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Abstract

The protection of power transformers has been always a challenge due to the
problem of distinguishing between the magnetizing inrush and different internal
fault currents. There have been many proposed techniques to carry out the protec-
tion of power transformers. These techniques are based on the harmonic content of
the differential current, transformer equivalent circuit, voltage and flux restraint,
pattern recognition using trained artificial neural network, etc. These techniques
have either limitation or some assumptions to validate their performance that
may affect their reliability, speed of operation, complexity of the required compu-
tations, validity under transformer parameters changes and/or change in type of
core material. In this work, a wavelet packet transform based algorithm for dif-
ferential protection of three phase power transformers is developed, implemented
and tested on-line for two different three phase power transformers using DS1102
digital signal processing board. The wavelet packet transform based algorithm is
used to detect and classify various disturbances, in particular, the magnetizing
inrush and internal fault currents with neither a harmonic analysis nor any de-
pendency on the power transformer parameters, ratings, loading conditions and/or
winding configurations. Wavelet transforms can create a multi resolution analysis,
where the frequency contents of the analyzed signal are divided into octal bands
beginning from the highest frequency component, ending with the lowest one and
preserving the time location of these frequency components. This analysis is car-
ried out using a cascaded filter banks associated with the selected mother wavelet
and the number of levels of resolution. Both optimal mother wavelet and number
of levels of resolution can be selected using the minimum description length cri-
teria, that is based on the minimum entropy calculations. Applying any form of

wavelet transforms produces details, which are related to high frequency compo-



nents, as well as approximations, which are related to low frequency components
at each level of resolution. In the case of applying the wavelet packet transform,
the details are downsampled by 2 and filtered with the same filter bank at each
level of resolution. An experimental setup is developed for collecting various dif-
ferential currents waveforms for purposes of selecting the optimal mother wavelet
and the number of levels of resolutions as well as off-line testings. The Daubechies
(db4) mother wavelet with two levels of resolution are found to be optimal in pro-
viding adequate information to discriminate the magnetizing inrush current from
internal fault currents. The proposed algorithm is tested off-line using Matlab on
a data collected from a three-phase core type power transformer. An experimental
setup is developed to accommodate the on-line testings, which are carried out on
two different power transformers. The results of these tests show no difference
in its ability to distinguish between the different magnetizing inrush and various
internal fault currents. Also, the on-line testing results are consistent with those
obtained from off-line testings in terms of reliability, accuracy, speed of response

and applicability.
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Chapter 1

Introduction

1.1 General

Power transformers play a very important role in modern power systems, which
is basically connecting different zones operated on different voltage levels. The
continuous growth in demand for electric energy has resulted in larger power sys-
tems spreading over wide geographical areas with higher capacity of power gen-
eration and distribution. Such a trend of operating these systems has increased
the concerns about both the stability and reliability. To improve the stability and
reliability, more attention is paid to the protection systems and the functionality
of protection apparatus. Although, ideal protection systems will never eliminate
the faults, abnormal conditions or any other undesired modes of operation, which
may affect both the stébility and reliability from taking place, well-designed, co-
ordinated and effective protection systems may reduce the impact of any fault or
other catastrophic conditions on the whole power system. One of the key compo-
nents of any protection apparatus is the protective relay, which has a main task
of taking a prompt action against any undesired condition that may affect the

operation of the power system or parts of the power system by isolating only the



directly affected parts, while maintaining as much unaffected parts or elements in
service as possible. The actual isolation of the affected parts or elements is carried
out by circuit breakers that are commanded by protective relays. Efficient and
well-designed protective relays should meet the basic design criteria, which are:
simplicity, speed, selectivity, economics and reliability [1]. Simplicity in design-
ing a relay makes the implementation, installation, replacement and maintenance
more easy. In addition, simplicity in design makes the desired relay more practical
and acceptable to be manufactured. Speed of response when the relay is required
to act is of great importance, so that the damage of the affected parts or elements
can be minimized and system stability can be ensured. It is worth mentioning
that the speed of a relay is measured in terms of cycles or mili-seconds (ms).
The Westinghouse Company. classifies any relay capable of operating in less than
three cycles based on 60 Hz systems (50 ms), as a high speed relay [1]. Selectivity
guarantees the switching of the minimum number of isolated parts or elements in
case of a relay operation. Economics, as in any case of design yields the maximum
desired function with optimum cost. In the case of a relay, it is desired to achieve
an effective protection with a minimum cost. Reliability consists of two factors
namely dependability and security. The dependability concerns about the correct
action when the relay is required to function, while security ensures the capability
of the relay to avoid mal-function under any normal or predicted abnormal condi-
tions. Both factors of reliability are critically important, since mal-function of a
relay under disturbing conditions may aggravate the impact of the disturbance on
the whole operation of the power system. Unfortunately, dependability and secu-
rity appear to counter each other, thus for practical designs, some compromises
between the two factors are needed.

Protective relaying techniques applied in power systems can be categorized as:

1. Electromechanical Relays



2. Solid-State or Static Relays
3. Programmable Relays
4. Computer-Based Relays

The electromechanical relays were developed as the first protection apparatus in
early 1900s and still in service for different protection purposes in various types
of power utilities. Electromechanical relays have four major types, which are:i)
magnetic attraction, ii) magnetic induction, iii) D’Arsonval and iv) thermal. The
development of solid-state semiconductor switches in late 1950s, had made it pos-
sible to apply these switches in protection apparatus. Solid-state relays have inher-
ent advantages over traditional electromechanical relays, such as higher speed of
operation, more reliability, easier installation and replacement, smaller size, more
sensitivity, less burden to current transformers, less maintenance, etc.. Due to
these advantages, many electromechanical-based protection apparatus have been
replaced by solid-state-based protection apparatus. Microprocessor-based relays
are the latest development of protective relays that began to appear in 1980s, as
a result of the rapid development in digital technology. The basic operation of
a microprocessor-based relay includes sampling of an analog input, digitizing the
input samples and storing the digitized data for further processing using a certain
algorithm. The latest types are computer-based multi-function relays. This type
of protective relays has many advantages over the other conventional relays. Some

of these advantages are:

e Improved Relay Performance: Changing the operating characteristics of a
relay will make it possible to improve speed, sensitivity and selectivity. This
feature of programmable and computer-based relays is due to the ease in

modifying the algorithm to meet various complex operating conditions.



e Reliability: The self-checking feature in this type of relays improves both the
dependability and security. Moreover, the practical compromises between

the two factors can be adjusted more effectively.

o Size: Due to the rapid advancement in integrated circuits technology and
the ability of manufacturing sophisticated generations of microprocessors, it

is possible to realize compact protective relays.

s Flexibility: This is one of the most attractive features of microprocessor-
based protective relays. Since the relaying functions are implemented
through software, any necessary modifications can be easily done in the soft-
ware itself. In addition, some of the needed functions by protective schemes
can be realized through software rather than hardware; filtering, compar-

isons, and sampling are very simple examples of such functions [1,2].

Three phase power transformer protection is of critical importance to ensure
stable and reliable power transfer to various bulk loads. The protection of this
particular key element of power system has been always a challenging problem
for protection engineers. The major problem in this context is the magnetizing
inrush current, which flows through the power transformer when switched on,
and in many cases is indistinguishable from internal fault current resulting in
a mal-operation of the protective relays [1]. Differential protection scheme is
quite popular in transformer protection, as it is used to identify the internal fault
currents of three phase power transformers, where the current rises up to about 10
times the normal operating current [3]. Fault current can be used to trigger the
protective relays to avoid more damage in power system due to the flow of high
currents under fault conditions.

There are many operating protective relays applied for power transformer pro-

tection purposes. In this area, research continues with an objective of imple-



menting more accurate, reliable, sensitive and economic protective relay for power
transformer protection purposes. The following section gives an overview of the

operating techniques applied in power transformer protection.

1.2 Literature Review of Differential Relaying in
Power Transformer Protection

The design of a protective relay to be applied for power transformer protection
must consider the magnetizing inrush current. It is very important to have an
insight into this phenomenon in power transformers. Therefore, modeling and
_simulation of the magnetizing intush current is an essential step for designing
programmable and computer-based differential protective relays. Many research
works have been conducted with different approaches and methods to model inrush
current. Specht [4] has developed formula and curves to determine the magnetizing
inrush current for single phase power transformers.

Blume, et al. [5] used an experimental approach mainly depending on the
physical dimension and the flux densities in a power transformer to model the
magnetizing inrush current. They were able to develop an analytical tool to de-
termine the average magnetizing inrush current. Finzi and Mutschler [6] have
developed an iterative technique to solve a time integral equation for the magne-
tizing inrush current, but still the accuracy of the solution is not high and some
approximations are used.

Sonnemann, et al. [7] tried to generalize the analysis of the magnetizing inrush
current in single-phase power transformers to include the mutual inductances be-
tween phases in three-phase power transformers. In 1980s, with the availability of
digital technology, researchers began to employ the digital techniques to determine

and model the magnetizing inrush current.



Rahman, et al. [3] used the relationships provided by Specht to generate mag-
netizing inrush data with some practical assumptions to use this generated data
for testing algorithms of differential protection. Rahman and Gangopadhey [3]
were the first to generalize the simulation and modeling of magnetizing inrush
current for three-phase power transformers with the sequence impedance and mu-
tual inductances taken into account. The obtained current waveforms were close
to the current waveforms obtained experimentally.

The magnetizing inrush current represents one pattern of electromagnetic tran-
sients any transformer may experience. The design of an effective differential pro-
tective relay for power transformers, has to consider more electromagnetic tran-
sients at both high and low frequencies due to magnetic inrushes, lightning and
subharmonics generated by the power electronic components used to control the
power flow in other parts of the power system. The aforementioned conditions are
just examples of such transient currents that may flow through power transform-
ers. The response of power transformer to such transient currents can be simulated
if an accurate model is developed. There are many considerations when modeling
the magnetizing inrush current or modeling the transformer itself. Such models
include nonlinearity of the flux with current, skin and proximity effects, the effects
of high frequency electromagnetic transients, leakage and mutual inductances and
capacitances as well as hysteresis and eddy current effects [2]. There are many
transformer models based on both the time and frequency domains. The recent
works included models based on duality principle, models based on field measure-
ments, models based on frequency response and models based on combining two
or more of these models [8]. Leon and Semylen [9-11] have developed a model
for three-phase power transformer based on turn-to-turn inductances and capaci-
tances, and modeled the iron core as a nonlinear inductance. The solution of the

state equations was obtained iteratively considering the resistance as a constant



in the final reduction of the model. The model is not accurate to simulate the
response of the three-phase power transformer in case of low frequency signals,
while for high frequency electromagnetic transients, this model is invalid. Vaessen
and Hanique [8] presented a model of transformer based on frequency response,
which considers an active coupling between the iron core and transformer wind-
ings. However, this model assumes linearity over a wide range of frequencies and
assumes the active coupling is dependent on the primary current. Saleh and Rah-
man [12] have developed a model for power transformer based on employing a
wavelet filter bank with its analysis and synthesis sides. This model presents the
primary windings as a two stage analysis side and the secondary windings as a
two stage synthesis side of a wavelet filter bank, while the iron core is modeled as
an additional weighted stage of the analysis side. The model accurately simulated
different cases of inrush and normal current and high frequency electromagnetic
transients , and the simulation results were very close to the experimental results.

The frequency analysis of various transformer currents has shown that second
harmonic has a significant amount in the magnetizing inrush current. This feature
has led to the development of a differential relay that uses the second harmonic
to restraint the relay action during transformer energizing. In addition, the ratio
of the second harmonic to the fundamental harmonic has been used to distinguish
the magnetizing inrush current from different internal fault currents in power
transformers. However, in some cases the inrush current is so sever that it is
not distinguished from the internal fault currents using the second harmonic ratio
technique. In spite of various limitations of the second harmonic ratio technique,
it is still the most commonly used technique for power transformer differential
protection [1]. Many operating differential relays are replacing their conventional
electromechanical or solid-state relays with digital relays due to their advantages

over the other conventional types of relays.



1.2.1 Conventional electromechanical and solid-state dif-

ferential relays

The basic structure of a differential relay for power transformer protection is known
as the unbiased differential relay [1]. This protective relay is very sensitive to any
unbalance of the current transformer (CT) and/or CT saturation, and sometimes
to the sever unbalanced loads connected to the power transformer. The unbiased
relay can not be prevented from initiating a false trip under the above mentioned
unbalanced currents conditions. To improve the reliability of the unbiased relay,
two restraining coils are used with one operating coil. This structure is known as
percentage differential relay. Both the unbiased and percentage differential relays
have the same principle of operation, except for the percentage one, the through-
currents produce restraint that is proportional to the amount of the flowing and
inrush currents, while internal fault currents produce a differential current enough
to activate the operating coil. False trip still can be initiated under magnetizing
inrush current even with the existence of the restraint coils [1,2]. Many research
works were conducted to develop techniques to avoid false trip due to magnetizing
inrush currents. Among these techniques, the delay in the relay component tech-
nique, which is obtained by a slow-speed induction-disk type relay that has high
current and long time settings. Temporary desensitizing the relaying component
for a fixed interval of time, is another technique to improve the reliability of the
differential relays. The desensitizing is usually controlled by a voltage relay oper-
ated through a potential transformer (PT) [1]. Prior to the introduction of high
speed coordinated relays, the induction-disk relays with a suitable time delay to
outlast the magnetizing inrush current were sufficient. As the capacity of power
systems grows and the number of generating units increase, it has become manda-
tory to use high speed relays due to stability considerations. These conditions

are a result of high exciting currents that flow through power transformers during



switching. Normal unbiased or percentage differential relays can not guarantee
the proper response in such critical protection schemes. One of the major devel-
opments in differential protection is the application of the harmonic restraint in
differential relays [1]. The magnetizing inrush current contains significant amount
of both the second and fifth harmonics. The harmonic restraint relay was intro-
duced in 1938 [1]. The simple structure of this type of differential relays contains
two filters, one of them is to extract the fundamental component of the current
flowing in the operating coil, and the other one is to extract the second harmonic
in the current. The extracted second harmonic is used to restrain the relay in case
of inrush current [1,3]. The early implementations of this differential relay used
analog elements and L-C tuned circuits. This type of relays is detailed in [1].
Kennedy and Hayward [13] conducted more spectra analysis on both the mag-
netizing inrush and internal fault currents in order to improve the performance
of the harmonic restraint differential relay used in power transformer protection.
They suggested to use more harmonics to restrain the relay during energizing the
power transformer. This modification was aimed to decrease the effect of satura~
tion in power transformer and/or the current transformers on the operation of the
relay. The employment of the second harmonic only to restrain the relay could
be efficient in the case of typical magnetizing inrush currents, but still saturation
under heavy fault currents might affect the reliability of this modified differenfial
relay. On the other hand, the employment of the third harmonic to improve the
reliability against the saturation of the transformers might not be able to dis-
tinguish between the internal fault and the magnetizing inrush currents. This
condition could arise out of heavy internal fault, where the harmonics extracted
could be enough to restrain the relay from functioning. In [13], authors suggested
settings for a designed differential relay with this multi-harmonic restraints tech-

nique. The Westinghouse HDD type relay with harmonic restraint [1] has been



widely applied for power transformer protection and considered a high speed sen-
sitive differential relay. This relay was operated mainly from current transformers
and does not need any auxiliary desensitizing units or potential transformers. The
Westinghouse HDD type is basically a percentage differential relay with harmonic
restraint obtained using two filters. To avoid the critical failure of the HDD relay
under sever internal faults, an over-current unit without any restraint was used for
this task. This over-current unit has a time setting longer than that corresponds to
the maximum inrush current. Westinghouse has developed a new version of HDD
type relay known as BDD [14]. The BDD type relay is smaller in size and less
dependent on the current transformer (CT) characteristics. Sharp and Glassburn
[15] developed a high-speed harmonic restraint differential relay for multi-windings
power transformers, which was capable of distinguishing between the magnetizing
inrush and internal fault currents. This relay was composed of differential and
harmonic restraint units with ratio-matching taps added on each unit to compen-
sate for the main current-transformer ratio mismatches. This differential relay
responded properly to the cases of inrush and internal faults. Moreover, it was
capable of proper response during under-frequency conditions [15]. Einval and
Linders [16] presented a three-phase differential relay with harmonic restraint for
multiple windings power transformers. This relay simplified the frequency tuned
circuits with an improved procedure to determine the harmonic contents in the
applied differential current. Also, this relay was considered a high-speed relay,
since it could respond to internal faults in less than two cycles and with sever

internal faults, it was able to respond in less than one cycle.

1.2.2 Computer-based differential relays

The first detailed digital relay was presented in early 1970s, which was applied

for fault protection. This digital relay was introduced by Rockfeller [17],with the
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description of its operation and the needed digital computer in the sub-station to
carry out the relaying function. Mann and Morrison [18,19] presented a trans-
mission line computer-based protection scheme, which was implemented as a joint
project between Pacific Gas and Electric Co. and Westinghouse Electric Co. In
early 1980s, computer-based relays began to reéplace the conventional electrome-
chanical and solid-state based relays and due to the fast developments in digital
technology. Most of the operating computer-based relays employ algorithms to
carry out the harmonic analysis of differential current using digital signal pro-
cessing techniques. Among these algorithms Walash Functions, Discrete Fourier
Transform (DFT), Least-Square Method, Harr Functions, Kalman filtering, etc.
[20]. All the previous mentioned algorithms were used to realize one objective,
which is a fast and accurate extraction of the first, second and sometimes the fifth
harmonics in the samples of the differential current.

Sykes and Morrison [21] used two recursive filters to extract the fundamental
and the second harmonic components in the differential current samples.” The
discrimination between different internal faults and magnetizing inrush currents
was based on the output of these two filters, and as a result the trip signal was
initiated. This relay was tested off-line on a simulated data for both the magne-
tizing inrush and fault currents. It was implemented using IBM 350/60 computer,
and the code was written in FORTRAN IV, which was applicable to single-phase
power transformers. The main advantage of this relay was the simplicity, while the
major drawbacks are the long time for response and undetermined applicability
in three-phase power transformers.

Malik, et al. [22] developed an algorithmm called the cross-correlation algo-
rithm, which is very similar to Discrete Fourier Transform (DFT). This algorithm
included evaluation of the odd and even functions of any harmonic components

existed in the differential current. To decrease the response time of this relay, the
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sine and cosine basis functions were replaced by odd and even square-pulse basis
functions. This decreased the calculation time but decreased the accuracy of the
whole algorithm as well. Once both the fundamental component and the second
harmonic were calculated, the ratio of the second harmonic to the fundamental
was compared to a threshold value. If the ratio exceeded the threshold, a magne-
tizing inrush was declared, otherwise a trip signal indicating an internal fault is
initiated. This algorithm was tested off-line on a simulated data for magnetizing
inrush and internal fault currents, but it was not tested on a real power trans-
former. For the off-line testing, the response time was within 1/2 to 3/4 cycle
based on 60 Hz systems.

