detect both voltage dips
and swells.

The remainder of the Chapter is structured as follows. Section 7.2 describes the
behaviour of the Polarization Ellipse (PE) parameters under the different types of
voltage dips. The proposed approach for the classification and characterization of
voltage dips and swells is developed in Section 7.3. Section 7.4 presents the
experimental validation and results. Section 7.5 concludes the Chapter.

7.2 CHARACTERIZATION OF 3-PHASE VOLTAGE WAVEFORMS

USING POLARIZATION ELLIPSE

In the next subsections, the polarization ellipse is obtained by mapping the three
phase voltage signals onto three perpendicular axes of a Cartesian co-ordinate system.
Then five ellipse parameters, namely azimuthal angle (¢), elevation angle (6), tilt angle
(w), semi-minor axis (Ay) and semi-major axis (Ay) are extracted for different types of
voltage dips. Moreover, expressions of 6 and ¢ are developed for seven types of voltage

dips.

7.2.1 Polarization Ellipse in 3-D

The instantaneous three-phase voltage signals received at a monitoring end of a
transmission or distribution network can be presented as
Vo (t) =Vo| cOS(wt + cr,) (7.1)

where®=a, b, and ¢ denotes phase-a, phase-b and phase-c, respectively. These
instantaneous voltages can be represented by the vectors in 3D space, which are

obtained by mapping v, (t), V,(t) and v_(t) on the X, Y and Z co-ordinates,

respectively. The tip of the resultant vector, denoted by R, traces an ellipse in 3D space,

as illustrated in Fig. 7.1.
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-
e

0
v, (pu)

Fig. 7.1. Instantaneous voltage vectors of phase-a, phase-b, phase-c, and their resultant rotating vector R;
dash-dot line highlights the locus ofthe tip of R.

The phenomenon of obtaining the plane from the locus of resultant rotating vector r
(see Fig. 7.1) is analogous to the polarization plane obtained from 3D time-varying
electromagnetic fields. The parameters of the ellipse can be obtained from the phasor
representations of the 3-phase voltages: Vv, =\V,|e",V, =,[e, and V, =V |e".

Altogether, these 3 phasors can be presented in a compact form as:

v ZHVa|ej“a [Vb e’ I\/C|ejac ]T '

The normal vector (U) of the polarization plane is parallel to the cross-product, i.e.,

jV xV*[122]. Thus, U is obtained as:

U=(U,,U,,U;)

where
U, =-2V,|V,sin(a, —a,) (7.2a)
U, =-2V,|V,[sin(a, —a,) (7.2b)
U, =-2V,|V,|sin(a, —a,) (7.2c)

From the normal vector U, azimuthal angle ¢ and elevation angles 6 can be derived as
(see Fig. 7.2):

U2 +U2
0 = arctan| Yo T (7.3)
U,

p=arctan(U, /U, ) (7.4)
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Now,using Cartesian to spherical coordinate conversion [123], the transverse signal

components are represented as:

S, =V, cos @ cos p+V, cosdsin p—V,_sin g (7.5a)
S,=-V,sinp+V, cos ¢ (7.5b)

0
v, (Pu) : 11 05 v (w

Fig. 7.2. PE parameters: 6 and ¢, extracted from 3D representation of 3-® voltage signals in polarization

concept.

With Spand S,, which are analogous to the two electric field components of a plane
electromagnetic wave [124], the elliptical polarization parameters can be obtained from
the planar 2D ellipse (see Fig. 7.3). To extract the ellipse parameters, namely ellipticity,
tilt, and the major and minor semi-axes, the Stokes’ parameters incorporated in Poincare
sphere are used. Equation (7.6) describes the relationships between the polarization

ellipse parameters and Stokes’ parameters given in [124]:

] -
ho |SH|2+‘S¢‘2 h0
hy |_|[Ss] ~|S,| |_]|hycos2rcos2y 76)
Do |1 2lS,[8,[coss | | hoSOsZrsIn2y |

2 o12s,|s,[sins | ="

where J=arg(S,)-arg(S,) , hy, h,h,,h, are the Stokes’ parameters, z is the

ellipticity angle and y is the tilt angle. From the relationship of (7.6), the tilt angle
(w)is obtained as:

2S,[S,|cos(s) 7
|S'9|2 _|S¢7|2

| = %arctan
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From Fig. 7.3 and Eq. (7.6), the major and minor semi-axes (Ax) and (Ay) can be derived

as
2ls,|s,|sin(s
A = |S€|2+|S¢,|Zsin larcsinm 7.8)
2 |S€| +|S¢|
2ls,|s,|sin(s
A= |SH|Z+|S¢,|2 cos Earcsinm (7.9)
2 |Sg| +|S¢|
X I I/y
~ s |
~=_ T _

~/ /\

Fig. 7.3. PE parameters: A, A, and y, obtained from classical 2D representation of polarization plane.

In the next subsection, the five parameters of the 3D PE, namely 6, ¢, |w|, 4yand Ay,

are presented for different dip types.

7.2.2 Polarization Ellipse Parameters under seven types of Dips

In this subsection, the five parameters, ¢, 6, |y|, Ajand A,, are used to characterize
three-phase voltage dips caused by different types of faults or other incidents (e.g.
starting of induction motor). Table 7-1 presents the seven types of voltage dips
identified in [22]. In this table, the phasor voltages are expressed as a function of the
dip-depth d, and the phasor diagram illustrates the phase voltages before (dotted arrow)
and during (solid arrows) the voltage sags or dips.

Due to faults or other disturbances, the phase angle differences among the three phase
voltages may deviate from the nominal value of 120°. Moreover, a significant change in
phase angle jump could deteriorate the performance of voltage dip classification [30].
Therefore, in the proposed method, the PE parameters are obtained from the projected

voltage phasors for a period of one cycle. As an example, the extraction of projected

171



voltage phasors of type D (see Table 7-1) is demonstrated in Fig. 7.4. The in-phase and
out-of-phase projection of 3-phase voltages on a-, b- and c-axis are shown for d = 0.5.

In general, to extract the projected voltages, the three phasors (v ,za,,V,Za,,V Za,)

are obtained in each cycle, and the angle deviations of «,, ¢, and «,from a-, b- and

c-axis, respectively, are calculated. The in-phase (V

a_in?

V,

b_in?

V

c_in

) and out-of-phase

(\/a_out’ Vo out ,VC_Out) projected voltages are obtained as follows:
V, =N, |cos(e, —0) £0 (7.10a)
V, 0=V, |cos(ey, —47/3) L4713 (7.10b)
Ve :M‘COS(O‘C —2713) L2713 (7.10c)
V, ou=M.sin(a, —0) £z/2 (7.11a)
Vy ou=N,|sin(ey, —4713) 211716 (7.11b)
V, qu=N|sin(e, —27/3) 27716 (7.11c)

120° 90" o

=PV, =0.5,0°

=PV, =0.9,253.9°
V,=0.9,106.1°

—»V, ;= 0.5.,0°

—» V}, ;= 0.874 22400
V, = 0.874 21200

* Vaiou‘[ = 04900

3V = 0.22./3300
— 3 Ve gy = 0.222210°

Fig. 7.4. Extraction of in-phase and out-of-phase projected voltages on a-axis, b-axis and c-axis for dip-
type D with dip-depth d = 0.5.

The five PE parameters (6,9, |y|.4y and Ay) are extracted from in-phase projected 3-
phase voltages expressed by (7.10). A sixth PE parameter, denoted as A;’”t, Is extracted

from the semi-minor axis obtained from out-of-phase projected 3-phase voltages given
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in (7.11). The dip-wise expressions of two PE parameters (¢ and ¢) are reported in

Table 7-11. Mathematical derivations of these expressions are presented in Appendix C.

TABLE 7-1

PHASOR PRESENTATION OF 3-PHASE VOLTAGES FOR SEVEN TYPES OF DIPS

Dip-type Voltage Phasors Vector diagram

V, =(@-d) N\

A V, =-05(1-d){L+ j/3
V, =-051-d){L- j4/3
V, =(@1-d)

B Vv, =—0.50+ j/3
V., =-0.5(1— j/3
Vv, =1

C V, =-05-05(1-d)(j3
V, =-05+05(1-d)(j3

V, =@-d)
D V, =-0.5(1—d)—0.5j3
V, =-0.5(1—d)+0.5(j/3

V, =1
E V, =-051-d)L+ jv3
V, =-05(1-d){L- j/3 ;
;
V, =(1-d)
1 1-d
. V, =-051-d)- §+T i
1,1-d

V,=-051-d)+ §+

Va zg_}_ﬁ
7
G Vbz—é—ga—d)—OBQ—dXh@) .
i3 _ v
v -1 Lla_d)+ose-d)jv3) | -
=-o- -y rosi-a)iva) | |
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TABLE 7-11
DIP-WISE EXPRESSIONS OF TWO POLARIZATION ELLIPSE PARAMETERS

Affected dip-phase t?/g)e Elevation angle (6) Azimuthal angle (¢)
abe A - tan’l(\/i ) —3rl4
a —
B tan‘l{ 1+(1—d)2] ~z+tan™(1-d)
e an|
° 1-d _rtani—d))
i o ‘[m] —rstan (4~ 4d)14-a)
.
° 41-a) _r s tar(4—d)/(4—4d)
i : t{MJ -t (2-24)(2-d)
-
° 2-2d _z+tan((2-d)/(2-24))

8 ﬂ—tan‘l(\/i—\/id)
¢ ° | -t (a2 d)i(a-d)) 374
Pl z—tan(2V20-d)/(2-4))

= ﬁ—tan’l(\/il(l—d))
a | r-tan(aV2/(a-30)) 37/4

7 —tan*(2v2(3- d)/(6-5d))

bc

ca : - tan‘l(MJ ~z+tan(1/(1-d))

—z+tan(1-d)

b —

j c tan{ 9d? — 24d +32j -z +tan™(4/(4-3d))
ﬂ'_

- ) —z+tan((4-3d)/4)

b -

C G tanl[ 72-84d +29d2] ~m+tan*((6-2d)/(6-5d))
7[_

- 6-2d _r+tan((6-50)/(6-21))

In the next Section, the algorithm and procedure of classification and characterization

of voltage dips and swells are presented.

7.3 CLASSIFICATION AND CHARACTERIZATION OF VOLTAGE
DIPS AND SWELLS

For the seven types of dips presented in Table 7-1, there are a total of 19 groups (see

Table 7-111A) covering all possible combinations of dip-affected phase voltages. In
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Table 7-111A, a notation convention has been employed to describe the different voltage
dip groups: the letters a, b and ¢ on the left side of the word “dip” indicate the class of
dip and the capital letters on the right side indicate the dip-type. For example, ab_dip_E
refers to E type dip with severely affected ab-phase or class of ab-®. Similarly, Table 7-
I11B presents two types of voltage swells, which include 6 swell groups.

TABLE 7-11I1A
GROUPS OF DIPS

. . . Dip- Severely
Serial No. Groups of dips Classes of dips type | affected dip-@
1 abc_dip_A abc-® or 3-0 A abc
2-4 a_dip_B,a dip_D,a dip F a-o B,D, F a
5-7 b_dip_B, b_dip_D, b_dip_F b-® B,D,F b
8-10 c_dip B, c dip D, c dip F c-O B,D,F c
11-13 ab_dip_E, ab_dip_C, ab_dip G ab-o E,C G ab
14-16 bc_dip_E, bc_dip_C, bc_dip_G bc-® E,C G bc
17-19 ca_dip_E, ca_dip_C,ca dip G ca-® E,C G ca

TABLE 7-11IB

GROUPS OF SWELLS

Serial No. Groups of swells Group name Swell-type Seve:\l/é/”aj(f)ected
1 A swell | a-® swell | a
2 B swell | b-® swell |
3 C swell I c-O swell | c
4 AB_swell H ab-O swell H ab
5 BC swell H bc-® swell H bc
6 CA swell H ca-® swell H ca

Numerical values of four PE parameters, [y|, Ay, A and A’ , are obtained from Eqgs.

(7.2)—(7.9), by varying the dip-depth d (from 0.1 pu to 1 pu). Similarly, the numerical
values of the other two PE parameters, ¢ and ¢, are acquired from the expressions given
in Table 7-11. Thus, six PE parameters are obtained. By analysing these parameters for
abc_dip_A, it is observed that the 3-® or abc-phase dips can be easily classified by
applying a threshold condition on the ratio of the semi-minor to the semi-major axis
(Ay/Ay) and another threshold condition on semi-minor axis (Ay). According to IEEE

1159.2 standard, a voltage less than 0.9 pu is considered as a dip, whereas a voltage
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greater than 1.1 pu is defined as swell. In the proposed approach, for a dip-depth equal
to 10% of the nominal voltage i.e. for d = 0.1 pu, the ratio of (A,/A) is obtained as
0.933. Taking IEEE 1159.2 standard into account, for minimum allowable voltage

magnitude, i.e., for |V, |=|V, |9V, |[=0.9pu, Ay is obtained as 1.1023 and for maximum
allowable voltage limit, ie., for |V, |=|V, |9V, |=1.1 pu, Ayyields 1.286. Thus, by

incorporating the necessary boundary condition on the PE parameters, Ac and Ay,
voltage dip, normal condition (no dip) and voltage swell of the system can be classified
as shown in Fig. 7.5. In the next subsection, i.e., in Section 7.3.1, an algorithm for
classification of voltage dips is presented. Then, classification of voltage swells is
explored in Section 7.3.2. Characterization of voltage dips and swells are presented in
Section 7.3.3.

7.3.1 Voltage Dip Classification

The flowchart of Fig. 7.5 shows the algorithm of dip classification using three phase
voltage signals within one cycle window length. As illustrated in Fig. 7.5, the whole
classification methodology is carried out in three stages. In the first stage, abc_dip_A
type is classified by applying the necessary threshold conditions as discussed above. It
should be noted that in the first stage, two PE parameters, A, and Ay are obtained by
considering the actual voltage magnitudes of 3-® voltages; the phase angle differences

among the 3-phase voltages are assumed to be separated by 120°.

At the commencement of the second stage, six PE parameters are extracted from in-
phase and out-of-phase projected phasors. The dip affected phase is classified in this
stage. To this end, || versus ¢ are considered for six classes of dips: single phase dips
(a-®, b-® and c-® dip) and double phase dips (ab-®, bc-® and ca-® dip). The optimum
decision boundaries among these six classes of dips are obtained as the curve bisecting
two adjacent regions. To do so, at first, the curves (Jy| as a function of ¢) relating the
“classes of dips” presented in Table 7-111A, are obtained from Eqgs. (7.2)—(7.5), Eq. (7.7)

and the voltage phasors shown in Table 7-1 for 0.1<d<1. These curves are denoted as

vl (0) v, () ], (0) W, (@) v], (@)and |y| (o), Where the different subscripts represent

the “classes of dips”. As an example, the two curves |y| (p)andjy| () are given by

vl (@) =z/2, and |y, (¢)=0.
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The other four curves |y (¢), v, (¢).

where the variables Sy, S, and the range of ¢ are shown in Table 7-1V. Figure 7.6
illustrates the six decision boundaries separating the different classes. For instance,

v|_(p) and|y| _(p)are represented by Eq. (7.7),

decision boundary D,__, (¢) separating c-® and ca-® classes is given by

D, . (#)=0.5y|_ (¢)+ 05| (o)

The other five decision boundaries,which include D_,.(¢), D, ,,(¢), D, ,.(¢), D, .. () and
D,_.,(¢), are obtained in the same manner. As Fig. 7.6 shows, if < -135°, then D_,(¢)
,D, .(p) and D, () are employed, which implies that the class of dip can be a-® or

c-® or ca-® or ab-®. Similarly, for ¢ > -135°, the decision boundaries D, ,.(¢), D, ., ()

,andD_, (¢) are applied. Thus, six classes of dips are classified.

