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Electrical power engineering is defined as the design and manufacture of systems that aid in electric power
distribution and transmission. This book on electric power engineering deals with topics related to energy
efficient technologies and the manufacture of energy grids as well as storage technologies. This book discusses
innovative designs, development techniques and the diverse applications of electric power engineering. The
various sub-fields of electric power engineering along with technological progress that have future implications
are glanced at. This text is a compilation of chapters that discuss the most vital concepts and emerging
trends in this field. With state-of-the-art inputs by acclaimed experts of this field, this book targets students
and professionals. A number of latest researches have been included to keep the readers up-to-date with the
global concepts in this area of study.

The information shared in this book is based on empirical researches made by veterans in this field of study.
The elaborative information provided in this book will help the readers further their scope of knowledge
leading to advancements in this field.

Finally, I would like to thank my fellow researchers who gave constructive feedback and my family members
who supported me at every step of my research.

Editor
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Rotating Machine Based DG Islanding Detection Analysis
Using Wavelet Transform
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Abstract: The increased use of distributed generation in the power system due to increased load demand has brought about
many benefits to the power grids. This is due to the concerns about whether the technology in use currently in power
generation and distribution, is sufficient to cover the future increasing demand with the limited supply. In response to this
problem of increased load demand, efforts have been made to decentralize this infrastructure through the use of distributed
generators. The benefits of using distributed generation include; improved reliability and increased efficiency in power supply,
avoidance of transmission and distribution capacity upgrades, improved power quality and reduced line losses, minimize peak
load demand, reduce voltage flicker, eliminate the need of having high spinning reserve among others. Despite these
advantages, un-intentional islanding remains a big challenge and has to be addressed in integration of Distributed Generation
to the power system. Unlike inverter based distributed generators, rotating machine based generators with fast response
governors and AVRs are highly capable of sustaining an island. Therefore, anti-islanding protection for these generators is a
more challenging problem in comparison with the inverter-based DG. This paper analyses the use of wavelet transform in
islanding detection for rotating based distributed generators.

Keywords: Distributed Generation, Islanding Detection, Rotating Machines

L1 . Among the many advantages of DG integration include:
- Introduction improved system reliability in the power supply, reduction of
system peak loads, spinning reserve size reduction, increased
efficiency, avoidance of transmission capacity upgrades,
improved power quality, security and reduced transmission
line losses and environmental benefits (excluding diesel
reciprocating engines often used as back-up distributed
generators which tend to be the worst performers in terms of
greenhouse gas emissions [2]).

Despite the above mentioned merits of incorporating DGs
in the distribution system, it has major drawback of
unintentional islanding. Islanding condition occurs when the
DG continues to power a part of the grid system even after
the connection to the rest of the system has been lost, either

variety of sources and leads to decreased environmental intentionally or unintentionally. The unintentional islanding

impacts and improved security of supply. They are typically mode of oper-ation is not desirable because of a number of
in the range of 1 kW to 10,000 kW and include wind farms, ~ '€asons. For instance; it poses a threat to the line workers’

micro hydro turbines, photovoltaic (PV) system and other ~ Safety, the islanded system may not be properly grounded
small generators which are supplied with biomass or resulting in high voltage in the other phases when an earth
geothermal fuel [1]. fault occurs, possibility of creating an ungrounded system

depending on the transformer connections and most

Electric rotating machinery can be defined as any form of
apparatus which has a rotating member and generates,
converts, transforms, or modifies electric power, such as a
motor, generator, or synchronous generator. Although there
are many variations, the two basic rotating machine types are
synchronous and induction machines.

The current trend in the increasing use of Distributed
Generation (DG) is due to energy exhaustion, efforts to
improve power quality, reduce the need of having high
spinning reserves in the system, reduction of the voltage
flickers in the system and recent environmental issues. This
practice enables the collection of electrical energy from a



importantly, the distributed generators may not be able to
maintain the voltage and frequency within desired limits in
the distribution system when it is islanded.

The rest of the paper is organized as follows; section II
discusses the general islanding detection methods, then the
various recent islanding detection methods are covered in
section 111, the islanding detection methods assessment tools
for rotating machine based generators are explained in
section 1V, Methodology for this study in section V, section
VI discusses the results and analysis and finally the
conclusion in section VII.

2. General Islanding Detection Methods

As per IEEE standard 1547-2003, the distributed generators
must sense the unplanned power grid and trip it within two
seconds, failure to which may lead to several problems in
terms of power quality, safety and operational problems [3].

Most of the commonly used islanding detection methods are
suitable for all generators and hence the synchronous and
induction machines. The general islanding detection
techniques can be categorized as shown in the following
diagram.

