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ABSTRACT

This thesis project focuses on the investigation and integration of two
islanding detection methods: the fuzzy inferencing system (FIS) and the wavelet packet
transform (WPT). The primary objective is to address the limitations of the FIS method
through the incorporation of the WPT method, while also ensuring independence from
a communication system. The FIS method offers a robust framework for modelling
complex relationships and uncertainties in power systems. However, it may exhibit
limitations in accurately analysing transient events and disturbances, potentially leading
to false detection outcomes. To overcome these limitations, the WPT method is
introduced, which decomposes power system signals into frequency sub-bands, enabling

the capture of unique patterns associated with islanding events.

Through extensive simulation experiments, the effectiveness of both the FIS
and WPT approach are evaluated. The simulation results consistently support the
superiority of the WPT method compared to the FIS method. Moreover, a significant
advantage of the proposed methods is their independence from a communication system.
This aspect eliminates the need for additional infrastructure and reduces the potential for
communication failures or latency issues that can affect the reliability of the islanding

detection process.

The findings of this thesis project have important practical implications. The
research outcomes contribute to the development of advanced protection mechanisms
that enhance the resilience and stability of power systems, catering to the needs of the
increasing DG penetration into the grid. Looking ahead, the future scope of this research
includes further optimization of the combined FIS and WPT method, integration with
advanced machine learning techniques, real-time implementation, testing in diverse
power system scenarios, validation against alternative islanding detection methods, and

integration with smart grid technologies.
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CHAPTER 1

INTRODUCTION
1.1 EMBRACING SUSTAINABLE POWER GENERATION

The urgency to harness renewable energy sources stems from several
compelling factors. Firstly, mitigating climate change has become a pressing imperative.
Fossil fuel combustion significantly contributes to global warming, making the
transition to renewables a viable solution. By reducing greenhouse gas emissions,
renewable energy plays a crucial role in slowing climate change. Secondly, ensuring
energy security is critical. Dependence on fossil fuels from limited and geopolitically
volatile regions poses risks to stability. Embracing renewable energy sources allows
countries to diversify their energy mix and reduce dependence on imported fossil fuels.
This enhances energy security and decreases vulnerability to supply disruptions,

ensuring a more stable and reliable energy supply.

Moreover, the environmental benefits of renewables cannot be overstated.
Traditional energy sources cause severe environmental damage, including pollution and
habitat destruction. Renewable energy sources have lower environmental footprints,
enabling the protection of ecosystems, preservation of biodiversity, and mitigation of
environmental harm. Transitioning to renewables reduces air pollution, improving air
quality and reducing respiratory and cardiovascular diseases. Additionally, harnessing
renewable energy offers substantial economic opportunities. The renewable energy
sector generates jobs, attracts investment, and drives technological innovation. Investing
in renewable energy infrastructure stimulates economic growth, enhances energy

affordability, and fosters local development, particularly in underserved areas.

Energy access and equity are also crucial considerations. Many regions still
lack reliable electricity access, which renewable energy can address. Technological
advancements and cost reductions have made renewables increasingly viable and
competitive. Improvements in efficiency and affordability have enhanced the feasibility

of harnessing renewable energy sources for power generation.



Furthermore, policy and international commitments play a significant role.
Governments and international bodies recognize the importance of transitioning to
renewables for sustainable development and addressing climate change. Numerous
nations have established objectives for renewable energy, enacted favourable policies,
and provide incentives to promote its adoption, demonstrating a worldwide agreement

regarding the necessity of renewable energy.
1.2 COMPREHENDING THE MASTER - SLAVE CONFIGURATION

Taking into consideration the above pressing reasons, shift towards
renewable energy generation is adopted. These newer forms of power generation rely on
power electronic interfaces for efficient operation. As an example, the utilization of DC
to AC inverters is vital for photo-voltaic arrays and fuel cells, whereas AC to DC to AC
conversion becomes essential for variable speed wind turbines and high-speed gas
turbine generators. Previously, the power generated could be utilized to power local
loads, but owing to advancement of power electronic converters, power can now be
harvested efficiently from the renewable sources, such that excessive power can now be
injected into the grid for revenue generation. Distributed/Decentralized generation (DG)
is a classification that encompasses connected loads, storage systems, and control
strategies to integrate renewable energy sources (RES). These systems, commonly

referred to as uG, could function in both grid-tie mode and islanded mode [1].

Integrating DG sources with the microgrid requires careful control,
especially considering the unique characteristics of inverters compared to conventional
electrical machines. Inverters offer a wide bandwidth and enable control over power
export and waveform quality. Effective control is necessary due to the limited short-time
overload ratings of inverters and the importance of load sharing. Moreover, inverters
commonly incorporate an inductive filter that effectively hinders current emissions at
the switching frequency by offering a substantial impedance. However, it is possible that
this filter will still exhibit a relatively high impedance when it comes to low-order
harmonic distortion. As a result, voltage distortion can occur across the filter due to

harmonic currents generated by non-linear loads, thereby impacting neighbouring loads.

In contrast, traditional electrical machines, such as generators, possess
different characteristics. The power export of these systems is regulated within a

moderate bandwidth, and the waveform quality is predetermined during the design phase



by configuring the windings. These machines employ a low impedance source to
guarantee the supply of fault current for fault clearance and to prevent significant voltage
drops caused by harmonic currents. When DG supply power to a large and robust grid,
the power export of small DGs can be adjusted as needed. However, during islanding
situations, when physical isolation or desynchronization happens as a result of grid
problems, it becomes essential to ensure compatibility between load and supply and
establish a mechanism for distributing the load among generating units. In conventional
electrical machines, load matching and sharing are achieved by employing governors or
control settings that incorporate a specific frequency droop based on real power supply
and a voltage droop considering reactive power. In the case of inverter-based systems,
from a control perspective, it is advantageous to distribute reference signals to all
inverters to guarantee the intended power matching and sharing. Several approaches
have been suggested for the parallel operation of inverters in applications like UPS and
photovoltaic power supply systems. Proximity between inverters enables the utilization
of methods like central mode, distributed logic mode and master-slave mode to facilitate

the communication of control signals among them [2].

In a microgrid, master-slave operation control strategy is used to coordinate
and manage multiple inverters that are connected to the microgrid. In this setup, one
inverter acts as the master and takes the lead in controlling and regulating the power
flow within the microgrid. The other inverters, known as slaves, follow the instructions
provided by the master inverter. In the context of control functions, the terms "master"
and "slave" are used to distinguish the roles assigned to different inverters within a
group. From a technological standpoint, all the inverters are identical. However, due to
physical proximity and their connection to a shared node, it is not feasible for all
inverters to independently control the output voltage. Instead, a specific inverter is
assigned the role of the master, assuming responsibility for regulating the voltage at the
node. It is worth noting that this role can be assigned to different inverters at different
times, as needed. The remaining inverters within the group function as slaves,
collectively supplying current to the common node to share the power generation. Thus,
the master inverter determines the reference signals, such as voltage and frequency, and
communicates them to the slave inverters to achieve power sharing, load balancing, and
overall system coordination [3]. By employing this control arrangement, all inverters are
synchronized and collaborate to uphold the stability and dependability of the microgrid.
This arrangement helps optimize the performance and efficiency of the microgrid by

3



effectively managing the DG sources and maintaining grid stability. In the event of an
islanding situation, when the master DG unit becomes disconnected from the rest of the
system, one of the remaining slave DGs needs to transition into the role of the master
and ensure voltage balance, while the remaining slave DGs support to strike load balance

by injecting current. Thus, it becomes vital to detect condition of islanding.
1.3 REQUISITE FOR ISLANDING DETECTION

Islanding is defined as "A condition in which a portion of the utility system
that contains both load and distributed resources remains energized while isolated from
the remainder of the utility system. [4] " This isolation usually arises from disruptions
within the electric utility network, like malfunctions or notable variations in frequency
and/or voltage resulting from imbalances between real and reactive power. Two options
arise in such situations: Firstly, the decision to maintain the DG connected to the system
and continue supplying power to the load, based on the criticality and requirements of
the load. Secondly, the alternative is to disconnect the DG from the system before the
automatic reclosing time of the utility breaker elapses. If there is no synchronism check
in place and the DGs fail to disconnect quickly, the utility breaker may attempt to reclose
without synchronization. This imposes multiple operational constraints such as voltage
instability, transients, and power quality disturbances, etc., which can affect the
reliability and efficiency of the uG adhering to the existing standards such as IEEE 1547
—2018 [5], UL 1741 [6], and IEC — 62116 shown in TABLE 1.1. Thus arises the need for

precise, prompt, and cost-effective detection of islanding conditions [7].
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Fig 1.1 Single line diagram of a small part of the uG before islanding
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Fig 1.2 Single line diagram of a small part of the uG in case of islanding condition

TABLE 1.1 STANDARDS FOR ISLANDING DETECTION

Parameters IEEE Std. 1547-2003 IEEE Std. 929-2000 IEC 62116 Korean Standard
Quality factor 1 25 1 1

Detection time t<2s t<2s t<2s t<0.5s

Allowed Frequency Range  59.3 Hz < < 60.5 Hz 593Hz<f<605Hz f,-1.5Hz<fand f<(f, + 1.5 59.3Hz<f<60.5Hz
(nominal frequency f;) Hz)

Allowed Voltage Range 0.88=V<L10 0.88<V=1.10 0.85=V<1.15 0.88<V<1.10

(nominal voltage V)

1.4 Objectives of the thesis work
The goals of this thesis work are :

» To emphasise the need to shift towards cleaner energy generation and utilise
them to their full potential.