A IExtraction of 1 cycle of 3-phase voltage phasorsl

Extraction of two PE features: 4, and A,

13
\
((4,/4,) > 0.933 i (4.2 1.286
& (1.286 > 4,>1.102 Yes
Swell
First | v
:Sta é ! PE features (||, p)
DELE No Dip Ves l
abc_dip_A Classify 6 classes of
PE features (|y/, ¢, 6, 4,, A, and swells (H-type a.n(.i I-
A4,™") from in-phase and out-of-phase type)]; usmdg decision
————————— projected 3-® voltage phasors SIS
Second | 3
lStage i Classify 6 classes of dips: a-®, b-®, c-®, ab-
e | @, be-® and ca-D, using decision boundaries

v
|Single-phase dips (a/b/c-®)| | Double-phase dips (ab/bc/ca-D) |

v
Classify B, D and F type of dips, using | |,5-® BeasDioF GaiD
D, aB-aD(H) ’ D aD-uF( 0) b D ('B-('D(H) 5 D, cD-cF (9)
Third | v
| ' [Classify E, C and G type, using Dusas6(0), Dusiavc(6) |
Stage | ,

Classify E, C and G type, using decision boundaries: Dy .z p.6(¢),

% Dh('l:'—h('('((o) for bC-(D or D('ul‘.'-ca(}((p)v D(‘al:'—('a(','(¢) for Ca'q) dlps

Fig. 7.5.Flowchart of the 3D polarization ellipse method.
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TABLE 7-1V

CURVES FOR CLASSIFYING SIX CLASSES OF DIPS

Curves S, S, Range of ¢
\!//\m((p) O.Stango{ 1+cos (1 J\/g)} ) O.5(1+sin2¢+ j\/§c032(p) ;120:
|l//|a(§0) 0.5{\/1+sm (1 J\/§)} Cosg ~135°
|‘/’|b(§0) 0.5{«/1+ cos® @ (1 J\/§)} B 0.5(1+sin2¢)+ j+/3 cos? (p) ;1¢35§O
‘V/‘bc((ﬂ) 0.5c0tgo{ Ji+sin?p (1 J\/g)} sing - 90°
90 _Dc-ca(¢)_'Dc-bc(¢) Da—ab(@_'Db-bc(@_Da-ca(¢) Db-ab(¢)
80 — c-O R _____———""'—
10 o0 — T 5
: pc-®
T — : ae==""
AGO \‘\ ; —"—V"—
2 : ’—”
2 50 T~
g a-® i
§40 b-®
30
20
\ 4
-{)80 -170  -160  -150 _14$(deg_rleg§) -120  -110  -100 -90

Fig. 7.6. Decision boundaries: D__, (¢), D, ,.(#) D, 4 (®), Dy1c (#), D,  (¢),@Nd D, _, (¢) €Stablishing the

classified zone of six classes of dips, which include a-®, b-®, c-®, ab-®, bc-®, and ca-®; double arrow

dotted line acts as a logical separator among the classes of dips.

In the third stage, the dip-type is classified for single-® (B, D and F type) and double-
® (E, C and G type) dips. For classifying B, D and F types of single-® dips, the curves
(Ax as a function of #), obtained from (7.2)—(7.5), (7.9) and the phasors of Table 7-1 for
0.1<d<1, are used. The equations of these curves are represented by (7.9), where the
variables Sy, S, and the range of 6 are reported in Table 7-V. These equations show the
behaviour of PE parameters A, and & under B, D and F types of single-phase dips. In
Table 7-V, the curves, representing B, D and F types of a-®, b-® and c-® dips, are

denoted as A ,5(0), Ap(0) Aur(0) Aps(0), App(0). Ape(0), Al0). Ap(0)and

A (49) respectively. Moreover, Fig. 7.7 shows the decision boundaries, used for the
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classification of B, D and F types of dips. As an example, the decision boundary

D,z .(0), separating a_dip_B from a_dip_D, is given by

D,s 45(0) =05A, 5(60)+0.5A, ,5(0) (7.13)

Similarly, the expressions for D, ,-(0), Dy r(6) and D (6) are obtained. Using
the equations of these decision boundaries, the B, D and F type dips can be easily

classified (see Fig. 7.7).

TABLE 7-V
CURVES USED FOR THE CLASSIFICATION OF DIP-TYPE:B, D AND F

Curves S, S, Range of 6
(0 0.5!1_ J\/§’ 0.5(1+ j\/§(1—200329>)
bB(H sind sin@1-2cos* @

15— VML zoos0 | 15 iifhozese) | 90°
sin9(4m+cose) sin8(4m+cosﬁ) 1250

150 jV3AN1-2c0s70 | 15(1+ jv/3)L-2c0s?6)
sinB(Z\/1—2c0320+cose) sing(2v1-2cos” 6 + cos )

=2

O

—_
)

1)
O
D

S| | | | ~—| ~—

A R AP ardrarardre
S

=(0) 0501 j¥3)(v2 cos0) 0.5x+15x(V3+ j)
0) 150 43) 15c050(3+ j+/3) 125°
® 42 cos 6 +sin 6 42 cos 6 +sin @ <903
©) ~ 050-jv3) 0.5c0s 03+ j+3) 180
o 22 cos 6 +5sin @ 22 cos 6 +sin @
A
12 - - i~ -
|a_d|p_E3/b_d|p_E3|// ARNAE. c_dip_B
1 / !I "“ -~.~--._.~ —_—
" [’ “'. -
7
=<1 - . /' i .".
<" | [a_dip_D/b_dip_D| , )
4 ".,
09 it :
”’ E '.........
08 "'f’ .......
e ; fteea,
- a_dip_F/b_dip_F| c dip F
03 L 4
0 100 110 120 1% ( degrgg) 150 160 170 180

Fig. 7.7. Decision boundaries: D_, _(9) (solid line), D_, . () (dash line), D ;_, (0) (dash dotted line),
D, (0) (dotted line) establishing the classified zone of B, D and F types of single-® dips; double arrow
dotted line acts as a logical separator between a/b-® class and c-® class of dips.
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Double-® dips (E, C and G type) are classified in two steps. First E and C type dips
are bundled together as E/C type, the E/C and G types are classified. In the second step,
the dips E and C are classified. In order to make a distinction among E, C and G types
of ab-® dips, at first, E/C and G type are classified. To do so, A relating ab-® dips of
the E, C, and G types are generated from Egs. (7.2)—(7.5), Eq. (7.9) and the

corresponding phasors of Table 7-1 for 0.1<d<1; these are denoted as A ,..(6),

A, ..c(6) and A .(6) respectively. The curves A . (6), A ..c(6) and A, ,.;(0) are

presented by (7.9), where the variables Sy, S, and the range of & are shown in Table 7-

VI. Hence, the decision boundary is expressed as,

DabE—abG(e) = 0'5A<,abE(9)+0'5AA,abG(0) (714)

(@)

1.2 'DabE-abG(g)

ab_dip_E/ab_dip_C /

=<1
< /
0.8 ab_dip G

0'80 95 100 103 (deglr%g) 115 120 125

(b)
o ab_dip_C ~Dave o'
_ 03 IR
S;E>
0.2/ ~——
. ab_dip_E —
90 95 100 102 110 115 120 125
(degree)

Fig. 7.8. Classified zone of ab-® dips using decision boundaries: (a) D, ¢ ,,5(&) for E/C and G types;
(b) Dope apc(6) for Eand C types.

Secondly, the classification of ab_dip_E and ab_dip_C is conducted by obtaining the
curves derived from Egs. (7.2)-(7.5), Eq. (7.8) and the corresponding phasors of Table

7-1 for 0.1<d<1. In this case, A‘;‘“ is obtained through the proposed PE technique
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applied to the out-of-phase phasor voltages. To this end, A‘;”t related to ab-® dips of

type E and C type are generated from (7.8); they are denoted as A‘y’?;bE(e)and Ai”tbc(9)’

,al

respectively. Thus, A;‘“ (9) is obtained as Asf‘;bE =0 and Ajﬁ‘;bc(e) Iis represented by

,abE
(7.8) followed by Sy, S, and the range of 8 as reported in Table 7-VI. The decision

boundary is denoted asD,. ,..(0). The decision boundaries D, .(8)and
D..c () , corresponding to the first and second steps of classifying E, C and G type

of ab-® dips, are presented in Figs. 7.8 (a) and 7.8(b), respectively.

TABLE 7-VI
CURVES USED FOR CLASSIFYING E, C AND G TYPE OF AB-® DIPS

Curves S S, Range of 6
Ax, abE(e)
050 jv/3)ising | —0.5xcosol3+ j¥3)/sine
Ax, abc(e)
[0}
A . (0) 1.5(1—jJ§) ~ 1.5c056?(3+ j\/§) 39%3
e 24/2 cos 0+ 5sin 0 2/2c0s0+5sin 0 125°
A??tabc(a) 3 sin@++/2cos @ ~ 0.5(1+ j\@)(sin 0 ++/2cos 9)

J3sing J3sing

Following similar steps for classifying ab-® dips of type E, C and G, the bc-® and

ca-® dips are distinguished by the decision boundaries obtained from the curves:

A<,bcE (¢)’ A(,bcc (¢)’ A(,ch (¢)’ A<,caE (¢)’ A(,cac (gp) ’ A(,caG (¢)' Aj?btcc (¢) ' Aj,ubtcE ((p) !

Ajf’ctaE((p) and A%Lc(p). It should be noted that A% (p) and A‘;f‘éaE((p) are

,caC

obtained as A‘;f‘f,cE =A‘;f'§aE =0. The rest of the curvesare derived from Egs. (7.8) and

(7.9), and the variables presented in Table 7-VII. The curves corresponding to the
decision boundaries of bc-®@ and ca-® dips are shown in Fig. 7.9. The detailed
derivations of the decision boundaries, corresponding to voltage dips of seven types, are

presented in Appendix D.
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TABLE 7-VII

CURVES USED FOR CLASSIFYING E, C AND G TYPE OF BC-® AND CA-® DIPS

Curves SP S, Range of ¢
A, bcE((P) (1—j\/§)c03go\/m 1+ jV/3cos® p+sin’
A bec ((0) 2sing 2sin g _3r
Ax ((P) _1.5(1— j\/§)c03¢)w/1+sin2(p 3 1.50056'(3+ j\/§) <¢4s

beG 2c0s @ —5sing 2v/2cos6+5sin@ - g

A (o) \/§(1— j\/§Xsin¢—cos ) | 30+ jv3)sinp—cosp)

y:beC 6sin ¢ 6sing
A e (¢’) (1+ j+/3cos? @ +sin? )

: 050 jV3tangyltcostp |- ? 4
Ax, caC (¢) ( J ) Y Y ZCOSgo -7
A, ( ) 150 jV3Jsing L+ cos’p | 150+ jV3cos’p+sin’p) : (pgi

cac\P 5cosp—2sing 5c0s¢p —2sing s
A(;L,Jtcac (¢’) \/5(1_ i\/g};(‘?;(ﬂ —sing) /3(cos p—sin p)/3cos
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7.3.2 Voltage Swell Classification

The proposed method is used for classification of voltage swells, which include two
types of voltage swells: H- and I-type, as reported in [31] and presented in Table 7-VIII.
The I-type swell includes the single-® voltage swells, a-®, b-®, and c-® swells,
whereas the H-type includes the double-® voltage swell, i.e., ab-®, bc-®, and ca-®
swell, as shown in Table 7-111B. As shown in Fig. 7.5, the six swell groups are classified
by following similar approach to that of classifying six classes of voltage dips. To this

end, the equations required for the decision boundaries are denoted as |y, (¢), [u], (¢)

W] (@) W], (@) @nd |y|_,(¢), Where subscript letter “A” represents a-® swell,

vl (o)
“B” represents b-® swell and so on. The equations (Jy| as a function of ¢) relating the
“groups of swells” presented in Table 7-111B, are obtained from Egs. (7.2)—(7.5), Eq.
(7.7) and the voltage phasors shown in Table 7-VIII. Thus, the Egs.of two curves

v|,, (p)and|y|. (¢) are derived as: |y|, (p)=7/2, and |y|_ (#)=0. The other four curves,

v| (@) and Jy|_(p)are represented by (7.7), where the variables Sy, S,

CA

v, (@), vl (@),
and the range of ¢ are shown in Table 7-1X. From these expressions, the equations of
decision boundaries, which bisect two adjacent swell regions, are obtained; see Fig.
7.10 for illustration. The six groups of swells are classified using the expressions of
these decision boundaries. The detailed derivations of these decision boundaries,

corresponding to voltage swells, are presented in Appendix E.

TABLE 7-VIII

PHASOR PRESENTATION OF 3-PHASE VOLTAGES FOR TWO TYPES OF SWELLS

Swell-type Voltage Phasors Vector diagram

V, = (1-d)
H V, =050 +d)-05(j+3)
V, =-05(+d)+05(jv3)

= (1+2d)
—0.5(1—d)—0.5(j\/§)

Va
| v,
V, = -051-d)+05(j3)
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TABLE 7-1X
CURVES FOR CLASSIFYING SIX GROUPS OF SWELLS

Range
Curves S, S, of o
V() | Lo bires oh- B | ashesnir B
Vis? cos g + 2sin @ cos g +2sin g -180°
o<
_ —05(1+sin’ g+ jvBoos’p)icosp | ~135°
W]oe (@) | 05{\1+sin? g - j¥3)} ( )
|l//|CA((0) 0.5{\/1+(:T2(p (1— j\/§)} —O.5(1+sin2qo+ j«/§0052q0)/5in(p a0
<p <
|l//| ((0) 1.5¢c0s¢ m@— J\@)} ~ 1.5(1+sin2 @+ j3 cos? ¢) - 90°
A 2c0sp+sing 2C0S @ +5iNn ¢
_DAB-B(¢) -'DAB_A(¢) DBC-C(¢)-.DCA-A(¢) _DB-BC(¢) DC CA(¢)
D ab- swell | |ab-@ swell L______——--"’
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Fig. 7.10. Decision boundaries, b, (), D »(#).Dac_c(2),Dex n(9).Ds_se (), 2NA D, () €Stablishing

the classified zone of six groups of swells, which include a-®, b-®, c-®, ab-®, bc-®, and ca-®; double

arrow dotted line acts as a logical separator among the groups of swells.

7.3.3 Characterization of Voltage Dips and Swells

Upon completion of the classification task, the severity of voltage dips can be
characterized using the dip-depth d. In Table 7-11, PE parameter ¢ and ¢ are expressed
as a function of d; therefore, d can be easily calculated from the expressions
corresponding to the dip-type which is obtained through the classification.For example,
if an event is classified as a_dip_D with PE parameters 6 =121.2° and ¢ = —142.9°,

then d can be calculated from the expressions of € and ¢ corresponding to a-® dip
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(affected dip-phase is a) and type D, as shown in Table 7-1I. The calculation is
presented below:

p=-n+tan((4-4d)/(4-d));

= -142.9=-180 +tan *((4 - 4d )/ (4 -d));

= d =0.3005
From the above calculation it is evident that the event, which is classified as a-® dip
and type D, has encountered a dip-depth of 0.3 pu. To derive the general expressions of
dip-depth d as a function of & or ¢, considering dip-types B, D, F, E, C, and G, the
expressions of Table 7-11 are re-arranged and summarized in Table 7-X. For A-type dip,
all three-phase voltages are reduced in equal amount; hence, dip-depth can be easily

obtained as d =1-)V, |, where ®=aor b or c.