Islanding detection

T

Local technique

Remote technique

l v 1
Active technique

Figure 1. Islanding detection techniques [4].

Passive technique Hybrid technique

2.1. Remote Methods

This is a method of islanding detection for the DG through
communication by the transmitters and receivers located in
the power utility and the DG sides respectively. This is
achieved though continuous signaling between the two ends.
In case there is disruption in the grid that hinders this
communication, then this leads to the conclusion that
islanding has occurred. Examples of remote islanding
detection methods are the power line communication (PLC),
supervisory control and data acquisition (SCADA), transfer-
trip among others. These methods do not have a non-
detection zone (NDZ). In terms of reliability, remote methods
are far much better compared with local methods only that it
is expensive and thus it is uneconomical to implement
especially in small networks.

2.2. Passive Methods

Passive islanding detection techniques are preferred in
island detection especially when the mismatch between the

Electric Power Engineering: Design, Development and Applications

generated power and the size of the load is very large.
However, when the mismatch is very small, it is difficult to
detect the islanding state because the variations in voltage or
frequency at the point of common coupling (PCC) are also
very small [5]. The weaknesses of some of the passive
islanding detection methods are highlighted in the table 1.

Table 1. Fassive islanding detection [6].

Method Implementation speed Weakness
UFP/OFP Easy but reaction time

agredictalile and Large non-detected zones
UVP/OVP ; (NDZs)

variable
Phase jump Difficult in Fails to detect islanding !

: . . when DG power generation

detection implementation and hard P d d
(PID) to choose threshold - v pier SO

of local load
Fails to detect island in case

Total harmonic 2 ;
of low distortion of voltage

distortion Easy but hard to choose

(THD) threshold ?md current output of

inverter or high quality load
Voltage Not applicable to single
Unbalance phase system

2.3. Active Methods

On the other hand, as compared to passive methods, the
active methods have smaller Non-Detection Zones (NDZ).
However they compromise the power quality of the system
by injecting small signals at certain frequencies to the system.
Some of these methods, their properties and drawbacks are
shown in table 2.

Some of the most common active methods used for
islanding detection for synchronous DGs include; reactive
power compensation, load fluctuation, impedance
measurement, reactive power fluctuation, and QC-mode
frequency shift method.

Table 2. Active islanding detection methods [6].

Method OpreESin Weakness
and speed

e Easy and fast

measurement

Slip-mode frequency Ineffective under certain

Medium and slow

shift (SMS) load eg RLC resonant load
Active frequency .

Drift (AFD) Easy and medium

Sandia frequency Difficult and Problem in power quality,
shift (SFS) relatively fast system stability

Sandia voltage . Increase harmonic
shift(SVS) Medimand fasb g0 i

2.4. Hybrid Methods

In short, active and passive techniques have their strong and
weak points. Thus these methods are at times merged to
benefit from their strong points. This technique is called
Hybrid islanding detection [7]. Again, there is no islanding
detection scheme currently that can serve all situations in
distributed system. Therefore, the method is normally selected
according to the nature of the distributed generator [8].
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5. Recent Islanding Detection Methods

Since the islanding condition should be detectected as fast
as possible as it is stipulated in the set international standards,
researchers are continuously looking for better methods of
correctly detecting this condition. To achieve this objective,
signal processing tools come in handy in extracting the
features from measured signals. Then artificial intelligent
tools are used to classify the extracted signals to either
islanded or non-islanded condition. The general steps usually
followed in determining islanding state classification are
shown in figure 2 below.

Sampled

signals Data Features Classification
[frequency, Acquisition extraction technique
voltage, Systems

current] D’

Islanded
Or

Decision making

technique

Figure 2. General islanding detection steps.

5.1. The Wavelet Transform

A wavelet can be simply defined as a small wave. A
wavelet transform (WT) convert a signal into a series of
wavelets that are used for analyzing waveforms that are
bound in both frequency and time. Alternatively, the WT can
be defined as a collection of functions that are used for
analyzing non-stationary signals in both frequency and time
domains in MATLAB platform. It actually decomposes
signals being analyzed layer by layer into different frequency
bands for analysis purposes.

It is actually a new mathematical tool developed for
analyzing non-stationary and fast changing wide-band signals
for instance in islanding detection in synchronous generators.
The wavelet transform tool has a number of advantages. One
of the main advantage of wavelet transform is that it needs
not to assume the stationery or periodicity of a signal as it is
able to simultaneously distinguish both time and frequency
signal information due to its multi-resolution characteristic.
Hence, it becomes useful in analyzing discontinuous and
time varying signals especially in islanding detection.