» To gain a comprehensive understanding of the key aspects involved in harnessing
cleaner energy sources for commercial purposes and to subsequently develop
appropriate control strategies based on this understanding.

» To develop a thorough comprehension of various islanding detection
methodologies that currently exist in the literature and identify the research gap
by drawing insightful conclusions. Additionally, this research aims to address
these gaps by introducing two novel methods for islanding detection, each
addressing the limitations of the other.

» To understand Goertzel Algorithm, Fuzzy Logic Controller, and WPT through
islanding detection perspective.

1.5 Organization of the thesis work

As previously stated, the primary aim of this thesis is to develop an islanding
detection methodology that is resilient, efficient, and capable of delivering accurate and
rapid results. Furthermore, the proposed methodology should be independent of
communication systems, ensuring its reliability and applicability in various scenarios.

The thesis is organized as follows to achieve this goal:



Chapter 1 This chapter offers an introduction to the renewable energy scenario, as well
as a concise overview of the control strategy employed by multiple parallel inverters and

the existing literature on islanding detection methods.

Chapter 2 By following this organization, the thesis aims to deliver a comprehensive
and insightful analysis of the proposed islanding detection methodologies, their

performance, and their potential impact on power system operation.

Chapter 3 This chapter provides with a deeper understanding with the mathematical
background of Goertzel algorithm and wavelet packet transform to help better

understand the following chapters, Chapter 4 and Chapter 5.

Chapter 4 This chapter provides complete understanding of proposed islanding
detection method that utilizes Goertzel algorithm in collaboration with Fuzzy
inferencing system. This proposed method is independent of communication system

requirement.

Chapter 5 This chapter discusses in detail the implementation Wavelet Packet
transformation method for islanding detection, with the the motive to address the gap
caused due to FIS based islanding detection technique. The proposed method is

supported with simulation results to prove the same.

Chapter 6 This chapter provides a detailed conclusion of the various islanding detection

methods, and also discusses the future scope of this work.



CHAPTER 2
LITERATURE REVIEW

2.1 BACKGROUND

Different IDMs have been suggested in research literature wherein each
method possesses its unique strengths and weaknesses concerning the Non-detection
zone (NDZ), reactive power, and detection time. These islanding detection methods can
be categorized into remote schemes, local schemes, and intelligent classifier-based

schemes, as illustrated in the accompanying Fig 2.1.

R d . PLCC,SCADA,SPD,
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Fig 2.1 Classification of IDMs

Remote islanding detection methodology refers to the approach used to
identify islanding conditions in a power system remotely. It entails observing different
factors and signals to establish whether a section of the power system has been
electrically disconnected from the primary utility grid. Establishing a communication
link between the DG and the main utility necessitates the use of supplementary
equipment, such as costly sensors, telecommunication tools, and control systems [9],
[10], [11]. Remote islanding detection systems generally entail higher initial and

operational expenses when compared to active and passive techniques. As a result, they



are more commonly used in large-scale projects rather than small-scale systems [12].
However, remote islanding detection systems offer several advantages such as no non-
detection zone, no degradation of power quality, and the ability to handle complex DG
integrated power systems. Remote islanding detection systems comprise various
examples such as power line carrier communication (PLCC) [13], [14], [15], supervisory
control and data acquisition (SCADA) [10], [16], [17] signals produced disconnect
(SPD) [18], [19], [20], transfer trip schemes (TPS) [21], [22], [23], impedance insertion
method [21], and phasor measurement unit (PMU) [24 - 29].

Local schemes for islanding detection depend on the monitoring of electrical
parameters, including voltage, current, frequency, and power. Additionally, these
schemes involve introducing disturbances into the distributed generation-enabled power
system (DG-EPS) to detect islanding. Islanding detection methods (IDMs) are classified
into active, passive, and hybrid schemes. Active IDMs involve the injection of external
disturbances into the DG output, causing variations in system parameters [30,31].By
comparing these variations against predefined thresholds, active methods can detect
islanding. Active IDMs present benefits such as a reduced NDZ and quicker detection
time. However, they necessitate additional configuration for disturbance injection,
which can potentially impact the power quality of the distributed generation-based
electrical power system (DG-EPS). The literature presents various active IDMs,
including impedance measurement (IM) [32-34], active frequency drift (AFD) [35-38],
Sandia frequency shift (SFS) [40-42], Sandia voltage shift (SVS) [43-45], and sliding
mode frequency shift (SMFS) [46-49].

Passive islanding detection is another widely employed method in the
context of distributed generation-enabled power systems (DG-EPS). In this approach,
The system parameters are continuously monitored at the point of common coupling
(PCC) to detect any changes that may indicate the isolation of the utility system from
the DG-EPS [50-52]. By comparing these variations against predefined threshold values
[53-54], the protective relay can detect islanding. Passive islanding detection schemes
are cost-effective and straightforward, posing no negative impact on power quality,
making them practical solutions for DG-EPS. However, passive IDSs have a larger non-
detection zone (NDZ) and require the establishment of threshold value [55-57].
Examples of passive IDMs found in the literature include over/under voltage and

frequency methods (O/U V&F) [58-61], rate of change of frequency/power (ROCOF/P)



[64-66], total harmonic distortion method (THD) [67-70], and phase jump detection
(PJD) methods [71-73].

Hybrid islanding detection methods (HIDMs) combine the advantages of
both active and passive schemes to address the limitations of each. By employing hybrid
IDMs, it is possible to mitigate the power quality issues associated with active IDSs and
overcome the larger non-detection zone (NDZ) of passive IDSs [74,75]. However,
hybrid IDMs tend to be more complex and may have longer detection times. The
literature presents several hybrid schemes for islanding detection, such as those
incorporating positive feedback and voltage unbalance, Sandia frequency shift (SFS)
and rate of change of frequency (ROCOF), voltage unbalance and frequency set point,
voltage and real power shift, ROCOV and ROCOP, as well as hybrid SFS and Q-f Curve
IDMs. These hybrid approaches offer a potential solution to enhance the effectiveness

of islanding detection in distributed generation-enabled power systems [75-80].

IDMs based on remote and local schemes come with their own set of pros
and cons [81-84]. Remote schemes, while reliable for large systems, require a
communication interface and can be impractical for smaller systems due to their
complexity and higher cost [85,86]. In contrast, local schemes are known for their
simplicity, ease of implementation, and cost-effectiveness. However, they are not
without their drawbacks. Active methods employed in local schemes may suffer from
noise and power quality issues, while passive islanding schemes often have a large NDZ
and lower detection speed [88,89]. Recognizing the limitations of both local and remote
schemes, there is a growing interest in intelligent classifier-based schemes for islanding
detection. These intelligent schemes eliminate the need for threshold settings, address
noise and power quality problems, offer a lower NDZ, faster detection speed, and do not
require intervention from a communication channel. Consequently, intelligent classifier-
based schemes are gaining recognition as more reliable and viable alternatives in
islanding detection. A brief understanding of intelligent IDM’s is presented in the next

section.