TABLE 7-X
EXPRESSIONS OF DIP-DEPTH AS A FUNCTION OF POLARIZATION ELLIPSE PARAMETERS

Affected dip-phase| Dip-type Dip-depth (d)
a B 1-tan(z +9)
b 1-cot (7 +¢)
a D (1-tan (7 +¢))/(1-0.25tan (7 + @))
b (1—tan(z +¢))/(0.25—tan (7 + @))
a F (1-tan(z +¢))/(1-0.5tan (7 +@))
b (1-tan (7 +¢))/(0.5—tan (7 +¢))

1-tan(z—6)/+2
(V2 -tan (z-6))/[V2 -0.25tan (z - 0))
(V2 -tan(z-0))/(v2 - 05tan (7 - 0))

B
D
F
E 1-vJ2/tan(z—0)
C
G

ab 4/3-442 /(3tan (7 - 6))
(6v2—6tan (- 0))/(2v2 - 5tan (z - 6))

bc E 1-cot (7 +¢)

ca 1-tan(z+¢)

bc c (4—4cot(z+¢))/3

ca (4—4tan(7+9))/3

be G (6-6tan(7+¢))/(2—5tan(z +¢))

ca (6-6tan(7+¢))/(5-2tan (7 +¢))

According to IEEE 1159.2 standard, definition of voltage dip involves the dip-depth

d to lie within 0.1 to 1 pu. Thus, concurrent operation of cycle by cycle
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classificationand extraction of d, will allow to detect the onset of voltage dip in real-
time. For example, if d is monitored continuously, under normal condition its value will
be close to O; if d is found within 0.1 to 1 pu, then dip-inception can be detected.
Another technique to evaluate the gravity of dip/swell is to estimate the surface area of
the ellipse. The decrease of the surface area of the ellipse is proportional to the dip
gravity. Similarly, increase of the surface area of the ellipse is proportional to the swell
gravity. For example, for a given dip-depth, three phase voltage dips are the most
severe, followed by double phase and single phase dips, which is reflected in the surface
are of the ellipse obtained in 3D co-ordinates.

7.4 VALIDATION AND TEST RESULTS

The proposed method is validated with recorded waveforms provided by IEEE
1159.2 [117], real measurement data given in [119], and unbalanced dips associated

with phase angle jump.

7.4.1 Voltage Dip Classification from recorded waveforms

IEEE 1159.2 working group recorded several test waveforms, which include balanced
and unbalanced voltage sags influenced by industrial power electronic equipment [117].

Most of these recorded waveforms are used to validate the proposed method.

The phase voltages may be influenced by noise and harmonic distortion due to the
presence of power electronic devices and other electrical equipment. The impact of
noise can be seen in Fig. 7.11, which shows one of the recorded waveforms wave
15[117]. To extract the ellipse parameters, the DFT (Discrete Fourier Transform) is
applied to one cycle long window. The phase voltage magnitude and phase angle at the
fundamental frequency (in this case 60 Hz), are extracted and passed through the
proposed polarization ellipse technique for dip classification. The proposed algorithm
operates on a sliding time-window of 1 cycle length and each of the recorded
waveforms has 3-phase voltage signals of six cycle duration. Therefore, if voltage dip or
swell is found within any window frame passing through the six cycles of voltage
signal, it is detected; otherwise it is classified as normal condition. However, to test the
proposed method, normal condition of the recorded waveforms is not shown; only the
classification results within one cycle window frame, starting at the inception of voltage

sags, are considered and presented in Table 7-XI. For instance, 3-® voltage phasors of
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third cycle (0.033 to 0.05 sec duration) are considered for the voltage dip-classification
of wave 15 and marked as classified window. Similarly, voltage phasors of other
recorded waveforms are classified as shown in Table 7-XI.

TABLE 7-XI

CLASSIFICATION OF VOLTAGE DIPS WITH RECORDED WAVEFORMS

Wave Classes of dips PN [ TP e Test results
number | (ground-truth) AJA, A, 2° B (classes of dips)
wave 1 b-® 0.72 0.93 -117.9 38.3 b-®
wave 2 c-O 0.65 0.79 -135.2 89.7 c-O
wave 3a a-® 0.59 0.49 -173.2 43.1 a-o
wave 5 ca-® 0.77 0.47 -145.5 69.5 ca-®
wave 6a c-O 0.67 0.59 -135.2 89.7 c-O
wave 7 a-o 0.59 0.49 -173.5 429 a-o
wave 8 a-o 0.61 0.41 -165.4 41.2 a-o

wave 1la b-® 0.9 0.66 -129.8 40.8 b-®
wave 12 | 3-® or abc-® | 0.99 0.72 - - 3-® or abc-O
wave 13 a-o 0.74 0.95 -150.4 35.7 a-d
wave 14c c-O 0.59 0.77 -134.2 89.1 c-O
wave 15 c-O 0.70 0.89 -134.2 88.8 c-O

It is observed that the test recorded waveforms are suffered from voltage dips in
single-phase or two-phases or 3-phases; the ground-truth for the “classes of dips” is
presented in column 2 of Table 7-XI. These recorded waveforms are passed through the
proposed multi-stage classification algorithm. Firstly, the PE parameters are extracted
for each of the recorded waveforms, see columns 3-6 of Table 7-XI. Then, using the
decision boundaries as highlighted in Fig. 7.6 and the PE parameters || and ¢ of Table
7-XI, classes of dips are identified. For wave 12, abc-® or 3-® balanced dip is identified
by applying the conditions on PE parameters (A,/Ayand Aysee Fig. 7.5. The
classification results, as presented in 7™ column of Table 7-XI, specify the successful
classification of all the test recorded waveforms with 100% accuracy. In summary, the
proposed algorithm is able to provide the exact “classes of dips” as reported in the
results of recorded waveforms. Moreover, dip-depth can be monitored in real-time by
applying a sliding data-window of one-cycle as illustrated in Fig. 7.11. Thus, dip-

inception time and severity of dip can be realized in real-time.
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Fig. 7.11. (a) Recorded waveform wave 15 collected from [117], (b) real-time monitoring of voltage dips

for wave 15 using dip-depth d.

7.4.2 Validation of the Proposed Method using real measurement Data

Voltage dips, measured in Belgian transmission grid as presented in [119], and
voltage swell, recorded from a medium voltage network [31], are used to validate the
proposed algorithm. The phasors, illustrated in Table 7-XII, are extracted from the
waveform stored during the occurrence of a voltage dip or swell. For classification of
each type of dips/swells, the in-phase and out-of-phase projected voltage phasors are
obtained by following the procedure presented in Fig. 7.4; the projected phasors are
then passed through the proposed polarization ellipse technique. The whole
classification process is conducted in three stages as described in Section 7.3. The first
stage is disregarded since the PE parameters (Ay/Ay),Ax and Aydo not fall in the groups of
balanced dip or no dip condition (see Fig. 7.5 and Table 7-XIII). Therefore, in order to
explore the last two stages of classification, the waveform of dip-type D is taken as an
example. Applying the PE parameters, || and ¢, see Fig. 7.6, reveals that the “class of
dip” is a-®. Likewise, applying the PE parameters — Ay and @ in Fig. 7.7, implies that
the type of dip is D. Other two types of dips, Cand E, are classified and characterized
using similar approach. Upon completion of the classification task, characterization of

the dips is conducted by extracting dip-depth d as discussed in Section 7.3.3. Among
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these three types of dips, bc_dip_E type is found to be the most severe dip as indicated
by the dip-depth value, see Table 7-XIII. Moreover, for H-type swell, using the PE
parameters, || and ¢, see Fig. 7.10, reveals that the “group of swell” is ab-® which is
denoted as AB_swell_H type. This H-type of swell also experiences a dip in c-phase and
its severity can be determined from the d value, see Table 7-XIII. In summary, the test
results, as presented in Table 7-XIIl, specify the successful classification of bc_dip_E
type, ca_dip_C type, a_dip_D type and AB_swell_H type of events.

TABLE 7-XII

PHASORS OF 3-PHASE VOLTAGES RECORDED DURING DIPS/SWELLS

Type Va Vb Vc
Cc 0.83845.2° 0.982,-117.9° 0.876£115.3°
D 0.72621.7° 0.964,-114.6° 0.958,116.9°
E 0.97721.2° 0.2864-166.6° 0.3652124.2°
H 1.52£-15.1° 1.562£-135° 0.082118.2°
TABLE 7-X111

CLASSIFICATION OF VOLTAGE DIPS/SWELLS WITH RECORDED DATA

Dip/Swell Polarization Ellipse parameters Classified | Dip-depth
type AJA, A, 9° o° E dips/swells (d)
C 0.91 1.15 126.1 -139.6 55.9 ca_dip_C 0.199
D 0.85 1.17 121.2 -142.9 34.7 a_dip_D 0.3
E 0.4 0.99 117.9 -101.4 77.1 bc_dip_E 0.798
H 0.58 1.822 175.6 -135.7 89.3 | AB_swell_H 0.95

7.4.3 Validation of the Proposed Method using unbalanced voltage
Dips associated with phase-angle jump

According to [30], the impedance angle or maximum phase angle jump of -10° to
+10° is found in typical transmission system faults, whereas phase angle jump of -40° to
-60° occur with faults in distribution lines. In agreement with this, the real cases, which

are considered in this subsection, possess phase angle jump of less than 60°.

In [23] and [30], several test events of voltage dips including single-® and double-®
dips are presented. Among those test events, six critical events, which include large
phase angle jump and rotation due to loading effects, are used to validate the proposed

algorithm. These six events are presented in Table 7-XIV. Event 1 is associated with
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single-® voltage dip [23]. Event 2 illustrates the scenario when phase “a” experiences a
dip of fifty percent with a phase-angle jump of —30° in a solidly grounded systems [30].
Event 3 represents a similar case to Event 2 with a larger phase-angle jump, i.e., —40°
[30]. Event 4 represents the “bc” phase dip incorporating 50% voltage drop along with
phase-angle jump of —40°. Event 5 and 6 are originated from Event 4 by considering the
dynamics of the load associated with voltage drops and rotation [30]. Using the
proposed algorithm, it is revealed in column 6 of Table 7-XI1V that single-® and double-
® dips have been classified correctly. The classified dip-types of all six events are also
shown in column 7 of Table 7-XIV. Comparative analysis between space vector method
presented in [31] and the proposed PE method are conducted on the basis of classifi-
cation results of these six critical events. Among these six events, space vector method
fails to classify four critical events (Events 3-6 as highlighted in Table 7-XIV)
influenced by large phase-angle jump; whereas the proposed PE method has
successfully classified all six events. Moreover, the proposed method was tested with
adding noise (SNR ranging from 20 dB to 30 dB), see Table 7-XV, and harmonic
distortion (THD was varied from 1% to 20%); under these conditions, it was found that

performance of the proposed method was not affected.

TABLE 7-XIV

CLASSIFICATION OF UNBALANCED VOLTAGE DIPS ASSOCIATED WITH PHASE-ANGLE JUMP, VOLTAGE DROP
AND ROTATION DUE TO LOAD EFFECTS

Classified dips
“Classes” | (Proposed PE method) | Classified
Events Va Vb Ve of dips “Classes”
(ground- “Classes” | Dip-type qf dips
truth) using [31]
Event 1 | 0.3162£-11° | 0.842£-103.0° [0.848,97.7° a-o a-o D a-o
Event 2 | 0.4972£-30° | 1.0032-120° | 1.0032120° a-o a-o B a-o
Event 3 | 0.4972-40° | 1.0032£-120° | 1.0032120° a-o a-® B ab-®
Event4 | 1.0020° 0.847,-157.1° | 0.3972123° bc-® bc-® E c-O
Event5 | 0.8540° | 0.717£-157.0° | 0.3382124° bc-® bc-® G c-O
Event 6 | 0.8512-20° | 0.7812£-177.1° | 0.3392103° bc-® bc-® G c-O

TABLE 7-XV
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CLASSIFICATION OF CRITICAL VOLTAGE DIPS AT THE PRESENCE OF NOISE

“Classes” of Classified dips
Events | dips (ground- No noise SNR 30 dB SNR 20 dB
truth) “Classes” | Dip-type |“Classes”| Dip-type |“Classes”| Dip-type

Event 1 a-o a-o D a-o D a-o D
Event 2 a-o a-o B a-o B a-o

Event 3 a-o a-® B a-® B a-o B
Event 4 bc-@ bc-® E bc-® E bc-® E
Event 5 bc-® bc-® G bc-® G bc-® G
Event 6 bc-® bc-® G bc-® G bc-® G

7.5 SUMMARY

A new method for classification and characterization of voltage dips and swells is
proposed in this Chapter. Using the proposed approach, a total of seven types (A, B, D,
F, E, C, and G) of dips, which include 19 possible groups of dips, are classified and
characterized. Two types of voltage swells (H- and I-type), which include a total of 6
groups, are also classified using the developed method. The proposed method is
designed based on the Polarization Ellipse (PE) parameters, in 3D co-ordinates,
extracted from three phase voltage signals. Six PE parameters are extracted from in-
phase and out-of-phase projected voltage phasors on a-, b- and c-axis. Based on the PE
parameters, the expressions corresponding to seven types of dips and two types of
swells, and their decision boundaries are developed. Using the decision boundaries and
PE parameters, three-stage classification algorithm is proposed. The proposed algorithm
can effectively classify the balanced dips, six classes (single-® and double-® dips) and
their corresponding types of dips (B, D, F, E, C and G). Moreover, the developed
analytical expressions of decision boundaries require less computation time for cycle by
cycle classification. Therefore, the speed of the proposed algorithm is expected to be
fast. The proposed algorithm is validated with recorded waveforms extracted from IEEE
1159.2 working group report and real measurement data of Belgian transmission grid.
Besides, the proposed PE algorithm is able to classify the unbalanced dips associated
with phase angle jump. Thus, the proposed method has a great potential to be used as an
important tool for classification and characterization of voltage dips and swells in

electricity networks.
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Chapter 8

CHARACTERIZING VOLTAGE DIPS AND SWELLS
DURING AND SUBSEQUENT TO ISLANDING
SCENARIOS — A SPECIAL CASE STUDY

8.1 INTRODUCTION

The presence of DG strengthens the distribution system and introduces a damping for
disturbances. For example, by using active control on the voltage at the terminals of the
generator units, voltage fluctuations and voltage dips can be mitigated. However,
utilitiesmay have specific interconnection guidelines for these local generators or DGs
and they must comply with these guidelines/requirements for integration to the utility
networks[2]. Controllers of these DGs do not need to control the grid frequency but can
support voltage of the system, when they remain in grid-connected (i.e. in parallel
operation mode). On the other hand, DG needs to control the voltage and frequency
when they tend to operate in a stable stand-alone mode in a power system island. Stand-
alone operation of DG may be triggered by islanding, which is defined as a situation
when a segment of the distribution system is isolated from the utility-grid due to faults
or other disturbances, and yet that isolated segment remains energized by DGs [2].
Stand-alone islanded operation increases the reliability, and therefore, several research-
ers have investigated the islanded operation of DG under micro-grid environment [125-
127]. In [127], the authors have raised several issues for further investigation in the
context of micro-grid. Two such issues are reliability of islanding detection, and voltage
quality issues relevant to the sensitive loads inside the islanded network. In Chapter 3,
an SVM based islanding detection method is proposed and the performance of the
method is assessed under critical conditions emphasizing the reliability of the islanding
detection process; further details of the SVM base method can be found in [106, 128].
However, the second issue, i.e., voltage quality issues, such as voltage dips, which may

occur due to islanding and its subsequent scenarios including transitional state, island
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stabilization state, and grid-reconnection state, have not been critically examined.
Besides, widespread expansion of DG integration in future grid may increase the
occurrence of voltage dips caused by these post-islanding scenarios, which may raise a
concern in the future. Therefore, classification and characterization of voltage dips, due
to these scenarios, are required to be critically investigated.

This Chapter investigates the voltage dips and swells associated with pre- and post-
islanding scenarios of a distribution network embedded with DG under different
network contingencies and conditions. To carry out this investigation, the 3D
polarization ellipse technique, as proposed in Chapter 7, is employed for the

classification and characterization of voltage dips and swells.

The remainder of the Chapter is structured as follows. Section 8.2 describes the test
system employed for the study of voltage dips and swells associated with pre- and post-
islanding scenarios. Section 8.3 characterizes thevoltage dips and swells arising due to
pre- and post-islanding scenarios, which include the transitional state of islanding,
disconnection of DG or establishment of island with proper controlling action, grid re-
connection state, etc.;the 3D polarization ellipse parameters are applied for this

characterization. Section 8.4concludes the Chapter.