Sheweitzer, et al. [23] simplified the arithmetic operations (mainly the mul-
tiplication and division) needed to realize the filtering functions and used finite
impulse response (FIR) filters. These FIR with coefficients +1 or -1 during one
cycle time period, were used to evaluate at least four Fourier odd and even coef-
ficients for both the fundamental component and the second harmonic present in
the samples of the differential current. This algorithm was tested oft-line with a
FORTRAN IV language code on simulated magnetizing inrush and fault currents.
The algorithm sampled the differential current at a sampling rate of 8 samples
per cycle with a response time of about one cycle based on 60 Hz system. The
FIR algorithm was implemented by Larson, et al. {24] to protect a 500 VA power
transformer using a Motorola MC 6800 microprocessor. The fault was detected in
about 1.25 to 1.5 cycles based on 60 Hz system.

Ramamoorty [25] introduced the Fourier Transform approach to extract dif-
ferent harmonic components in either the current or the voltage from fault data.
Throp and Phadke [26] introduced the application of Discrete Fourier Transform
(DFT) for power transformer protection. This algorithm was tested on trans-

former model and generated data with sampling rate of 12 samples per cycle. The
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response of this algorithm for faults was found to be about one cycle. Rahman and
Dash [27] used the rectangular transform, which was based on calculating Fourier
odd and even coefficients. The algorithm has a significant accuracy. Also, since
the calculations included only addition and subtraction, this algorithm was fast.
It was tested off-line using PDP-11/60 computer on a simulated transformer data.
Moreover, it was implemented for on-line testing using Intel 8085 microprocessor
on a three-phase, 400 V, 60 Hz laboratory transformer with a sampling rate of 12
samples per cycle.

Horton [28] and Rahman and Jayasurya [29] employed Walsh functions to
compute the fundamental component and second harmonic components in the
differential current samples. The Walash functions are viewed as a squared up
sine and cosine functions that take +1 or -1 only. The sign changes at instant n, if
nis a power of 1/2. The calculation of Walsh functions is simple and does not take
a long time. Since there exists a relation between Fourier coefficients and Walsh
coeflicients, Fourier coefficients can be derived from Walsh coefficients [29]. The
Walsh functions algorithm was tested off-line on a digitally simulated magnetizing
inrush and internal fault currents. Also, it was implemented for on-line testing
using Intel 8085 microprocessor with a sampling rate of 12 samples per cycle. The
response time was found to be less than one cycle.

Fakruddin, et al. [30] employed the Harr Functions to carry out the harmonic
extraction, through which the needed sine and cosine components of any harmonic
in the differential current can be determined using the Harr-Fourier relationship
[30]. This algorithm uses a combined second and fifth harmonic magnitude to
compare with the magnitude of the fundamental component, and upon the result,
a trip signal is initiated. This algorithm included complicated calculations, and
as a result, the response time is longer than the DFT algorithm [2].

Murty and Smolinski [31] developed a digital relaying algorithm using five-
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state Kalman filter. This algorithm used the second harmonic component in the
differential current to diagnose the magnetizing inrush current. This relay was
implemented using TM320 digital signal processor and tested on-line on a three-
phase power transformer [31]. This implemented relay responded for the case of
internal fault with the first sample of the differential current in about half a cycle,
while with 12 or 13 samples, it responded in about one cycle. The Kalman
filter algorithm has no provision for higher order harmonics, which may affect the
diagnosis of the magnetizing inrush current. Later, Murty and Smolinski [32] ex-
tended the Kalman filter from five to seven states to include the fifth harmonic.
The extended Kalman filter algorithm used the percentage differential relay and
over-excitation characteristics to restrain the relay. The relay responded to the
fault occurrence at the first sample of the differential current in about a cycle, and
for the fault taking place at the 13" or the 14" sample of the differential current in
longer time. Moreover, this relay used a threshold for the second harmonic to fun-
damental component ratio of 25%, that is considered high for the modern power
transformers, where the low-loss amorphous core material is used. On the other
hand, lowering the threshold value would increase the needed computations result-
ing in longer response time. Also, the obtained Kalman filter coefficients depend
on the used transformer model [32], which indicates that for each transformer, the
coeflicients need to be calculated.

Degens [33] used the least square curve-fitting method to determine the ratio
of the second harmonic to the fundamental component of the differential current
to identify the magnetizing inrush current. This method of power transformer
protection is based on the assumption of unknown time constant of the DC com-
ponent of the magnetizing inrush current, and the existence of only five harmonic
components in the magnetizing inrush current. A threshold of 12.5% was used to

compare the ratio of the second harmonic to the fundamental component in order
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to declare either a magnetizing inrush current or an internal fault. The response
time in the case of an internal fault was about two cycles. The least square method
was extended further by Degens [34] through implementing a digital filter using a
microprocessor to speed up the trip signal. For the case of sever fault, the response
time varied between 1/3 to 2/3 of a cycle, whereas in the case of traditional faults
or winding faults , response was obtained in about two cycles.

Rahman, et al. [35] developed a weighted least-square method for differential
protection of power transformer. The development in this method was the use
of the root mean square error (RMSE) criterion to select the harmonic order,
data window length, weighting matrix and sampling rate. This algorithm needs
many cases of magnetizing inrush and internal fault currents to obtain the optimal
weighting factor. Also, this algorithm is dependent on the transformer model.

Sachdev and Sidhu [36] also used the least square method in differential pro-
tection of power transformers. The hardware and software for this relay are given
in details in reference [36]. This algorithm is implemented and tested on-line on
a laboratory 15 kVA, 2540/480 V,A-Y three-phase power transformer. The re-
sponse time for most of the internal faults was about‘one and half cycles, and as
the level of faults was lowered, the response time went longer.

Linhua, et al. [37] designed three all-zeros filters to extract the fundamental,
second harmonic and fifth harmonic components present in the differential current.
Also, they introduced two performance indicies in order to make a quantitative
compparison between different algorithms. These two indicies were the number of
needed computations and the logarithm of the ratio of the undesired frequency
components to the desired frequency components. In addition, they employed
a voltage restraint depending on the fact that voltage will decrease under fault
conditions, so as to replace the harmonic restraint and to avoid a false tripping

under magnetizing inrush current conditions. The authors improved the voltage
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restraint method and used two measured voltages and the rated voltage of the
power transformer. This relay is quite simple and fast. However, its cost is higher
and more dependent on the potential transformers. Both the voltage restraint and
improved voltage restraint relays were tested off-line, but they were not tested on-
line.

Hermanto, et al. [38] presented a detail design of a stand-alone prototype differ-
ential relay. The protection functions of this relay included percentage differential
relay with the second harmonic to restrain the relay during the magnetizing inrush
current and the fifth harmonic to restrain during over excitation conditions. This
relay was implemented using TMS320E15 digital signal processor with sampling of
16 samples per cycle, and tested on-line on a three-phase 5 k VA, 230/550-575-600
V, A-Y laboratory power transformer. The response time of this relay was within
one cycle based on 60 Hz system. However, this relay had a limited sensitivity to
ground fault, and the used chebychev anti-aliasing filter created a time delay due
to complex computations [38].

Habib and Martin [39] presented a comparative analysis of various algorithms
for computer-based power transformer protection. The analysis is based on prob-
lem of differential protection and detection of excitation-current. Also, they de-
fined two performance indicies based on both time and frequency. The comparative
analysis recommended Discrete Fourier Transform (DFT) as the best algorithm
for implementing computer-based relays.

Rahman and Jayasurya [40] carried out a comprehensive comparative study,
which included six different algorithms for computer-based differential relays.
Fourier Analysis, Rectangular Transform, Walsh Functions, Finite Impulse Re-
sponse, Haar Functions and Least Square curve fitting were covered by this com-
parative study. Rahman and Jayasurya [40] also recommended DFT as the most

efficient algorithm for implementing computer-based power transformer differen-
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tial protection.

1.2.3 Modern technology relaying algorithms

The use of harmonic restraint including second or higher harmonics to avoid false
tripping signals under magnetizing inrush current or over excitation conditions
has been widely used in differential protection of power transformers. However,
the new technology applied in other parts of power system such as parallel capaci-
tance for adjusting phase angle, flexible ac transmission systems (FACTS) devices
to control the power flow, power electronic converter to improve the power quality,
etc., has produced differential currents under internal fault conditions with con-
siderable amount of harmonic components, in particular, the second harmonic.
In addition, the employment of new low-loss amorphous core material in modern
power transformers may produce magnetizing inrush current with lower amount
of second harmonic component [41]. Also, the existing protection schemes are
sensitive to CT saturation. These aspects adversely affect the operation of the
differential protective relays with harmonic restraint. Therefore, the modern de-
signs of power transformer protection tend to deviate from employing the har-
monic restraint technique or the harmonic ratio to identify the type of current
flowing through a power transformer. Some of the recently developed algorithms,
which did not use the harmonic restraint technique, used phase current, voltages,
pattern recognition and/or electromagnetic power transformer models, to avoid
mal-operation under non-fault conditions.

Sachdev, et al.[42,43] introduced an algorithm that was based on calculating
the primary phase voltage using the measured values of the quantized phase volt-
age and current samples and some parameters of the power transformer like the
primary and secondary leakage inductances and mutual flux. The calculated pri-

mary voltage was compared to the measured one and the difference (error) was
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obtained. If the error value is located in the fault region of the relay characteristic
curve, the value is one, otherwise it is zero.

Gangopadyay [44] carried out extensive analysis of differential protection of
power transformer. Also, he modeled the magnetizing inrush current using digital
computer, and the simulation data was very close to the actual magnetizing inrush
current. In addition, Rahman applied the Walsh Functions to evaluate the second
harmonic instead of using the sine and cosine coéfﬁcients S0 as to reduce the needed
computations.

Zaman and Rahman [45] presented an artificial neural network (ANN)-based
technique that was basically dependent on designing a two layer ANN and train it
for many cases of magnetizing inrush, different internal faults and over excitation
currents. The algorithm was implemented using 1DS-1102 digital signal processing
board (DSP), where the code was written in C language, compiled using Texas
Instrument (TI) compiler and then downloaded to the DSP board. The ANN
algorithm was both tested off-line and on-line on a three-phase 5 kVA, 230/550-
575-600 V A-Y laboratory power transformer. The relay was able to distinguish
between the magnetizing inrush and internal fault currents, and in case of internal
fault, the trip signal was initiated in almost 1/2 a cycle based on 60 Hz system.
However, the training of the ANN needs a lot of data representing many cases of
faults and magnetizing inrush currents, which indicates a large required memory, if
the ANN is to be designed with additional hidden layers to accommodate complex
operating conditions. Moreover, the training of the ANN may need updating if
the power transformer is changed.

The existing techniques of differential protection of power transformers depend
on harmonic analysis of the differential current, mainly on the second harmonic
to identify the type of the flowing current through the power transformer. On the

other hand, modern techniques have used pattern recognition through building

18



ANN algorithms. However, the training of the ANN and the needed memory to
accommodate all different cases needed for training and the extra memory needed
in case of increasing the number of hidden layers may affect both the simplicity
and the cost of the relay. Moreover, the ANN needs to be trained for each case
of application for its own specifications. Pattern recognition can be a powerful
tool to identify the type of current in power transformer protection, but more
sophisticated signal processing techniques are needed.

The nature of any electromagnetic transient that is likely to occur in power
systems is of short duration, non-periodic and with impulse superimposed [46].
The traditional tools of analyzing the frequency components of such transients
like the Fourier analysis assume periodicity. Even for the windowed version of
such tools, the analysis may not provide all the needed information due to the
non-periodic nature and the loss of time location of the extracted frequencies.
Any electromagnetic transient with the aforementioned natures can be viewed as
a signal composed of different frequency components that may not fall in linear
frequency divisions, that is, not only integer multiples of the fundamental fre-
quency. Although, a detailed review of the existing mathematical tools used in
power transformer protection is provided in the previous section, these tools are
based on the Fourier analysis and the decomposition of the current waveforms
into harmonic components. These waveforms have mostly periodic nature for the
case of fault currents, but dc offsets are created in the cases of magnetizing inrush
currents. The fast Fourier transform has been found to be the most effective for
real-time differential protection schemes of power transformers.

Another new alternative mathematical tool known as wavelet analysis has been
recently delegated, particularly in signal processing, pattern recognition and dis-
turbance classification areas. It is becoming quite evident that wavelet transforms

can handle both periodic and non-periodic signals with relative ease; it may be
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used for the precise and efficient protection of the modern power transformers
against transients, complex faults and magnetizing inrush currents.

Wavelets and wavelet transforms (WT) have recently emerged as a powerful
tool for signal processing in board fields of applications including power systems.
The applications in power systems include detection and classification of electro-
magnetic transients, power system protection, fault location and analysis of partial
discharge phenomenon in gas isolated switchgear (GIS) {47, 48]. There are several
papers presenting different aspects of applying wavelet analysis in power quality
assessment [48-51]. The reported papers for power transformer protection provide
simulations of the WT technique. There has been no on-line testing results for
the WT technique so far, which implies that there is still a wide scope of research
in this area.

The reported papers on applying wavelet transform in power system protection
are mainly deal with the application of the W'T's on a simulated data of different
faults and transients currents [52]. Youssef [53] developed a four levels of resolu-
tion wavelet transform-based scheme to distinguish between magnetizing inrush
and external fault currents. The scheme was simulated using Mathworks/MAT-
LAB on data obtained from the electromagnetic transient program (EMTP), and
provided simulation results. The scheme showed very fast distinguishing capabili-
ties, less computational burden and high reliability. However, it was neither tested
on data obtained from a real power transformer nor tested on a real power trans-
former. Pandy and Satish [54] developed a multiresolution signal decomposition
(MSD) method using discrete wavelet transform (DWT) to detect the internal
faults during impulse testing of three phase power transformers. The method was
simulated using Mathworks/MATLAB on a data representing the neutral current
obtained form a real power transformer. The results showed fast and accurate

detection of the faults during the impulse test. The method was tested off-line for
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typical internal faults ,but it was not tested oun-line for the conditions of a practi-
cal impulse testing. The previous works of the application of wavelet transform in
differential protection of power transformers have not been implemented for the
on-line testing yet, which indicates that there is ample scope of innovation and
development of a real-time wavelet based relay for differential protection of power

transformers.

1.3 Objective of This Thesis

There exist many digital techniques for differential protection of power transform-
ers, most of them are based on second and/or fifth harmonic restraint principle.
Others are based on voltage restraint principle and ANN techniques. However,
there have been reported works indicating that some internal faults might have
significant amount of second, fifth and higher harmonic components enough to
prevent the relay from proper functioning. In addition, the employment of the
low-loss amorphous core material in modern power transfbrmers that can produce
lower harmonic contents in the magnetizing inrush current, would make the appli-
cation of the harmonic restraint principle even more complex. On the other hand,
the voltage restraint principle is dependent on the parameters of the transformer,
where these might be subject to change under different operating conditions. The
use of ANN requires training data for different cases including several magnetizing
inrush and internal fault currents that need a large memory affecting the cost of
the relay. Moreover, increasing the number of hidden layers to increase the relia-
bility of the relaying algorithm may affect the speed of operation. The proposed
work of this thesis is an attempt to develop a differential protection scheme us-
ing wavelet packet transform (WPT), which has shown to exhibit many superior

features of analyzing non-stationary signals arising out of complex frequency-time
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relations, mainly non-periodic signals [46], in particular in electromagnetic tran-
sient detection and process of image-edge detection. Some of its advantages over
other analysis techniques like DFT include time information and realising non-
stationary signals comprising of both low and high frequency components through
using a variable length window. In addition, WPT can be implemented through
a multiresolution analysis (MA) providing higher frequency resolution and poor
time location at low frequencies. Reciprocally, it is able to provide poor frequency
resolution and accurate time location at high frequencies [49].

The problem of distinguishing between the magnetizing inrush and internal
fault currents can be considered as a problem of disturbance detection and clas-
sification with non-stationary nature of the processed signals. Thus, the WPT
technique seems to be adequate for developing a sophisticated solution for this
particular problem. The effective and efficient implementation of the WPT tech-
nique requires a proper selection of a mother wavelet. A new procedure has been
developed for selecting the mother wavelet and the optimal number of levels of
resolution necessary to create the WPT known as the minimum description length
(MDL) data [55]. A dedicated WPT with two levels of resolution has been created,
and the coefficients of the needed wavelet filter bank to construct the desired MA
has been obtained. The WPT-based algorithm has been tested both off-line and
on-line, and provided satisfactory results in terms of speed, accuracy, computa-
tional burden, independence of transformer or CT parameters, memory size and
reliability. The algorithm of WPT is implemented on-line with computer codes
written in Turbo C, compiled using Texas Instrument compiler and downloaded
to DSpace DS—1102 digital signal processor. Various operating conditions on two
different power transformers are investigated in this work including magnetizing

inrush, internal fault and through-fault currents.
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1.4 Outline of the Thesis

Chapter 2 describes the basic principle of three-phase power transformer differen-
tial protection. The magnetizing inrush phenomenon and the various factors that
should be considered when designing digital differential relay for power trans-
former differential protection. Also, two examples of differential protective relays
are presented, one is based on the harmonic analysis, while the other is based on
pattern recognition approach. In Chapter 3, the wavelets and wavelet transforms
are introduced, including the wavelet packet transform. Also, the selection of
the mother wavelet and the optimal number of levels of resolution using minimum
description length (MDL) data criterion are presented. Chapter 4 contains the ex-
perimental setup and data acquisition procedure for different power transformer
differential currents. Moreover, it contains the results of the off-line testings. Also,
chapter 4 provides the application of the MDL criterion to select both the opti-
mal mother wavelet and the number of levels of resolution. Chapter 5 presents
the real-time implementation of the WPT algorithm using the selected mother
wavelet and the number of levels of resolution along with details of the on-line
testing experimental setup. The tests procedures and on-line test results for a
5 kVA, three-phase, core type, step up power transformer are provided for dif-
ferent conditions of loading and energizing. The WPT algorithm with the same
experimental setup is tested on a 2 kVA, multi tap, three-phase, step down power
transformer, mainly to test the general applicability of the proposed algorithm.
The results for different faults under different loading and energizing conditions
are provided in chapter 6. Finally, the thesis is summarized and concluded in

Chapter 7 and the main contributions and future scope of this work are discussed.
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Chapter 2

Fundamentals of Differential

Protection in Power Transformers

Power transformers are considered one of the most essential elements in modern
power systems. The structure of such an element provides ruggedness that tends
to make it reliable under normal operating conditions. However, internal faults can
produce high currents with transient components that flow through the windings
and the iron core causing saturation in the iron core. Such conditions violate the
reliable features and can cause sever damages in both the faulty transformer and
other parts of the power system. The sequence of an internal fault leads to more
damages and critical impacts if immediate and proper action against the fault is
not initiated.

Differential current can provide quite significant information about the nature
of the current flowing through power transformer windings. Such informations
may include frequency contents, transient nature, periodicity, non-periodicity and
frequency-time relations (stationary or non-stationary nature). There are many
factors that should be considered when attempting to design differential protection

for power transformers such as magnetizing inrush current, over-excitation and CT
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saturation. In the following sections, these factors are described. Then the basic
differential relaying principles with typical operating examples are described. Two
techniques for digital differential relaying are presented in this chapter. These tech-
niques are: a conventional wide spread harmonic restraint technique and a modern
pattern recognition technique, that is implemented using an artificial neural net-

work (ANN).