2.2 INTELLIGENT IDMs

Intelligent IDMs share similarities with communication- or signal
processing-based approaches, yet they have the advantage of eliminating the need for
threshold selection. These methods leverage various intelligent classifiers and data

mining techniques to effectively detect islanding events. Commonly used in intelligent
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islanding detection are signal processing techniques like Artificial Neural Networks
(ANN), Decision Tree (DT), Probabilistic Neural Networks (PNN), Support Vector
Machines (SVM), and Fuzzy Logic (FL).These techniques excel at addressing multi-
objective problems that conventional approaches may struggle to handle. Figure 2.2
illustrates a diagram showcasing intelligent islanding detection methods. Initially, the
input signal, which can be voltage or current measured at the point of common coupling
(PCC), is employed in the first phase for data training and feature extraction through a
training algorithm. This offline procedure saves time and reduces computational load.
In the next step, the online process applies an intelligent classifier model to reach the
final decision. The following subsections provide a concise overview of intelligent

islanding detection methods.

Offline Process

S — .

Input signal as Training Data N Features _ Training |

voltage or current | Acquisition " Extraction g Algorithm
L |
[ Y |

Input signal as Real —time Features Intelligent
voltage or current | Data acquisition ' Extraction "| Classifier model |
L |

Online Process \
Decision
making

Fig 2.2 Understanding functionality of intelligent IDMs

2.2.1 Artificial Neural Network (ANN) based method

ANN-based methods utilize measuring data to extract significant features
that aid in detecting variations in power system parameters. ANN, a computational
model inspired by biological processes, mimics the neural network of the human brain,
and incorporates valuable information and data memory [90]. These ANN-based
islanding detection methods offer precision and effective operation for systems with
multiple inverter [91]. However, they still face challenges related to extensive processing
time and feature selection, particularly when dealing with various configurations of DG.
Resolving these issues is crucial for further enhancing the efficiency of ANN-based

schemes in islanding detection.
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2.2.2 Decision Tree — based method

In the field of signal processing and intelligent islanding detection methods
(IDMs), decision tree (DT) classifiers are commonly used in combination with wavelet
packet transform (WPT) or discrete wavelet transform (DWT) [92]. The voltage or
current signals acquired from the terminals of DG are typically subjected to WPT or
DWT to extract relevant features. The extracted features are subsequently examined by

a DT classifier to ascertain the occurrence of islanding.
2.2.3 Probabilistic Neural Network (PNN) based method

The PNN functions as a classification method that can calculate non-linear
decision boundaries using a Bayesian classifier. It is widely employed in traditional
pattern recognition systems that utilize artificial neural hardware. It comprises four
layers: the input layer, pattern layer, summation layer, and output layer. Each layer serves
a distinct role in feature classification without the requirement of any learning technique.
The favourable characteristics of PNN-based methods establish them as a reliable option

for islanding detection. [93]
2.2.4 Support Vector Machine (SVM) — based method

The SVM is a dependable classification technique used in the analysis of
signals and systems. It establishes a decision boundary to differentiate the training data.
By incorporating autoregressive modelling, the SVM classifier effectively captures
unique characteristics from voltage or current signals measured at the PCC. SVM-based
intelligent islanding detection methods provide correctness and fast detection speed.
Nevertheless, the computational load linked to data training and the intricate nature of
the algorithm make SVM-based intelligent islanding detection methods unfeasible for

practical implementation in real-world systems. [94-95]
2.2.5 Fuzzy - logic (FL) based method

FL techniques are applied as a classifier approach based on fuzzy rules to
detect islanding. FL, initially introduced alongside DT transformation, integrates fuzzy
membership functions and rule-based formulations to augment fuzzy systems. When
utilized in islanding detection algorithms, these methods exhibit effective performance.
Nonetheless, fuzzy classifiers have limitations due to the high abstraction resulting from
the multitude of combinations of maximum and minimum classes. Moreover, FL-based
approaches are susceptible to being sensitive to noisy data because of the iterative

generation of membership function rules and classifications.
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2.3 RESEARCH GAP AND MOTIVATION

Based on the insights gained from the preceding sections, an ideal islanding
detection method should possess several characteristics, including promptness, cost-
effectiveness, independence from communication systems, and freedom from errors.
This thesis presents two distinct approaches for islanding detection, with the latter

approach addressing the limitations of the former.

The first method proposed for islanding detection involves the application
of the Goertzel algorithm in collaboration with a fuzzy logic controller. This
methodology ensures prompt and accurate detection of islanding events while adhering
to established standards. However, a drawback of this approach is the occurrence of
noise amplification resulting from the repeated generation of membership functions and

rules.

To overcome this limitation, an improved islanding detection methodology
is introduced, which is based on the wavelet packet transform. This enhanced approach
offers a solution to the problem of noise amplification by utilizing wavelet packet
analysis. By employing this technique, the detection accuracy can be improved while

mitigating the negative effects of noise.
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CHAPTER 3
BACKGROUND AND CONTEXTUAL FRAMEWORK

3.1 MATHEMATICAL BACKGROUND OF GOERTZEL ALGORITHM

The Goertzel algorithm is an optimized variant of the discrete Fourier
transform, taking a convolutional approach to enhance its efficiency, computes the
Fourier value at a specific frequency position, making it ideal for evaluating selected
bins in the Fourier spectrum. The versatile characteristics allow for its utilization as a
digital filter as well. The fundamental relationship of the discrete Fourier transform,
represented by Equation (3.1), can be transformed into a convolutional form, as depicted
in Equation (3.2). In this form, x(p) denotes the p™ sample of the signal in the time
domain, while X(q) represents the q™ bin of the Fourier spectrum. The rectangular

weighing function u(l) is used in this context.

N-1 . 3.1
X@ = ) x(p).e N
D= Y x(@). PNl - p)
= x(p). ¢/ W,y (32)

The derived filter exhibits an impulse response, as illustrated in Equation
(3.3), which takes the form of a complex harmonic signal. The length of this signal is
limited by a rectangular window.

h(l) — ejznl% (33)

By utilizing the Z-transform on the impulse response, as defined in Equation
(3.3), it enables the computation of the transfer function of the Goertzel filter,

represented in Equation (3.4). For ease of implementation, the modified form of the
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Goertzel algorithm, depicted in Equation (3.5), is more practical. The
modified form can be split into two components: the real recursive component and the

complex direct computational component.[96]

— 1
H(z) = Z h(D).z 1 =
1=0 1- 2‘1.ej2"% (3-4)
1 1-z71.e 2
H(z) = — - —
1—z1.e%N 1 —z-17 /%N
L= he @9
- 9,1 9 -2
1—2z"1cos (217 N) +z

Fig 3.1 illustrates the implementation of the transfer function depicted in
Equation (3.5). It is crucial to emphasize that the filter possesses two complex poles that
are precisely positioned on the unit circle, guaranteeing stability. Consequently, the loop
can generate an impulse response with a consistent amplitude. However, if there is any
uncertainty in the coefficient C, such as due to quantization errors, it can lead to a fading
effect in the impulse response. This effect becomes more pronounced, particularly when

dealing with large coefficients for both q and N.

y(p)
® M » | N >

D¢ v

e ¢ [e—3—|inf> ©

q
C = 2cos (21’: ﬁ)

.4
C=—e?"™n
Fig 3.1 Signal diagram of Goertzel filter

The down-sampling blocks satisfy the condition specified in Equation (3.2)
and successfully apply the rectangular windowing technique to the impulse response.

The direct part of the algorithm is responsible for evaluating the complex output.

3.1.1 Transfer function of Goertzel filter
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The literature lacks extensive discussion on the derivation of filtration
characteristics. Due to the limitation imposed by N samples before the filter is reset,
substituting ¢’ into the derived transfer function (Equation 3.4) does not yield the power
spectral density. To obtain the accurate frequency characteristics, the impulse response
from Equation (3.3) is subjected to the inverse Fourier transform, which can be easily

reproduced in Equation (3.6).

® ; q .
HGoertzel(f) = f u(l — p). e}ZI'[lN. el2flg]
- (3.6)

N
= lf ejzm%.ejznﬂ.dl
N Jo

After performing certain calculations, the result is the complex spectrum as
depicted in Equation (3.7). The filter's power spectral density is depicted in the Equation
(3.8), while Equation (3.9) represents the phase characteristic.

ejzn(%—f)N 1

Heoertzel (f) =

G-
3.7
_ sin (g — IfN) (@) e

= e

Ilq — IIfN

in (Ilq — IIfN)? 3.8
|H(;oertzel(f)|2 = Slnn(z(z _ f]\{)z) Co
arg(HGoertzel(f)) = 1I (% - f) N (3'9)

Unlike the DFT or its fast implementation, the FFT, which typically restricts
adjustments to integer frequencies, this filter allows for fine-tuning to non-integer
frequencies. In contrast, when employing the DFT, the frequency remains fixed for each
bin and is exclusively influenced by the duration of the DFT, denoted as N. However,
the Goertzel algorithm conveniently allows for the use of any real frequency within the

sampled range without encountering any issues.
3.2 UNDERSTANDING WAVELET PACKET TRANSFORM
3.2.1 Discrete Wavelet Transform (DWT)

The wavelet transform demonstrates multi-resolution analysis properties,
allowing it to capture local signal characteristics in both temporal and spectral domains.