8.2 TEST SYSTEM

Fig. 8.1 shows the single line diagram of a test distribution network of New South
Wales, Australia, which will be used for the simulation study of pre- and post-islanding
scenarios. The test system is an 11-kV radial distribution network having base-power of
100 MVA. It is connected to a subtransmission system of upstream grid-side through a
66/11-kV transformer. The subtransmission system is a 66-kV, 50-Hz system with
short-circuit (SC) level of 1000 MVA;it is represented by a Utility Source in Fig. 8.1.
In the test system, there is one 6-MV A synchronous generator (SG) used as DG and it is
connected to bus 8 through 11/0.415 kV transformer. The SG is represented by a sixth-
order 3-phase model in the d-q rotor reference frame and it is equipped with a steam-
turbine governor and an exciter represented by the IEEE—Type 1 model. Exciter and
governor of the synchronous generator are controlled in such a way that it allows the
flexibility of operating the SG in grid-connected mode or stand-alone mode. The dis-
tribution lines are modelled as =m-section line. Loads,shown in each buses of the

distribution feeder, are modelled as constant impedance load. A total of 18 MW load is
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distributed along the distribution feeder. Some loads are considered as noncritical loads,
and they can be disconnected or connected according to the requirement of island
stabilization state or grid-reconnection state. The relay is placed at transformer
connection point of the DG to collect three-phase voltages.More details of the test
system parameters are presented in Appendix A.4 and the data of DG is presented in
Appendix A.3.

The simulation system also includes measurement circuitry; including frequency
estimation block, angle tracking block and instantaneous voltage measurement block.
The frequency estimation block is implemented based on a cycle-to-cycle calculation of
the time interval between two consecutive rising zero-crossing of the voltage waveform.
The angle tracking block measures the real-time angle-difference between the two sides
of Circuit Breaker (CB) connecting the grid-side and DG-side. Instantaneous voltage
measurement block collects the instantaneous 3-phase voltages from DG end. These
phase-voltages are processed using the proposed approach to classify and characterize
voltage dips during dynamic and steady state operating conditions followed by

islanding.
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Fig. 8.1. Single line diagram of a test distribution system of Australia used for the simulation study.
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8.3 CHARACTERIZATION OF VOLTAGE DIPS AND SWELLS

DURING AND SUBSEQUENT TO ISLANDING SCENARIOS

This Section deals with the characterization of voltage dips caused by islanding and
its subsequent scenarios. The scenarios include transitional state of islanding,
stabilization of islanding and grid-reconnection of island. Under these scenarios, voltage
dips are characterized and classified. To this end, the 3D PE algorithm, which is
proposed in Chapter 7, is applied to classify the voltage dips and swells, and severity of
dips is measured by dip-depth d. In Section8.3.1, pre-islanding scenarios are briefly
discussed followed by the simulation study of the test system of Fig. 8.1. In Section
8.3.2, post-islanding scenarios are narrated followed by the classification and
characterization of voltage dips using 3D PEalgorithm throughout the simulation study
of the test system.

8.3.1 Pre-islanding Scenarios

Different switching incidents, e.g., unplanned or pre-planned switching incidents can
give rise to islanding situation. Pre-planned islanding may result in minimal transients
during the islanding period, if proper sharing between loads and DG units in the island
are maintained. On the contrary, unplanned islanding does not allow maintaining the
balance between load and generation in the island in a planned way. Therefore, severe
transients may be found due to unplanned islanding. In this study, unplanned islanding
is considered while conducting several case studies using the 11-kV test system of Fig.
8.1. The case studies include the classification and characterization of voltage dips
originated from different types of permanent faults under grid connected environment.
These permanent faults, which initiate the islanding phenomenon, are described as pre-
islanding scenarios which include 1) Single line-to-ground (SLG) fault, 2) phase-to-
phase fault and 3) balanced 3-phase fault. Using the test system of Fig. 8.1, a study
forinvestigating these pre-islanding scenarios is carried out through simulations and

described below.

1) Single line-to-ground (SLG) fault: A permanent SLG fault, i.e.,a-phase to
ground fault, occurs on the 11-kV line (Bus 1 of Fig. 8.1) at t = 4.3 sec. The fault is
cleared by the operation of CB, 10 cycles after the fault inception, e.g., at t= 4.5 sec, and

an islanded zone is formed due to the fault mentioned above. The islanding phe-
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nomenon is detected 10 cycles after the CB’s open, e.g., at t = 4.7 sec, soon after that
the control strategy of the DG units is activated to allow the stable islanded operation
which will be elaborately discussed under the post-islanding scenarios of Sections8.3.2
and 8.3.3. Fig. 8.2 shows the transients during the fault, fault clearing, separation and
onset of islanding. During the fault, voltage severely drops, see Figs. 8.2 (a) and 8.2 (c),
and this impact is reflected in the characterization parameter d, which is obtained by
using the proposed 3D PE algorithm, see Figs.8.2 (b) and 8.2 (d). It should be noted that
Fig. 8.2(a) shows the terminal voltage of DG, whereas Fig. 8.2(c) shows the terminal
voltage of a bus located at remote end from the DG. The characterization parameter d
shown in Figs. 8.2(b) and 8.2(d) represents the voltage dips at DG end and remote end,
respectively. Moreover, classification of voltage dip yields the F-type dip with severely
affected a-phase (a_dip_F) at DG end, see Fig. 8.2 (b), whereas D-type dip with
severely affected a-phase (a_dip_D) is observed at remote end, see Fig. 8.2 (d) for
illustration. Similar observation is found for b-phase to ground and c-phase to ground
faults.
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Fig. 8.2. (a) Pre-islanding (due to SLG fault) voltage observed at DG end and (b) its corresponding dip-
depth parameter; (c) pre-islanding (due to SLG fault) voltage observed at remote end from DG and (d) its
corresponding dip-depth parameter.

2) Phase-to-phase fault: This case study is identical to the previous case except that

the fault is phase-to-phase. Therefore, just like the previous case, a permanent phase-to-
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phase fault, i.e., a-phase to b-phase fault, is forced to occur on the 11-kV line (bus 1 of
Fig. 8.1) at t = 4.3 sec. Study results are illustrated in Fig. 8.3 for phase-to-phase fault,
e.g., a-phase to b-phase fault. Voltage dips encountered at DG end and remote end
during these transients are successfully classified (ab_dip_C) and characterized as
illustrated in Figs. 8.3(b) and 8.3(d). Similar observation is found for b-phase to c-phase

and c-phase to a-phase faults.

3) Balanced 3-phase fault: This case study investigates the islanded operation and
its electrical transients due to a permanent balanced 3-phase fault on the 11-kV line. The
time intervals corresponding to fault clearing and islanding detection are the same as
those of the previous case studies except that system islanding is detected within 8
cycles (as opposed to 10 cycles in the previous cases). In this case, islanding detection
within 8 cycles is possible because of the severe voltage drop due to the 3-phasefault; it
allows the features, used for islanding detection, to deviate significantly and thereby
accelerating the detection process [106, 128]. Figs. 8.4(a) and8.4(c) show the system
transients at DG end and remote end, respectively, during the pre-islanding
period.Voltage dips during these transients are classified (abc_dip) and charac-
terizedusing the proposed approach as shown in Figs. 8.4(b) and 8.4(d).
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Fig. 8.3. (a) Pre-islanding (due to phase-to-phase fault) voltage observed at DG end and (b) its
corresponding dip-depth parameter; (c) pre-islanding (due to phase-to-phase) voltage observed at remote
end from DG and (d) its corresponding dip-depth parameter.
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8.3.2 Post-islanding Scenarios

In this sub-section, post-islanding scenarios are briefly described through three states:
1) transitional state, 2) island stabilization state, and 3) grid-reconnection state. It is to
be noted that the voltage dips associated with post-islanding scenarios arising from the
anti-islanding operations are investigated in detail in [129], whereas this study explores
the voltage dips associated with island stabilization states leading towards the micro-

grid and then, returning to grid-reconnection state when fault is cleared.

1) Transitional state of Islanding:Transitional state is defined as a state which starts
soon after the onset of islanding and ends as soon as islanding is detected. The islanding
detection is conducted by islanding detection tool or relay. As presented in[106, 128],
10 cycles of post-islanding data are required to detect islanding. Therefore, in this study,
10 cycles of time duration is considered as transitional state duration.

Operating conditions prior to islanding or grid-connected mode and the type of DG,
influence the severity of post-islanding scenarios. In agreement with this, voltage dips
during the transitional state also experience an impact based on the type of DG and
operating mode of DG. In this study, synchronous type DG, governed by biomassbased

steam turbine, (biodiesel or diesel engine, or gas turbine can also be considered) and an
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exciter, which can be operated either in voltage control mode or power factor control
mode, is considered. As reported in [130], in grid-connected mode, speed governor
needs to be operated in droop control mode and the exciter in power factor control
mode. Conversely, stabilization of islanding requires the speed governor to be operated
in isochronous mode and the exciter in voltage control mode. Therefore, transition of
operating modes need to be performed as soon as islanding is detected. During the
transitional state, islanding is not detected and hence, the exciter and governor of
synchronous DG operate in grid-connected mode. Moreover, the power imbalance
between load and generation in the island influences the voltage dips or swells. If,
inside the formed island, there is a deficit of active power imbalance, i.e., load is higher
than the generation of DG, then voltage dips are expected to occur. Similarly, for excess

of active power imbalance, voltage swells are expected during the transitional state.

2) Stabilization of Islanding state: After the transitional state of islanding,continuity
of electrical supply is ensured by stabilizing the island. To do so, the balance between
load and generation is required to be maintained. By applying the load shedding
approach and proper control mode on exciter (isochronous mode) and prime mover

(droop-control mode), the islanding state can be stabilized[131].

3) Grid-reconnection state:After the onset of islanding, reconnection of the islanded
network to the utility grid is allowed when restoration of the main grid and the islanded-
side is attained. Grid restoration is ascertained when the system voltages and
frequencies, return to a normal operating range, and are maintained in that normal state
for a considerable period of time, e.g., five minutes [2]. To carry out this reconnection,
proper synchronization between the islanded-side and the grid-side is required. Limits
have been imposed for acceptable range of errors corresponding to voltage magnitude,
frequency and phase-angle between the islanded-side and the main grid. For islanded
network, energized with DG units ranging from 1.5-MW to 10-MW, reconnection is
allowed if voltage error lies below 3%, frequency error is less than 0.1 Hz, and phase-
angle error lies below 10° [2]. Obeying these limits ensures the reconnection of the
stabilized islanded side with utility grid-side; this results in minimal transients in the

grid-reconnection scenario.
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8.3.3 Simulation Study for the Characterization of Voltage Dips under
post-islanding scenarios

In this study, unplanned islanding is considered while conducting several case studies
using the test system of Fig. 8.1. The case studies include the classification and
characterization of voltage dips originated from the post-islanding scenarios which
encompass the transitional state, island stabilization state and the grid-reconnection
state. In general, throughout these case studies, characterization of voltage dips is illus-
trated during the steady state response and the dynamic response of the system under
post-islanding scenarios. To this end, a simulation study has been carried out for the
duration of 21.5 sec to investigate the behaviour of the system during post islanding
scenarios. Fig. 8.5 shows the behaviour during transitional state and island stabilization
state, and Fig. 8.6 shows the system behaviour during grid-reconnection state. The
simulation procedure and characterization of voltage sags/swells under these post-
islanding scenarios are described below.

To investigate the voltage dips during the transitional state and island stabilization
state, the test system of Fig. 8.1 is simulated by opening CB, which yields the onset of
islanding. While simulating the islanding scenario, deficit of active power imbalance is
considered, and as expected, voltage dips are obtained in the transitional state and island
stabilization state. At t = 4.5 second, islanding occurs andat t = 4.7 s the event is
detected by using the method proposed in[106, 128]. Then, control of island operation is
maintained by using the load-shedding approach, where indirect communication be-
tween loads and generators uses the frequency and knowledge of the generators’ droop-
characteristic as presented in [131]. The generator’s capacity is 6 MW and loads inside
the formed island are 18 MW. During grid connected mode, the excess active power
load was fed by upstream grid. Therefore, during islanding period, deficit of active
power occurs, and it drives the frequency to 44 Hz (see Fig. 8.5(a)), which in turn
increases the possibility of instability in the islanded system. Hence, to keep the system
stable, load-shedding is conducted gradually from 4.7-4.8 s. Since 12 MW load and
generation imbalance exists in the islanded system, a total of 12 MW noncritical loads
are disconnected to retain the frequency and voltage in stable state. Switching operation
for load-balancing is conducted during the subsequent 5 cycles of transitional state,
which lies within 4.7 to 4.8 seconds. Moreover, from Figs. 8.5 (a)-(b), it is revealed that

at t =9.5 s, the frequency and rotor angle of the DG is stabilized, i.e., the island state is
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stabilized. Three-phase voltage signals, obtained during these transitional and island
stabilization states, are passed through the proposed 3D polarization ellipse method.
Fig. 8.5(c) illustrates the characterization of voltage dips using the dip-depth (d)
parameter on real-time basis. If dsurpasses0.1 pu, then dip is observed; otherwise no dip
is observed as indicated in Fig. 8.5(c). For the purpose of visualization, classification
results are also shown in Fig. 8.5(c). During the most part of island stabilization state no
dip is observed; however, the transient of voltage is reflected in one of the 3D PE
parameters: normalized Ay, which can be observed from Fig. 8.5(d). Besides, classifi-
cation of dips is presented in Table 8-1, which shows a balanced or abc_dip during the
transitional state and a small fraction of island-stabilization state.

As illustrated in Fig. 8.5, island is stabilized at 9.5 s which can be observed from the
frequency and rotor angle at DG connection point. At t = 20.1 s, grid-reconnection is
conducted by re-connecting the breaker (CB) between the grid-side and islanded
network. It should be noted that prior to performing the grid-reconnection, the
parameters: voltage, frequency, phase sequence and phase angle between grid-side and
stabilized island side were kept within the standard limit as presented in [2]. To do so,
voltage, frequency and phase sequence were monitored continuously, and at t = 9.5 s the
errors corresponding to these parameters were found within acceptable range. But,
phase angle error was found to be deviated by more than 10°. However, using the
controllable voltage source as grid-source, phase-angle error or phase-angle difference
between grid and islanded-side was adjusted before re-connection took place. As shown
in Fig. 8.6, at t = 19 s phase-angle adjustment starts and at t = 20 s the adjusted voltage,
frequency, rotor-angle and phase-angle errors are found within acceptable limits which
permits the grid-reconnection. At t = 20.1 s grid-reconnection are forced to occur and
the DG terminal voltage is monitored continuously. At t = 21 s the system reaches to
steady-state condition as observed from the DG terminal voltage. The steady condition
is further verified by the frequency and rotor angle at DG end, see Figs. 8.6 (b)-(c).
During grid-reconnection period, no voltage dips are observed. However, the slight
variation of voltages, during the transient period of grid-reconnection state, is reflected
in the normalizedA, parameter as shown in Fig. 8.6(d). Moreover, classification results

of grid-reconnection state are presented in Table 8-1.
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TABLE 8-1
CLASSIFICATION RESULTS DURING POST-ISLANDING SCENARIOS

Scenarios Time Classification results
Transitional state of islanding 45-4.7s abc_dip
o 4.7-4.8s abc_dip
Island stabilization state -
4.8-95s No dip
Grid-reconnection state 20.1-21s No dip

In the above study, grid-reconnection is observed after maintaining the phase-angle
error within standard permissible limit. However, if there is an absence of phase-angle
error adjustment mechanism, and grid-reconnection takes place, then voltage transients
(with voltage swell)can also be observed using the proposed 3D polarization ellipse
method.