It has three useful properties which make it applicable in
engineering applications and most importantly in islanding
detection. First, it has ability to reconstruct back the signal
from its wavelet transform. This is achieved due to WT ability
of the resolution of identity, the ability to conserve energy in
the time-scale space and the wavelet admissible condition.
Secondly the WT is a local operator in both time and
frequency domains. Hence, the regularity condition is usually
imposed on the wavelets. Lastly, the WT has a property related
to a multi-resolution signal analysis. It has the ability to
analyze both high and low frequency signals. The high
frequency signal analysis is done using narrow windows and
the low frequency analysis is done using wide windows [9].

Wavelet analysis can be categorized into two main
techniques. That is; Continuous wavelet transform (CWT)
and discrete wavelet transform (DWT).

5.2. Continuous Wavelet Transform

The CWT is defined as the sum over all time of the signal
multiplied by scaled, shifted versions of the wavelet function.
The time-scale information provided by wavelet makes it
easy to extract signal features that change with time.
Mathematically CWT can be expressed as follows;

CWTY (a,b) = 7 [0, x(t). ¢ xd )

Where: a is the scale parameter of the wavelet, b is the
translation or position parameter of the wavelet, x (¢) is the
analyzed signal, and ¢ is the mother wavelet and is defined by:

Pap(®) = 7= 9(=) @)

The CWT is actually continuous in terms of the shift b
during calculation and its operation; the wavelet that is used
for analyzing the signal is shifted smoothly over the entire
domain of the analyzed function. It is actually the
measurement of the similarity of the wavelet to the original
signal through calculating the coefficient. Thus practically
continuous wavelet transform may give redundant
information especially when the measured similarity
coefficient is large as the original signal and the wavelet will
be similar. Hence for the sake of computation, there is need
to discretize the signal.

5.3. Discrete Wavelet Transform

The discrete wavelet transform (DWT) is found by
filtering the low pass and high pass signals successfully. The
voltage and current transients of a power system do have
unique characteristics that signify the cause of transient
occurrence. So there should be a process to extract these
features to speed up response in classifying. To this end,
wavelet transform seems to be suitable [10].

The discrete wavelet transform is actually the continuous
wavelets with the discrete scale and translation factors. Here
the wavelet transforms are evaluated at discrete scales and
translations. This means that when time localization of the
signal is required, the discrete wavelet transform is the one
appropriate. This is especially in islanding detection. The
DWT function can be defined mathematically as shown in
the equation 3 below:

1 -
Pap(® =lalZp (%) a.beRa%0  (3)

If (a, b) take discrete value in R>, we get DWT. A popular
approach to select (g, b) is

1
a=@,ao=2,

11
a= gy =<1, g >, m:integer

N =



b=2—g,f,a0=2,bo =1

b . n L
= o N, m: integer

Then

n

.. = t-
9ap(t) = lal =0 ﬂ) - ﬁ( Em) =279(2™t —n) (4)
2m

Generally, it is a requirement that the response time of the
islanding detection method should be shorter hence a lower
decomposition level should be selected.

The following are some of the merits that make DWT
applicable in islanding detection in synchronous and
induction generators.

—»{ HPF '——( i:\/b—b Dl(”)

Original

Signal I

— g (D 4
L ——

LPF

rf S
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a) It gives enough information for analysis purposes
b) It sufficiently lowers the computation time
¢) Its implementation is easy
d) Analyzes signals in different resolutions at different
frequency bands
¢) Decompose the signal into a coarse approximation and
detail information
The ability of DWT to approximate the signals in various
scales corresponding to different resolutions. This is known
as multi resolution decomposition. The process can be
repeated iteratively by breaking signals into many
components of lower resolutions. This produces what is
called wavelet decomposition tree. The figure 3 below shows
an example of a wavelet decomposition tree.[11]

D, (n)

p?”

A,(n)

D, (n)

N
{12 —»
./

g O

Figure 3. Wavelet decomposition tree.

5.4. Fuzzy Logic Controller

A fuzzy logic controller is a control algorithm based on
several linguistic control rules and it is used to analyze
continuous signals. The fuzzy rule base has the ability to
handle more uncertainties in the signal being analyzed that
fall along the slope of the fuzzy trapezoidal membership
function unlike the crisp classifiers like decision tree which
have sharp boundaries, and large data base. Thus, the
superior approximation capabilities of the fuzzy systems over
crisp classifiers help to develop algorithms that meet the real
time application with wide range of uncertainties. Hence the
fuzzy logic controller can easily and accurately be used in
islanding detection for synchronous and induction generators.

Some of the recent applications of fuzzy logic in islanding
detection are as follows; in [12], FL was introduced from the
transformation of DT, where the combination of fuzzy
membership functions (MFs) and the rule base were used to
develop the fuzzy rule base. This technique was easy to
implement for online islanding detection and could handle
uncertainties such as noise. In [13], however, the band pass

filter was used to replace the function of DWT and still
worked out pretty well.