This method conducts multiscale analysis by employing expansion and translation
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calculation functions. Unlike the Fourier transform, the wavelet transform provides a
time-frequency window that dynamically adjusts with frequency, effectively
highlighting specific aspects of the signals. Out of numerous wavelet transforms, the
DWT stands as the fundamental and extensively utilized one. It employs a two-channel
filter bank at multiple levels for implementation. Through discretizing the scale and
displacement of the continuous wavelet transform using powers of 2, the DWT is

commonly referred to as the dyadic wavelet transform. [97]

During the process of DWT decomposition, the low-frequency component,
which captures the characteristics of the signal at higher scales, serving as an
approximation that often encompasses its fundamental attributes. On the other hand, the
high-frequency component reveals signal details or differences. Through a series of
continuous decomposition steps using two mutually related filters, the original signal
generates two signals. The approximation signal undergoes continuous decomposition,
resulting in multiple low-resolution components. Theoretically, the decomposition
process can continue indefinitely. In real-world applications, the decision regarding the
number of decomposition layers is typically grounded on signal characteristics or

predefined criteria. [97].

Rather than directly computing the scalar product between signals and the
wavelet function y(t) or the scaling function ¢(t), the DWT employs high-pass filter r[n]
and low-pass filter s[n] to process the signal. By treating the wavelet coefficients cj[l]
and dj[1] as discrete signals and r[n] and s[n] as digital filters, the DWT and filter bank
are established. This approach is rooted in the fundamental principles of filter bank
theory, which establishes the link between signal analysis and wavelet analysis. Wavelet
analysis is commonly incorporated in the design of filter banks in various research
studies. In the DWT, a down-sampling filter is applied following the low-pass and high-

pass filters. Considering the original signal x[m], computation of j level components is

as follows:
L-1
Xiplnl = ) xiq,[2n—1r[l] (3.10)
1=0 .
L-1
xisln] = > xi_q[2n —1s[i] (3.11)
1=0
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Here, L represents the length of the filters, while r[n] and s[n] denote the high-pass and

low-pass filters, respectively.
3.2.2 Extension to DWT — Wavelet Packet Transform (WPT)

The wavelet packet method expands upon wavelet decomposition, providing
a wider range of options for signal analysis and allowing the selection of the most
appropriate analysis for a given signal. It facilitates a systematic conversion of a signal
from the temporal domain to the spectral domain, offering enhanced flexibility in the
analysis process. During this transformation, recursive filter-decimation operations are
performed, resulting in a balancing act between time resolution, which decreases, and

frequency resolution, which increases.

Unlike the wavelet transform, which divides the signal into unequal-width
frequency bins, the wavelet packet method divides both the low and high frequency sub-
bands, resulting in equally sized frequency bins. In wavelet analysis, the signal
undergoes an initial partitioning into an approximation coefficient and a detail
coefficient. The approximation coefficient is then further subdivided into second-level
approximation coefficients and detail coefficients, with this persistive iterative process.
Wavelet packet analysis expands on wavelet analysis by allowing both the
approximation and detail components to be further split, resulting in multiple ways to
encode the signal. Unlike the wavelet transform, which allows only the lowpass filter
output to undergo further filtering iterations, the wavelet packet transform (WPT)
permits iteration of both the lowpass and high pass filter outputs. This iterative capability
of the high pass filter outputs in the WPT introduces the possibility of having multiple

basis functions (or wavelet packets) at a given scale.

The collection of wavelet packets encompasses the complete family of
potential bases, offering a wide range of basic functions. The wavelet basis is obtained
when iterating only the low-pass filter, while the fully iterated wavelet packet tree results
in the complete tree basis. The uppermost level of the wavelet packet decomposition
(WPD) tree represents the signal in the time domain. While progressing through each
level of the tree, there exists a give and take relationship between time and frequency
resolution, with a greater emphasis on frequency resolution. The final level of complete
tree decomposition provides the signal’s frequency representation at its lowest level. Fig

3.2 illustrates the wavelet decomposition tree of both the DWT and WPT.
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DWT Tree WP Tree

(10) (1) (120) (1al)

(20) (241) (20) (21) (22) (23)

(3,00 (3,1) (3,2) (3,3) (3,0)(3,1)(3,2)(3,3)(3,4)(3,5)(3,6)(3,7)

Fig 3.2 Wavelet decomposition tree: a) DWT tree, b) WPT tree

3.3 SYSTEM UNDER STUDY

For the analysis and control design in this thesis work, a basic uG structure
is depicted in Fig 3.3. The pG consists of three Distributed Generators (DGs) connected
to the system, specifically Photovoltaic-fed Inverters. Each DG has a maximum power
rating of 4kW. At each feeder, there are three local loads connected, and each DG is
linked to the 415V grid in a transformer-less configuration. Furthermore, the DGs
operate in current control mode and inject power at unity power factor with respect to
their Point of Common Coupling (POCC). The main utility grid is represented by a
415V, 50Hz AC source with a series line impedances (lumped) Z; and Z,. To analyse the
dynamics and evaluate the effectiveness of the proposed islanding detection method, the

following assumptions are considered:

» The microgrid shows the competence to operate in both grid-connected mode
and islanded mode, facilitated using a circuit breaker (CB) in conjunction with
the utility grid.

> Between two sources, resistive line impedance is considered, being a distribution
line operating at low voltage levels.

» Due to the low line reactance, the Ve of each DG is expected to be nearly in
phase with each other. Therefore, the angle between the voltages is assumed to
be infinitesimal.

» In the analysis, the assumption is made that the feeder exhibits a radial
configuration, where the utility grid is connected at one end and the DGs are

connected in a radial fashion.
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» Each DG possesses knowledge of the number of DGs on both of its ends, as well

as the end where the utility grid is connected.

» For the analysis and evaluation of the proposed algorithm, a system consisting
of three DGs and a utility grid is considered.
» The line's distributed impedance is presumed by a lumped value, predominantly
resistive in nature.
J""_‘g”d’l?o\l Ve  —— <|iozn Vpoe2 = 4'103{\ Vpees
Vi L7 | ¥ —1L_ 2 | ¥
|41 e 1 1s

Loadl

|$ DG,

< @

Load2
-

|$ DG,
1

T )
iH

lao1 lao2 Vpcc2 VpccS
= [ Goertzel J Goertzel | J Goertzel l)
based FL > based FL > based FL >
controller controller controller

Islanded
control

Grid - tied
control

Fig 3.3 Microgrid structure employed for the islanding detection method proposed in
the following two chapters

19



CHAPTER 4

ISLANDING DETECTION USING GOERTZEL ALGORITHM IN
COLLABORATION WITH FUZZY INFERENCING SYSTEM

4.1 PROPOSED METHODOLOGY

This chapter suggests a reliable, effective, and quick islanding detection with
DG tagging strategy for operation with multiple DGs in a pG system, by injecting ninth
harmonic pilots, that can quickly identify grid islanding along with specific DGs failure.
The Goertzel algorithm is employed at each node in autonomous mode to observe the
9" harmonic component of the voltage at the point of common coupling (Vec) together
with the current in the line around each node including the one transacting power with
the grid interface. The injected balanced 9™ harmonic currents at a set value, aggregate
vectorially at grid interfaced node to zero value, being equi - displaced phase, with
respect to one another, thus causing extremely minimal harmonics impact, as they are
injected into the grid by each DG. The 9™ harmonic detection by Goertzel algorithm is
analysed using the Fuzzy logic at each DG node to enable the autonomous monitoring

and control of the DG’s connected to the pG.
4.2 PROPOSED ISLANDING DETECTION TECHNIQUE

Fig 3.3 depicts the single line diagram of the considered scaled down
Microgrid structure employed for analysis and inferencing design in this work. Three
DGs (Photovoltaic fed Inverters) are connected to the uG, where each DGs maximum
power rating is kept at 3kW and is tied to the 415V distribution grid, injecting power at
unity power factor through its PCC in GSM. The three local loads, each 4kW are
connected at each PCC nodes. An AC source of 415V, 50Hz, and lumped line
impedances Z; and Z; are represented for the modelling of the utility distribution grid to
explore the efficiency of the proposed algorithm and to evaluate the suggested islanding
detection approach. The line impedance between two sources is considered resistive,
being a distribution line operating at low voltage levels. Owing to minimal line

reactance, the Ve of each DG will be approximately in same phase with the other
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accordingly, the angle between the V. at line frequency is neglected. Accordingly, each

DG is reprogrammed for updating the number of other DGs connected to the pG.