It is worth-noting that,for the simulation study demonstrated in this Section, various
operations followed by the post-islanding scenarios are forced to happen within very
short time-durations. For practical scenarios, the time-durations may be different
depending on the standard agreement set by the utility, customer and DG operator.
However, the proposed 3D polarization can effectively perform to characterize the

voltage dips and swells irrespective of the time-durations of the scenarios.
8.4 SUMMARY

Introduction of distributed generation (DG) may provide special benefits in a number
of ways. For example, it can strengthen the distribution system in terms of load carrying
capacity and voltage support, and introduce a damping for the voltage disturbance, such
as, voltage dips, harmonics, etc. On the contrary, penetration of DG may give rise to
islanding event, which can have adverse effects if it is not properly detected.
Development of reliable islanding detection methods, allows the flexibility of stand-
alone operation of synchronous generator based DG under islanded mode. This stand-
alone operation is achieved by appropriate switching operation of the controllers from
grid-parallel mode to stand-alone mode. Conversely, when grid-restoration or
reconnection is permitted, reverse switching operation, i.e., stand-alone mode to grid-
parallel mode, is employed. If islanding is detected properly, then depending on the
agreement set by the utility and/or customer, DG is disconnected, or remains connected
that result in a micro-grid. However, for both cases, voltage dips and swells may occur,

which are encountered during and subsequent period of islanding.
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To investigate the voltage dips associated with the islanding event of distributed
generation (DG) and its subsequent operations, this chapter conducted the classification
and characterization of voltage dips wusing the 3D polarization ellipse
algorithm.Islanding and its subsequent scenarios are simulated using a test distribution
network embedded with synchronous generator (SG) based DG, for which voltage dips
are characterized.To this end, the3D polarization ellipse parameters and the proposed
method of Chapter 7, which can characterize (using the dip-depth parameter d) as well
as classify seven types of voltage dips, is employed. The pre-islanding voltage dips,
which could be triggered by balanced or unbalanced faults,have been classified and
characterized. Moreover, three states of post-islanding scenarios, which is composed of
transitional state, island stabilization state, and grid-reconnection state, are also
characterized. In summary, using the proposed 3D PE method, this Chapter has mainly
focused on characterization of the voltage dips and swells associated with a special case,

which can be found during pre- and post-islanding scenarios.
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CHAPTER 9

CONCLUSIONS AND
DIRECTIONS FOR FUTURE WORKS

This thesis has developed comprehensive and realistic approaches for solving two
critical issues in electricity network using voltage and its associated features: 1) Anti-
islanding protection of distributed generation with special emphasis on critical islanding
events, and 2) classification and characterization of voltage dips and swells. General

conclusions of the thesis and directions of future works are provided below.

9.1 CONCLUDING REMARKS

A brief literature review, to address the two critical issues, islanding detection and
characterization of voltage dips/swells, are presented in Chapter 2. A review on
islanding detection schemes as presented in existing literatures and non-detection zone
of conventional relays is carried out and presented. Classification of different types of
voltage dips and swells, their phasor representation, and propagation of voltage dips
through different network elements, e.g., transformers, causing transformation of dip-
types, are described. Importance and requirement of new islanding detection schemes
and voltage dips/swells characterization methods are also highlighted. Existing studies

in literature facilitate to construct the basis of the work presented in this thesis.

A novel approach, which involves multiple features and a support vector machine
(SVM) classifier,has been developedin Chapter 3 for islanding detection of distributed
generation. The developed approach uses multiple features extracted from the network
variables including voltage, frequency and rotor angle. These variables show
distinguishable behaviour for classifying the islanding and non-islanding events as
presented through analytical expressions as well as simulations. Five features, extracted
from these variables using sliding data-window, are used to train the SVM with linear,
Gaussian RBF and polynomial kernels. The islanding events, considering all possible

combinations of power imbalance scenarios with special emphasis on the critical events
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associated with NDZ of conventional relays, are taken into account during the training
period. Thus, the trained SVM ensures the successful classification of islanding events
both outside and inside the NDZ as demonstrated using the simulation results.

In Chapter 4,an analytical approach that providethe expressions of boundary limit of
NDZ for rate-of-change-of-frequency (ROCOF) and vector surge (VS) relays is
developed using the concept of critical active power imbalance inside the islanded
segment. These analytic expressions are useful for the performance study of ROCOF
and VS relays for islanding detection. For example, the time required for the ROCOF
and VS relays to trigger under different power imbalance conditions can be easily
obtained from these expressions. Similarly, if VS and ROCOF relays are required to
operate within specific time (e.g., 200 ms) of onset of islanding, the minimum amount
of power imbalance can be easily determined. Extensive simulation is conducted to
verify these expressions as well as to investigate the performance of VS and ROCOF
relays under deficit and excess of active and reactive power imbalance. Three types of
load, which include constant impedance, constant current and constant power load, are
also considered during these simulation studies. Moreover, a comparative study of VS
and ROCOF relays with SVM based approach is conducted considering the
performance indicators, namely detection rate and false alarm, under different network
contingencies. Test results demonstrate the superiority of SVM based method over
ROCOF and VS relays.

Chapter 5 mainly investigates the voltage dips and its associated phase-angle jumps
in power network due to four major types of faults. The presence of synchronous
generator type DG is also included in the voltage dip investigation. Seven types of
voltage dips, namely, A, B, D, E, F, E, C and G, are analysed with and without DG.
Firstly, analytical expressions of seven types of voltage-dip and their phase-angle jumps
are developed. Simulation study demonstrates the acceptability of the developed
expressions for investigating voltage dips at different buses during the occurrence of
fault in a test network with and without DG. Also, characterization of voltage dip is
conducted under the influence of DG. The size of DG and its location are examined to
highlight the impact of DG during fault. Moreover, the influence of fault-types and

fault-location are studied during the investigation.
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A new approach has been developed in Chapter 6 for classifying and characterizing
voltage sags and swells. To this end, three-phase voltage ellipse parameters are used
where, inclination angle is used to classify sags/swells, and minor and major axis are
used to characterize the severity of sags and swells, respectively. The developed
approach provides the flexibility of applying it as an online monitoring tool. Moreover,
offline record of the voltage data can also be analysed using the approach as per utility
and/or customer requirements. This helps quantify the quality of voltage, in terms of
sags and swells, their levels and propagation at different points of the networks.

A novel approach, using polarization ellipse (PE) parameters in 3D co-ordinates, is
developed in Chapter 7 for classifying and characterizing voltage dips and swells of
different types. A multi-stage classification algorithm, incorporating the decision
boundaries derived for different types of dips and swells, is applied in the classification
process. The proposed strategy is able to provide a good level of accuracy for the
classification and characterization of the critical voltage dips associated with phase
angle jump, rotation of phase-voltages due to loading effects, etc. The decision
boundaries applied in this strategy are derived using simple analytical expressions; as a
result, the approach requires less computation time for cycle by cycle classification.
Therefore, the proposed approach can be used as a real-time voltage dip/swell

monitoring tool and suitable for online implementation.

Chapter 8 mainly demonstrates the applicability of 3D polarization ellipse technique
proposed in Chapter 7. A special case study, which includes the islanding event of
distributed generation (DG) and its subsequent operations, is conducted to investigate
the voltage dips and swells. Islanding and its subsequent scenarios are simulated using a
test distribution network embedded with synchronous generator (SG) based DG, and the
voltage dips are characterized using 3D PE technique. The pre-islanding voltage dips,
which could be triggered by balanced or unbalanced faults, are classified and
characterized. Moreover, three states of post-islanding scenarios, which are composed
of transitional state, island stabilization state, and grid-reconnection state, are classified

and characterized and results are presented.

9.2 DIRECTIONS FOR FUTURE WORKS

General directions for future work are provided below.
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The SVM based approach was described in Chapter 3 for islanding detection of
distributed generation (DG). The type of DG which was used throughout the thesis
was synchronous-type DG. Therefore, the proposed approach can be extended for
inverter-based and asynchronous or induction generator based DG. Since in the
SVM based approach, only time-domain voltage signal is required to extract the
features, the extension of the proposed approach for other types of DG is expected
to be feasible.

Islanding is a critical protection issue for the safe operation of future micro-grid or
smart-grid. Hence, islanding detection method needs to provide reliability with the
possibility of limited amount of nuisance tripping. In the SVM based approach,
simulated data, considering all possible combinations of power imbalance, are used
to train the SVM. Real data, collected from practical network during islanding
events, can enhance the reliability of SVM based method.

In Chapter 4, analytical formulae, for establishing the NDZ of VS and ROCOF
relays, are developed to investigate the performance of these relays in islanding
detection. Some constraints have been imposed while deriving those analytic
expressions or formulae. For instance, classical model of synchronous generator
(SG) is used to develop the expressions. Replacing the classical model of SG with
higher order, e.g., sixth-order three-phase model in the d-q rotor reference frame,
more precise and accurate expressions can be obtained. Thus, the derived
expressions could be made more precise for analysing the performance of ROCOF

and VS relay.

In Chapter 5, analytical expressions of phase-voltages associated with four major
types of faults, which include balanced and unbalanced faults, are developed.
Steady-state analysis is carried out to develop these expressions. Incorporating
dynamic analysis of the power systems, more precise expressions, which may
facilitate to explain the transient phenomenon during voltage dips/swells, can be

obtained.

The 3D polarization ellipse (PE) approach, as presented in Chapter 7,can be
extended to classify some other power quality events, such as, voltage interruption,
flicker, etc. Using the parameters of PE, and considering the definition of voltage

interruption and flicker, a simple classifier can be designed to classify these events.
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Moreover, using 3D PE parameters along with multiple voltage features, a
comprehensive classifier, for example, multi-class SVM can be designed to classify
and characterize power quality events as reported in IEEE 1159 standard.

In Chapter 8, the applicability of the proposed 3D polarization ellipse technique is
demonstrated by a special case study, which is associated with pre- and post-
islanding scenarios. However, the application of the proposed approach can be
extended and tested for various case studies (including practical scenarios). For
example, customers, adjacent to an industrial area, may be affected by voltage dips
due to starting of heavy loads, e.g., motor-start. By explaining this scenario, i.e.,
how frequently and severely different types of voltage dips occur, emphasizing its
importance and describing some factors that affect it, the realistic problems can be

assessed and the necessary pre-emptive actions can be taken thereby.
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APPENDIX A

Test System

A.1 A Practical Power Network Extracted from New South Wales
Electricity Networks

Test system (Fig. 3.9) data:

a) Transmission network side

Gen: Rated kV=132, Vpase=132 kV, SC MVA=1000, f=50 Hz.

SM-1, SM-3 and SM-4: rated MVA=5, rated kV=132, Vy,s=132 kV, =50 Hz, 2 pole

pairs, H=2.9's, X,=2.86, X,=0.7, X;=0.22, x =2, x;=0.2, T,,=3.4, T,,=0.01, T =

0.05, Rs=0.0052.
SM-2: rated MVA=100, rated kV=132, Vpase=132 kV, =50 Hz, 2 pole pairs, H=10.12 s,
X4=1.25, X,=0.23, X,=0.12, x =1.22, x;=0.12, T,,=4.7, T,,=0.06, 7,=0.21, Rs =

0.0014.

Exciter of SM-1, SM-2, SM-3 and SM-4: T,(s) = 0.02, K, = 300, Ta(s) = 0.001, K¢ =1,
Te(s) =0, K¢=0.001, T¢(s) = 0.1, Vrmax(pu) = 11.5 and Vrmin(pu) = -11.5.

Equivalent inductance of Transformers:

Xfm-1 = 0.013H, Xfm-2 = 0.017H, Xfm-3 = 0.034H, Xfm-4 = 0.055H, Xfm-5 =
0.0634H, Xfm-6 = 0.055H, Xfm-7 = 0.029H, Xfm-8 = 0.057H.

b) Distribution network side:

Xfm-9: rated MVA = 100, rated kV = 132/33, f =50 Hz, R; = 0.00375 pu, X; = 0.1 pu,
Rm =500 pu, Xy»= 500 pu.

SG1, SG2 and SG3: rated MVA = 6, rated KV = 0.69, Vpase = 0.69 kV, f =50 Hz, 2 pole
pairs, H=15s, X, =1.4, X, =0.23, X, =0.12, X, =1.37, X, =0.12, T,, =55, T,
=0.05, T,,=1.25, 7,,= 0.19, Rs= 0.0014.

Exciter of SG;, SG, and SGs: T((s) = 0.005, K, = 270, Ta(s) = 0.1, Ke = 1, Te(s) = 0.65,
K =10.048, T¢(s) = 0.95, Vrmax(pu) = 7 and Vrmin(pu) = -4.

Dxfm-1, Dxfm-2, Dxfm-3: rated MVA = 30, rated kV = 33/0.69, f = 50 Hz, R; = 0.00375
pu, X; = 0.1 pu, Ryn=500 pu, X, =500 pu.

L-1, L-2 and L-3: 1.5 MW, 0.5 MVAR,; L-4: 13.5 MW, 2.1 MVAR,;
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DL-1, DL-2 and DL-3: Rop= 0.413 Q/km, R; = 0.1153 Q/km, Xo_ = 1.043 Q/km, X3, =

0.33 Q/km, Xoc= 1.574 pQ/km, Xic = 3.6 pQ/km, Length = 10 km.

A.2 Data of A test Distribution Network

TABLEA.2
TEST SYSTEM DATA (FIG. 5.6)
NS Parameters Value NCEYIS Parameters Value
Elements Elements
o Vise (KV) 66 Loads data 100 kW
Thévenin Rated kV 66 (Ly Lo, Ls L P (each)
equivalent SC MVA 1000 L LL Z’L 3|’_ *
data (Sub N 40 KVAr
(Sub) Frequency 50 Hz Lo, Lo, L11) Qu (each)
66/11 11/0.415(Yg
Rated kV KV(Ya/Yq) o Rated kV 1Y)
Rated MVA | 50 Distribution  ["Rated MVA 5
Transformer  "Frequency | 50 Hz Transformer  "Frequency 50 Hz
data Resistance data .
(bu) 0.00375 Resistance (pu) | 0.00375
Inductance 0.1pu Inductance 0.1 pu
Lines data Resistance 0.4 Q/km Frequency 50 Hz
(21, Z3, Z3 24, | Inductive Vhase (KV) or
Zs, Zs, Z7, Zs, reactance 1.6 Q/km Rated kV 0.415
Zy) Line Length | 2 km Rated MVA 2
T () 0.005 Pole pairs 2
Ka 200 H (s) 1.5
Ta(s) 0.001 Xq (pu) 1.4
Ke 1 Synchronous Xq (pu) 0.23
Exciter Te (S) 0 generator data | Xqg, Xq 0.12
of Tao () 5.5
Synchronous Ks 0.001 Tao (5) 0.05
generator Tqo (S) 1.25
T (s) 0.1 T (5) 0.19
Vemax (pU) 7 Stator resistance | 0.0014 pu
Leakage
Vrmin (pu) 0 reactance 0.05 pu
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A.3 Data of A test Distribution Network

TABLEA.3
TEST SYSTEM DATA (FIG. 6.8)
Network Network
Elements Parameters Value Elements Parameters Value
o Vhase (KV) 132 Loads data (L- | P_ 3 MW
Thévenin Rated kV 132 1,L-2, L-3L-4) | Q. 0.5 MVAr
equivalent SC MVA 1000 _ P 6 MW
data (Sub) Loads data (L L
Frequency 50Hz | 5, L-6) QL 1.4 MVAr
132/33 33/0.69
Rated kV Rated kV
(A’Yg) | Transformers (AYg)
data Frequency 50 Hz (Dxfm-1, Dxfm- | Frequency 50 Hz
(Xfm-1) Resistance | 0.0037 | 2, Dxfm-3, Resistance (pu) 0.00375
(pu) 5 Dxfm-4) '
Inductance 0.1lpu Inductance 0.1pu
Lines data Resistance 0.4 Frequency 50 Hz
Q/km
(DL-1, DL-2, -
Inductive 1.6 Vhase (KV) or
DL-3, DL-4, 0.69
DL-5) reactance Q/km Rated kV
Line Length | 10 km Rated MVA 6
T, () 0.005 Pole pairs 2
Ka 200 Synchronous H (s) 15
Ke 1 (SG4, SGy, SGs, Xq (pu) 0.23
Exciter Te (5) 0 and SG,) Xq, Xq 0.12
Of SGl, SGZ, K 0'001 TdO (S) 5.5
SGs, and SG, | Tao (5) 0.05
Tqo (5) 1.25
Tt (s) 0.1 T (5) 0.19
Vemax (pU) 7 Stator resistance 0.0014 pu
Vemin (pU) 0 Leakage reactance | 0.05 pu