6. Islanding Detection Method
Assessment Tools for Rotating
Machine Based Generators

6.1. Non-Detection Zones

The effectiveness of any islanding detection method is
usually based on the evaluation of the Non-Detection Zone
(NDZ) index and the time for islanding detection. Non-
detection zones are defined as a loading condition for which
an islanding detection method would fail to operate in a
timely manner. It is normally evaluated by the use of active
and reactive power mismatch space. The non-detected zones
for synchronous distributed generators (SDGs) are affected
by the following factors among others:

a. Load type

b. generator inertia



Rotating Machine Based DG Islanding Detection Analysis Using Wavelet Transform 5

c. generator excitation control mode and

d. relay settings

The following equations (5) and (6) are used to illustrate
the definition of the NDZ [14].

V N2 1< Ap < (X2 _ 1 S
(umax) T (Vmin) ©)
f \? AQ f )&
= (=) 1<=<0:1— 6
Qf[1 ( min) l= p _Qf[ (fmax) I ®
0.3 =
T R -
& g4} D 1
g | : : BT
§ 7 t : |
s : H : !
g -0.1F 1 : : 1 ]
= 1 : : i
-k P :
g -3t : '
! L\ S E 5 ]
3 s S !
s 0.5] —— Setting 1: 57.5Hz 162.5 Mz —— P
..... Setting 2: 58.5 Hz 1 61.5 He TS )
==~ Stoady-state Voltage Limits T
== Simulsted AP Intervals

031 09 0.7 05 -0.3 01 01 03 05 07 09 1.1
Active power imbalance (pu)

Figure 4. NDZs for different frequency relay settings [15].
6.2. Performance Curves

Performance curves represent the relationship between the
islanding detection times versus the active power mismatch.
This graphical tool is especially useful for synchronous DGs.
Power mismatches lower than the critical power imbalance
make up, a NDZ, as indicated in Figure 5 below.

1000
900
Detection Zone
aoo 3 ’ o
g 700
£ 600t
: 500 19 % Required detection lime = 500 ms
3
2 400 1
4 3o0p ]
Non <=
200} detection
zone
100} 4
c n A A K
0 0.2 0.4 0.6 0.8 1

Active Power Imbalance (pu)

Figure 5. Performance curve of frequency-based relays [15].

In figure 5 above, at the x-axis the active power imbalance
level of the islanded system of the generator is represented.
Then the island detection time is represented in the y-axis. To
obtain this curve the islanding occurrence simulations have to
be repeated for some steps. Then, for each active power
imbalance, the detection time is determined by dynamic

simulation and then the performance curve is plotted [16].

7. Methodology

First, the system that was used in this study was modelled
in SIMULINK/MATLAB as shown in the figure above.

CB PCC

F Frequency
eat?xre measurement
Extraction by
Wavelet

Figure 6. System used for the analysis.

CB PCC
- Frequency LOAD
eat'ure measurement
Extraction by
Wavelet

Figure 6. System used for the analysis.

Then the position of measuring the signal frequency was
changed to immediately after the utility circuit breaker from
the usual point of common coupling. This is meant to make
frequency measurement fast and ensure the island detection
time is even less than what is stipulated by IEEE 1547-2003
standard. During simulation, the grid was disconnected on
the 0.25 by switching the three phase breaker off. Then the
features of the measured frequency was extracted by discrete
wavelet transform (DWT) found in MATLAB toolbox.

8. Results and Analysis

First, the combined three phase voltages and currents were
measured and are as shown in the figure 7 below. From the
figure, it clearly shows that there is remarkable changes on
the side of the measured currents as compared with the
measured voltages. Thus current measurement was mainly
used in the rest of the analysis.

Then, the phase voltages and currents were measured
separately for the sake of clarity and are as shown below in
figure 8 and 9.

Then the excitation voltages and currents changes during
the disturbance were monitored and are as shown in figure 10
below. It was observed that the excitation currents respond
immediately as the fault occurs while the voltage changes
gradually.

The current waveform of one phase was discretized during
the same period and is as shown in figure 11 below.

And finally, the DWT decomposition of the same signal
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was done up to level 5 and is as shown in figure 12 below. decomposition of the signal to level 2 (D2) is enough in
From the figure above for the DWT, islanding of the micro  determining the islanding condition in this case. Thus the

grid was noted at 2.2564s. islanding detection time is seen to be smaller when a lower
It can be pointed out from the transform above, that the  decomposition level is chosen.

4000
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Figure 7. Combined three phase voltage and current measurement