4.2.1 Harmonic component injection

The considered system is 3 - phase 4 — wired. Thus, the third harmonic and
its odd multiple currents flow through the neutral wire, and do not flow in the line in
balanced conditions. So, harmonic pilots of the order 3n, where n = 1,3,5,7,9.... can be
injected in the line, to facilitate the islanding detection. Thus, phase-displaced 9
harmonic current components of equal magnitude accounting to a Total Harmonic
Distortion (THD) less than 4% as given in Table 4.1, are injected by each of the three
DGs accounting to negligible grid current pollution. Accordingly, the angle between the
current injected by the three DGs at 9" harmonic will be 120° (360°/n) where n is equal
to 3. The following discussion will focus on single phase current and voltage phasors,
with the extrapolation to the other two phases on similar logic. Thus, the current injected
at the 9™ harmonic by DG nearer to grid connection, i.e., DG will be at 0°, whereas for
the DGy, it is kept at 240° and for DGs3 at 120° as shown in Fig 4.1. The total of the three
harmonic current phasors, at 9" harmonic adds to 0, thus the net harmonic current (at 9™
harmonic) injected into the grid would be zero eliminating the problem of grid pollution

in active islanding detection methods as against others reported in the literature.

TABLE 4.1
MAXIMUM ALLOWED THD DUE TO HARMONIC
CURRENT INJECTION
Harmonics THD limit

3rd ~ 9th <4.0%
11th ~ 15th <2.0%
17th ~ 21st <1.5%
23rd ~ 33rd <0.6%
Above 33rd <0.3%
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Fig 4.1 Proposed Harmonic pilots injection

4.2.2 Goertzel algorithm and DG failure detection

The Goertzel algorithm is used to monitor the Vpcc and line current of the
9% harmonic component to compute the DFT spectra. The computation of Goertzel
algorithm for N — value of frequency is more efficient than direct computation of DFT
[98] and it provides the magnitude and phase of the line currents and Ve at 9™ harmonic
frequency with nominal computation easily implementable on low-cost

microcontrollers.

4.2.2.1 Detection of Grid failure

In the Microgrid, each DG unit plays the role of a 9" harmonic current
source, injecting harmonics into the system, as discussed in the previous section. To
create an islanded pG scenario, the grid circuit breaker (CB) is intentionally opened,
disconnecting the Microgrid from the main utility grid. This isolation leads to the
formation of an islanded uG. When the grid is disconnected, the harmonics generated
by the DGs are compelled to flow through the loads connected at each PCC of the DGs
within the islanded pG. This occurs because there is no longer a direct path for the
harmonics to flow back to the main utility grid. Due to the different impedance
characteristics in the islanded configuration compared to the grid-tied condition, the
equivalent impedance offered by the puG increases. This change in impedance has a
significant impact on the 9™ harmonic content at the PCC of each DG. The increase in
impedance causes the 9™ harmonic component to become more pronounced at the PCC

of each DG.

To identify and measure the amplification of the 9" harmonic component,
the Goertzel algorithm is utilized to calculate the magnitude of the harmonic signal. This
algorithm is integrated into the control system of each inverter present in the uG. By

monitoring the magnitude of the 9™ harmonic using the Goertzel algorithm, any
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significant deviation from the normal operating conditions can be easily detected,

allowing for appropriate corrective measures to be taken.
4.2.2.2 Detection of islanding of a particular DG in the pG

Let's denote the current phasors at the 9™ harmonic of DG, DGz, and DGs
injected into the grid as la1, la2, and I3, respectively. Similarly, we'll use lao1, Tao2, and lao3
to represent the line currents at the 9™ harmonic in the sections of the pG, and I,.griq to
indicate the current flowing into the grid. We can approximate the relationship between

these phasors as follows:

lgoz = Ig3 (4.1)
ooz = lgoz + g2 (4.2)
Ioor = laoz + a1 (4.3)

laor = la—gria 4.4)

Likewise, we represent the voltages at the point of common coupling of
DG, DGz, and DG3 as Vpeet, Vpee2, and Vpees, respectively. It's important to note that
Vpeel 1s zero when lao1 1s zero. Now, let's examine the relationship between the currents

injected by the distributed generators (DGs) and the voltages at the PCC:
Vpccz = lgo2 * (Ry + Ry) 4.5)
Vpcc3 = (Iaoz * (Rl + RZ)) + (Iao3 * RZ) (4.6)

Fig 4.2 illustrates the voltage phasors, while Fig 4.3 depicts the current
phasors during normal operation. In the event of a DG being isolated from the pG, the
DGs located before the disconnected DG can detect the islanding by analysing the 9
harmonic current. Since the grid presents zero impedance to the 9™ harmonic currents,
the trailing DGs can identify the islanding by monitoring the 9" harmonic voltage at the

point of common coupling (Vpcc).

Let's consider a scenario where DGs is disconnected from the grid. Prior to
the disconnection of DGs, the net 9™ harmonic current injected into the grid (I.o1) is zero.
However, after DGs is disconnected, the net current being injected into the grid
redistributes, now having a magnitude of |Ino| at 300°. This new current magnitude and
phase angle are exactly the negative of the harmonic previously injected by the

disconnected DGs. As a result, a phase shift and magnitude alteration become apparent
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at Vpee. We can observe the post-disconnection current phasors in Figure 4.4 and the

voltage phasors in Figure 4.5.
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Fig 4.2 Voltage phasor under normal operation
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Fig 4.3 Current phasor under normal operation
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Fig 4.4 Voltage phasor when DGs is disconnected
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Fig 4.5 Current phasor when DG3 is disconnected




4.3 FUZZY LOGIC BASED INFERENCING SYSTEM

The fuzzy inference system (FIS) is designed to autonomously process data
obtained from voltage and current phasors at each node. In this study, a Type-1 Mamdani
FIS is utilized due to its robustness in effectively communicating information about grid
islanding and DG outages among interconnected DGs. This FIS demonstrates adaptivity
and non-linearity, making it suitable for handling sudden changes in voltage or current

sensing data [99].

Since the effectiveness of the fuzzy decision-making model is significantly
influenced by the membership function's shape, a careful selection has been done to
configure them as broader/thicker and thinner/narrower. The magnitudes and phases of
the current and Ve at 9™ harmonic frequency have been computed using the Goertzel
algorithm which is given as input to the Fuzzy inference system (FIS). Simple and
intuitively clear triangular membership function is considered for inputs: angle_laon and
angle_Vpeen in radian, where n is the n'" node and the output represents the islanding status
of DGs and that of the uG from grid.

The fuzzy inference system is designed for three cases of operation of uG as
shown in Table 4.2, Table 4.3 and Table 4.4 when observed from DG, DG, and DG3
locations respectively. The Table 4.2 individually deals with observing the status of other
DGs and normal operation of grid when observed from DGy location. Similarly, the Table
4.3 and Table 4.4 follows the suit respectively for DG> and DGs locations. The
fuzzification membership function in accordance with Table 4.2, 4.3 and 4.4 is depicted
in Fig 4.6, Fig 4.7 and Fig 4.8 respectively. The outage of multiple DGs is fuzzified in
the overlapping area of output membership function as shown in Fig 4.6, Fig 4.7 and Fig
4.8 for respective DG locations. The main aim to make aware individually each DG
autonomously about islanding condition of the grid and outages of interconnected DGs
aids to better control the pG in both islanded and grid connected conditions. Fuzzy
inferencing system assist the embedded control at each DGs based on locations of DG in
leading or trailing position with respect to point of observation, i.e., DGz will know when
DG and/or DG; is disconnected to better amend the control of inverter. The advantage
of the application of fuzzy logic inferencing system is fast detection of islanding
condition and outages of other DGs, one or multiple at a time, i.e., detection of DG; and

DG: together with reference to the considered pG. The fuzzy output at DG1, DG2 and
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DGsg is obtained after defuzzification as operating on output membership function at each
DG is shown in Table 4.5, Table 4.6, and Table 4.7 respectively.