221




A.4 A Practical Distribution Network Extracted from New South Wales
Electricity Networks

TABLE A.4.1
LOADS OF THE SYSTEM OF FIG. 6.10

Load bus P (kW) Q (kVAR)
1 60 15
2 100 25
3 70 20
4 100 10
6 50 35
7 100 20
8 70 20
9 100 15
10 60 20
17 100 20
21 50 15
23 100 25
24 60 15
26 100 25
27 70 20
28 100 10
31 60 35
32 70 20
33 60 20
34 75 15
35 60 20
36 70 20
37 60 15
38 70 25
39 60 15

40 70 25
4 45 20
42 60 10
43 40 35
44 60 20
45 40 20
46 60 15
47 40 20
49 70 20
50 40 15
51 60 25
52 40 15
53 85 25
54 75 20
56 80 10
57 75 35
58 80 20
59 100 20
60 70 15
61 90 20
62 60 20
63 185 15
64 80 25
65 185 15
66 60 25
69 185 20
72 90 10
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TABLE A.4.2
IMPEDANCE DATA OF THE SYSTEM OF FIG. 6.10

From node To node Resistance () | Reactance (Q2)
pCC 1 0.028 0.090862
1 2.099 2.8944
3 7.830 5.1479
5 5.858 5.8750
5 44 15.210 5.6598
44 45 8.692 3.2342
44 47 4.356 4.2253
45 46 2.143 1.6650
47 48 13.011 45424
48 66 5.060 1.5377
48 49 2.345 0.9425
66 67 3.250 0.7540
67 68 10.035 7.3511
8 51 13.286 15112
51 54 8.048 2.0266
51 53 8.007 0.2795
8 9 5.141 3.3802
10 11 1.377 0.9054
11 12 4.459 2.9318
11 65 17.680 7.5998
12 64 11.801 7.6172
12 13 6.086 4.0010
13 43 10.428 4.6708
13 14 6.086 4.0010
14 62 11.451 2.2981
14 15 4.066 2.6731
15 40 12.535 5.1364
15 16 3.948 1.4262
16 36 2.472 0.9312
16 17 8.958 5.8895
18 19 3.896 0.4964
19 24 13.410 9.0760
19 32 11.546 4.6708
19 60 8.057 4.0010
19 29 5.039 2.2981
29 57 4.056 1.4244
20 70 6.046 2.6263
22 72 3.066 1.0807
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A.5 Data of A test Distribution Network

TABLE A5
TEST SYSTEM DATA (FIG. 4.5)
Network Elements Parameters Value
Vhase (KV) or rated kV 132
Thévenin equivalent data (Sub) SC MVA 1000
Frequency 50 Hz
Rated kV 132/33 (4/Yy)
Rated MVA 100
Transformer data Frequency 50 Hz
(Connected between Bus 1 and Bus 2) X
Resistance (pu) 0.00375
Inductance 0.1 pu
. Resistance 0.4 Q/km
I(‘[')rll_eislfjgi_z) In.ductive reactance 1.6 Q/km
Line Length 10 km
T (S) 0.005
Ka 200
T. () 0.001
Ke 1
Exciter of Synchronous generator Te (S) 0
Ks 0.001
Tt (S) 0.1
Vrmax (PU) 7
Vrmin (PU) 0
Rated kV 33/0.69 (A/Yg)
Rated MVA 30
Transformer data Frequency 50 Hz
(Connected at Bus 5) -
Resistance (pu) 0.00375
Inductance 0.1 pu
Frequency 50 Hz
Vbase (kV) or Rated kV | 0.69
Rated MVA 30
Pole pairs 2
H (s) 15
X4 (pu) 1.4
X, (pu) 0.23
Synchronous generator data X;,' ' X; 0.12
Ty 5.5
T, () 0.05
Ty ) 1.25
Ty 9 0.19
Stator resistance 0.0014 pu
Leakage reactance 0.05 pu
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APPENDIX B

Three-phase Voltage-ellipse Parameters under Voltage
Dips and Swells

B.1 Formulation of 3-phase Voltage-ellipse parameters under Voltage
Dips/Sags

Theoretical value of 3-phase Voltage-ellipse parameters under different types of sags
are obtained as follows

1) A-sag:

Phase-voltage magnitudes: \V,|=V, , M, |=V,|=V for V>V,

- ) [ iy
From (66), E(t) :%I:(Vf +2V)ejwt +(Vf +VeJ 3 +VeJ 3 Jejwt:|

From (6.7), |E”

=§(Vf +2v), vf:o,\E\:%(V‘Vf)' Vo=

Thus, from (6.8), (6.9) and (6.10) A .=V, A, =2V, +V)I3,y=n/2

2) B-sag:
Phase-voltage magnitudes: |V,|=V, , V,|=V,|=V for V>V,

S _ e
From (6.6), E(t):;{(v, +2v)elw‘+[v +Ve'3 +VeJ3Je’”"}

From (6.7), |E*

:%(Vf +20). V’+=0"E_‘:%(V—Vf), yo=xl3

Thus, from (6.8), (6.9) and (6.10) A .=V, A, = 2V, +V)I3, y=n/6

3) C-sag:
Phase-voltage magnitudes: |V,|=V, , V,|=M,|=V for V>V,

S _ e
From (6.6), E(t):l{(vf +2v)e1'"‘+[v +Ve'® 4Vie'3 Jelw‘}
3

From (6.7), |E*

:%(Vf +2V), ‘//+:0,‘E7‘:%(\/—Vf), v =57/3

Thus, from (6.8), (6.9) and (6.10) A, =V, A, = 2V, +V)/3, w=5x/6
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4) AB-sag:
Phase-voltage magnitudes: V=V, V,|=V,|=V, for V>V,

S _ AN
From (6.6), E(t)=;{(2vf +V et +[Vf +V,e'® +Ve's ]e"”‘}

From (6.7), |+

:%(va +V)’ ‘//+=0,‘E_‘=%(V —Vf), w =2713

Thus, from (6.8), (6.9) and (6.10) A, =(V, +2W)/3 , A, =V, , w=1/3

5) BC-sag:
Phase-voltage magnitudes: v, |=V , M, |=|V,|=V, for V>V,

S _ )
From (6.6), E(t):;li(ZVf +V Jeit +[V V'S v Je"”t}

From (6.7), |E*

:%(2vf +V), W*:O,‘E":%(V ~V, ),y =0

Thus, from (6.8), (6.9) and (6.10) A, =(V, +2V)/3 , A, =V, , w=0

6) CA-sag:
Phase-voltage magnitudes: \,|=V , V,|=|V,|=V, for V>V,

An .81
3

From (6.6), gy =;{(2vf Vet +[vf wve'® +vfe1]e'i“‘}

From (6.7),|E*

:%(ZV’ +V)' "ﬁzo"Ef‘Z%(V -V ) y =4r/3

Thus, from (6.8), (6.9) and (6.10) A . =(V; +2V)/3 , A, =V, , w=2x/3
7) ABC-sag:

Phase-voltage magnitudes: |V,|=M,|=N,|=V,; for V>V,

From (6.6), E(t):ﬁ/feif”‘+0.e*"‘“t]; from (6.7), |E*

=V,,[E]=0

Thus, from (6.8) and (6.9) A=V, , A, =V,
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B.2 Formulation of 3-phase Voltage-ellipse parameters under VVoltage
Swells

Theoretical value of 3-phase Voltage-ellipse parameters under different types of swells
are obtained as follows

1) A-swell:
Phase-voltage magnitudes: v, |=V, , M,|=V,|=V for V| >V

JAn .87

From (6.6), gt = ;{(w +V, el +{vf +Ve's +Ve]3Je"‘”‘}

From (6.7), |[E*

2%(2\/ +Vf)’ V/+=0!‘E7‘=%(Vf _V)’ v =0

Thus, from (6.8), (6.9) and (6.10) A =(V +2V, )3 , A, =V , y =0

2) B-swell:
Phase-voltage magnitudes: v, |=V, , V,|=N |=V for V, >V

- ) T ;B )
From (6.6), £(y =;{(2v +V, Jei! +[V +Ve's +ve's Je“"t}

S vev) v 0 e =S (v, V), y a3

From (6.7), 3

E+

Thus, from (6.8), (6.9) and (6.10) A, =(V +2V, )3, A, =V ,y=27/3

3) C-swell:
Phase-voltage magnitudes: \V =V, V,|=M,|=V for V, >V

. | e
From (6.6), g(y :1{(2v +V, Jert +(v +Ve'® 1V e’ Jel“}
3

From (6.7), |[E*

:%(ZV +Vf ) ' l//+ :O"E*‘:%(\/f _V) y l//7 :272'/3
Thus, from (6.8), (6.9) and (6.10) A, =(V +2V, )3 , A, =V ,y=n/3

4) AB-swell:
Phase-voltage magnitudes: |V |=V , M, |=V,|=V, forV, >V

- ) 4z 8z )
From (66), E(t) :%[(V +2V, )ejwt +{Vf +erl 3 +VeJ 3 je—Jwt:|

227



From (6.7), |[E*

%(V +2V, )yt =0,[E|= %(Vf ~V),y =57/3
Thus, from (6.8), (6.9) and (6.10) A, =V, , A, =(2V +V, )3, y=5z/6

5) BC-swell:
Phase-voltage magnitudes: v, |=V , V,|=M, |=V, for V, >V

- _ il ks _
From (6.6), E(t):%{(zvf +V ek +(v +Vie'® +Ve'd Jeﬂ"‘

From (6.7), |[E”

:%(zvf +V), W*:O,\E\zé(\/f V), p =z

Thus, from (6.8), (6.9) and (6.10) A =V, , A = (2V +2V, )/3, y=2/2

6) CA-swell:
Phase-voltage magnitudes: |V,|=V , V,|=V,|=V, for V>V

From (6.6), g :l{(v +2V, )ele J{Vf +Ve' s +V,e's Je“’"}
3

From (6.7), |E*

:é(v+2vf), v =0 € | Z%(Vf V), p =zI3

Thus, from (6.8), (6.9) and (6.10) A, =V, , A, =@V +V, )3, y=n/6
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APPENDIX C

Formulation of Polarization Ellipse parameters, elevation
angle (0) and azimuthal angle (¢), under different types of
Voltage dips

Seven types (A, B, D, F, E, C, and G) of voltage dips comprise 19 groups of dips.
The phasor diagram representing these 19 groups of dips are illustrated in Fig. C.1,

where dip-depth is denoted by d and three phase voltages before and during the

occurrence of dip is represented by dotted and solid arrow line, respectively.
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GG 0 4 S

Fig. C.1. Phasor diagram representing 19 groups of dips: (a) A-type, (b) a_dip_B, (c)
b_dip_B, (d) c_dip_B, (e) a_dip_D, (f) b_dip_D, (g) c_dip_D, (h) a_dip_F, (i) b_dip_F,
(j) c_dip_F, (k) ab_dip_E, (1) bc_dip_E, (m) ca_dip_E, (n) ab_dip_C, (0) bc_dip_C, (p)
ca_dip_C, (g) ab_dip_G, (r) bc_dip_G, and (s) ca_dip_G.

For the formulation of 8 and ¢, the projected voltage magnitudes on a-axis, b-axis and
c-axis, are considered. The a-, b- and c-axes are separated by 120°, where o, = 0°, ap =
240°, and ac = 120°. Fig. 7.4 illustrates the procedure of extracting the projected voltage
phasors, denoted as Va_in, Vb_in @nd V¢ in, using Egs. 7.10(a)—(c). Then, magnitude of the
projected phasors, i.e., [Va_in|, [Vb_in| @nd |V¢_in| are mapped onto three perpendicular axes
of an XYZ Cartesian co-ordinate system; & and ¢ are obtained from the polarized plane
in 3D co-ordinates using Egs. (7.3)—(7.4).

1) a dip B
3-phase voltage phasors

V, =(1—d); V, =—0.50+ jv3); v, =—0.51— j/3)

Va_i|=1=di My | =NV in

=1

X, Y and Z component of normal vector U to the polarized plane:

UX = _Zy\/bfin chin Sin(ab Q. )=_\/§
UY = _Zchin Nafin Sin(ac -, )= _ﬁ(l_d)
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UZ = _ZNaiin Nb,in Sin(aa _ab):_\/g(l_d)

Thus, the elevation (#) and azimuthal (¢) angles are obtained as

angle(U +J\/m angle@f(l d)+1fm} T— aman{l(ldd)J

p=ange(U, + jU, )=angle |- V3 - jv3(1—d)}=—7 +arctan(1—d)

2) b dip B
3-phase voltage phasors

V, =1V, =-0.5(+ j3\1—d), V, =—0.50— jv/3)

Vo] =1=d: M, = Ve | =1

X, Y and Z component of normal vector U to the polarized plane:
Uy ==2V, |V in
Uy = =2V, o[V, ofsin(a, —a,)=—3

U, = -2V, o[V, nfsin(a, —a,)=—V3@~d)

Thus, the elevation (#) and azimuthal () angles are obtained as

923”9|9(Uz + jm)zangleéﬁ(l—dﬂ j\@M}:ﬂ—arctan{“(l_(j)J

1-d

sin(a, — a, )=—/3(1—d)

(p:angle(uX + jUy):angIe{— ﬁ(l—d)— j\@}z — +arctan (1ldj

3) c dip B
3-phase voltage phasors

V, =1, V, =—0.5(1+ jv/3), V, = -0.51— jV3)1—d)
Nc in l dNa in Nb |n_

X, Y and Z component of normal vector U to the polarized plane:

UX = _ZNbfin chin Sin(ab —a; ): _\/g(l_d)

UY == 2h/cfin Nafin Sin(ac -, )= _\@(1_ d)

UZ = _ZNafin Nbfin Sin(aa _Olb)z_\/§

Thus, the elevation (6) and azimuthal (¢) angles are obtained as
6=angle(UZ +jUZ +U} ):angle{—\/§+ j\/§\/§(1—d)}=7z—arctan(\/§—\/§d)
p=angde(U, + jU, )=angle {— V3(1-d)- j\/§(1—d)}: 3714

4) adip D

3-phase voltage phasors
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V3 V3

Vv, =1-d, V, =—O.5(1—d)—j7,vc =—0.5(1—d)+j73

Na_in =1_d;

M o Z’VbCOS{ﬂ/3—tan1(\@JJ=(1\/3+(1—(1)2J 1 4-d =1-0.25d;
) 1-d 2 2 J3+(@1-d)

X, Y and Z component of normal vector U to the polarized plane:
UX = _ZNbfin chin
UY = _2’\/C7in Nafin
UZ = _ZNafin Nbfin
_d)? _ 2 \/ﬁ
9=ang|e(Uz + jm)=ﬁ—arctan[‘/(l d) +(1-025d) J:ﬁ—arctan[ 82-40d +17d J

1-d 41-d)

=V,| cos(ﬂ/3—tan‘1(l\iﬁ = (1 mj[ld'_d} =1-0.25d;

2 2 3+(1—d)2

sin(a, —a, )=—/3(1-0.25d )?
sin(a, —a, )=—/3@1-0.25d \1-d)
sin(ar, —a, )= —/3(1-0.25d J1—d)

p=angle(U, + jU ,)=angle {— V3(1-0.25d )’ - j/3(1-0.25d )1 - d)}: -7+ arctan(t_ 4dd )
5 b dip D

Following the formulation procedure as presented for a_dip_D, the projected voltage
magnitudes of 3-phase voltages for b_dip_D are obtained as

Nbfin =1-d; Naiin zwciin

X,Y and Z component of normal vector U to the polarized plane:
UX = _zy\/bfin chin
UY = _Zchin ’\/afin
UZ = _ZNafin Nbfin
—_d) _ 2 \/ﬁ
9=a“9|E(UZ + jm)=ﬂ—arctan{‘/(l d) +(1-025d) J:ﬂ—arctan[ 32-40d +17d }

1-d 41-d)

=1-0.25d;

sin(e, —a, )=—/3(1—0.25d 1-d)
sin(er, —a, )=—/3(1-0.25d )°
sin(er, —a, )= —/3(1-0.25d J1—d)

p=angle(U, + jU, )=angle {— V3(1-0.25d )1 d) - j/3(1—0.25d )’ }: —7 +arctan (; _4dd)

6) c dip D

Following the formulation procedure as presented for a_dip_D, the projected voltage
magnitudes of 3-phase voltages for ¢_dip_D are obtained as

Nciin =1-d; Naiin ZNbiin

X, Y and Z component of normal vector U to the polarized plane:

UX = _zy\/bfin chin

=1-0.25d;

sin(a, —a, )=—/3(1—0.25d 1-d)
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sin(a, —a, )=—/31-0.25d \1-d)
sin(a, —a, )= —/3(1—0.25d )?