2.1 Magnetizing Inrush Phenomenon in Power
Transformers

The main challenge in power transformer protection is to avoid false trip action
under the magnetizing inrush current, i.e. the ability of the relaying algorithm
to distinguish different magnetizing inrush currents from internal faults, external
faults and normal currents. The magnetizing inrush current can not be easily pre-
dicted and as a result, the characteristics of this type of current are very complex
and difficult to handle. Magnetizing inrush current is dependent on many factors
including the instant of connecting the supply to the power transformer, the resid-
ual flux, the type of winding connection (self and mutual inductances), core type
material and the type of relation between current and voltage. Moreover, such
characteristics change from single-phase to three-phase or single winding to multi
windings. The following subsections illustrate the magnetizing inrush phenomenon

in both single-phase and three-phase power transformers [44, 45].
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2.1.1 Magnetizing inrush current in single phase power
transformers

When a transformer is connected to a supply voltage under no-load steady-state
conditions, an exciting current flows through the primary windings producing
sufficient flux to induce a back EMF opposite to the applied voltage. This process
is known as the energization of the power transformer. The flux level reaches
1.6 Tesla (T) for a primary current of about 1% of the rated current. If the flux
level reaches 2 T , the iron core gets saturated and high current is required to
produce that flux level [1,2,44]. The flux usually remains in the iron core after the
transformer is de-energized, which is known as the residual flux. Thus, each time
the transformer is energized a transient saturation of the core and the residual Alux
takes place resulting in a high inrush current. The exciting current is also known
as the magnetizing inrush current that lags the applied voltage by 90°. Also, the
magnitude of this current depends on instant of energizing, magnitude, polarity of
the applied voltage and the rate of change of the applied voltage. Figure 2.1 shows
the relation between the applied voltage and the exciting current as a functions of
time. It is clear that the flux is proportional to the rate of change of the applied
voltage, also, if the instant of switching the supply voltage is at the positive zero
going position, the phase shift ¢ between the applied voltage and the flux will
be 90°, as shown in Figure 2.1(b). The worst conditions for excitation current is
when the supply voltage (sinusoidal) is switched on at zero voltage with positive
rate of change, and the residual flux is at its minimum possible value [3]. If B,
is the flux density of the residual flux and B,, is the peak value of the magnetic
flux density B(t), the magnetic ﬂux will have its maximum value when (¢ = 90°)
as shown in Figure 2.2 and when the residual flux is zero. The needed exciting
current to produce this amount of flux can be determined using the magnetizing

curve shown in Figure 2.3 [25,44].

26



e

—05F - e / T N A
. . A
-1 A e T~ \ > — e
15l o : : Exciting Current p.u |
] . Ll L e R ]
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035

i 1 l { 1
() 0.005 0.01 0.015 0.02 0.025 0.03 0.035
Time [sec])

Figure 2.1: The phase shift between applied voltage and magnetic flux, (a) the
applied voltage and the exciting current and (b) the magnetic flux without residual
flux

The instantaneous magnetic flux density can be expressed mathematically as [2]:
B(t) = —Bpcos(wt) + By + B, (2.1)

The iron core gets saturated when the magnetic flux density reaches a certain
value. Let B; be the flux density enough to saturate the iron core. The instant
when the flux density B(t) equals B;, can be determined on the flux curve from

equation (2.1), let the instant on the flux curve wt = # given as [2]

B; = —By,c0s(0) + Bm + B, (2.2)
B, + B, — B,
6 = cos™ [—-iT— (2.3)
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Figure 2.2: The effect of core saturation on exciting current, (a) the magnetic flux
with residual flux and (b) the exciting current (inrush)

The angular position 6 on the flux curve is known as the saturation angle. The

maximum duration of each cycle of the magnetizing inrush current is given as [3]

v = 2(180° — 6) (2.4)

The angle v increases as the magnitude of the inrush current decreases [3]. Figure
2.2 (b) shows computer simulation of the magnetizing inrush current in a single

phase power transformer.

2.1.2 Magnetizing inrush current in three-phase power

transformers

The analysis of inrush phenomenon in three-phase power transformers must in-

clude the mutual interaction of flux between the three phases, which complicates
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Figure 2.3: The magnetic saturation curve

this phenomenon. The core of a three-phase power transformer has a magnetic
flux which is a combination of the three phase fluxes. Additional factors that also
affect the magnetizing inrush current in three-phase power transformers, may in-
clude the type of connection and the level of residual Aux. Y-A connected power
transformer banks have a circulating current in A side, which has an effect on the
three phase currents, as a result, it affects the flux in the iron core. It is worth
mentioning that, the residual flux may not be the same in all the limbs of the
power transformer bank, causing some phases to get saturated before others. This
difference in residual flux in the three phases will increase the reluctance seen by
the limbs with lower residual flux resulting in a higher magnetizing inrush current
[2,3]. In the case of A-Y connected power transformers, there is no circulating
current and the transformer in this case can be considered as three single-phase
power transformers. The magnetic flux in this type of power transformers is pro-
duced by the three phase fluxes and the residual flux. In general, the magnetizing

inrush current in three-phase power transformers has a quite high magnitude that
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may become as high as a typical internal fault current magnitude [3,44]. Figures
2.4-2.6 show the effects of different residual flux on the magnetic flux and the

magnetizing inrush currents in the three phases.
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Figure 2.4: Magnetic Flux and Exciting current in Phase (a)

2.1.3 Over-excitation

The steady state magnetic flux density has a normal operating range, but certain
changes in the operating conditions may produce magnetic flux density higher than
the normal range. Such operating conditions that may cause the magnetic flux
density to exceed its normal range include external faults causing high currents to
flow through power transformers, over-voltage, decrease in the supply frequency
and/or mal-operation of tap-changing service [44,45]. All the aforementioned

conditions cause high currents with transient components to flow through power
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Figure 2.5: Magnetic Flux and Exciting current in Phase (b)

transformers that can be categorized in some severe situations as fault currents.
The transient nature of the currents involved in over-exciting conditions may be
enough to initiate a trip signal by conventional harmonic restraint differential

relays.

2.1.4 Current transformer saturation

Current transformers are essential instruments needed for practical implementa-
tion of different protection apparatus, where the fault and inrush currents, usually
of high magnitudes, can be transformed to a suitable level for the relaying parts
and for data acquisition instruments. When faults take place in power transform-
ers, high magnitude currents flow through the primary side of CTs with slow-
decaying large dc components causing saturation. The fault and CT saturation

affect the current flowing in the secondary side of the CT producing spill conse-
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Figure 2.6: Magnetic Flux and Exciting in Phase (c)

quent differential current to flow through the protective relay. Many other factors
can cause CT saturation, such as voltage level, turns ratio, mismatch of CTs, ete.
The percentage differential relays are designed to minimize the probability of relay

mal-operation due to current transformers saturation [45].

2.2 Basic Principles of Differential Protection

The fundamental function of a differential relay for power transformer protec-
tion includes converting the primary and the secondary per phase currents into
a common base for comparison purposes. These per phase currents can not be
converted directly, rather, they have to be stepped down first using current trans-
formers(CTs). The desired current is measured if the CTs are connected with
the matching polarities. In steady-state conditions, the differential current is

very small that is less than 5% of the full load current of the power transformer.
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However, under transient conditions (magnetizing inrush, internal faults or se-
vere over-excitation) differential current rises up to 10-20 times the steady-state
differential current value [2].

In three-phase power transformers, the connection of the CTs is dependent on
the connection of the power transformer windings. For A-Y or Y-A transformer
banks, the CTs are connected in opposite order. For example, in A-Y transformer
banks, the CTs of the primary are connected in Y, while the CT's of the secohdary
are connected in A. Such opposite order in connecting the CT's is made to block
the zero-sequence current in line currents and to account for the 30° phase shift
introduced by A-Y or Y-A connections of the transformer windings. The primary
ratings of current transformers should match the rated primary and secondary
currents of the power transformer. Figure 2.7 shows the difference between correct

and incorrect connections of CTs.
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lo=0 Io l
el i
AT %
Y-Y CTs
Connection ?
Io=0 lo=0
O ——T
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Figure 2.7: Transformer CTs Connection for a A-Y Transformer Bank, with Two
Possibilities Y-Y and Y-A
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If the protection is implemented for a power transformer with on-line tap-
changer, special attention must be paid to incorporate the bias feature if the
low-fault settings and high speed functioning are required.

The simplest design of a differential relay is the unbiased differential relay
shown in Figure 2.8. If the CTs on both sides of the power transformers are con-
sidered identical. Therefore, the differential current under steady-state is ideally
zero or very small and can be neglected. When an internal fault takes place, the
difference between currents will not remain negligible and a differential current will
flow through the operating coil causing a trip signal to be initiated. The unbiased
relay does not have high reliability, since a differential current may flow through
the operating coil due to the saturation characteristics of CT and/or highly un-
balanced loads. To reduce the effect of CT characteristics on the operation of
the unbiased relay, a modified design has been proposed known as the percentage
differential relay. The proposed modification is simply to employ two restraining
coils in order to allow certain percentage of the differential current to flow through
the operating coil without relay operation. This percentage differential current can
be caused by CT: characteristics, unbalanced load currents or CT saturation un-
der heavy external faults. A small percentage of bias is effective to avoid relay
mal-function under current transformer errors, protective circuit asymmetry and
normal magnetizing inrush currents of the protected power transformer. In case
of protecting tap-changer transformers, higher percentages are required to prevent
relay mal-operation under significant imbalance currents of the protected trans-
former. The magnetizing inrush current has a peak value about 10 times the rated
current after energizing the transformer. If such a high amplitude current flows
through the normal percentage differential relay, it becomes enough to operate the
relay and a trip signal may be initiated. This mal-operation makes the percentage

bias relay insufficient to ensure high reliable operation.
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One of the most used techniques to deal effectively with high magnetizing in-

rush currents is the harmonic restraint principle, as shown in Figure 2.8. Many

I § SR

3¢

RC RC

OoC

Figure 2.8: A percentage Differential Relay with Restraining Coils

research works have been conducted to analyze both the magnetizing inrush and
internal fault currents in power transformers. It has been found that the magne-
tizing inrush current contains a significant amount of the second, fifth and higher
harmonics that are higher than the internal or normal currents. The harmonic
restraint relay has been implemented even before the introduction of the digital
relays. The simplest design of this type of differential relays employs two filters,
one of them is responsible of extracting the fundamental component of the differ-
ential current and allow it to flow through the operating coil. The second filter is
responsible of extracting the other harmonic components of the differential current
and allow them to flow through the restraining coils. Early designs of this relay
used simple L-C tuned circuits. The structure of this type of relay is shown in
Figure 2.9. A typical harmonic restraint variable percentage differential relay [1]
uses two L-C analog filters, where one of these filters is responsible for passing
the second harmonic to the restraint coil (RC) to block the relay from operation

under currents containing high second harmenic component, which is likely to be
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Figure 2.9: Typical Harmonic Restrained Percentage Differential relay [1]

magnetizing inrush current. The other filter is responsible for blocking the second
harmonic from flowing through the operating coil (OC) of the protective relay,
while passing the fundamental and other harmonic components, which usually ex-
ist in internal fault currents to activate the relay when there are such currents. It
is worth mentioning that this type of differential relays contains a mixing trans-
former to combine the three differential currents flowing out of the differential
circuit [1]. The analog filters are being generally replaced by digital filters due to
their inherent advantages like design flexibility, high reliability, accuracy and high

speed response.
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2.3 Digital Differential Protective Relays

Modern protective differential relays are implemented digitally where the relay-
ing functions are realized through software rather than hardware. The software
relaying functions use algorithms mainly to carry out a harmonic analysis. As
mentioned in Chapter 1, Discrete Fourier Transform (DFT) was found to be the
optimal algorithm for implementing digital harmonic restraint differential relay for
power transformer protection. Qther principles had been used like pattern recogni-
tion realized through Artificial Neural Network (ANN) algorithm, flux and voltage
restraints, transformer parameters during the final reduction, etc. {2,25,45]. In
the following subsection the DFT algorithm is illustrated along with its imple-

mentation and an example of a harmonic restraint differential relay.

2.3.1 Discrete Fourier Transform

Ramamoorthy proposed the DFT approach [25], which states that the fundamental
component of a voltage or current signals can be obtained by correlating a stored
samples of reference basis functions (sine and cosine functions). This approach is
basically developed from the Fourier series. In general, any periodic signal f(t)
with finite number of discontinuities over an interval of [0, 7] can be decomposed

to its sine and cosine components as.

flit)= % i Cicos(kwt) + Sgsin(kwt) (2.5)
k=1
where
2oz [ s (2.6)
%/ (t)sin{kwt)dt (2.7)
%/ t)cos(kwt)dt (2.8)



ay is the average value or the dc component present in f(t), and Sk, Cy are the
sine and cosine coefficients of the different frequencies present in f(t), respectively.
In case of non-periodic signals (like the currents with transient components for
protection purposes), the windowed DFT is used. If the signal is sampled with
sampling interval of At, such that there are N/At samples per cycle, then the

DFT basis function coefficients can be represented as.

S = %zz[n]sin (27;5”) (2.9)
Oy = %gm[n]cos (2’;5") (2.10)

The Fourier harmonic coeflicients can be expressed as.

Fy = /82 + C? (2.11)

where Fy is the kth harmonic Fourier coefficient, ¥ = 1,2, ..., N and z[n] is the

sampled sequence of the continuous signal f(¢).

2.3.2 Implementing DFT algorithm for transformer pro-

tection

The DFT is one of the best methods to extract the frequency components of
any periodic signal. Also for the non-periodic signals the windowed DFT can be
used. The sine and cosine coefficients of DFT can be modeled as coefficients of a
discrete frequency selective-filter. In the application of DFT for power transformer
protection, three filters are being used to extract the fundamental, second and
fifth harmonics, i.e to evaluate F}, F,, F5. These coefficients have been used to
identify magnetizing inrush, over-exciting and internal fault currents according

to their ratios. If the ratio Fy/F; is higher than 17.7%, magnetizing current is
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decleared, while a trip signal indicating an internal fault is initiated if the ratio falls
below 17.7%. The ratio F3/F) is employed to distinguish between over-exciting
and internal fault currents. If the ratio Fs/F; is higher than 24.2% the relay is
restrained and over-exciting current is decleared, otherwise it declears an internal
fault.

In power transformer protection, accurate and quick distinguish between mag-
netizing inrush and internal fault currents is still a challenge. The DFT is one of
the most applied algorithms in digital percentage harmonic restraint differential
relays. However, modern transformers with low-loss amorphous core materials are
able to produce magnetizing inrush currents with low second harmonic component,
which complicates the application of DFT algorithm. Moreover, DFT algorithm
is powerful tool for extracting the integer-multiples of the fundamental frequency
in periodic signals, and other frequency components (non-integer-multiples) will
either be attenuated or they will not affect the evaluation of Fourier harmonic

coeflicients.

2.3.3 Pattern recognition using artificial neural network

(ANN) technique

There have been many research works on applications of neural networks, in par-
ticular, for pattern recognition applications. ANN has an advantage in this con-
text, which is the non-algorithmic parallel distributed architecture for information
processing. For power transformer protection, the problem can be formulated as
current pattern recognition [2]. In the case of implementing the ANN technique,
first, the case has to be stated, that is to formulate the inputs and outputs to the
neural network, second, the network has to be trained for these inputs and the
desired outputs. The network is trained to give input-output patterns when there

is an input propagating from the input layer to the processing (hidden) layer and
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finally to the output layer. The processing or hidden layer consists of processing
units, each of them receives a net sum from the input layer and then the net sum is
passed through the unit itself with its transfer function. For a given input pattern
Xp = {Xp1, Xp2, ..., Xpn], the input to the jth processing unit in the hidden layer

is given as [45]

Z

sumb, = WX+ B (2.12)
i=1

1

where the subscript p and subscript h refers to pattern and hidden layer respec-
tively, WJ’: are the weights associated with the connection between the input layer
and the hidden layer and B;‘ are the biases associated with the input layer neuron.
The output of this processing unit in the hidden layer is just applying the transfer

function of that particular unit to the net-sum sump; as [2,45]
L = f*(sumb;) (2.13)

The output of the hidden layer propagates towards the output layer, where the

output of the k** processing unit of the output layer is given as [45]
L
sumo, =y Weilp; + BR (2.14)
j=1

where the subscript o refers to the output layer, W, are the weights associated
with the connections between the hidden layer and the output layer and By are
the biases associated with the hidden layer neurons. The final output is obtained
when the output layer net-sum sum, is passed through the transfer function of
the k¥ processing unit of the output layer given as [2,45]

Op = f2(sumy) (2.15)

vk
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This output Oy is compared to the desired output 7, and depending on the error
the weight of each connection and the bias of each processing unit are updated.
To update the weights and biases, delta rule is employed and a cost function can

be defined as [2, 45]
1
Ey, = 9 Z (Tpr — Opk)2 (2.16)
k

The objective of training the ANN is to minimize the cost function. Steepest de-
scent method is used stating that the changes in weight and biases are proportional

to negative the rate of change of the cost function that is given as [45].

_ 4E,
sWE,

AWgs o (2.17)
where ¢ is called the error terms of layers. The final relation for the update is

stated in terms of equality instead of proportionality as

AWE = nop Ip; (2.18)

Equation 2.18 is for one layer (output layer) and it should be generalized for all
layers. The constant 7 is called the learning rate and is chosen by trial and error.
The value of n7 can show the learning process, high values can indicate fast learning,
while small values indicate slow learning process.

When this technique is applied for differential protection, the inputs are the
samples of the three-phase differential currents. The ANN was trained using data
obtained from the transformer to be protected. All the possible types of cur-
rents including many magnetizing inrush currents (loaded, unloaded and different
switching angles), internal faults (loaded and unloaded), normal current and over-
excitation currents. Then this data is windowed by a 16 samples window. Each

sample is converted to its absolute value and compared with a predefined threshold
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depending on the full load current of the protected transformer. If the absolute
value of the current sample is below the threshold, then the sample is turned into
‘0’, otherwise it is given a value of ‘1’. Then each pattern becomes 16-bit binary
number, among the possible (2! = 65536) different combinations, the inrush and
fault currents would not have taken the same possible combinations [2]. Finally
some redundant data are removed resulting in magnetizing inrush nd internal fault
currents patterns only. These patterns are compared each time there is a differ-
ential current. Once the input and target vectors are ready, the ANN is trained
with specific momentum and adaptive learning rate [2,44].

Training the ANN makes it ready for testing, and when this technique is imple-
mented using DSP DS1102 board, the results were quite good in terms of speed
of operation, that is, the fault is identified with almost ‘0.6’ cycle based on 60
Hz systems. In [45], there is a detail design of an ANN based differential relay.
However, this technique needs a lot of data files to train the ANN, and considering
accuracy, the number of hidden layers must be increased to improve the accuracy,
more memory is needed to accommodate the weights and biases for the new layers,
and as a result, many trials are needed to determine the learning rate, so as to
improve the functionality of the ANN. Moreover, this technique is dependent on
the currents flowing to recognize the pattern, and a threshold is defined based on

the normal full-load current which may be not equal to the operating current.