TABLE 4.2 CASES OF OPERATION OF DG

Cases | angle_lao1 Inference
Casel |[-0.11.9] Normal operation
Case2 |[-1.60] DG2 disconnected
Case3 | [-4.1-0.6] DGs disconnected

Input : angle Output

me%nbershlp 1unct|0n me!inbershl function

IR

=
0.5
=
4 2 0 0246810

X

Fig 4.6 Input and output membership functions of DG/

TABLE 4.3 CASES OF OPERATION OF DG>

Cases | angle_lao2 | magn_Vpcc2 | Inference

Case 1 | [0 1.8] [00.5] Normal operation
Case2 | [0 1.8] [0.97 1.5] DG: disconnected
Case3 | [1.53] [0.45 1.5] DG; disconnected

Input: anglel, . Input:magnV Output

meqnbershi function meﬁnbershi function meqlbership function

o
0.5
=

0246810

Fig 4.7 Input and output membership functions of DG>
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TABLE 4.4 CASES OF OPERATION OF DG3

Cases angle Vpcces Inference
Case 1 [1.353.5] Normal operation
Case 2 [01.4] DG disconnected
Case 3 [0 0.8] DG: disconnected

Input : angle Vpcc3

f(x)

me;fnbershi function membership function
0.5 ‘i | i 0.5 X\,
0 2 4 6 8 10
-5 xﬂ 5 -

Output

f(x)

0
]

Fig 4.8 Input and output membership functions of DG3

TABLE 4.5 OUTPUT MEMBERSHIP FUNCTION OF DG

Crisp number range

Condition of grid

[00 3] Normal operation
[03 6] DG2 is disconnected
[3609] D@3 is disconnected

TABLE 4.6 OUTPUT MEMBERSHIP FUNCTION OF DG?2

Crisp number range

Condition of grid

[00 3] Normal operation
[03 6] DGl is disconnected
[3609] D@3 is disconnected

TABLE 4.7 OUTPUT MEMBERSHIP FUNCTION OF DG3

Crisp number range

Condition of grid

[0 03]

Normal operation

[03 6]

DGl is disconnected

[369]

DQG?2 is disconnected
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Since the current at 9" harmonic frequency adds up only in the forward
direction since the grid offers no impedance to 9™ harmonic pilots, the DG; is the most
leading, and DGs is the most trailing DG for the considered pG. Based on the proposed
scheme of islanding detection, the DGs ahead of a disconnected DG would detect the
islanding based on the 9" harmonic Ve and trailing DGs would detect the disconnection
by monitoring the 9" harmonic current. When DGy is disconnected, the trailing DGs, i.e.,
DG:; and DGz would observe the phase angle of Vpcc2 and Vpees respectively. On the other
hand, if DG is disconnected, the trailing DG, i.e., DGz would observe the phase angle of
Vpee3, While for the leading DG, i.e., DG1 will observe the phase angle of lao1. Similarly,
DGz being the most trailing DG, the two leading DGs, i.e., DG2 and DG; should observe
the phase angle of la2 and lao1 respectively. Accordingly, if-then cases formulated for all
DG locations based on phase angle of both Vpceen and laon at respective point of common

coupling for observation of normal operation and outage of all DGs in the pG.

The membership function for phase angle of l.o1 as shown in Fig 4.6 becomes
unilateral in respect of outages of DG, and/or DGs3 as both the DGs lie on the trailing end
of DG1. However, both the input functions, namely, phase angle of 1.2 and magnitude of
Vpee2 @S shown in Fig 4.7, have been considered to develop the fuzzy inferencing system
for DG2 (DGs having both leading and trailing location of other DGs). The membership
functions magn_Vpcc2 and angle_ lao2 are unilateral because magnitude in respect of
former is always positive and later is detecting the outage of DG trailing to it. The
membership function angle_Vpc3 as shown in Fig 4.8 is also unilateral being the most
trailing DG detecting the outage of DGs ahead to it. The weight distribution of the
membership function thus formed is chosen in a manner that the weights of laon and Vpeen
at respective PCC accounting for the outage of multiple DGs constructing the output to
fall exactly in the overlapping period of the triangles representing the outage
corresponding to individual DGs distinguishing it from the normal condition of operation
[100].

4.4 SIMULATION RESULTS

The theoretical analysis of the proposed islanding detection methodology is
duly supported by simulation study under MATLAB/SIMULINK environment on the
developed pG. The considered microgrid system has three DG sources with 3kW

capacity, and 4kW load connected at each common coupling point. The line resistances
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Zy and Z> are 0.48Q and 0.73Q representing 1.7km and 2.5km feeder line respectively.
The line is assumed to be resistive owing to the R/X ratio greater than 7. The grid is
modelled for 415V, 50Hz. Each DG is connected and/or disconnected with the grid
through circuit breakers. Goertzel algorithm is modelled for a sampling frequency of

20kHz at a sampling rate of 2000 per cycle to detect 9" harmonic components of 450Hz.

To amicably test the fuzzy inferencing system, the DGs is taken off from the
grid intentionally. Both DG and DG; are demonstrated to detect this condition through
the current harmonic phasor as they are leading ahead in location to the disconnected
DGs. Under normal condition of operation, the 9™ harmonic current phasors depicted in
Fig 10 duly shown as DG: (red), DG2 (yellow), DGs (blue) and la1 (magenta)(the
harmonic current flowing into the grid) to be zero. The 9" harmonic voltage phasor under
normal condition of operation is shown in Fig 11, which depicts the Vpccs (red) and Vpcee2
(yellow), complying with the theoretical calculations that Ve is zero, due net zero 9™
harmonic component. The 9" harmonic current phasors when DGg is disconnected is
shown in Fig 12, where la1 (magenta) is shown non — zero having finite magnitude,
points in the direction opposite to the phasor that was injected by DGs before
disconnection. The voltage phasors post disconnection of DG3 is shown in Fig 13. The
simulated result on the polar plots confirms the proposed algorithm for assessment of

outage of DGs respectively.

Further to evaluate the efficacy of the proposed fuzzy inferencing system
working in tandem with outputs of Goertzel algorithm based assessment, the triangular
membership functions as shown in Fig 4.6, Fig 4.7, and Fig 4.8, for DGy, DGz and DG3
respectively are formulated using Fuzzy logic toolbox in MATLAB/Simulink
environment to fuzzify and defuzzify for drawing the phasor inference based on Vpccs,
Vpee2, lao1 and lao2. Two instances: casel: normal functioning of the uG and case2: when
DGa is islanded from the uG have been processed. The output of fuzzy inference system
draws out for DGy, DG and DG3 locations is 0.9667, 1.0000 and 1.4635 respectively
which when referred with, TABLE 4.5, TABLE 4.6 and TABLE 4.7 respectively, confirm
normal operating condition. While the proposed algorithm draws out crisp values in the
latter case as 5.6998 and 6.0000 at DG1 and DG locations respectively, indicating the
disconnection of DGz when referred with TABLE 4.5 and TABLE 4.6. To further probe the
efficacy of the proposed inferencing system, a case when both DGs and DG; are

disconnected is considered, the fuzziness in FIS at DG detects a value of 4.2075 which
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lies in the intersection zone of detection of islanding condition of DG, and DGs as
referred in TABLE 4.5 and Fig 4.6. Thus clear cut detection of the outage of DGs, bring
merit to the proposed inferencing system to add the control of the other DGs connected
to the uG for mostly the power requirements of the connected loads based for reliable
and efficient operation of the pG irrespective of grid disconnections and outages of DGs
by better planning of the control by increasing the deloading efficiency by making better
use of the remaining connected DG sources by operating close to MPPT and imparting

adequate inertial response.
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Fig 4.11 9" harmonic Current phasor when DGj5 is disconnected
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4.4 RESULTS AND DISCUSSION

The proposed Goertzel algorithm-based grid islanding cum DG outage

detection technique incorporating fuzzy inferencing system has been verified using

MATLAB/Simulink based results. The results successfully demonstrate fast, accurate

and reliable detection of grid islanding and/or outage of the DGs in the pG aiding to

control of inverters for seamless transit between grid — tied mode to islanded mode with

efficient planning for matching generated power with the load for working efficiently in

islanded operation of uG and prevention of reverse power flow to preserve the efficacy

of existing protection scheme. The proposed methodology simple, -effective,

advantageous and aids efficient energy generation through robust and autonomous

control at each inverter location without any complex and costly communication

infrastructure.
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One drawback of fuzzy inference systems (FIS) is their vulnerability to noise
in the input data. Noise refers to random variations or disturbances that can affect the
accuracy and reliability of the data being processed by the FIS. Fuzzy inference systems
rely on membership functions and fuzzy rules to make decisions based on the input data.
However, when the input data contains noise, it can lead to imprecise or incorrect
decisions by the FIS. Noise can introduce unpredictable variations in the input values,
which may cause the FIS to assign incorrect membership degrees to different fuzzy sets

or misinterpret the data.