UY = _Zy\/ciin Naiin
UZ = _ZNafin ’\/bfin

o, 1T {0 2)

p=ange(U, + jU, )=angle|-+/3(L—0.25d )1~ d)— j+/3(L—0.250 1 - d )}=—37 /4

7) adip_F
3-phase voltage phasors

VvV, =1-d, V, =—O.5(1—d)—j§(3—d),vc =—0.5(1—d)+j§(3—d)

Na_in =1-d;
o 3-d Jd?-3d+3 | 3(2-d) j
= /3—t = =1-0.5d;
Voo M"“(” 3 (\@\@dD [ 7 Izm
4 3-d Jd?-3d+3 | 3(2-d)
= /3—1 = =1-0.5d;
Ve MC"{” 3 (@@dﬁ { g Lm
X, Y and Z component of normal vector U to the polarized plane:
Uy ==2V, |V i sin(e, —a,)=—/3(1-0.5d)’
UY = _zy\/cfin Nafin Sin(ac _aa):_\/g(l_O'Sd)(l_d)
U, = =2V, |V, u|sin(e, —a,)=—/31-05d1-d)
. \8-12d +5d°
0= anglle(UZ +jyU; +U§)= 7r—arctan{W

p=anglelU, + jU, )=angle\~+/3(1-0.5d )" — jv/3(1-0.5d J1—-d ){=—= +arctan —
y NG 2_ /3 22_2dd

8) b_dip_F

Following the formulation procedure as presented for a_dip_F, the projected voltage
magnitudes of 3-phase voltages for b_dip_F are obtained as

ijn :1_d; Najn :chin

X, Y and Z component of normal vector U to the polarized plane is obtained as

=1-0.5d;

U, =-+/3(1-05d)1-d)=U,; U, =-+/3(1-05d)’

J8_12d +5d2
¢ = angle (Uz + jm)z - arctan£812d+5d

2(1-d)

(pzangle(UX + jUy):angle{—\/g(l—O.Sd)(l—d)— j\@(l—O.Sd)z}z_;z+arctan[22 —dej

9) c dip F
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Following the formulation procedure as presented for a_dip_F, the projected voltage
magnitudes of 3-phase voltages for ¢_dip_F are obtained as

chin =1-d; ’\/afin :’\/bfin

X, Y and Z component of normal vector U to the polarized plane is obtained as

=1-0.5d;

U, =-~/30-05d)1-d)=U,; U, =-~/3(1-05d)’

0=angle(UZ + jyJU? +U§)=ﬁ—&fCt&ﬂ(%J

p=angle(U, + jU, )=angle |- v3(L—0.5d Y1 d)- jv3(L-0.5d\1—d)}=-37/4
10) ab_dip_E

3-phase voltage phasors

V, =(1-d);V, =—0.51—d)@+ j/3); V, =—0.51— j/3)

Va_in| =No_in| =1-d 1 V. i,
X, Y and Z component of normal vector U to the polarized plane:
Uy = =2V, |V i sinle, —a,)=—/3@1-d)

Uy = =2V, | Vo isin(e, —a,)=—3-d)

U, = =2V, |V, u[sin(e, —a,) = —/3(-d)?

Thus, the elevation (#) and azimuthal () angles are obtained as

Gzangle(uZ +jy Ul +Uj)= angle {— V3(@-d)? + jﬁﬁ(l—d)}zﬂ—arctan[%J

=1

p=angle(U, + jU, )=angle {— J3(1-d)- j301- d)}=—37r/4
11) bc dip E

Following the formulation procedure as presented for ab_dip_E, the projected voltage
magnitudes of 3-phase voltages for bc_dip_E are obtained as

Mo_in| =Ve_in| =1-0 1 Vo

X, Y and Z component of normal vector U to the polarized plane is obtained as

Uy :—\/§(l—d)=UZ; Uy :_\/g(l_d)z
Hzangle(uz+j,/U§+U§)=ﬂ—arctan(l+(1—d)2)

p=angle(U, + jU, )=angle {— J3(1-d) - j30- d)}: —7r + arctan (ldJ

=1

12) ca dip E
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Following the formulation procedure as presented for ab_dip_E, the projected voltage
magnitudes of 3-phase voltages for ca_dip_E are obtained as

Va_in] =Me_in| =1=0 1V, i

X, Y and Z component of normal vector U to the polarized plane is obtained as
U, =-+/301-d)=U,; U, =-301-d)

0= angle(UZ + jm)z 7 —arctan(l+(1-d )

p=angle(U, + jUy)zangIe{— J3(1-d)- j«@(l—d)z}z —z +arctan(1—d)

13) bc _dip_ C

=1

3-phase voltage phasors
V3 V3

V, =1V, =—o.5—j73(1—d), V, =—O.5+j73(1—d)

Vo | =
Vo i =Nbcos(;r/S—tan‘l(\/g(l—d)))z[ 1+3(-d) }[ 4-3d ]=1—0.75d;
2 2y1+301-d)

=V _|cos\z/3—tan* —d)))= 1+31-d) 4-3d _1_ :
Ve i =] (r/3-tan*(V3(1-d)) { 5 J[Zm] 1-0.75d;

X, Y and Z component of normal vector U to the polarized plane:
UX = _ZNbfin chin
UY = _2’\/C7in Nafin
U, = _zwaiin Nbiin

/ _ 2
G:angle(UZ +j U +U§):7r—arctan(32ijdJr9d

sin(a, —a, )=—/3(1—-0.75d )*
sin(er, —a, )=—/3(1—0.75d)
sin(er, —, )= —/3(1-0.75d)

p=angle(U, + jU, )=angle {— V3(1-0.75d)?* - j/3(1-0.75d )}z —7 +arctan (4 43d )

14) ca_dip_ C

Following the formulation procedure as presented for bc_dip_C, the projected voltage
magnitudes of 3-phase voltages for ca_dip_C are obtained as

Va_in| =Ve_in

X, Y and Z component of normal vector U to the polarized plane is obtained as

=1

b_in

=1-0.75d ;N

Uy =-+3(-075d)=U,; U, =-+3(1-0.75d)’

/ _ 2
Gzangle(UZ +j U +U§):7r—arctan[32ijdJr9d
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p=angle(U, + jU, )=angle {— J3(1-0.75d ) - jv/3(1-0.75d )’ }= —7 + arctan (4 _43d)

15) ab _dip_ C

Following the formulation procedure as presented for bc_dip_C, the projected voltage
magnitudes of 3-phase voltages for ab_dip_C are obtained as

Ve_in| =Ve_in

X, Y and Z component of normal vector U to the polarized plane is obtained as

=1

=1-0.75d ; |V, ,,

Uy =-+3(-075d)=U,; U, =-+3(1-0.75d)’

0 = angle (U L+ J\/m): - arctan(44_\/3§d J

p=angle(U, + jU, )=angle |- V3(1—0.75d)— jv3(1—0.75d)}= 37 /4

16) bc dip_ G

3-phase voltage phasors

d 1 1 /3 1 1 /3
—1-=, V., =—=—=(1-d)-jX21-d)V. =—=—-=(1—d M2 1-d
voer-dovi= 2 e i Ba-av =t ta-ae i Pa-a)

3
d.
Na_in =1_§'
_ o 3V3(-d)|)_[V7d*-15d +9 6-5d .5
M_in—Mcos{ﬁ/:% tan ( o D—[ 3 J{Z fdz—lSd+9J_l 6d,
~ 4(3J3@-d))| [+7d? -15d +9 6 - 5d . 5.
Min_Nccos[ﬂIS—tan [ - D_[ 3 ][sz_l 6d’

X, Y and Z component of normal vector U to the polarized plane:
2
Nc_in Sin(ab — ): _\/5( - %J

R
Vo n|sin(a, —az,) = —\/5[1—%)(1_9)

Ux == 2’\/b_in

UY == 2h/c_in

UZ == 2|\/a17in

3

— 2
H:angle(UZJrj U5+U§)=7z—arctan[\/72 84d +29d J

6—2d

2
(ﬂ=angle(Ux + jUy):angle{— \/5[1—gdj - jﬁ(l—%dj(l—%}}:—7z+arctan(2:§jj

17) ca dip_ G
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Following the formulation procedure as presented for bc_dip_G, the projected voltage
magnitudes of 3-phase voltages for ca_dip_G are obtained as

Vool Ve =120V,

X, Y and Z component of normal vector U to the polarized plane is obtained as

St )

J72-84d +29d?
f@=anglelU, + j,JU2 +U? )= 7 —arctan
g ( z+J x T y) 7 [ 6—2d
. 5 d) . 5.\ 6 —5d
—angle(U. +jU.)=angled—3[1-2d [1-= |- j/3]1-2d | \=— arctan( J
o ange( i y) ange{ ( 5 j( 3) i ( 5 )} T+ A

18) ab _dip_ G

Following the formulation procedure as presented for bc_dip_G, the projected voltage
magnitudes of 3-phase voltages for ab_dip_G are obtained as

N :M_in =1—§d N _, 4

X, Y and Z component of normal vector U to the polarized plane is obtained as

ot 2]
0 =angle(UZ + j\/m)zn—arctan(%J
go:angle(UX + jUy):angle{—\/g(l—Zdj(l—2)— jﬁ(l—zdj(l—gj}:—&zm
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APPENDIX D

Formulation of Decision Boundaries for Classification of
Dips

D.1 Decision boundaries for classification of six classes (a-o, b-¢, c-o, ab-
¢, bc-¢, and ca-@) of dips

As shown in Fig. (7.6), the decision boundaries used for classification of 6 classes (a-o,

b-o, c-¢, ab-¢, bc-¢, and ca-¢) of dips are

D, . (¢) = 0.8y, () + 0.5y, () (D.11)
D, 1. (¢) = 0.5}y, (¢) +0.5u,,(0) (D.12)
D, .(¢) = 0.5y, () + 05}/, (0) (D.13)
D, c(¢) =05y}, (0) + 0.5}y, (¢) (D.1.4)
D, .. (¢) = 0.5y, (¢)+ 0.5y, (¢) (D.15)
D, (9) = 0.5y, (¢) + 05w, (9) (D.16)

Besides, from expression (7.7), it is evident that || is a function of Sy and S,; therefore,
to obtain the expressions (D.1.1)-(D.1.6), firstly, Sy and S, are expressed as a function of
¢ for a-g, b-¢, c-@, ab-¢, bc-¢, and ca-¢ dips. Then, putting the expressions of Sy and S,
in (7.7) for respective classes of dips, the decision boundaries (D.1.1)-(D.1.6) are
achieved. It is to be noted that from (D.1.1)-(D.1.6),

v, (@) corresponds to PE parameter
|1//| for a-¢ class of dip, and this notation-technique is followed for other expressions as

well.

1) a-¢ class of dip

Mo in| =101 Vo _n| =Ve i

1+(1-d)’ :
9:ﬂ_tanl(#]; p=-x+tan*(1-d) —sinf=——— and cosg=——m¥

1-d J1+sin? o J1+sin? o

Now, Sy and S,are obtained as

5,V Ji+sin? pfi- jV3)

2

el sing =

gl cos&cos<o+N

el® cos@sin (D—N

b_in c_in
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_1+sin® g+ jv3cos? o
2C0s @

S(p :_Na_in
2) b-¢ class of dip
l\/b_in :1_d; [Va_in :Nc_in

1+(@1-d)?

1-d J1+cos? ¢ J1+cos? ¢

el® cosgp=

e g
el sing+V,

Now,

SH ZNa_in
S(p == [Va_in

3) bc-¢ class of dip

Nb_in :Nc_in =1—d; ’Va_in
(9=7Z'—tan_l(\/1+(l—d)2J; ¢=—7z+tan‘1(ﬁ} =sinf =

1+ cos® (p(l— j\/§)

2

ele sing =

jaa
e'“ cos@cos ¢ +|\/b_in

ja i
e’ cos dsin (0—|Vc_in

_1+sin’ g+ jv3cos? o

el® cosp= i
2sin@

joa o
el sinp+V, i,

in
and cos @ = S

1
J1+sin® g J1+sin® g
Now,

89 :Na_in

C0S /1 +sin? (o(l— j\/§)
2sing

el% sing =

ele cos&c05go+|\/

e’® cos @sin (p—[\/

b_in c_in

_1+sin’ g+ jv3cos? o

el® cosp= i
2sin@

S(p :_[Va_in

joa o
el sinp+V, i,

4) ca-g class of dip

|\/a7in =|chin =1—d; |Vb7in
Ozﬂ—tan’l(wlh(l—d)z); p=-m+tan*(1-d); =sinf=

coS
and cos@= L

1
J1+cos? ¢ J1+cos? ¢

Now,

SH :Na_in

sin p/1+ cos® (p(l— j\/§)
2C0s @

el% sing =

b_in c_in

e’ cosfcosp +\V

e’ cosOsinp -V

_1+sin’ g+ jv3cos? o
2C0s @

S(p :_l\/a_in

el® cosp=

joa o
el sing+\V, |
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5) c-¢ class of dip

Ve_in =1=0: Vo o[ =Moo

0= ﬁ—tan’l((l—d)\/i); p==3rl4 :>singo:003go=—i

J2
i s ; 3+ j3
S,=—NV, nle'™sinp+\V, , e’ cosp=
@ N _ ¢ |\/b_ ¢ 2\/5
- - . iy s ~1+j4/3
S, =NV, .,[e"* cosOcosp+N, ,|le' cosfsinp—N, ,,le"*sing=
’ |V - v |Vb‘ ? [V‘ 2:/2 cos 0
Hence, ¢ =arg(S,) —arg(S,)=-x/2; Now,
1 2|S,||S,| cos(o)
()= arctan A58 ost0) BHJD‘ =
‘89‘ _‘S¢‘
6) ab-¢ class of dip
’\/a_in :’Vb_in =1—d; ’\/C_in :1’
0=r—tan™ £ ; go=—37r/4;:>sin(p:cos.go=—i
1-d V2
i - —cos 6|3+ j\/§
S =—NV. . |e'*%sing+V, _le'* cos :J—)
@ IVa_m @ IVb_m @ 25in0
. . ) o 1-j4/3
S, =V, ..|e' cosOcosp+\V, ,.[e!™ cos@sing—N_ . |e'* sing=
9 IVa_m (0 IVb_ln QD [Vc_m 25in0

o=arg(S,)—arg(S,)=-x/2; Now,

1 2/S,||S 005(5)‘
|‘/’|ab(¢)=§arctan | 9||2¢| ‘
s,
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D.2 Decision boundaries for classification of different types (B, D, F, E, C,
and G) of dips

As shown in Fig. (7.7), the decision boundaries used for classification of 3 types (B, D,
and F) of dips are

Do ap(€)=0.5A,,5(6) +0.5A, .5 (6) (D-2.1)
Depar (6)=0.5A,,5(0)+0.5A, - (6) (D.2.2)
Do (0)=05A, 5 (0)+0.5A, () (D.2.3)
Do o (0)=0.5A, () +0.5A, () (D.2.4)

Besides, from expression (7.9), it is evident that A is a function of Sy and S,; therefore,
to obtain the expressions (D.2.1)-(D.2.4), firstly, Spand S, are expressed as a function of
6 for B, D, F types corresponding to a-¢, b-¢, and c-¢ classes of dips. Then, putting the
expressions of Sp and S, in (7.9) for respective types of dips, the decision boundaries
(D.2.1)-(D.2.4) are achieved. It is to be noted that from (D.2.1)-(D.2.4), A

corresponds to PE parameter A fora_dip_B, i.e. a-¢ class dip and type B; this notation-

technique is followed for other expressions as well.