2.3.4 Signal processing using wavelet functions

The recent development of wavelets and wavelet transforms as powerful tools for
processing non-periodic and non-stationary signals provides a new opportunity for
accurate and quick analysis of the frequencies present in any signal. Distinguish
between magnetizing inrush and internal fault currents can be considered a dis-

turbance detection and classification problem, where wavelet transforms seem to
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provide a good solution. In the next chapter, a close insight of wavelet families,
types and characteristics, companion scaling function, wavelet transforms includ-
ing continuous, discrete and the wavelet packet transforms are introduced. Also,
the concept of multireolution analysis along with the needed filter banks are pro-
vided. In addition, the minimum description length (MDL) data criteria to select

both the optimal mother wavelet and number of levels of resolutions is illustrated.
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Chapter 3

Wavelets and Wavelet Transforms

Signal processing is a very important topic, and the search for proper techniques
is one of the most attractive areas of research in a board band of applications
like communication systems, control systems, power systems, etc. There are
many working techniques including Fourier transforms, Laplace transform and
Z-transform. These techniques work well when the processed signal satisfies cer-
tain conditions such as finite energy, periodicity, stationarity and finite number of
discontinuities [46,47]. In processing any signal, it is desirable and often neces-
sary to apply a frequency-time based analysis techniques in an attempt to extract
all the frequency components including the transient components present in the
processed signal, in addition, to preserve their location in time. This in turn
can help in identifying the phenomenon producing signals with such frequency-
time characteristics. Signal processing has many applications in power systems.
Voltage stability, power systems dynamic stability, fault detection, protective re-
laying systems and power quality assessment are just few examples that show the
need for accurate and efficient techniques of signal representation [52]. In general,
signal processing is needed in conditions involving disturbances that affect the

stable operating conditions, and since the power system elements have oscillatory
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nature, these disturbances are likely to contain transient components. Typical
transients that may take place in power systems are of non-periodic nature with
both high-frequency oscillations and very short-duration impulses superimposed
on the much lower frequency components of the signal (usually current and/or
voltage are considered). Such characteristics create a problem for the traditional
techniques to process these signals, and the need for a technique to overcome the
limitations of the traditional techniques becomes more mandatory. Wavelets with
their characteristics and capabilities of processing signals with complex frequency-
time relations seem to be a proper solution for problems including processing such
signals.

This chapter provides a detailed view of the wavelets, scaling functions and
the different types of wavelet transforms. Also, it introduces the multiresolution
analysis along with conditions of implementing this analysis, and the concept of
quadrature mirror filter banks. Finally, it shows a method for selecting both
the optimal mother wavelet and the number of levels of resolution.The following

section introduces wavelets, their types and characteristics.

3.1 Wavelets and Wavelet Functions

A wavelet is a “little” wave in the sense of having short duration with finite en-
ergy and fast decaying behavior in time. In addition, wavelets have an oscillating
feature that comes along with the location in time and frequency. These basic
transient features of any wavelet make wavelets highly adequate for signals repre-
sentation [46]. Some wavelets (Mother Wavelet) ¥(t), have a companion function
called the scaling function ¢(t), which is responsible for generating all the basis
functions needed to represent any signal, i.e. to either decompose or reconstruct

any signal. The scaling function has the following properties [56].
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e compact support, which indicates that the value of scaling function is zero

outside the interval of support [to, ¢5] of the mother wavelet, that is (¢(¢) =0

for t ¢ [ty, ts])

e averaging which guarantees an average value of the scaling function to be

‘1" over the region of support
ts
/ $(t)dt = 1 (3.1)
to

e orthogonality, which ensures the orthogonality property of all the translates

of ¢(t), or ¢(t — m,) are orthogonal to ¢(t — me) where my,ms € Z

o regularity which guarantees that constant and linear functions can be regen-

erated by ¢(¢) and its translates

The term ““Mother” implies that functions with different region of support that
are used in the transformation process are derived from one main function. The
region of support is defined as an interval [tg, ¢,] of the smallest length outside of
which, the mother wavelet 1(t) vanishes identically.

A basis of a vector space V is a set of linearly independent vectors, such that
any vector A in V can be Written as a linear combination of these basis vectors.
There may be more than one basis for a vector space. However, all of them have
the same number of vectors, and this number is known as the dimension of the
vector space. For example in four-dimensional space, the basis will have four

vectors as [56].

4
A= Kb (3.2)
k=1

where ¢ are the corresponding coefficients and ¥ are basis vectors of space V.
This concept, given in terms of vectors, can easily be generalized to functions

by replacing the basis vectors by with basis functions ¢, (¢), and the vector A
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with a function f(¢). These basis functions may be polynomials or any other
type of functions - in case of Fourier transform, the basis functions are complex
exponentials. The expression of any function f(f) in space V using the basis

functions can be stated as [56].

f(t) = ;c';m(t) o (33)

Any wavelet has a number of vanishing points (m), and its scaling function
(if exists) should have the capability of generating polynomials of degree (p) such
that p < m. A level of resolution refers to one translation of the mother wavelet
frequency band. Such translation will produce an other wavelet, which is a shifted
scaled copy of the wavelet in the previous level of resolution. The new generated
wavelet is known as Daughter Wavelet . At each level, where a daughter wavelet
can be generated, the scaling function related to the mother wavelet generates the

basis functions of that level. This property is given as [53].
$in(t) =279 p(2t — k)G k€ Z (3.4)

where 7 is the level of resolution and k is the dimension of the function space at
level 5 [53]. The relation between the generated wavelet at level j, and the mother

wavelet is given as [53].

, t—2k\
) =2 (57 )ik e 2 5
There are different types of wavelets whose qualities vary according to several
criteria. The main criteria are [56,59].

1. The support of 9 or 12 (its dual wavelet) and ¢ or ) ( the scaling func-

tion related to the dual wavelet) guarantees the speed of convergence to
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zero of these functions ((t) and ¢(¢) or ¥(t) and $(t)) when the time ¢ or
the frequency f goes to inﬁnity, which quantifies both time and frequency

localizations

2. The number of vanishing points for 1 or for ¢ (if it exists), which is useful

for compression purposes

3. The regularity, which is useful for getting nice features, like smoothness
of the reconstructed signal or image, and for the estimated function in a

nonlinear regression analysis

Wavelets can be classified into two main types, orthogonal and non-orthogonal.

The next subsections give an explanation of the main properties of each type.

3.1.1 Orthogonal wavelets

Orthogonal wavelets are the wavelets with a scaling function ¢(¢) capable of gener-
ating orthogonal basis functions at each level of resolution. These basis functions
created through shifting by integers and dilation by 27, are orthogonal to the
mother wavelet ¢(t). The orthogonal wavelets have to meet the orthogonality

conditions, which are given as [53-55]:

¢ Inner-product of the mother wavelet with itself is unity

| wwd =1 (3.6)

¢ Inner products of mother wavelet and any other basis function are zero

JARZCIIOL A (7)
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There are several examples of orthogonal wavelets including Daubechies family,
Meyer, Coiflet, B — splines biorthogonal wavelets and Symlet [59]. Orthogonal
wavelets are more popular in different applications including image processing,

disturbance detection and classification, denoising, etc., due to [56,59]:
e Perfect representation of a signal without redundancy
e Good for compression, relatively simple and numerically stable
e Each coefficient is computed with a single scalar product

The Daubechies wavelet family is the best example of orthogonal wavelets.
These wavelets (a part from the Haar wavelet) do not have linear phase, and they
have problems at the edges of signals (the start and end points of signals), and the
boundaries of the interval of support, since the analysis requires that the signal
is defined outside the region of support. Traditionally, this problem has been
solved by zero-padding, wrap-around or reflection, but all of these options impose
a particular choice, which degrades the wavelet decomposition at the edges of the
signal [47,48]. Figure.3.1 (a) shows the Daubechies (db4) wavelet and Figure.3.1
(b) shows the Symlet (sym4) wavelet.

In case of biorthogonal wavelets, which use spline wavelet function 1, (t) at
level j and shifted by m/27 and wj,,;(t) as dual for ¥; ,,(¢) wavelets, the number
of vanishing points is maximized for a given extent of their support. The spline
function candidates for building biorthogonal wavelets have to satisfy the following

condition given as [56, 57, 59]

(Bim(t), Ysm(t)) = 6( — §)é(m — m) (3.8)

One of the most interesting properties of biorthogonal wavelets is that, all the

generated basis functions are compactly supported at all levels of resolution.
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Figure 3.1: Orthogonal Mother wavelets (a) the Daubechies [db4] wavelet and (b)
the Symlet [symd] wavelet

3.1.2 Non-orthogonal wavelets

Some wavelets have a scaling function which generates basis functions that are not
polynormials, or some wavelets don’t have a scaling functions (like Morlet wavelet).
Such wavelets are categorized as nonorthogonal wavelets [56]. Nonorthogonal
wavelets also known as Crude wavelets, which include Gaussian Wavelets
(Gaus), Morlet, Mexican Hat (mezihat), Complex Gaussian wavelets, complex
Morlet wavelets, complex Shannon wavelets, complexr frequency B — spline
wavelets [59].

The main properties of the nonorthogonal wavelets include the following: (i)
some of the non-orthogonal wavelets do not have a scaling function ¢, (ii) the
analysis is not orthogonal and (74¢) the mother wavelet 1) and its bases are not

compactly supported and the reconstruction property is not insured. It is worth
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mentioning that for the wavelets which do not have a scaling function, the analysis
is carried out using wavelet bases [58].

The main difference between orthogonal and non-orthogonal wavelets, is that
non-orthogonal wavelet systems provide a good balance between regularity and
reduced support, while the orthogonal wavelets are more symmetric and smooth.
Also, they must be truncated to achieve finite support [57]. However, non-
orthogonal wavelets have complicated algorithms to carry out the wavelet analysis.

Figure. 3.2 (a) shows the Morlet wavelet and Figure.3.1 (b) shows the MaxicanHat

(mezhatd) wavelet
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Figure 3.2: Nonorthogonal Mother wavelets, (a) the Morlet wavelet and (b) the
Mexican Hat wavelet
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3.2 Wavelet Transforms

The wavelet transform procedures are carried out to adopt a wavelet prototype
function (the mother wavelet) to the processed signal. Temporal analysis is per-
formed with a contracted high-frequency version of the mother wavelet, while fre-
quency analysis is performed with a dilated, low-frequency version of the mother
wavelet. The original signal or function can be represented in terms of a wavelet
expansion (using coefficients in a linear combination of a set of basis functions gen-
erated by the scaling function). In general, wavelet transform provides the time
and frequency information simultaneously; hence, giving a frequency-time repre-
sentation of the processed signal through passing the time-domain signal from
various high pass and low pass filters, which filters out either high frequency or
low frequency portions of the processed signal. This procedure is repeated and
every time some portion of the signal corresponding to some frequency is being
removed from the signal.

The wavelet transforms like any other transform can be applied to both con-
tinuous and discrete signals. In the following subsections, the different forms of

wavelet transforms along with their mathematical forms are introduced .

3.2.1 Continuous wavelet transform

The continuous wavelet transform (CWT) was developed as an alternative ap-
proach to the short time Fourier transform (STFT) to overcome the resolution
problem. The wavelet analysis is done in a similar way to the STFT analysis, in
the sense that the signal is multiplied by a function, the mother wavelet, similar
to the window function in the STFT, and the transform is computed separately
for different segments of the time-domain signal. However, there are two main

differences between the STFT and the CWT [56].
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¢ The Fourier transforms of the windowed signals are not taken, and therefore
single peak will be seen corresponding to a sinusoid, i.e., negative frequencies

are not computed.

¢ The width of the window is changed as the transform is computed for every
single spectral component, which is probably the most significant character-
istic of the wavelet transform, while the window width is fixed in the case of

STFT.

The continuous wavelet transform of a continuous signal z(t) using the mother

wavelet 1)(t) is defined as [53].
CWT? = U(a,b) = — [atew (t—‘_”) dt (3.9)
lal .

As seen in equation (3.9) , the transformed signal is a function of two variables,
namely a that represents the scale factor and b which represents the translation.
The translation is related to the location of the window, as the window is shifted
through the signal. This term, obviously, corresponds to time information in the
transform domain. The parameter scale in the wavelet transform is similar to the
scale used in geographical maps, where high scales correspond to a non-detailed
global view (of the signal), and low scales correspond to a detailed view. Similarly,
in terms of frequency, low frequencies (high scales) correspond to a global informa-
tion of a signal (that usually spans the entire signal), whereas high frequencies (low
scales) correspond to a detailed information of a hidden pattern in the signal (that
usually lasts a relatively short time). Scaling, as a mathematical operation, either
dilates or compresses a signal. Larger scales correspond to dilated (or stretched
out) signals and small scales correspond to compressed signals. However, in the
definition of the wavelet transform, the scaling term is used in the denominator,

and therefore, the opposite of the above statements holds, i.e., scales a > 1 dilates
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the signals whereas scales a < 1, compresses the signal. This interpretation of
scale will be used throughout this thesis.

All the windows used are the dilated (or compressed) and shifted versions of the
mother wavelet. Once the mother wavelet is selected the computation starts with
a = 1 and the continuous wavelet transform is computed for all values of a, which
may be smaller and/or larger than 1. However, depending on the signal, a complete
transform is usually not necessary. For practical purposes, the signals are usually
band limited, and therefore, computation of the transform for a limited interval
of scales is usually adequate. For convenience, the procedure will start from scale
a = 1 and will continue for increasing values of q, i.e., the analysis will start from
highest frequency component in the time-domain signal and proceed towards low
frequencies. This first value of a corresponds to the most compressed wavelet, and
as the value of a is increased, the wavelet will dilate. The wavelet is placed at
the beginning of the signal at the point which corresponds to time (t = 0) The
wavelet function at scale 1 is multiplied by the signal and then integrated over the
region of support. The result of the integration is then multiplied by the constant
number 1/ \/m . This multiplication is for energy normalization purposes so that
the transformed signal will have the same energy at every scale. The final result is
the value of the transformation, i.e., the value of the continuous wavelet transform
at time (¢ = 0) and scale a = 1 . In other words, it is the value that corresponds
to the point & = 0, a = 1 in the frequency-time plane.

The wavelet at scale a = 1 is then shifted towards the right by b to the location
t = b, and the above equation is computed to get the transform value at t = b,
a = 1 in the frequency-time plane. This procedure is repeated until the wavelet
reaches the end of the signal. One row of points on the time-scale plane for the
scale a = 1 is now completed. Then, a is increased by a small value. Since it is a

continuous transform, both b and @ must be incremented continuously . Figure 3.3
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shows a hierarchy of a wavelet transform for fixed translation and variable scaling
for j =0,1,2 (the scale @ = 277) and b = 0 (the translation) producing 1; ¢, using
the Daubechies [db4] mother wavelet [59].
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Figure 3.3: The Two-Level Wavelet Transform Using Daubechies [db4] Wavelet

If this transform needs to be computed by a computer, then both parameters
are increased by a sufficiently small step size. Every computation for a given
value of a fills the corresponding single row of the time-scale plane. When the
process is completed for all desired values of a, the continuous wavelet transform
of the signal has been calculated. The definition of the CWT shows that the
wavelet transform is a measure of similarity between the wavelet bases (daughter
wavelets) and the processed signal itself. Here the similarity is in the sense of

similar frequency content. The calculated CWT coefficients refer to the closeness
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of the signal to the wavelet at the current scale (level of resolution). If the signal
has a major component of the frequency corresponding to the current scale, then
the daughter wavelet (the window function) at the current scale will be similar
or close to the signal at that particular location where this frequency component
occurs, Therefore, the CW'T coefficient computed at this point in the time-scale

plane will be a relatively large number.

3.2.2 Discrete wavelet transform

The main idea of the discrete wavelet transform (DWT) is the same as it is in
the CWT, a time-scale representation of a digital signal using digital filtering
techniques. The continuous wavelet transform was computed by changing the
scale of the analysis window, shifting the window in time, multiplying by the
signal, and integrating over the region of support of the mother wavelet. In the
discrete case, filters of different cutoff frequencies are used to analyze the signal
at different scales. The signal is passed through a series of high pass filters to
analyze the high frequencies, and through a series of low pass filters to analyze
the low frequencies. The resolution of the signal, which is a measure of the amount
of detail information in the signal, is changed by the filtering operations, and the
scale is changed by downsampling operations. Downsampling a signal corresponds
to reduce the sampling rate, or remove some of the samples of the signal. For
example, downsampling by two refers to dropping every other sample of the signal.
Downsampling by a factor n reduces the number of samples in the signal n times
[53, 54].

The procedure starts with passing the signal (sequenée of data) z[n] through a
half band digital lowpass filter with impulse response ¢g[n| and a half band digital
highpass filter with impulse response h[n]. Filtering a signal corresponds to the

mathematical operation of convolution of the signal with the impulse response of
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the filter. The convolution operation in discrete time is defined as [56]

o) *Glnl = S 2KGln — K] (3.10)

k=-00

where G[n| is the impulse response of a filter or any other time-invariant system.
The unit of the frequency is of a particular importance in this transform. In dis-
crete signals, frequency is expressed in terms of radians. Accordingly, the sampling
frequency of the signal is equal to 27 radians in terms of radian frequency. There-
fore, the highest frequency component that exists in a signal will be 7 radians,
if the signal is sampled at Nyquist rate (which is twice the maximum frequency
that exists in the signal); that is, the Nyquist rate corresponds to 7 rad/s in the
discrete frequency domain [55]. The DWT analyzes the signal at different fre-
quency bands with different resolutions by decomposing the signal into a coarse
approximation and detail information. The DWT employs two sets of functions,
called scaling functions and wavelet functions, which are associated with low pass
and highpass filters, respectively. The original signal z[n| is first passed through
a halfband highpass filter A[n] and a lowpass filter g[n] [46,47]. One important
property of the discrete wavelet transform is the relationship between the impulse
respouses of the highpass and lowpass filters and they are not independent of each

other, rather they are related by the following expression [46]
h[L -1 —-n] = (-1)"g[n| (3.11)

where L is the filter length (dimension). The two filters are odd index alternately
reversed versions of each other. Lowpass to highpass conversion is provided by
the (—1)" term. Filters satisfying this condition are commonly used in signal
processing, and they are known as the Quadrature Mirror Filters (QMF) bank.