The presence of noise in the input data can result in fuzzy sets overlapping
or blending, making it challenging to accurately determine the membership degrees.
This can lead to inaccurate fuzzy rule activation and subsequent incorrect decision-
making by the FIS. To mitigate the impact of noise, it is crucial to pre-process the input
data by applying noise reduction techniques such as filtering or smoothing. These
techniques aim to reduce or eliminate the noise present in the data before feeding it into
the FIS. By minimizing the effects of noise, the FIS can make more reliable and accurate
decisions. However, that would make the complete system more complex. Hence, to
address this shortcoming, islanding detection algorithm employing wavelet packet

decomposition has been proposed in the next chapter.
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CHAPTER 5

ISLANDING DETECTION USING WAVELET PACKET
TRANSFORM

5.1 PROPOSED METHODOLOGY

This chapter proposes an islanding detection method utilising DG tagging
strategy that is reliable, effective, and fast when multiple DG’s are present in a uG and
detection is responsible not only for grid islanding but also DG’s outages. The proposed
method involves the injection of 9™ harmonic pilots, which can quickly identify grid
islanding, along with the outage of specific DGs. The wavelet packet method (WPT) is
used at each node in autonomous mode to observe the 9™ harmonic component of the
voltage at Point of Common Coupling (PCC) in conjunction with the current in the line
around each node, including the node which is transacting power with the grid interface.
The injected balanced 9" harmonic currents are set to a fixed value and sum up
vectorially at the grid interfaced node to a zero value under normal conditions of
operation. Being equi-displaced in phase with respect to one another, it is likely to
introduce minimal harmonic impact on account of their escape to mainly the grid by
each DG. By observing the current and/or voltage signatures during grid — tied mode
and various DG outage conditions, we can infer the condition of the grid. This method
overcomes the shortcoming of the previously proposed method, i.e., it overcomes the
inaccuracy that can be caused due to noise amplification. Also, it addresses the heavy
cumbersome process involved in computation when using fuzzy inferencing system
when multiple DGs are connected in the grid.

5.2 SYSTEM UNDER STUDY

The single line diagram of the pG used for analysis and design in this study
is shown in Figl. The pnG consists of 3 photovoltaic-fed inverter DER’s, each with a
maximum power rating of 3kW, connected to the 415V distribution grid, and injecting
power at unity power factor through their respective PCCs in GSM. At each PCC node,
there is a local load of 4kW. The utility distribution network is modelled with an AC
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source 0of 415V, 50Hz, and lumped line impedance Ziine1 and Ziine2 to evaluate
the proposed islanding detection algorithm efficiency. The line impedance between the
two sources is considered resistive, as it operates at low voltage levels, and the voltage
at PCC(Vpee) of each DG is in approximately the same phase as the others due to

minimum line reactance.
5.2.1 Harmonic Component Injection

Since the considered system is 3-phase 4-wired, the 3rd harmonic and its
odd multiple current flow through the neutral wire but balance out in the line. Therefore,
to enable islanding detection, harmonic pilots of the order 3n(where n = 1,3,5,7...) can
be injected into the line. In this paper, 9™ harmonic current and/or voltage pilots are used
as a unique signature for detecting islanding events since these are not commonly present
in the power system under normal operating conditions but also because their frequency
being high enough to be easily distinguished from the fundamental frequency, but low
enough to avoid significant signal attenuation in the power system. The phase angle
between the 9" harmonic current injected by the three DGs is calculated to be
120°(360°/n), where n is equal to 3, as the system is 3-phase. For this discussion, the
focus will be on the single-phase current and voltage phasers, with the understanding
that the same logic applies to the other two phases. The first DG, i.e., DG injects current
at the 9" harmonic at 0°, while DG injects current at 240° and DGs at 120° respectively.
The sum of the three harmonic current phasors at the 9™ harmonic adds up to zero,

resulting in a net harmonic current of zero injected into the grid.

|r3

1,2
Fig 5.1 Proposed 9" Harmonic pilots’ injection

5.2.2 DG failure detection

The current phasors at the 9 harmonic injected by DG1, DG and DGj into
one phase, say r-phase of the grid can be represented as I;1, 2 and I3, Similarly, Iro1, o2,

and I,03, are the line currents of one phase at the 9" harmonic in the sections of the pG,
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while I gria denotes the current flowing into the grid. The relation between the above

phasors can be approximated as follows:

Loz = I3 (5.1)
Loz = Lroz + Iz (5.2)
Loy = Loz + g (5.3)

lro1 = Lr_gria (5.4)

Similarly, the voltages at the PCC(Vyocc) of DG1, DG2 and DGs are depicted
as Vpocel, Vpoee2, and Vpocee3 respectively. Under normal condition of operation, Vpoccl 1S
zero, because the net harmonic 9" harmonic current, I;,i flowing into the grid is zero.

The relation between the PCC voltages and currents injected by each DG are as follows:
Voocez = Loz * (Ziine1 * Ziine2) (5.5)

Vooces = (Iroz * Ziiner + Ziine2)) + Uroz * Ziinez) (5.6)

In the event of a DG being isolated from the uG, the DGs upstream of the
disconnected DG would detect the islanding by analysing the 9™ harmonic current. Since
the grid offers zero impedance to the 9™ harmonic currents, the current only adds up in
the forward direction. The DGs downstream of the isolated DG would detect the
islanding by monitoring the 9™ harmonic Vypocc, as the voltage phasors would not add up
to zero due to absence of the current phasor that was previously being injected by the
isolated DG. Consider a case where DG> disconnects from the pG. The DGs upstream
of the disconnected DG, i.e., DG1 would know about it by observing the change in
current phasor, while the DGs downstream, i.e., DG3 would know of its disconnection
by analysing the voltage phasor at its PCC. This method of islanding detection creates
an opportunity for implementation of communication system failure proof islanding
detection infrastructure, which is more reliable, cost — effective and free from
communication delays, thereby reducing the time taken to implement the corrective
measures.
5.2.3 Wavelet packet decomposition implementation

Wavelet packet decomposition is a useful signal processing tool that helps
in islanding detection owing to its ability to effectively detect changes induced in the
high frequency components of voltage and current signals post occurrence of islanding

event. Compared to Fourier-based transforms such as STFT, FFT, and DFT, the wavelet

transform offers several advantages. This is primarily because of the window size is
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fixed in Fourier based transforms, while it varies in wavelet transform. Therefore, time
frequency resolutions are not compromised in wavelet transform. Additionally, the
computational ability of wavelet packet transforms to ably determine time and frequency
information for low and high frequencies using long and short windows respectively can
be used to merit in accurate islanding detection, where grid possesses various multiple

current and voltage harmonic pilots.

The current and voltages at PCC of each DGs are analysed by decomposing
into its wavelet packets at various scales and frequencies using the Tree Decomposition
algorithm. Sampling frequency(fsampling) of 10KHz has been used to sample the currents
and voltages of the proposed system to demonstrate the efficacy of the proposed
algorithm. According to Nyquist sampling theorem, the topmost frequency signal of the
binary tree is fsampling/2, i.e., SKHz. This signal is split into two sub bands: the
approximation coefficients(low pass filtered signal), i.e., signal in the range 0-2.5 KHz
and the detail coefficients(high pass filtered signal) i.e., signal in the range 2.5-5 KHz.
This tree decomposition method is further recursively applied to the splitting process to
update the approximation coefficients until the desired number of decomposition levels
is reached, where the tree is pruned to remove the unnecessary sub bands, such that 50
Hz in 450 Hz signals are distinctively separated as shown in Fig 5.2. The simplicity in
the tree structure as shown in Fig 5.2 allows for accurate and detailed analysis compared

to the Fourier-based methods.

(5:0) (5.1) (5.2) (5.3) (5.4) (5.5) (5:6) (5.7)

Fig5.2 Pruned Binary tree structure depicting the signal decomposition
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Thus, 5-level binary tree-decomposition has been implemented which
distinctively identifies the current and voltage signatures of 5S0Hz and 450 Hz pilots at
(5,0) or 31 and (5,2) or 33 sub-bands respectively. By observing the 450Hz current
and/or voltage pilots’ signature at the respective PCC, information regarding islanding
of other DGs in a network can be known, which therefore will help it to manage its
power generation capability to meet the load demand. Islanding of different DGs in the
system produce unique 450Hz current and/or voltage signatures, which are analysed

based on the location of the DG with respect to the disconnected DG.