1) a dip_ B

Men| =1 My | =i

By eliminating (1-d) from the expressions of 8 and ¢ we get,

singp=cotéd, cosp=—/1-cot’ o
Sezwa_in
=S, =(1-d)e’ cos 9(— \/1-cot? 49)+ e*"3 cos@cot® —e'**3sing

=S, = tan(z + ) cos 0(— V1- cot? 9)+ (LZJ\@JCOS Hcote—(_lgh/g}sinﬁ

1-d

=159 :7z—tanl[“l+(1_d)2

] p=—nm+tan"(1-d)

el sing

jaa
e’'“* cos@cos @ +M_in

e’ cos@sing —N

c_in

=S, =ﬂcosél(\/l—cot2 9)+ [ﬂ}cosecote—(ﬂ]sin 0= 1- _J\/g
J1—cot? o 2 2 2sin @

1+ j/3{L—2cos? 0)

S,=—MN., e sing+\V, ,.le'* cosp=

oM o, 2sin Ov1— 2c0s? @
2) adip D
Vo | =1-0;V, | =1-0.25d; v, ,,|=1-0.25d;
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1-d 4-4d

(0=—7r+tan1(t—4ddj; ezﬁ_tan1[\/(l—d)2+(l—0.25d)2J:”_tan1{ 1+( 4—d Jz]

By eliminating d from the expressions of # and ¢ we get,

singp=cotd, cosp=—/1-cot’ o
SH :Na_in

=S, =(1-d)e’ cos 9(— \/1-cot? 0)+ (1—0.25d)e**'3 cos @ cot @ — (1—0.25d)e 1**'3 sin @

o _ 15(- jVaNi-2cos?e
’ sin9(4m+cose)

S(p :_[Va_in

3) adip_F
’\/a_in 21_d; r\/b_in
€0=—7r+tan‘1(22_2dd); Gzﬁ—tan‘l{\/(z_Zd) +(1-025d) J:ﬂ—tan‘l[ 1+( Z_d] }

el sing

gl c059005¢)+’\/

e’ cos@sin ¢)—’V

b_in c_in

150+ j/3)J1-2cos? 0)

sin 0(4\/1— 2co0s’ O + cos 0)

el® cosp=

jaa of
el sinp+\V, i

=1-05d; V,

=1-0.5d;

2-2d 2-2d

By eliminating d from the expressions of § and ¢ we get,

singp=cotd, cosp=—/1-cot’ o

. sinp cos ¢
Again, a_in =l-d=_——"— in| =|Ve_in =1-05d = —————
gaiin, |V, 2c0s¢ - sing Mo_in| =Me_ 2c0s¢ - sing

S, =N, y|e* cosOcosp+\V, e’ cosOsing -V, ,[e* sino

=S, =(-d)e’° cos 49(— V1-cot? 9)+ (1-0.5d)e’*""® cos@cot & — (1—0.5d)e > sin &

s 1.5(1—j\/§}\/1—200320
sin 6?(2\/1— 2C0s? 6 + cos 6?)

S(p :_l\/a_in

150+ j+/3)1—2cos? 0)

sin 0(2\/1— 2cos? 6 + cos 49)

el sing+V, ,[e' cosp=

4) c_ dip_ B

Nc_in =1- d' Na_in

=1;0=7r—tan‘1(\/§—\/§d); p=-3rl4,

M,

; 1 sin@
sinp=cosp=——;NV, . |=1-d=— :

VJ2 M’n J2cos6
S,=MV, inle’™ COS@COS{D+M_m el* cos @sin ¢—Nc_in el sin@
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=S, :ej°cosH(—l/\/E)+ej4”’3cosH(—l/\/E)—[ —sin® je‘””’sin&

«/Ecose
s, - -1+ J\/§
Zﬁcose
S, ==V, fe™ sing+, ,[e" cosp=05x 15 x (V3 + ]
5) c_dip_D

Ve i

=1-d; ’Va_in

Vo

=1-0.25d;6 =7z—tan‘1(4\/4§(1; d)j; p=-3rl4;

B 3sind )

42 cos O +5in6’
3/2cos0 ,
42 cosO +sing’

singp =cosp =—

Vo in| =Vo_in
So=Ne_in

1.
E’Nc_in

=1-0.25d =

jaa jaC 1
e c050005¢+Nb_in e’ sing

jor i
e’ cos@sin (p—’\/c_in

=S, =4ﬁ3ﬁ2)50_ eei°cosH(—l/\/E)+ej4”’3cos@(—l/\/i)
cos @ +sin
3sing i .
| = el?"*sing
( 4\/§cose+sin6J

Lo 150 iV3)
¢ 4~/2 cos 6 +sin 6

S(p =_Na_in

6) c dip_F

_ 1.5c0s 9(3 + j\/é)
42 cos @ +sin 6

el cos g

jaa oi
el sing+V, |,

4 242(1-d)
l=1=d: = 1=1-0. O=7—1t 1 . —_ 4:
Nc_ln d; ’Va_.n M_m 0.5d ;0 =7 —tan ( P j o=-3r14
: 1 sing
sinp=cosp=——;V, ,|=1-d =- ;
? Y J2 N‘ 2/2 cos 6 +5sin &
’\/a in =Nb in :l_OSd = \/ECOSQ N ;
B - 272 cos 6 +5sin @
Sy =M_in el% cos 6lcosgz)+’\/b_in gl Cosesin(p—’\/c_in el gin g = —0.5(1— j\/g)

22 cos6 +sin @
050056003+ }43)
242 c0s 6 +sin @

S(p Z_Na_in

el cos

1% o
el sing +V, 4,
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As shown in Fig. (7.8), the decision boundaries used for classification of E, C, and G

types of ab-¢ dips are

Dae-ave (‘9) = O'5AxabE(0)+0'5Ax,abG (‘9) (D.2.9)
abE abc(a) 0. 5A3abE(9)+o'5A;gtbC(0) (D26)

Firstly, Sp and S, are expressed as a function of 6 for E, and G types corresponding to
ab-o class of dip. Then, putting the expressions of Spand S, in (7.9) for respective types
of dips, the decision boundary (D.2.5) is achieved. Similarly, for decision boundary
(D.2.6), E and C types of ab-¢ dip is considered; then, Sy and S, corresponding to
A (0), Akt (6)are derived and put in (7.8).

1) ab dip E

The variables Sy and S, corresponding to AxyabE(H), are developed below:

Vo in| =Ns | =1-d : Ve,

=1;0=r—tan" (1\/%}(0:—37[/4;

. 1 J2c0s0
sinp=cosp=——=;N, i,|=V, ,|=1-d=—— :
¢ ¢ J2 N— M— sin@
. . ] o 1—j/3
S,=NM, e’ cos@cosp+\V, ,le'® cos@sinp—N, .le' sing = g—)
4 ’\/a_ln (D ’\/b_ln ¢ ’\/c_ln 23in49
s i cos O[3+ j/3
S, =- _le!*sinp+MV, . |e'™ cos =—J—)
@ Na_m ¢ Nb_ln (D 25in0
For the variables S, and S,, corresponding to A% _(¢), out of phase components of 3-
phase voltage phasors, i.e.,V, .V, o, and V_ ., are considered. From the phasor

diagram shown in Fig. C.1 (K), it is evident that V =V, .=V =0. Therefore,

a_out b_out c_out

Aluc(0) is obtained as A% (6)=0.

2) ab dip C
The variables Sy and S,, corresponding to A% .(6), are developed below:

Out of phase components of 3-phase voltage phasors are considered. Thus,

[Vc_out
Iva_out

zrvb_out

V. sinfZ -t (3 -3} -0\ 30— Zm el
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’Vb_out ?n[—gd

9=angle(UZ +ju? +Uj)=7r; gozangle(UX + jUy)=O;
SHZNa_out

_sin9+\/§cose

J3siné

j2a o
e sing+V, o

UX =UY ZO;UZ :_zyva_out Sin(aa_ab)z_

el* sing = ——\/id

I
e'“ cos@cos ¢ + M_out

el cos@sin (p—N

c_out

= S, =

S(p == ’Va_out

3) ab dip G

0.5(sin 60 +~/2 cos 6’X1+ j\/§)
J3sing

el cosp=—

The variables Sy and S, corresponding to Ax,abG(e), are developed below:

I\/a in =I\/b in =l—§d ;l\/C in =1—g;6:7z—tan‘1 M p=-3714
- - 6 - 3 6 —5d

=1—§d _ 3\/§cos¢9

sinp =cosp =— - )
6 24/2c0s0 +5sin @

1

E’r\/a_in :Nb_in
1. 3sing

3 24/2c0s0 +5sin @

150 j3)

el sing =
2+/2c0s6 + 5sin

Se :Na_in
S(p == Na_in

The decision boundaries corresponding to E, C and G types of bc-¢ and ca-¢ dips are

et
el® cosfcosp+V, |,

el® cosgsinp -V, |,

_1.5c¢0s 9(3 + j\/§)

el cos p=
2/2c0s6 + 5sin @

1% o
el sing+V, |,

Dyee_nes (€)= 0.5A, - (0) +0.5A, . (0) (D.2.7)
Dice-sec (€) = 0.5A7 (0) +0.5A7: (0) (D.2.8)
Deae cac (€)= 0.5A, e (0)+0.5A, 1 (6) (D.2.9)
D e (6) = 05A (6) + 0.5A% (6) (D.2.10)

Following the similar technique as used for the formulation of decision boundaries
corresponding to ab-¢ dip, the decision boundaries corresponding to E, C and G types

of bc-¢ and ca-¢ dips can be easily obtained. The developed expressions are presented
in Section 7.3 and Table 7.7.
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APPENDIX E

Formulation of Decision Boundaries for Classification of
Swells

Two types (H and | type) of swells comprise 6 groups of swells. The phasor diagram
representing these 6 groups of swells are illustrated in Fig. E.1, where three phase
voltages before and during the occurrence of swell is represented by dotted and solid

arrow line, respectively.

Fig. E.1. Phasor diagram representing 6 groups of swells: (a) a-o, (b) b-o, (c) c-o, (d)
ab-o, (e) bc-¢, and (f) ca-o.
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As shown in Fig. (7.9), the decision boundaries used for classification of 6 groups of
swells, which include I-type (a-¢, b-¢, and c-¢ swell) and H-type (ab-o, bc-¢, and ca-¢
swell), can be presented as

Dss-5(¢) =05}y 5 () + 0.5, (o) (E.1)
Dy (#) =051 4 (#)+0.5}y1, () (E-2)
Dec ¢ ()= 0.5, (¢)+ 0.5y, () (E.3)
Denn(9) =05y, () + 050, () (E.4)
Dy s (¢) =05}y, () + 0.5}y, () (E.5)
De_cal9)= 0.5, (¢)+ 0.5y, (¢) (E.6)

Besides, from expression (7.7), it is evident that || is a function of Sy and S,; therefore,
to obtain the expressions (E.1)-(E.6), firstly, Sp and S, are expressed as a function of ¢
for a-o, b-¢, c-, ab-e, bc-, and ca-¢ swells. Then, putting the expressions of Spand S,
in (7.7) for respective classes of swells, the decision boundaries (E.1)-(E.6) are
achieved. It is to be noted that from (E.1)-(E.6),

v, () corresponds to PE parameter

|1//| for a-@ swell, and this notation-technique is followed for other expressions as well.

1) a-o swell

lvb_in :Nc_in :1_d; [Va_in
2
O=r—tan?| |1+ 1-d . p=—m+tan™ 1+2d1 :
1+2d 1-d
Now eliminating d from the expressions of 8 and ¢ we get,
1
J1+sin® e
SH :Na_in
Sq) :_Na_in

2)  b-¢ swell

Na_in ZNc_in =1-d; Nb_in

2
O=rx—tan? 11{ 1_dj : ¢=—7z+tan‘1(1_dlj;
1+2d 1+2d

=1+2d;

singp
JlrsinZep

e’™ cos@sin qy—N

sin@ = and cos@=

1.5¢0S /1 +sin® (p(l— j«/§)

2cosp+sing

el sing =

el cos¢9cos<o+N

b_in c_in

1.5(1+ sin? ¢+ j+/3cos? (0)

el cosp=— h
2C0s @ +sin @

jaa o
el sing+V, |,

=1+2d;
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Now eliminating d from the expressions of 6 and ¢ we get,

siné?:; and cos@= s 9

\1+cos® @ \J1+cos® @
SH =Na_in
S(p :_|Va_in

3) bc-¢ swell

Ve _n|=1=0: Vo _n| =Ve i

2
0= ﬂ—tanl[ﬂl; p=-r+tan*(1-d), =sinf =

1.55in @+/1+ cos? go(l— j\@)

COoS @ + 2sin ¢

el* sing =

el cos@cosp+V, |,

e'® cos@sinp -V

c_in

_1.5{1+ sin? ¢+ jv/3cos? (p}

el® cosp= h
Cos @ + 2sin @

Jag o
el sinp +V, ,

and cos@= Sne

1
J1+sin? ¢ J1+sin? @

1-d

Now, Sy and S,are obtained as

\1+sin? ¢>(1— j\/§)

S, =[\/a_in gl 0050005g0+[\/b_in gl cos&singp—[\/c_in el sing = 5
o : 1+sin? g+ j/Bcos? o
S =—\V, ..[e/*sinp+V, . |e' cosp=—
@ Na_m @ Nb_m @ 2COS(D
4) ca-¢ swell
lvb_in =1—d; [Va_in :lvc_in :1;
1+(1-d)’ 1 : 1 cos ¢
O=r—tan| —— | (p=—ﬂ+tanl(—j; —sinf=———— and cOSH=——=-—"T——
{ 1-d J 1-d J1+cos? o J1+cos?

Now,

S, =V, y1+ cos? (p(l— j\/§)

2

el* sing =

jaa
e’“ cos dcos ¢ +|\/b_in

ja i
e’ cos dsin (0—|Vc_in

_1+sin® g+ jv3cos? o

Sw:_[\/a_inejaa 5in¢+[\/b_inejah Cos o= 2sing
5) c-¢ swell
[Va_in ZIVb_in =1-d; Ivc_in =1+2d;

0=n- tanl(—\/z(lJr 2d)

14 J; p=-3r14, :>sin(p:c05(p:—i

V2

o 1.5cos 49(3+ j\/§)
e’ cosp= -
22 cos@ —sin @

S(p :_|Va_in

Jag o
el sing+V, i,
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15— j43)

el* sing =
22 cos@ —sin@

e’ cos@sing -V, ,,

e cosfcos g +V, |,

SH :Na_in

d=arg(S,)—arg(S,)=-=/2; Now,

1 2 S S 005(5)
v (@)= Earctan 92«’2 _
DI
6) ab-¢ swell

Ve in| =1=0: My ia|=Ms_in

Hzn—tan’l((l—d)ﬁ); @p=-3714;, =sinp=cosp=— 1

2
v - 3+ j4/3
S,=—V, .,[e"sinp+V, ., |e' cosp=
o= M Vo, 242
- - : i ~1+j3
S, =N, .[e’* cosfdcosp+\V, . |e'” cosfsing -V, , |e'“sinfd=—————
’ ’V‘ Y M‘ v ’V‘ 2+/2 cos 6

Hence, ¢ =arg(S,) —arg(S,)=-x/2; Now,

2s,|s,|cos()
‘89‘2_‘8(/7‘2

T

2

W] ()= S arctan
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