This filter bank structure is illustrated later in this chapter.
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After the filtering, half of the samples can be eliminated according to the
Nyquists rule, since the signal now has the highest frequency of 7 /2 radians in-
stead of m . The signal can therefore be downsampled by 2, simply by discarding
every other sample. This constitutes one level of decomposition and can mathe-

matically be expressed as [54]:

difn] = > z[k]h[2n — k] (3.12)
alln] = > z[k|g[2n — K] (3.13)

k
where dfn] is the output of the halfband highpass filter known as details and ‘1’
refers to the first level of resolution, and a[n] is the output of the halfband lowpass
filter known as approzrimations and ‘1’ refers to the first level of resolution as
well. The frequencies that are most prominent in the original signal will appear as
high amplitudes in that region of the DWT signal which includes those particular
frequencies. The difference of this transform from the Fourier transform is that
the time localization of these frequencies will not be lost [46,48]. However, the
time localization will have a resolution that depends on which level they appear.
If the main information of the signal lies in high frequencies, as it happens most
often, the time localization of these frequencies will be more precise, since they
are characterized by more number of samples. If the main information lies only
at very low frequencies, the time localization will not be very precise, since few
samples are used to express signal at these frequencies. This procedure in effect
offers a good time resolution at high frequencies, and good frequency resolution
at low frequencies [56]. The DWT has a decomposition tree shown in Figure 3.4
that erploys the halfband highpass filters H and haliband lowpass filters G as

basic steps in the decomposition process.
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Figure 3.4: Decomposition of The signal f[n] by DWT

3.2.3 Wavelet packet transform

The wavelet Packet Transform (WPT) is a generalized version of the discrete
wavelet transform in a way that each level of resolution (also known as octave)
J consists of 27 boxes, generated by a tree of lowpass and highpass filter opera-
tions. Therefore, the frequency bandwidth of a box decreases with growing octave
number. In other words, with increasing octave number the frequency resolution
becomes higher while the time resolution is reduced. Starting with the signal z[n]
with length NV, the first level decomposition will produce d*[N/2] and a'[N/2] as
the discrete wavelet transform. The second level decomposition will produce four
subbands due to the decomposition of both d*|N/2] and a'[N/2] using the same
set of filters in the case of DWT or the same mother wavelet in case of CW'T. These
four subbands are aa®[N/4], ad®[N/4], da®[N/4] and dd?[N/4]. Thus the ordinary
discrete wavelet decomposition is a subtree of the wavelet packet decomposition.

The main advantage of WPT over both the CWT and DWT is better, more ac-
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curate and more detailed representation of the decomposed signals. Also, wavelet
packet basis functions are localized in time offering better signal approximation
and decomposition. These basis functions are generated from one base function

at scale s, oscillation ¢ and location b given as [54]
Wsep = 2?W, (277 (n — b)) (3.14)

In wavelet packet analysis, a signal f[n] is represented as a sum of orthogonal
wavelet packet basis functions w5 at different scale s, oscillation ¢ and location
b given as [54]

f[n] = Z Z ;ws,c,bws,c,b[n] (315)

The most recent application of WPT is in pattern recognition, particularly in
transient detection that is much simpler task than the generalized pattern recog-
nition case. This task can be achieved using matched filters, whose coefficients
are determined from wavelet bases, which can provide the least entropy. On the
other hand, WPT has many applications mainly in image processing, denoising
and edge detection [54]. The WPT has a decomposition tree shown in Fig. 3.5

that employs the DWT as part of its general decomposition process [54, 57].

3.3 Multiresolution Analysis

Multiresolution analysis (MRA) and wavelet transforms (WT) are new frequency-
time analysis tools that have been developed in recent years, and they are widely
used in digital signal processing (DSP) applications. These approaches make sense
especially when the signal at hand has high frequency components for short du-

rations and low frequency components for long durations. A function or a signal
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Figure 3.5: Decomposition of the signal f[n] by WPT

can be viewed as a composition of a smooth background (approximations a(t))
and fluctuations (details d(t)) on top of it. The distinction between the smooth
part and the details is determined by the resolution, that is, by the scale below
which the details of a signal can not be discerned. At a given resolution, a signal
is approximated by ignoring all fluctuations below that scale. At each stage of the
increase in resolutioﬁ, finer details are added to the coarser description, providing
a successively better approximation to the signal. Eventually, when the resolution
goes to infinity, we recover the exact signal. The above approach to this kind of
description can be made more precise by considering a signal f(t) composed as
[56, 57].
o o0
F8) =220;(0) + 20 d5(2) (3.16)
=1 j=1
The effective implementation of multiresolution analysis has four requirements

given as [55-57].
1. The multiresolution analysis involves a decomposition of the function space
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into a sequence of subspaces, and each subspace must be contained in the
higher subspaces. This requirement implies that a new level of resolution
can be created by dilating the mother wavelet without any loss of informa-
tion in the decomposed signal, and also to ensure orthogonality of the basis

functions at all levels of resolutions.

2. As the resolution gets coarser and coarser, more and more details are re-
moved in such a way that as j — oo, only a constant frequency component

remains

3. All the spaces V; are scaled versions of the central space Vp, that is, if z(t)
does not contain any fluctuations (transient components)at scales smaller

than 1/27, then z(2t) will not contain any fluctuations at scale smaller than

1/2j+1

4. If the signal z(t) € V; and do all its integer shifts x(t — m), then all the
subspaces V; are shift-invariance. Conditions 3 and 4 deal with the dilation
and translation of signals, and both imply that if z(t) € Vp, then z(27t—m) €
V;

The requirements of the multiresolution analysis ensure the ability of the scaling
function ¢(t) to generate orthogonal basis functions at each level of resolution.
In the case of the continuous wavelet transform, the MRA is implemented
through the correlation between the mother wavelet at different scales and the
signal with the scale (or the frequency) being used as a measure of similarity. In
DWT case, filters of different cutoff frequencies are used to analyze the signal
at different scales. The signal is passed through a series of high pass ﬁlters‘ to
analyze the high frequencies, and it is passed through a series of low pass filters
to analyze the low frequencies. As was stated before, the cascade filtering of

the signal at different scales produces details (output of high pass filters) and
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approximations (the output of low pass filters). Such a structure can perform a
multiresolution analysis (MRA). The case of DWT implies that digital filters are
used, and downsampling is used to change the frequency band at each resolution
4. The next subsection illustrates the digital filtering procedure in implementing

MRA for the case of discrete wavelet transform.

3.3.1 Quadrature mirror filter banks

An orthonormal wavelet basis function of L2(R) is formed by dilating and trans-

lating the mother wavelet ¢[n| given as [54]
Vinln] =272 Tn — klsj k€ Z (3.17)

The mother wavelet usually has m vanishing points and satisfies the following

two-scale difference equation given as [54]
L-1

P[] =v2Y hep[2n — k] (3.18)
k=0

The companion scaling function ¢[n] for the mother wavelet 1[n] can generate a
set of orthonormal compactly supported basis functions in L?(R) as well, which
are given as [54]

$ikln] = 277727 n — k], ke Z (3.19)

Based on the fact that scaling function property of having an average of ‘1’ over

the region of support, it satisfies a two-scale difference equation given as [54]

L-1
dln] = V2 > ged2n — k] (3.20)

k=0

Since both the wavelet bases and the basis functions satisfy the requirements

needed to form a MRA, then the discrete wavelet analysis is a MRA. On the other
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hand, the two coefficient sets h; and g; have the same finite length L for a certain
wavelet bases, where L is related te the number of vanishing points of ¥[n]. For
example, L = 2m for the case of Daubechies wavelet family. The MRA is basically
decomposing a signal to transients details and fine approximations depending on
the similarity to the used wavelet at each level of resolution, then the coefficients
hi and gr represent filter set coefficients. On the assumption that transients
represent the high frequency components in the signal, the set {ht}ig15 1 1
represents a highpass filtering function and {gx};—q,, _;_; represents a lowpass
filtering function. This filter set is known as Quadrature Mirror Filter (QMF)
banks. The coefficients hy and g are not independent of each other, rather they

are related by the relation given as [54, 57].

b = (=1)fg, ;6 =0,1,2,...., L — 1 (3.21)

These particular digital filter structures allow signals to be divided into fre-
quency sub-bands and decimated without any loss of information. The main

advantages of this filter bank are [47, 48]

e The localization of quantization noise into the frequency sub-bands that

prevents noise interference between the bands

e The enabling of bit resource allocation to the frequency sub-bands signals

according to certain spectral criteria

e Since both Hy(jw) and Gi(jw) have linear phase, the system introduces no

phase distortion

The basic process of QMF filtering is designed to overcome the effect of non
ideal transition-band and stop-bands filtering. The non-zero signal energy in the

transition and stop bands is reflected back into the pass-band. The interpolation
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process at the receiver usually causes aliasing in conventional filter banks. This
aliasing is eliminated in QMF banks during reconstruction of the signal, thus
allowing accurate reconstruction. In addition, in the QMF banks each filter is
described using a minimal set of parameters which are directly related to the zeros
of the filter. This property permits to construct filters with any preassigned set of
zeros in the stopband. In particular, filters are constructed such that for each fixed
order, the maximally flat filters are generated by wavelets that have maximum
number of vanishing points (like biorthogonal and orthogonal wavelets) [47, 58, 59)].
Moreover, the QMF banks have a specified minimum stopband attenuation of
the composite magnitude-frequency response, in other words, they have minimum
stopband attenuation for the individual filters in the QMF banks. The QMF banks
still have real coefficients and almost linear phase even with a mother wavelet
that is asymmetric [59]. In this context, the orthogonal wavelets are capable
of constructing finite impulse respouse (FIR) filters [47]. Figure 3.6 shows the

structure of a typical two stages QMF filter bank for both analysis and synthesis.

3.4 Selection of the Mother Wavelet

The most attractive features of the wavelet theory over other signal processing
theories are the multiresolution analysis and the frequency-time localization. The
wavelet analysis admits a nonuniform bandwidths, such that the bandwidth is
higher at higher frequencies, making it possible to implement the wavelet analysis
through different levels of decimation in a filter bank. The wavelet basis functions
are generated by dilating and shifting the mother wavelet 1(t). The wavelet
function is not unique and its design can be related to the design of a power

symmetric FIR lowpass filter. Obviously, different mother wavelets are capable

65



hin)
hln] | .
Inl . xEnJ
" hcl;ﬂ] gs[n] :
! gird '@ il——@-— gind
| :
o[n] hind -
ANALYSIS [;r\\J/TETE S;S
LEVEL 1 ]

ANALYSIS SYNTHESIS
LEVEL 2 LEVELL

Figure 3.6: Two Level Typical Analysis-Synthesis Quadrature Mirror Filter Bank

of producing different FIR. filters. However, appropriate selection of the mother
wavelet for signal representation can maximize the advantages of this technique.
Diﬁerent wavelets are suitable for different signals representation or approximation
[60]. If the selected wavelet function contains enough information about the signal,
then the multiresolution analysis will be simplified in terms of the required number
of levels and the computational complexity [54, 60].

The key for optimal wavelet function selection lies in the appropriate
parametrization and the adequate performance measure, in addition to the ac-
curate interpretation of the physical phenomenon [60]. A particular setup for the
problem of selecting the mother wavelet can be defined as the selection of orthonor-
mal discrete basis function with compact support, which helps in implementing
the wavelet transform using digital computers. Such compactness provides means
of isolation and detection of signals at certain region, which has proved useful in

many applications of signal processing [54, 56, 59].
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3.4.1 Best-basis selection

The best-basis function selection allows optimal signal representation and mini-
mize the required number of levels of resolution, resulting in less computational
efforts. The determination of the best-basis functions or the wavelet coeflicients,
namely the details and approximations are to be calculated to a desired level de-
pending on the nature of the signal being represented. Then the entropy can be
used to measure the efficiency of these basis functions. The entropy of a signal

z[n] = [zg, T4, .., Zy-1] is defined as [54].
N-1
H(z) =~ 3 |2a|’ log|z,|* (3.22)

The best-basis or the wavelet coefficients are those capable of providing the mini-
mum entropy or maximum information for their distribution [54,60]. To determine
the optimal number of levels of resolution, the entropy is evaluated at each level,

when there is a new level j such that [54].
H(z); 2 H(2); (3.23)

then the level j is redundant and can be omitted, this indicates that the multires-

olution analysis up to level j — 1 is enough to represent the signal z{n] [54].

3.4.2 Minimum description length criterion

The minimum description length (MDL) criterion is an approach to select the
optimal number of wavelet coeflicients to be retained for the signal reconstruction.
The MDL method is free from any parameter settings or thresholding, which
makes it adequate for data compression and denoising applications [54, 58,’ 60]. The

algorithm for this approach is basically picking a function known as MDL(k, n)
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index defined for a signal z[n] as [54] .

(&)

1’.7j

N
MDL,(k,j) = min {g—log(N) + -2—log l

}2} (3.24)

Oz —Q

where 0 < k < N which represents the length of the signal z[n}, 1 £ 7 < M the
total number of wavelet filters (levels of resolution) used for the decomposition of

the signal z[n], o5 ; = W, jz[n] denotes to the vector of decomposition coefficients

*)

of z[n] up to level 5, a5 = 8™ W, jz[n} denotes to the vector that contains k non-
zero elements and ©® is the hard-thresholding operation that keeps the & largest
elements of o ; in absolute value intact and set all other elements to zero [54].
The vectors o5 ; and agfj)- have to be normalized by oz ;|| so that the magnitude
of each coefficient in «; ; and ozgfj)- vectors is strictly less than 1. The first term
of the MDL index represents the penalty function that is increasing linearly with
the number of the retained wavelet coefficients k, while the second term describes
the logarithmic energy residual between ag ; and afrkj) It should be noted that the
residual energy decreases as k increases. The number of coefficients & for which
the MDL function reaches its minimum value, is considered as an optimal one.
The wavelet filters can be optimized using the MDL criterion as well. It should
be noted that a wavelet filter which is optimal for a signal, is not necessarily the
best for another type of signals [54, 60].

The application of the MDL for the case WPT is employed for transformer
protection with real data from the protected transformer, along with the selection
of the optimal mother wavelet are provided in the next chapter. The off-line

testings using the selected mother wavelet and the optimal number of levels of

resolution are also provided in chapter 4.
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Chapter 4

Data Acquisition and Mother

Wavelet Selection

This chapter provides an overview of the experimental setup for data acquisition
to test the wavelet packet based-technique. The collected data are mainly used for
off-line téstings and for applying the minimum description length (MDL) criterion
to select the mother wavelet, and also to determine the optimal number of levels of
resolution needed to identify the type of currents flowing through the power trans-
former. The selection of the mother wavelet may be done using simulated data,
but the actual data is necessary for accurate selection. Moreover, the sampling
imperfections (like jumps which may be considered as transients) should be taken
into consideration when optimizing the number of the needed levels of resolutions.
Therefore, reliable and real data are needed for accurate application of the MDL.
The selection of a mother wavelet 1(t) is based on selecting a mother wavelet, out
of available orthogonal or nonorthogonal mother wavelets, which has the minimum
MDL index. Once the mother wavelet is selected, the optimal number of levels of
resolution can be determined.

The experimental setup for data acquisition, transformer connection with cur-
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rent transformers, sampling the differential current and the interface with the PC
are explained first. Then, the procedure for applying the MDL criterion on the
collected data both to select the mother wavelet and to determine the optimal
nuruber of levels of resolution is provided. Finally, the selected mother wavelet for
the wavelet packet transform along with the optimal number of levels of resolution
are tested off-line using Mathworks / MATLAB on the collected data from one

of the two protected three-phase power transformers.

4.1 Experimental Setup and Data Acquisition

One of the initial and important steps in this work is to setup the protected trans-
former with all the necessary instrumentations to accurately collect the needed
data. The needed data consist mainly of different magnetizing inrush (loaded, un-
loaded and for different switching angles) and internal fault currents (both primary
and secondary phase to ground, phase to phase and three phase). The collected
data are to be employed for selecting both the mother wavelet and the optimal
number of levels of resolution. In addition, they are to be used for off-line test-
ings of the proposed wavelet packet-based protection technique. In this work, a 5
kVA, 230/550-575-600 V, A-Y, core type, 60Hz three-phase laboratory prototype
power transformer and a 2kVA, 127-220/31.8-42-63.5 V, A-Y, 50Hz, multi-tap
three-phase power transformer are to be protected. However, all the data are col-
lected from the core type 5 kVA power transformer. The experimental setup is
shown in Figure 4.1. As mentioned in chapter 1, the current transformers (CTs)
are connected in an opposite order to the power transformer winding connection,
to step down both the primary and the secondary currents. Three identical CTs
are connected in Y on the A connected primary side of power transformer, while

another three identical CTs are connected in A on the Y-connected secondary side
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of the power transformer. The ratios of the primary side CTs and the secondary
side CTs are chosen in a manner that guarantees a negligible value (approximately
zero) of the differential current under steady-state operating conditions. The dif-
ferential current is measured at point ‘Q’ in Figure 4.1 in all the data acquisitions
throughout all steps in this work. The differential current is collected using Tek-
tronics 2212 storage digital oscilloscope, which samples the data at sampling rate
(fs) of 10 kHz. In the following subsections the different types of current data

collections are explained along with the data collection procedure.

4.1.1 Magnetizing inrush current data acquisition

Magnetizing inrush current depends on many factors, such as, the residual mag-
netisim, loading conditions of power transformer and the switching angle ~. These
aforementioned factors can vary the waveform of the magnetizing inrush current,
thus, the effect of these factors has to be considered when acquiring different mag-
netizing inrush currents data. To acquire the data for magnetizing inrush current,
the power transformer is energized at random (different values of v) for both the
loaded and the unloaded conditions. For the loaded conditions throughout this
work, a three-phase Y-connected resistive and inductive loads are used.

The current waveform obtained froin the secondary side of the CT's as in Figure
4.1, using current probes, is stored in the digital oscilloscope after being sampled,
then downloaded to a personal computer (PC) through a serial bus. The software
package Grab 2212 is used to download the collected waveforms from the oscil-
loscope, and convert them to data files for further processing. For each case of
acquiring a current waveform, three identical TRIAC switches provide a contact
between the voltage source and the power transformer. These TRIAC switches
are controlled by a triggering circuit constructed mainly from pulse-generator IC’s

(555 timers), which is activated by a single push-button switch. The circuit dia-
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- gram is shown in Figure 4.2. The contact is made for a short time (almost 5 cycles

based on 60 Hz systems) such that the data files would have a reasonable size.
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Figure 4.2: The Triggering Circuit Connection, R1= 100 k2, C1=1 uF, R2=10kS2,
C2=0.01 pF and T=1.1R1C1= 0.1 sec

4.1.2 Internal fault currents data

There are large number of different types of internal faults that a power trans-
former may experience. Different faults may occur either before or after energizing
the power transformer, or with both load and no-load conditions. The different

internal faults considered for data acquisition in this work include:
1. Primary side faults:
¢ single phase to ground fault unloaded and before energization
¢ single phase to ground fault unloaded and after energization

¢ gsingle phase to ground fault loaded and before energization

¢ single phase to ground fault loaded and after energization
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¢ phase to phase fault loaded and before energization

¢ phase to phase fault loaded and after energization

2. Secondary side faults:

e single phase to ground fault loaded and after energization

between taps loaded and after energization

between taps loaded and before energization

phase to phase fault loaded and after energization

three-phase to ground fault loaded and after energization

For each case of the collected current waveforms, the data are stored in a
separate file for further processing. In all the collected internal fault currents
data, the duration of the fault was ensured to be less than 5 cycles to prevent any
damage of power transformer windings or other instruments. Also, the supply line
voltage was set to 50 V to reduce the fault current so as to avoid any damage to
the power transformer. In addition, high fault currents may cause CT saturation,
but still this effect has to be considered for reliable differential relay testing.

It should be noted that in case of normal or through-fault currents, the power
transformer was energized before the data was collected.

In the next chapter, the experimental setup for the on-line testings, which is
very close to the setup for data acquisition, along with more cases of internal fault

currents, will be detailed.