Consider a case when DGy is disconnected from the grid. Disconnection of
DGa is known to DGy by analysing the 450Hz current signature of |01 at its PCC, since
it being a upstream DG. Similarly, DG3 would know of disconnection of DG; by
analysing the 450Hz voltage signature of Vpocc3 at its PCC, since it being a downstream
DG in the system. If both DGz and DGs; are disconnected, then the unique current
signature of |01 at the PCC of DG can be used to infer the islanding.

5.3 RESULTS AND DISCUSSION

To support the theoretical analysis of the proposed islanding detection
technique, a simulation study was implemented in MATLAB/SIMULINK environment
on the proposed microgrid system. The microgrid consists of three DER’s with the
capacity of 4.2 kW supplying a 5.67 kW load connected to each PCC. The line
resistances, represented by Ziinel and Ziine2 are 0.467€Q2 and 0.783€2, respectively which
corresponds to feeder line distances off 1.7 km and 2.5 km. The line is assumed to be
resistive with a resistance to reactance ratio greater than 7. The grid is modelled at 415V
and 50Hz. The connection and disconnection of each DG to the grid is implemented
through circuit breakers. The wavelet packet decomposition is implemented on signals
sampled at 10KHz . A 5-level binary tree decomposition approach is implemented to
separate the various sub-bands in the signal, in order to distinctly capture the 450Hz
signal component being analysed. l.01 current waveform when system is operating under
normal operation, when DER; is disconnected, when DERj3 is disconnected and when
both DER’s are disconnected are as shown in Fig 4, Fig 5, Fig 6, and Fig 7 respectively.
Fig 5, Fig 6, and Fig 7, depict the disconnection of DER’s from the system evidently.

Thus, current signatures method of islanding detection is implemented.

The Symlet 8(Sym8) wavelet is used in islanding detection because it has a

good balance between time and frequency localization, making it suitable for detecting
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small changes in the signal overtime during islanding detection procedure. Additionally,
the Sym8 wavelet has a higher number of vanishing moments compared to other
commonly used wavelets, which allows for better suppression of noise and better signal
reconstruction after wavelet packet decomposition, compensating the shortcoming of

the Fuzzy inferencing system methodology [26].

The lro1 9™ harmonic sub-band under normal operation is shown in Fig 8. Fig
8 has a magnitude of zero, because, under normal condition of operation, all the 9"
harmonic components add up to zero, indicating absence of islanding. The 9" harmonic
sub-band of |1 when DGy is islanded is shown in Fig 9. The 9" harmonic sub-band
current signature of |01 when DG is islanded is shown in Fig 10. The 9" harmonic sub-
band current signature in the above two cases is different, owing to the harmonic pilots’
injection method proposed in section 3. The phase displacement introduced during
current pilot injection leads to the acquisition of distinct and individual signatures within
the current waveforms. The lio1 9™ harmonic sub-band current signature when both DER;
and DER; are islanded shown in Fig 11, is different to that shown in Fig 8, Fig 9 and Fig
10. The same analysis can be applied for the detection of islanding of upstream DER’s
by detecting the Vpoce at the respective PCC of the DGs lying downstream of the
disconnected DG. Since this method does not require any communication infrastructure,
the ratio of accuracy of detection to the cost of implementation is very high. The results
obtained from the proposed method can be further fed to ANN algorithm, which can
help identify the non-linearities in data considered for islanding detection, making it

even better adaptable islanding detection solution.

Irol (m A)

Time (in sec)

Fig 5.3 l,00 waveform under normal condition of operation
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Fig 5.6 .01 waveform when both DG> and DG3 are disconnected
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Fig 5.7 9" harmonic sub-band of ;o1 waveform under normal condition of operation
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Fig 5.8 9" harmonic sub-band of |01 waveform when DG is disconnected
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Fig 5.9 9" harmonic sub-band of |,c1 waveform when DGs is disconnected
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Fig 5.10 9" harmonic sub-band of |,01 waveform when both DG: and DGj; are
disconnected
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CHAPTER 6
CONCLUSION AND FUTURE SCOPE OF WORK

To address the protection needs arising due to the increased penetration of
renewable energy sources into the grid, robust, accurate, fast and cost-effective islanding
detection solutions become vital. These ensure proper functioning of the grid and
improve the reliability of the power supply. With a reliable and resilient grid, the surplus
energy generated from distributed energy resources can be fed to the grid. The various
islanding detection methods previously suggested in literature have been carefully
studied and explained in Chapter 2. The shortcomings of various methods have been
highlighted, and an effort has been put to come up with an even better solution,
addressing the technology gap and to always stand by the islanding detection standards

as mentioned in Chapter 1.

This thesis project investigated two islanding detection methods: The first
one incorporating Goertzel algorithm in collaboration with fuzzy inference system (FIS)
and the other one discussing the application of wavelet packet transform (WPT) in
islanding detection where multiple DGs are connected. The objective was to address the
limitations of the FIS method with the WPT method, ultimately providing a robust and

communication-independent solution for islanding detection.

The FIS method, however effective in modelling complex relationships and
uncertainties, encounters challenges in accurately analysing transient events and
disturbances in power system signals. Also, when there are multiple DGs connected in
the grid, this method requires large computation, thereby making the implementation
process complex. By adapting the WPT method, which decomposes signals into
different frequency sub-bands, the shortcomings of the FIS method were successfully
addressed, because even in the presence of multiple DGs, and multiple other unwanted
harmonics, due to this division of frequencies into sub-bands makes this islanding
detection method less complex. The WPT method captures unique signatures of current

and voltages associated with islanding events, improving the accuracy and reliability of

42



the detection processes. The simulation results obtained in this thesis project supported

the effectiveness of the combined approach.

Moreover, both the FIS and WPT methods were found to be independent of
a communication system. This is a crucial advantage as it eliminates the need for
additional infrastructure and reduces dependency on external communication networks.
The independence of these methods from communication systems enhances their
applicability and reliability in real-world power systems. The findings of this thesis
project contribute to the field of islanding detection by providing a comprehensive and
communication-independent solution. The research outcomes have practical
implications for power system protection, as the proposed methods can be implemented
in various power system environments without the requirement of complex

communication infrastructure.

6.1 FUTURE SCOPE OF THIS WORK

The thesis project on the two IDMs, fuzzy inference system (FIS) and
wavelet packet transform (WPT), opens up several future avenues for research and
development. Despite addressing the shortcomings of the FIS method through the
incorporation of the WPT method, there are still areas that can be explored to further
improve the islanding detection techniques. The following are potential future scopes

for this thesis project:

1. Enhancing the combined approach: Further optimization and refinement of the
combined FIS and WPT method can be pursued to improve the accuracy and robustness
of islanding detection. This could involve exploring different fuzzy logic rule sets and
membership functions within the FIS, as well as investigating alternative wavelet bases
and decomposition levels in the WPT. The goal would be to identify optimal

configurations that maximize the detection performance.

2. Integration with advanced machine learning techniques: The combination of FIS
and WPT with advanced machine learning algorithms, such as deep learning or
reinforcement learning, could be explored. These techniques have shown promising
results in various domains and could potentially enhance the islanding detection
accuracy by leveraging the ability of neural networks to learn complex patterns and

relationships from large datasets.
3. Real-time implementation and hardware optimization: The thesis project

primarily focused on simulation-based evaluations. A future direction would involve
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implementing the proposed islanding detection methods in real-time power system
environments. This would require considering hardware constraints, such as limited
computational resources and memory, and optimizing the algorithms for efficient

execution on embedded systems.

5. Validation and comparison with other islanding detection techniques: It would be
beneficial to compare the performance of the combined FIS and WPT method with other
existing islanding detection techniques. This could involve benchmarking against rule-
based approaches, machine learning-based methods, or state estimation techniques to
evaluate the strengths and limitations of the proposed method in comparison to

alternative approaches.

6. Integration with smart grid technologies: With the advancements in smart grid
technologies, the integration of IDMs with intelligent control and communication
systems presents a promising direction. Investigating how the WPT method can be
integrated into a larger smart grid framework, incorporating advanced control algorithms
and bidirectional communication, could enhance the overall resilience and reliability of

the power system.
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