74



4.2 The Selection of the Mother Wavelet and the
Optimal Number of Levels of Resolution

At this stage, the data files are ready and they can be used for selecting both the
mother wavelet and the optimal number of levels of resolution. As mentioned in
chapter 3, the mother wavelet can be selected from many known wavelets both of
orthogonal and nonorthogonal types. In the next subsections, the MDL criterion
is applied on the collected data, initially to select the mother wavelet. Once the
mother wavelet is selected, the MDL criterion is applied again to determine the

optimal number of levels of resolution using the selected mother wavelet.

4.2.1 Selecting the mother wavelet

There are several known wavelets including the orthogonal wavelets (Daubechies
family, Coiflet family, Meyer and Symlet family), biorthogonal wavelets (mainly
the B-spline biorthogonal wavelet family) and the nonorthogonal wavelets (Morlet,
Gaussian and Mexican Hat). According to equation (3.24), the MDL index is
calculated after the wavelet coefficients are determined. The wavelet coefficients

can be determined using the following relation [51,53, 56]
a = Wyz[n| (4.1)

where, W, is an orthogonal square matrix contains the row basis vectors. the
row basis vectors are specified by numbers known as wavelet and scaling filter
coefficients generated according to the mother wavelet . In other words, the
elements of the square matrix Wy, are the coeflicients of the discrete wavelet se-
ries. The elements of W, can then be determined by discretizing the continuous

wavelet transform CWT. In this work, the elements of W, are determined using
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the Mathworks MATLAB/Wavelet Toolbox for each candidate mother wavelet.
When the matrix Wy, is ready for all the candidate mother wavelets, the MDL
criterion can be applied to the collected data with each of the candidate mother

wavelets using equation (3.24). The candidate mother wavelets for this work are:
e Orthogonal Wavelet Families

1. Daubechies (db4)

]

. Coiflet (coif4)

o

. Symlet (Sym4)

B

. B-Spline (bior2.2)

o

. Meyer
e Nonorthogonal Wavelet Families

1. Morlet

2. Gaussian (gausd)

The MDL is applied for each candidate mother wavelet with three types of
collected data, which are normal full load current representing a through-fault
current, primary single phase-to-ground fault and unloaded magnetizing inrush
currents. The coefficients are calculated up to the second level of resolution for
each candidate wavelet. The results of evaluating the MDL index for the normal
current data are provided in Table 4.1.

The evaluations of the MDL index for the unloaded magnetizing inrush current
data are provided in Table 4.2

The evaluations of the MDL index for the primary side single phase-to-ground
fault current data are provided in Table 4.3

Tables 4.1 through 4.3 show the MDL index evaluated for the three types of real

data representing three different current waveforms. The evaluation of the MDL
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Mother Wavelet | MDL(1) | MDL(2)
coif4 6.4993 | 6.5010
db4 5.7926 | 6.4153
symd 5.9773 | 6.4357
bior2.2 6.3351 6.3897
Morlet 6.4410 6.5064
gausd 6.5973 6.2569
Meyer 6.2313 | 6.1491

Table 4.1: Two Levels MDL Index Evaluations for Normal Current Data

Mother Wavelet | MDL(1) | MDL(2)

coifd 6.7977 | 6.7702

db4 6.5349 6.7488

symd 6.5953 | 6.7564
bior2.2 6.7433 | 6.7511
Morlet 6.7847 | 6.7900
gausd 6.8185 | 6.6858
Meyer 6.6985 | 6.6617

Table 4.2: Two Levels MDL Index Evaluations for Unloaded Magnetizing Inrush
Current Data

indices shows that the Daubechies wavelet family has the smallest MDL indices
for the three types of current data. Moreover, the MDL indices for the second
level of resolution also are small, but not the smallest for the three tested current
data. Based on the first level MDL index, the Daubechies mother wavelet can be
employed to carry out a MRA with the highest degree of similarity between the
approximations and the original signal [54]. In other words, the approximations
can contain most of the information about the signal when moving from a lower
level of resolution to a higher one. The Daubechies mother wavelet is selected
to be employed in all the wavelet transforms needed for both the off-line and the

on-line testing of the proposed algorithm.
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Mother Wavelet | MDL(1) | MDL(2)

coif4 6.5680 | 6.5848

db4 5.8842 | 6.5044

sym4 6.0645 6.5187
bior2.2 6.4018 6.4639
Morlet 6.5082 6.5973
gausd 6.6579 | 6.3949
Meyer 6.3036 | 6.2246

Table 4.3: Two Levels MDL Index Evaluations for Primary Side Single Phase-to-
Ground Fault Current Data

4.2.2 The optimal number of levels of resolution

The optimal number of levels of resolution indicates the minimum number of
changing the scale during the MRA without violating the synthesis of the de-
composed signal. The number of levels can provide information about the signal
frequency components, or the nature of the high frequency components superim-
posed on a signal. This condition for the minimum number of scaling has an effect
on the computations to decompose the signal, and can provide the ability to real-
ize the MRA. The determination of the optimal number of levels of resolution can
be done using the MDL criterion, once the mother wavelet is selected. As men-
tioned in chapter 3, the MDL criterion states that the optimal level of resolution
Jj is reached when MDL(j) < MDL(j + 1). Applying this criterion on the same
current data that are used to select the mother wavelet using the selected mother
wavelet up to the 4% level of resolution, gives the MDL indecies as provided in
Table 4.4.

From the values of the MDL index, the first levels have the lowest values.
These low values of MDL(1) are due to to the jumps of the data at the switching
instant and some missing data. Thus, MDL(1) may not provide accurate indi-

cation. However, evaluating the MDL index at the second and higher levels of

78



Current Data MDL(1) | MDL(2) | MDL(3) | MDL(4)
Normal 5.7926 | 6.4153 | 6.8642 7.5342
Unloaded Inrush 6.5349 6.7488 7.0649 7.6231
Primary Side SPG Fault | 5.8842 | 6.5044 | 7.0045 7.3569

Table 4.4: Four Levels MDL Index Evaluations Using Daubechies Mother Wavelet
(db4)

resolution will always include more detailed representation of the signal. It is to
be noted that, at higher levels the values of MDL index tend to decrease (MDL(2)
< MDL(3) < MDL(4)). According to Table 4.4, the second level of resolution is
selected as the optimal level of resolution for the wavelet packet-based differen-
tial relay algorithm. Figures 4.3 through 4.8 provide the time location diagrams
of the wavelet packet coefficients representing first level details (d'), and both
second level details (da?) and (dd?) for different current data using the selected
mother wavelet. These figures clearly show the existence of the (dd?) in all cases
of internal fault currents data, and its absence in both cases of magnetizing inrush
and normal current data.

These diagrams give the basic approach of applying the WPT in power trans-
former protection, where the needed informations can be obtained from the second
level details dd?. This information can be thought of as signatures, which are able
to provide accurate and reliable diagnosis of the differential current. In other
words, such information provide the basic step in constructing the desired distur-

bance classifier.
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4.3 The Proposed Disturbance Detector and
Classifier

The current approaches of power transformer protection are mainly dependent on
harmonic analysis pattern recognition. The harmonic analysis approach employs.
various algorithms to calculate the 2 harmonic and some times the 5% harmonic.
In general, these algorithms are based on Fourier analysis, which applies a linear
noun-localized frequency subdivision. In addition, the Fourier analysis requires
the signals to have periodicity and stationarity. The pattern recognition approach
employs different algorithms that have large dependence on the loading conditions
of the power transformer and transformer parameters. Among these algorithms
are the ANN, fuzzy logic and voltage and flux restraints. The pattern recognition
approach requires a lot of data for training and large memory, as a result, the
response is not fast enough.

The proposed WPT approach employs an MRA using localized basis functions.
This type of analysis is capable of carrying out non-linear localized frequency-
time analysis. In addition, it does not require any pre-defined thresholds for
any disturbance detection and classification. The sub-band frequency structure
extracted using the MRA can provide the needed features to detect and classify
any disturbance a power transformer may experience. The disturbances likely to
occur in power transformers are with transient components that decays quickly,
as a result, the desired features are located in the high frequencies present in
the differential current. The proposed WPT algorithm is to construct the high
frequency sub-bands such that the disturbances can be detected and classified. The
previous section showed that both the magnetizing inrush and normal (through-
fault) currents have zero valued coefficients in the second level highest frequency

sub-band.
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4.3.1 Implementing the Wavelet Packet Transform

As mentioned in Chapter 3, the wavelet packet transform (WPT) is a direct ex-
pansion of the conventional discrete wavelet transforms (DWT). The needed sig-
natures to identify the type of current or to recognize the current pattern flowing
in the power transformer can be obtained by feature extraction technique. The
feature extraction technique is simply done by taking the wavelet packet transform
of the differential current samples for an optimal number of levels of resolution,
where the WPT coeflicient corresponding to high energy will be presented in the
next level of resolution. In addition, important features for signal classification are
characterized by local information in both time and frequency domains. This fact
is true particularly for signals with transient components. Thus, the frequency-
time relationship implying the localization of all frequencies in time provides an
effective settings for extracting different features of the analyzed disturbance. The
extraction of these features can provide an efficient tool for recognizing and clas-
sifying the investigated disturbance. This feature of the WPT will provide the
second level of resolution only with the frequency components which contains in-
formation about the type of the differential current. Using this technique, each
current will have certain frequency components present in the second level of res-
olution, which provides an identification tool for any current flowing through the
transformer.

The frequency components can be extracted from the details (outputs of high
pass filters). In WPT, there are two types of details at each level of resolution,
first type is provided by high pass filtering the approximations of the previous
level of resolution (da’), and the other type is provided by high pass filtering the
details of the previous level of resolution (dd”). The (dd’) details contain frequency
components with more or less the shortest duration and highest transient com-

ponents. The evaluation of the WPT coefficients in the second level of resolution
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provides an accurate and effective classification tool for the disturbances in power
transformer case. The values of these coefficients are zero for all cases of normal
and magnetizing inrush currents, while these coeflicients have a value other than
zero for all the cases of internal fault currents.

The flowchart of the WPT algorithm is shown in Figure 4.9 using the coeffi-
cients of both the high pass filters and low pass filters obtained from the selected

mother wavelet (Daubechies). The filters coefficients are given as [59]

{hs}={ ~0.23 0.72 —0.63 —0.03 0.19 0.03 —0.03 ~o.o1} (4.2)

{gs}={ —0.01 0.03 0.03 —0.19 —0.03 0.63 0.72 0.230} (4.3)

4.4 Off-Line Testing of Wavelet Packet-Based
Algorithm

At this stage, the mother wavelet has been selected as the Daubechies (db4).
Moreover, the optimal number of levels of resolution has been determined as 2.
The algorithm is ready to be tested on the data collected from the three-phase 5
kVA core type power transformer. The desired off-line testing will include different
magnetizing inrush currents, different internal fault currents and normal operating
current. Figure 4.10 shows the case of normal current data, that was taken long
after the energization of the power transformer. This current represents a through-
fault case and it is clear that WPT algorithm has responded accurately by keeping
the status of the trip signal unchanged. Figure 4.11 shows the case of unloaded
magnetizing inrush current and again the WPT algorithm has identified the inrush
current and a trip signal status is not changed. Figure 4.12 shows the case of loaded
magnetizing inrush current and it is clear that the WPT algorithm identified it

and again no change in the status of the trip signal. Many fault currents data
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were collected. Figure 4.13 shows a primary side loaded phase to phase fault that
happened long after the power transformer was energized, and it is clear that the
WPT algorithm is capable of identifying the fault in less than quarter a cycle
and the status of the trip signal is changed. Figure 4.14 shows the three-phase
to ground unloaded fault occurred before the transformer was energized, and the
WPT responded by initiating a trip signal in less than quarter a cycle based on
60Hz system. Figure 4.15 shows the case of secondary single phase to ground fault
with load before energizing the transformer and the response of the WPT which
is capable of recognizing the fault case and initiating a trip signal in less than
quarter a cycle (within 2-3 ms) based on a 60 Hz system.

Although many current data were collected and tested off-line, some of the
results represehting different patterns with major different frequency components
were shown in the previous section. The off-line testings have demonstrated quite
encouraging results, where different currents flowing through the power trans-
former were identified in less than quarter a cycle. In all the cases of fault currents,
the trip signal declaring a fault was initiated in less than quarter a cycle regard-
less of the existence of the magnetizing inrush effect in some cases. The WPT
algorithm has provided high accuracy, small computational burden and powerful
capability of identifying the type of current signatures. The next stage of this
work is to test the WPT algorithm on-line, which will be detailed in the next two
chapters. The experimental setup for the on-line testings, the realization of the
WPT algorithm and all cases of currents that may flow through a power trans-
former will be provided in the next two chapters for two different three-phase

power transformers.
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Figure 4.10: The Three-Phase Currents for the Case of Normal Load Current
After the Transformer Has Been Energized and the WPT Response Signal
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Figure 4.11: The Three-Phase Currents for the Case of Unloaded Magnetizing
Inrush Current and the WPT Response Signal
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Chapter 5

On-Line Testing of the Wavelet

Packet-Based Algorithm

The simulations of the wavelet packet transform (WPT)-based protection tech-
nique in chapter 4 showed encouraging results, where all the different types of
currents flowing through the power transformer were accurately identified. The
on-line testing of the proposed technique is an integral part of this work. The first
step required to test the technique on line is the development of an experimental
setup, will includes both hardware and software components. The hardware in-
cludes in addition to the setup used for data acquisition presented in chapter 4,
the connection of the interface with the dSpace Digital Signal Processor (DSP)
board model DS1102, which is responsible for executing the WP'T' algorithm and
initiating the trip signal (WPT response signal). Moreover, another set of TRIAC
switches is needed to carry out the disconnection of the supply voltage in case of
any fault. Finally, the software part is required for implementing the WPT-based
algorithm. Prior to providing the complete setup to be used for the on-line test-
ing, a typical digital relaying scheme is ilustrated in the following section, then

the detailed experimental setup is described, and finally, the on-line test results
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for different types of currents that may flow through a power transformer are

provided.

5.1 A Typical Digital Relaying Scheme

A stand alone digital relay has two main parts; the first is the hardware and the
second one is the software. The functional block diagram representing a typical
digital relay is shown in Figure 5.1. The hardware usually has the following
features [38,42-45].

1. Data acquisition capability, where current and/or voltage data are required
depending on the relaying algorithm. Therefore, current transformers (CTs)

and/or potential transformers (PTs) are included with suitable turns ratios.

2. In some cases, the analog inputs have to be low pass filtered before sampling
to avoid aliasing due to transient components superimposed on the desired

analog input.

3. The sampling frequency must satisfy the Nyquist rate, such that, the sam-
pling frequency must be greater than or equal to twice the highest frequency
component of the sampled signal. Moreover, when considering the sampling
frequency, it should be noted that the sampling frequency should not be so
high to avoid overflow of the computations within the digital signal proces-

SOr.

For the case of implementing a wavelet packet transform, a multiresolution
analysis is involved, which has downsampling operations, which creates more con-
cerns about selecting the sampling frequency. However, for the case of on-line

testing the sampling rate was selected to be 10 kHz.
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Figure 5.1: Functional Block Diagram of a Typical Digital Relaying Scheme
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5.2 Experimental Setup for On-line Testings

As mentioned in chapter 4 and recalling the functional capabilities any digital relay
should have, the experimental setup developed for data acquisition can be the basic
setup for on-line testings. However, additional hardware has to be connected. The
DSP DS-1102 has to carry out the computations and send a trip signal in the case
of any internal fault. This trip signal (WPT response signal) can be responsible for
removing the trigger signal of another set of TRIAC switches connected in series
with the power transformer. Also, for the case of testing the proposed technique
on conditions of loaded faults, a TRIAC switch is to added in series with the fault

connection. Figure 5.2 shows the complete experimental setup for on-line testings.

5.3 Real Time Implementation of the Wavelet
Packet Transform

The WPT-based algorithm is tested on a 5 kVA, A-Y, 230/550-575-600 V, 60Hz,
core type three-phase prototype laboratory power transformer and on a 2kVA, A-
Y, 127-220/31.8-42-63.5 V, 50Hz, multi-tap three-phase power transformer. In this
chapter, the test results for the 5 kVA core type power transformer are provided,
while the test results of the 2 kVA multi-tap power transformer are provided in
the next chapter. The complete relaying scheme consists of both the hardware
and software. The processing of the differential current is done by the WPT
algorithm using the DSP board DS-1102. A program written in Turbo C language
is developed for this purpose, where the the wavelet packet transform (WPT) is
applied to the samples of the differential current using the selected mother wavelet

(Daubechies db4), then the details are downsampled by 2 and the WPT is applied
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again. Finally, the second level details are checked to identify the current type.
Figure 5.3 shows the block diagram of the proposed WPT algorithm.

‘When the DSP DS-1102 is started, it continuously samples the differential cur-
rent at a sampling frequency of 10 kHz using a built-in analog-to-digital converter
(ADC). The samples of differential current are sent to the memory of the DSP
board by the host PC. The samples of the three phase differential currents are
squared and summed into one sample, then they are placed in a circular buffer of
size 16 and stored in a vector z of length 16 such that the previous 16 sample
is automatically dropped off the butfer and the vector z is updated. Each time a
new sample is read from the ADC port, a discrete 16-sample circular convolution
is applied to the samples vector with the high pass filter coefficients described in
chapter 4. The high pass filtering produces first level details, and those details
are downsampled by 2 to perform the frequency scaling step. Finally a discrete 8-
sample circular convolution is applied again with the same filter coeflicients. The
second discrete circular convolution operation produces the second level details.
Their absolute values are compared to zero to identify the type of the current
pattern flowing in the power transformer. If the absolute values of the second
level details exceed zero, then a fault is declared and a trip signal is initiated. The
trip signal can be taken from the digital to analog converter (DAC) port. Figure
5.3 shows the flowchart of the WPT-based algorithm.

5.4 On-line Test Results

One of the most attractive features of Wavelet transforms is the reduced compu-
tational burden [47,54,57]. To achieve more reduction in computational burden
for the power transformer protection application, the three-phase differential cur-

rent samples are prepared using an unbiased method [2,45], where the samples
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of the three phases are squared and summed to produce one vector of samples
z[n], which will be processed by the wavelet packet transform (WPT). Although,
there are other methods to prepare the samples for application of‘ the WPT, such
as applying the WPT to three vectors representing the three phases differential
current samples. These methods increase the computational burden and affect
the sampling frequency. Both methods were tested, and the unbiased method was
found to have less computational burden and it will be used for all the on-line

testings through out this work.

5.4.1 Magnetizing inrush current

The magnetizing inrush currents tested in this work included many cases with a
random switching to test for both the positive and negative inrush currents for

the following conditions:
1. no-load condition
2. loaded conditions

¢ balanced resistive load
e unbalanced resistive load
e balanced R-L load

e unbalanced R-L load

Many tests were carried out for the aforementioned cases, and the WPT-based
protection algorithm never generated a trip signal. Sample results are provided
in Figures 5.4 and 5.5. The results of other test results for cases of balanced and
unbalanced (R-L) and resistive loads are provided in Appendix Al. It was found
from all these figures that even with a high differential current magnitude, the

WPT is capable of recognizing it as a non-fault condition. In all these Figures, no
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trip signal is initiated, as shown with the three-phase differential currents. It is
worth mentioning that during hundreds of random switchings of the transformer,
neither the direction nor the shape of the magnetizing inrush current waveforms are
predictable. However, both the direction and the shape of the magnetizing inrush
current did not affect the ability of the WPT to recognize the magnetizing inrush
current. The magnetizing inrush current waveforms for the loaded conditions
usually have a quite different shape from those for the unloaded cases. Moreover,
the (R-L) load cases are not the same as the resistive loaded cases. Nevertheless,
the WPT had no problem recognizing them as magnetizing inrush currents, and
the trip signal remained high ensuring no false trip of the circuit breaker in all
tests that were carried out. It should be noted that the faults outside the CT zones
of each phase of the protected power transformer are considered as through-fault

currents. Thus, no trip signal was initiated for any fault outside the CT zones.

5.4.2 Internal fault currents

Many internal faults are investigated as an integral part of this work to test the
WPT-based algorithm response for different faults under conditions of loading and
energizing. All the fault tests were performed for the following four combinations
(i) for fault occurrence without a load before energizing, (ii) without a load after
energizing, (iii) with a load before energizing and (iv) with a load after energizing.
All the fault tests were performed by connecting the two points involved in the
considered fault. Four conditions were tested for fault occurrence without a load
before energizing, without a load after energizing, with a load before energizing
and with a load after energizing. These different fault conditions were tested for
each phase of the three phases on both the primary side and the secondary side
of the power transformer. The results showed that the fault is distinguished and

the trip signal is initiated in less than quarter a cycle based on 60 Hz system in
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all cases.

Single phase to ground fault
The single phase to ground fault test was carried out by connecting one phase
to the ground under different conditions including before energization without a
load, before energization with a load, after energization without a load and after
energization with a load on both the primary and the secondary sides of the power
transformer for each phase. It is worth mentioning that in all cases of loaded con-
ditions, a balanced (R-L) load of Z=20 + j11.9129 §2/phase is used. Figures 5.6
through 5.13 show the test results of the single phase to ground fault took place
on phase A. The test results for both phases B and C are provided in Appendix
A2. These figures show the differential current in the three phases as well as the
WPT trip signal. In all the tests carried out, the fault was identified and the trip
signal was initiated in less than quarter a cycle based on 60 Hz system,
1- Primary side faults
Figure 5.6 shows the primary side phase A to ground fault occurring before en-
ergizing the power transformer without a load. The results of the same type of
fault occurring after energizing the power transformer without a load are shown
in Figure 5.7. When the balanced inductive load is connected on the secondary
side of the power transformer, the result of the phase A to ground fault on the
primary side occurring before energizing the power transformer is shown in Figure
5.8. When the phase A to ground occurred on the primary side after energizing
the power transformer for the same loading condition, the result is shown in Figure
5.9.
2- Secondary side faults
Figure 5.10 shows phase A to ground fault on the secondary side before energizing
the power transformer without connecting the load. The result when the same

type of fault occurred after energizing the power transformer with out the load is
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shown in Figure 5.11. The condition of phase A to ground fault with the load con-
nected occurring before energizing the transformer is shown in Figure 5.12. Figure
5.13 shows the same type of fault occurred after energizing the power transformer
with the inductive load connected.

Phase to phase fault
Tests for this fault were carried out by connecting two phases for the four afore-
mentioned conditions of energization and loading on primary and on secondary
sides of the power transformer for the three phases. Figures 5.14 through 5.21
show the phase A to phase B fault, while the remaining results for phase A with
phase C and phase B with phase C are provided in Appendix A3. In all these
figures, the differential three-phase current and the WPT trip signal are shown.
Again the WPT identified the fault and initiated a trip signal in less than quarter
a cycle.
1- Primary side faults
When phase A to phase B fault occurred before energizing the power transformer
without load, the result is shown in Figure 5.14. Figure 5.15 shows the result
of the same type of fault occurring after energizing the power transformer. For
the case of connecting an inductive load, Figure 5.16 shows the results when the
same fault occurred before energizing the power transformer. Figure 5.17 shows
the case when the fault occurred after the power transformer is energized with a
load.
2- Secondary side faults
For the case of phase A to phase B fault occurring before energizing the power
transformer without a load, the result is shown in Figure 5.18. When the same
type of fault occurred after the power transformer had been energized, the result
is shown in Figure 5.19. The result of connecting an inductive load while the fault

takes place before energizing the power transformer is shown in Figure 5.20. Fig-

109



Trig ! AT CHL

TRIP {Signal

CHZ

,
3

F I - O O O 0 I O o

LRI LRI LR L

+
—+
=+
=+
+
+
+
-
-+
+
+
T
-+

CHL

LILEELE B AL LIRS

(IS 1T O O A |

1Ll
TT1370

Liil

LRI

g

Ons

-

rig ! AC EXTL

(b)

[ T I |
LIS L I R L]

BTN 1

4

T

A4

I
ERRERA RN
¥ Trorypredr

VY -

U, I At A

T

:
:
i

Figure 5.7: Unloaded phase A to ground fault, occurred after energization on the
primary side, (a) the WPT response and phase A differential current,(b) phase B
and phase C differential currents. Y-scale is 1 Div. = 11.67 A

111



Trim { AC CHL

-+ (a)
‘ ¥ TRIP Signal
""""""""""""" L e CH2
x
S S UG T A S T 3 S 3 Lfdd ll|l~—lllllllll|ll I T T A S '
LA L T 171 T F IR N T | llll_'_llil LN I T 17T LA B B B A S Bt I |
4 A - CH1L
T Fhase A
X
5.0u 5.0U Zns
Tria : AC EXTL
I {b)
A I Phase B
f # = CH1i
i J-1 3.l T I 2 Y b I IO | I|I|——II|I 1413 1 1 111 F I N 1
ot LB B LA L LR Illl__llTl LI B L2 AN B | L AL DL LA B
X E:
¥ Phase C
T
5.0V 5.0V 20ns

Figure 5.6: Unloaded phase A to ground fault, occurred before energization on the
primary side, (a) the WPT response and phase A differential current,(b) phase B
and phase C differential currents. Y-scale is 1 Div. = 11.67 A

110



Frig : AC CH1LI

[
TrTT

—

-

TRIP iSignal

LRSI

e e A vl CHZ

|
LRI

TT11

44l

-+
LEEIR L

lLllE [
3
E
¥
3
i
3
]
- 3

A o A Ak AL RS e AANPANA D PRI

CHA

TTTH

pri L gl
LR

LU

5.0U 5.0U 20ne

Frig : AC EXTL

11y
4
-
o
'

WO

Tt
g
o
D
]
1)
o]

$-%
g

-

[REEE N
LI LRI
5
<
e
&
N

)

Tt
)
o
[
n
2
(9}

i1
Tt

5.0V 5.0U 20ns

Figure 5.8: Loaded phase A to ground fault, occurred before energization on the
primary side, (a) the WPT response and phase A differential current,(b) phase B
and phase C differential currents. Y-scale is 1 Div. = 11.67 A

112



10xMAG Trig ;: TULINE CH1

TRIP &ignal

SN
1T tF LI I |

H
+

i
T

[l
LR

T
-

4
4
-+
+
-+
-+
+
+
-+
A
4

e whmrenme] ©HL

|
L,::
|
!

LR SLALEE BLE IR M

]

5.0U S.0u 20ma

1O0xMAG Trig ! TULINE EXT1

Ll
LI ]

(]
LRI

.f\vf\ /\v/\ Phase B | _

CH2

<
>
>
[;‘>

Phase (s

[
LI IR

@
g
J
=]
c
»
[}
b

Figure 5.9: Loaded phase A to ground fault, occurred after energization on the
primary side, (a) the WPT response and phase A differential current,(b) phase B
and phase C differential currents. Y-scale is 1 Div. = 11.67 A

113



T {a)
F TRIP Signal
------ L CH2
I
4
NS N VU ISR O IO W 4 Jood ) IJIAIIII——IILIIII bdoeted S B VO 3
T rri T rr i LA B ) T T |I_IF_T1III7YT LR B I LA LANNL BN 20 §
.*1_
T
- ~ cHA
T T Phase A
3.00 5.0V 20ms
Tria : AC EXTL
I (b)
-+ Phase B
+
N | =+ CH1
I
131 | ) . | ] llll-_llll i T SO0 N O Y O 3+ 1.1 | S T
LIRS LA B i } Tt LINE SN B T(|l'___lllr v r ey v LINL I 3 LI LB
o cHz
T Phase C
S5.0U S.0U Z20ms

Figure 5.10: Unloaded phase A to ground fault, occurred before energization on
the secondary side, (a) the WPT response and phase A differential current,(b)
phase B and phase C differential currents. Y-scale is 1 Div. = 11.67 A

114






Tris : AC CHL

-
T (a)

Do ipedoiion nliiriid et s uE

1 T TRIP Signal

------- = ] : cHz
X

Y W SO I T N S O | T | Il|lllll_‘—1lll|lll G T N § 13— 1 31—+

7T LBR AL Trrr LA I S ) llll—'llll T ryq Tr T LA B | LA

A A METiaITmazen S o, o cHL
T Phase A

S.0u 5.0V 2065
Trig : AC EXTL
xT (bl
-
T Phase B
[ T S

| v cnsincmcermn i’ B = cHL
I
4

b4 4+t fddd KO N 0 | IIII-—IlIl 1|} L1t kA A N 1 L3413

LA LB LA L T T L B LA T rr 1T trrr LA S NS LI
=+
x cHz
=+ Phase C

5.00 5.0V 20ms

Figure 5.12: Loaded phase A to ground fault, occurred before energization on the
secondary side, (a) the WPT response and phase A differential current,(b) phase
B and phase C differential currents. Y-scale is 1 Div. = 11.67 A

116






ure 5.21 shows the phase A to Phase B fault occurring after energizing the power
transformer with the inductive load connected. It should be mentioned here that
in all the unsymmetrical fault tested, the primary line-to-line voltage was 75V.
Three-phase to ground fault
This test was carried out by connecting the three phases to the grounded neutral
point. This fault was tested under the four aforementioned conditions of ener-
gization and loading on both the primary and the secondary sides of the power
transformer. In Figures 5.22 and 5.23, the results of two cases are presented,
while the remaining results are provided in Appendix A4. When the three-phase
to ground fault occurred on the primary side before energizing the power trans-
former without a load, the result is shown in Figure 5.22. Figure 5.23 shows the
three-phase to ground fault taking place on the secondary side after energizing
the power transformer without a load. It should be noted that all three-phase to
ground faults were tested with primary side line to line voltage of 75V, to avoid
the high fault currents, which may damage the testing equipment or saturate the
CTs.
Special cases

These cases include unbalanced loading of the power transformer, and the effects
on the WPT response to faults occurring after the power transformer is energized.
All the tests are done with primary side line to line voltage of 100V. Two cases of

loading are considered, which are:

1. Unbalance loading with
Zo= 20+ j11.9129 Q2
Zy=20 + 50 Q
Z.= 35 + 77.012

2. Two Phases loading
Z,= 20 + 711.9129 Q
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Zy=11.9129 Q

b= 00

The tests were carried out for the unbalanced loading case for the primary phase A
to phase B fault, primary phase C to ground fault, secondary phase B to phase C
fault and secondary phase A to ground fault. All these faults were tested after the
power transformer is energized. Some of the results are presented in this chapter,
while the rest are provided in Appendix A5.

Figure 5.24 shows phase A to phase B fault occurring on the primary side of
the power transformer after energizing with the unbalanced loading case. The
result of the case when phase B to phase C fault took place on the secondary side
is shown in Figure 5.25. For the case of two phases loading (phase C is open
circuit), different unsymmetrical faults were tested on both sides of the power
transformer. Figures 5.26 and 5.27 show some of the results obtained, while the
rest of the results are provided in Appendix Ab.

Figure 5.26 shows the test results for phase C to ground fault on the primary
side of the power transformer occurred after energization. The result of the case
when the same type of fault took place on the secondary side is shown in Figure
5.27.

The proposed WPT-based algorithm is successfully implemented on-line using
the digital signal processor board DS1102. The real time tests showed a consistent
results with the off-line results obtained using a data collected from the 5 kVA
three-phase core type step up laboratory power transformer. Also, the results
presented an accurate, prompt and fast response of the WPT based algorithm
in all cases, even with special cases of unbalanced loading conditions as well as
one phase open. These special cases showed the complete independence of the
protected power transformer parameters and loading conditions. The WPT trip

signal was delivered in all cases of faults in less than quarter a cycle, even with
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the existence of some distortion in current waveforms due to CT saturation and
DC offsets, the WPT was able to identify different fault currents and initiate the
trip signal to open the circuit breaker.

The next chapter provides more real time testing on another three-phase 2 kVA

three-phase multi-tap power transformer configured as a step down transformer.
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Chapter 6

Extending The Real-Time Testing

In chapter 5, the real-time testing of the wavelet packet transform (WPT)-based
differential protection algorithm has shown a powerful ability and a fast response in
distinguishing between the magnetizing inrush and different internal fault currents
under various conditions of energizing and loading. This chapter extends the real-
time testing of the WPT-based differential protection algorithm using another
power transformer, which has a quite different configuration in terms of voltage
ratio, configuration of the windings, core type material and rating values. The
second power transformer is to be tested using the same algorithm developed
previously along with the same experimental setup described in chapter 5 as shown
in Figure 5.2. Moreover, the same tests under the various conditions of loading
and energizing are to be investigated. The real-time testing is extended mainly to
demonstrate the universality of the proposed WPT-based differential protection
algorithm for all types of power transformers. The second power transformer
configuration is illustrated first. Then the real-time test results are presented.
Finally, a comparison between the results obtained from both power transformers

is made.
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6.1 Transformer configuration

The power transformer to be used for the extended real-time testings in this chap-
ter is a 2kVA, 127-220/31.8-42-63.5 V, 50Hz, multi-tap three-phase power trans-
former, and is configured as A-Y 127/63.5 V double secondary. The configuration

is shown in Figure 6.1.

Figure 6.1: The configuration of the step down, A-Y, 2kVA, 127-220/31.8-42-63.5
V, 50Hz, multi-tap three-phase power transformer

This multi-tap power transformer is rated at 50Hz, which adds more com-
plexities to the testing due to the saturation of the core and/or the saturation of
the current transformers (CTs). The following section provides the test results of
different magnetizing inrush currents switched on at random as well as the test-
ing results of various internal faults under different conditions of energizing and

loading.
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6.2 On-line Test Results

The results of the real-time tests obtained from the core type step up power trans-
former in chapter 5 showed an excellent ability to identify and respond to the
different types of currents flowing through the tested power transformer regard-
less of the saturation and distortion in the current waveforms. The test results
confirmed that the proposed algorithm is independent of both the transformer
parameters and any loading condition. This motivates the application of the same
algorithm using the same experimental setup to test another power transformer,

which has a different winding configuration, core material and rating values.

6.2.1 Magnetizing inrush current

The tests involving the magnetizing inrush current are carried out through random
switching for both loaded and unloaded conditions. It is found that the WPT never
provided a trip signal. Figures 6.2-6.5 show some of the magnetizing inrush current
test results, while the remaining results are provided in Appendix Bl. Figures
6.2-6.3 show the unloaded condition. It is evident that the WPT encountered no
problem in identifying the inrush currents, and thus never initiated any trip signal
(the WPT response) to open the circuit breaker. The same results of identifying
the inrush conditions have been obtained for the loaded condition shown in Figures
6.4-6.5. These tests were carried out with the primary line to line voltage of 100
V.

It is worth mentioning that the magnetizing inrush current of this 2 kVA multi-
tap power transformer has a higher amplitude than the magnetizing inrush current
of the 5 kVA core type power transformer, and takes a longer time to decay as
shown in Figures 6.2 through 6.5. In addition, the waveform of the magnetizing

inrush current in the multi-tap power transformer has some distortion, which is
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due to the saturation of the CT's.

6.2.2 Internal fault currents

Many internal faults are investigated to test the WPT-based algorithm response
for different internal faults under various conditions of energizing and loading.
All the fault tests were performed for the same four combinations mentioned in
chapter 5( (i) for fault occurrence without a load before energizing,(ii) without
a load after energizing, (iii) with a load before energizing and (iv) with a load
after energizing). These different fault conditions were tested for each phase of
the three phases on both the primary side and the secondary side of the power
transformer. The results showed that the fault is distinguished and the trip signal
is initiated to open the circuit breaker in less than quarter a cycle (2-3 ms) based
on 60 Hz system in all cases.

Single phase to ground fault
This test was carried out by connecting one phase to the ground under the four
aforementioned combinations of energizing and loading on both sides of the power
transformer for each phase. It should be noted that in all cases of loading con-
ditions, a balanced inductive (R-L) load of Z = 20 4+ ;11.9129 Q/phase is used.
Figures 6.6-6.12 show the results of the single phase to ground fault tested on
phase B. The test results for both phase A and phase C are provided in Appendix
B2. These figures show the differential current in the three phases as well as the
WPT trip signal. In all tests carried out, the fault was identified and the trip
signal was initiated to isolate the fault by opening the circuit breaker in less than
quarter a cycle based on 60 Hz system.
1- Primary side faults
Figure 6.6 shows the primary side phase B to ground fault occurring before en-

ergizing the power transformer without a load. The results of the same type of
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faults occurring after energizing the power transformer without a load is shown in
Figure 6.7. The result of the phase B to ground fault on the primary side occurring
before energizing the power transformer when the balanced inductive load is con-
nected on the secondary side of the power transformer is shown in Figure 6.8. The
result of the case when the phase B to ground fault occurred on the primary side
after energizing the power transformer for the same loading condition is shown in
Figure 6.9.

2-Secondary Side faults

Figure 6.10 shows the phase B to ground fault on the secondary side before en-
ergizing the power transformer without connecting a load. The results when the
same type of faults occurred after energizing the power transformer with out a
load is shown in Figure 6.11. The condition of phase B to ground fault with the
balanced inductive load connected before energizing the transformer is shown in

Figure 6.12.

Phase to phase fault

Tests for this fault were carried out by connecting two phases for the four afore-
mentioned conditions of energization and loading on both sides of the three-phase
power transformer. Figures 6.13 through 6.19 show the phase A to phase C fault,
while the remaining fault results for phase A with phase B and phase B with phase
C are provided in Appendix B3. In all these figures, the differential three-phase
current and the WPT trip signal are shown. Again, the WPT identified the fault
and initiated a trip signal in less than quarter a cycle.

1- Primary side faults

The result of the case when the phase A to phase C fault occurred before ener-
gizing the power transformer without connecting a load is shown in Figure 6.13.

Figure 6.14 shows the result of the same type of faults occurring after energizing
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the power transformer. For the case of connecting the balanced inductive load,
Figure 6.15 shows the results when the same fault occurred before energizing the
power transformer. Figure 6.16 shows the case when the fault occurred after the
power transformer is energized with a load.
2- Secondary side faults
For the case of phase A to phase C fault occurring before energizing the power
transformer at no load, the result is shown in Figure 6.17. The result of the case
when the same type of faults occurred after the power transformer was energized
is shown in Figure 6.18. The result of connecting the balanced inductive load and
the fault takes place before energizing the power transformer is shown in Figure
6.19. It should be mentioned here that in all the unsymmetrical fault tested, the
primary line-to-line voltage was 100V.

Three-phase to ground fault
These tests were carried out by connecting the three phases to the grounded
neutral point. This fault was tested under various conditions of energization and
loading on both sides of the power transformer. In Figures 6.20-6.21 the results of
the two cases are presented, while the remaining results are provided in Appendix
B4. The result of the case when the three-phase to ground fault occurred on
the primary side before energizing the power transformer at no load is shown
in Figure 6.20. Figure 6.21 shows the three-phase to ground fault taking place
on the secondary side before energizing the power transformer with the balanced
inductive (R-L) load connected. It should be noted that all three-phase to ground
faults were tested with primary side line to line voltage of 100 V.

The real time testing of the 2 kVA multi-tap step down power transformer
is successfully carried out using the proposed WPT-based protection algorithm.
The proposed experimental setup used for testing the 5 kVA three-phase core

type power transformer is also used for testing the 2 kVA three-phase multi tap
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one. The WPT is able to detect and respond successfully to the different types of
currents flowing through the tested power transformer. For all random switchings
of the power transformer to investigate the magnetizing inrush current, the WPT
was always able to distinguish it and issued no trip signal. In all tested internal
faults, the WPT was able to detect the faults and initiate the trip signal in less
than quarter a cycle (about 2-3 ms).

The results obtained for both the 5 kVA core type and 2 kVA multi-tap power
transformers show that the WPT is able to distinguish accurately between the
magnetizing inrush and internal fault currents. In addition, in all the fault tests
carried out on both the power transformers, the trip signal is initiated in less
than quarter a cycle based on 60Hz system. It is worth mentioning that the
magnetizing inrush currents are quite different in both power transformers due to
the differences in core material, windings configuration, parameters and/or rating
values. However, the magnetizing inrush current obtained from the 2 kVA three-
phase multi tap power transformer showed higher amplitude, longer time to decay
and more distortion than its counter part of the 5 kVA three-phase core type
power transformer.

The next chapter provides a brief summary of this work as well as the major

contributions. Finally, the thesis is concluded by some future scopes of this work.

161



Chapter 7

Conclusions and Future Work

7.1 Summary

Power transformers have a very important function in modern power systems,
and their protection represents a critical task to maintain both the stability and
reliability of these systems. However, the protection of a power transformer ap-
pears to be more difficult than the protection of any other part or element of the
power system. Such difficulties arise from the existence of the magnetizing inrush
phenomenon, which is responsible for the occurrence of mal-functioning in the
conventional protection techniques under high magnetizing inrush currents. The
differential protection scheme with harmonic restraint is one of the most com-
mon techniques used for power transformer protection purposes. This technique
is based on employing certain harmonics to restrain the differential relay dur-
ing transformer energizing when the magnetizing inrush current is experienced to
avoid mal operation. The harmonic restraint technique was implemented using
digital algorithm based on evaluating the discrete Fourier transform (DFT) to
extract the second harmonic and sometimes the fifth harmonic as well. The basic

assumption behind this technique is that the magnetizing inrush current contains a
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gignificant amount of the second harmonic than any typical internal fault, normal
or over excitation current. However, a low-loss amorphous material has recently
been used to manufacture the core in most of the modern power transformers,
which is able to reduce the second harmonic content present in magnetizing in-
rush currents. In addition, some winding fault currents can contain a significant
amount of the second harmonic. Such features of the harmonic approach affect the
reliability of applying this type of protective relays for protecting modern power
transformers.

The latest techniques of power transformer protection have deviated from the
harmonic restraint concept and new approaches have been proposed. Among
these new approaches are voltage and flux restraint, transformer equivalent circuit
model, artificial neural network (ANN), etc. These approaches have shown good
results in terms of speed of response and ability to diagnose the type of current
flowing in the protected power transformer. Nevertheless, such approaches have
a significant dependence on either the transformer parameters and/or the loading
conditions. Also, power transformer parameters and loading conditions (which
are subject to change due to many factors) may affect the performance of these
approaches.

Taking into account the limitations of the previous approaches of protecting
power transformers, an alternative method is searched for. The proposed method
in this work is the wavelet packet based differential scheme. Wavelets and wavelet
transforms have recently emerged as a powerful tool of signal processing, and have
been successfully applied in many areas, in particular, for transient detection, clas-
sification and feature extraction. The major problem in power transformer pro-
tection is the discrimination between the magnetizing inrush and different internal
fault currents, that can be categorized as a disturbance detection and classification

problem. In this work, one of the wavelet transforms known as the wavelet packet
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transform (WPT) is implemented and tested successfully off-line and on-line for
two different types of three phase power transformers.

An extensive literature review on both the conventional and the digital differen-
tial protection techniques has been conducted in chapter 1. The problem involving
the power transformer protection is stated and a solution approach using WPT is
proposed.

Chapter 2 provides an illustration of the magnetizing inrush phenomenon in
both single phase and three phase power transformers. Also, it gives more de-
tails about other concerns affecting the design of a differential relay, among these
concerns the current transformer (CT) saturation, over excitation, etc. In addi-
tion, chapter 2 explains the basic principle of operation of the harmonic restraint
differential relay along with an example of an existing relay. Finally, a pattern
recognition approach implemented using artificial neural network (ANN) is ex-
plained with its basics and principles of operation.

In chapter 3, the concept of wavelets (that can be viewed as band pass filters
with a dynamic bandwidths) along with different wavelet families, types, their
characteristics and some examples are introduced. The different wavelet trans-
forms and their mathematical expressions with the definition of scaling function
related to some mother wavelets are presented. In recent years, the need for a
signal processing tool that has the capabilities of preserving the time location for
each frequency component present in the processed signal has made the wavelet
analysis an adequate method for processing signals with complex frequency-time
structure such as non-periodic signals with short duration and impulse superim-
posed features. In addition, chapter 3 presents the filter banks created by wavelets,
which are known as quadrature mirror filter (QMF) banks. Each mother wavelet
is capable of generating other wavelets with the same nature and characteristics

through shifting and scaling. Such generated wavelets are defined as daughter
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wavelets, while the shifting process is known as moving from one level of reso-
lution to a higher one, or multi-resolution analysis (MRA). The MRA analysis
begins from the highest frequency and the moves in octaves till the frequency of
the next level of resolution is the same as the current one. Finally, chapter 3
introduces a selection criteria of both the optimal mother wavelet and the optimal
number of levels of resolution for certain application using a technique called the
minimum description length (MDL) data.

The experimental setup for data acquisition is introduced in chapter 4, where
a three-phase 5 kVA,60 Hz, A-Y, core type, 230/550-575-600 V laboratory power
transformer is used. The collected data included many magnetizing inrush, normal
operating current (for a Y balanced resistive load) and different internal fault
current waveforms. It is ensured that in all cases of data collection, the current
was not allowed to flow for more than a few number of cycles (within 5 cycles
at max.) to avoid any damage to the experimental transformer and measuring
equipment. The collected data are used for off-line testing of the WPT algorithm
and for selecting the optimal mother wavelet as well as selecting the optimal
number of levels of resolution using the MDL criteria. The application of the
MDL criteria on the acquired data has resulted in selecting the Daubechies (db4)
mother wavelet as an optimal mother wavelet, and the second level of resolution
as an optimal level of resolution to construct an effective, fast and reliable current
disturbance classifier.

Chapter 5 presents the real time implementation and testing of the proposed
WPT-based differential protection algorithm using a digital signal processor board
(DSP) DS1102. All the real time testings in chapter 5 are carried out on a 5 kVA
three-phase core type power transformer. The on-line test results are consistent
with the off-line test results in terms of the high ability to diagnose the type of

the current flowing through the power transformer and the very fast response to
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any internal fault. The on-line testings are carried out for a balanced inductive
(R-L) load, then extended to different unbalanced loading conditions. In all test
cases, the responses of the WPT are found to be accurate, prompt and reliable.
In all cases of internal faults, the fault is detected and the trip signal is initiated
in less than quarter a cycle based on 60 Hz system (in about 2-3 ms).

The testing of the WPT based protection algorithm is extended to another
three-phase, 2 kVA, 50 Hz, A-Y, 127-220/31.8-42-63.5 V multi tap power trans-
former. The results of the on-line testings along with its configuration are pre-
sented in chapter 6. It is ensured that these on-line tests are carried out using
the same experimental setup to demonstrate the insensitivity of the WPT algo-
rithm to the loading conditions as well as the power transformer parameters. The
last results also show accurate, prompt and reliable responses. In all cases of the
tested internal faults, the fault is detected and the trip signal is initiated in less

than quarter a cycle based on 60 Hz system (in about 1-3 ms).

7.2 Contributions

The major contributions of this work are

¢ A novel algorithm for differential protection of power transformer using the

wavelet packet transform (WPT) is developed.

e Real time implementation of the WPT with a proper sampling frequency:-

has been carried out for the first time.

e An innovative disturbance detection and classification technique is success-

fully developed, implemented and tested on-line.

e A successful application of the minimum description length (MDL) data

criteria for selecting the optimal wavelet as well as the optimal number
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of levels of resolution of a multiresolution analysis for power transformer

protection purpose has been established.

e The proposed innovative WPT algorithm is successfully implemented on-
line and tested for two different power transformers under different types of
balanced and unbalanced loading conditions, which has been used in testing

for the first time.

7.3 Conclusions

e The wavelet transformation is a fairly new concept in different power system
applications, in particular, for protection purposes. In this work, an inno-
vative application of the wavelet packet transform for differential protection
of two different three phase power transformers is successfully implemented

on-line for the first time.

e Unlike other relaying algorithms, the WPT does not need any kind of a
training, thresholding or harmonic content analysis of the differential cur-
rent waveform. Therefore, the different and unpredicted characteristics of
magnetizing inrush currents do not affect the ability of the WPT-based al-
gorithm to diagnose them as non-fault current disturbances. Also, the CT
saturation throughout all the on-line testing does not create any noticeable
effect, delay in response or misidentification of the tested current waveform.
The WPT-based algorithm successfully distinguished the magnetizing inrush
current and restrained the relay from mal operation for all the investigated

magnetizing inrush current cases.

e The optimal selection of both the mother wavelet and the number of levels

of resolution using the MDL criterion is successfully applied for purposes
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of power transformer protection for the first time. In addition, the selected
mother wavelet and number of levels of resolution are implemented for real

time application, where they show excellent results.

e The consistent results obtained from two different power transformers
demonstrate the realistic applicability of the WPT-based algorithm for power
transformers protection independent of their ratings, voltage ratio, core ma-

terial and/or loading conditions.

e The WPT is quite simple to implement and easy to be coded with a small
amount of needed memory for storage and compilation. However, it is accu-
rate, prompt and reliable. There is not a case in which the WPT response

took more than quarter a cycle based on 60Hz system (3 ms at max.).

7.4 Future Works

This algorithm can be applied to other types of protection, which may need some
modifications in hardware equipments according to the desired protected elements

such as adding PTs. Such applications in power systems may include:

e Power quality assessment and improvement, where different types of voltage
fluctuation, sags, swells, under voltage, harmonic distortion and over voltage
can be detected and classified and suitable actions can be taken to restore

and improve the power quality.

e Other types of protection applications, which may include distance relay-
ing, directional relaying, generator differential protection, etc. In addition,
locating different types of faults can be an important application of the

WPT-based disturbance classifier for protection purposes.
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Appendix A

5 kVA Core Type Three-Phase Power Transformer

A.1 The Magnetizing Inrush Current
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Figure A.1: Magnetizing inrush current for resistive balanced load of Z=20
§)/phase, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.2: Magnetizing inrush current for resistive unbalanced load of Z,=o0,
Zy= 20 Q and Z,=35 Q/phase, (a) the WPT response and phase (a) differential
current , (b) phase (b) and phase (c) differential currents. Y-scale is 1 Div. =
11.67 A
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Figure A.3: Magnetizing inrush current for inductive balanced load of
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A.2 Single Phase to Ground Fault
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Figure A.5: Unloaded phase (b) to ground fault, occurred before energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.6: Unloaded phase (b) to ground fault, occurred before energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.14: Loaded phase (b) to ground fault, occurred before energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
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Figure A.17: Loaded phase (b) to ground fault, occurred after energization on the
primary side, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.18: Loaded phase (b) to ground fault, occurred after energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.19: Loaded phase C to ground fault, occurred after energization on the
primary side, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.20: Loaded phase C to ground fault, occurred after energization on the
secondary side, (a) the WPT response and phase (a) differential current , (b)
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Figure A.21: Unloaded phase (a) to phase C fault, occurred before energization
on the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.22: Unloaded phase (a) to phase C fault, occurred before energization
on the secondary side, (a) the WPT response and phase (a) differential current ,
(b) phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.23: Unloaded phase (b) to to phase C fault, occurred before energization
on the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.27: Unloaded phase (b) to to phase C fault, occurred after energization
on the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.28: Unloaded phase (b) to to phase C fault, occurred after energization
on the secondary side, (a) the WPT response and phase (a) differential current ,
(b) phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.29: Loaded phase (a) to phase C fault, occurred before energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.30: Loaded phase (a) to phase C fault, occurred before energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.31: Loaded phase (b) to to phase C fault, occurred before energization
on the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.32: Loaded phase (b) to to phase C fault, occurred before energization
on the secondary side, (a) the WPT response and phase (a) differential current ,
(b) phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.33: Loaded phase (a) to phase C fault, occurred after energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A

201



LO>xMAG Trig : TULIMNE CHL

EE (a)
o AT I
+ TRIP iSignal
..... :: CcHz
\/ \/ T Phasd (a)
d
3. 0U 3.0V 20ma
1 0>MAG Tris = TULINE EXTL
1 ()

\ EE Phase (b)
VAVAVAVAL :
\WAVATAYY s s s e

v AV 4
\ o Phase (c)
5.0U 5.00 —;Dns

Figure A.34: Loaded phase (a) to phase C fault, occurred after energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.35: Loaded phase (b) to to phase C fault, occurred after energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.36: Loaded phase (b) to to phase C fault, occurred after energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b}
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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A.4 Three-Phase to Ground Fault
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Figure A.37: Unloaded three-phase to ground fault, occurred before energization
on the secondary side, (a) the WPT response and phase (a) differential current ,
(b) phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.38: Unloaded three-phase fault, occurred after energization on the pri-
mary side, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.39: Loaded three-phase fault, occurred before energization on the pri-
mary side, (a) the WPT response and phase (a) differential current , (b) phase
{(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.40: Loaded three-phase fault, occurred before energization on the sec-
ondary side, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.41: Loaded three-phase fault, occurred after energization on the primary
side, (a) the WPT response and phase (a) differential current , (b) phase (b) and
phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure A.42: Loaded three-phase fault, occurred after energization on the sec-
ondary side, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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A.5 Different Faults Under Unbalaced Loading
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Figure A.43: Phase C to ground fault, occurred after energization with Z,= 20
+ 711.9129, Zy= 20 + j0, Z.= 35 + j7.012 Q on the primary side, (a) the WPT
response and phase (a) differential current , (b) phase (b) and phase (c) differential
currents. Y-scale is 1 Div. = 11.67 A
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Figure A.44: phase (a) to ground fault, occurred after energization with Z,= 20
+ 711.9129, Z,= 20 + jO, Z.= 35 + 37.012 © on the secondary side, (a) the WPT
response and phase (a) differential current , (b) phase (b) and phase (c) differential
currents. Y-scale is 1 Div. = 11.67 A
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Figure A.45: phase (a) to ground fault, occurred after energization with Z,= 20 +
J11.9129, Z,= 11.9129, Z.= co Q on the primary side, (a) the WPT response and
phase (a) differential current , (b) phase (b) and phase (c) differential currents.
Y-scale is 1 Div. = 11.67 A
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Figure A.46: phase (a) phase C fault, occurred after energization with Z,= 20 +
711.9129, Zy= 11.9129, Z.= oo 2 on the secondary side, (a) the WPT response and
phase (a) differential current , (b) phase (b) and phase (c) differential currents.
Y-scale is 1 Div. = 11.67 A
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Figure A.47: phase (b) to ground fault, occurred after energization with Z,= 20 +
711.9129, 7= 11.9129, Z.= oo §) on the secondary side, (a} the WPT response and
phase (a) differential current , (b) phase (b) and phase (c) differential currents.
Y-scale is 1 Div. = 11.67 A
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Appendix B

2 kVA Multi Tap Threé-Phase Power Transformer

B.1 Magnetizing Inrush Currents
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Figure B.1: Magnetizing inrush current for unbalanced inductive load of
Z,=20+311.9129, Zy= j11.9129 and Z.=20 £, {a) the WPT response and phase
(a) differential current , (b) phase (b) and phase (c) differential currents. Y-scale
is 1 Div. = 11.67 A
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Figure B.2: Magnetizing inrush current for balanced resistive load of Z=20
Q1/phase, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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B.2 Single Phase to Ground Fault
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Figure B.4: Unloaded phase (a) to ground fault, occurred before energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.5: Unloaded phase (a) to ground fault, occurred before energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.6: Unloaded phase C to ground fault, occurred before energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.8: Unloaded phase (a) to ground fault, occurred after energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.9: Unloaded phase (a) to ground fault, occurred after energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scaleis 1 Div. = 11.67 A
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Figure B.10: Unloaded phase C to ground fault, occurred after energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.11: Unloaded phase C to ground fault, occurred after energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.12: Loaded phase (a) to ground fault, occurred before energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.13: Loaded phase (a) to ground fault, occurred before energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.14: Loaded phase C to ground fault, occurred before energization on the
primary side, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.15: Loaded phase C to ground fault, occurred before energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.16: Loaded phase (a) to ground fault, occurred after energization on the
primary side, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.17: Loaded phase (a) to ground fault, occurred after energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.18: Loaded phase C to ground fault, occurred after energization on the
primary side, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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B.3 Phase to Phase Fault
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Figure B.20: Unloaded phase (a) to phase (b) fault, occurred before energization
on the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.22: Unloaded phase (b) to to phase C fault, occurred before energization
on the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.23: Unloaded phase (b) to to phase C fault, occurred before energization
on the secondary side, (a) the WPT response and phase (a) differential current ,
(b) phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.24: Unloaded phase (a) to phase (b) fault, occurred after energization
on the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.26: Unloaded phase (b) to to phase C fault, occurred after energization
on the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.27: Unloaded phase (b) to to phase C fault, occurred after energization
on the secondary side, (a) the WPT response and phase (a) differential current ,
(b) phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.28: Loaded phase (a) to phase (b) fault, occurred before energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents., Y-scale is 1 Div. = 11.67 A
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Figure B.29: Loaded phase (a) to phase (b) fault, occurred before energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.30: Loaded phase (b) to to phase C fault, occurred before energization
on the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.31: Loaded phase (b) to to phase C fault, occurred before energization
on the secondary side, (a) the WPT response and phase (a) differential current ,
(b) phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.32: Loaded phase (a) to phase (b) fault, occurred after energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.33: Loaded phase (b) to to phase C fault, occurred after energization on
the primary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.34: Loaded phase (b) to to phase C fault, occurred after energization on
the secondary side, (a) the WPT response and phase (a) differential current , (b)
phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.35: Unloaded three-phase to ground fault, occurred before energization
on the secondary side, (a) the WPT response and phase (a) differential current ,
(b) phase (b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.36: Unloaded three-phase fault, occurred after energization on the pri-
mary side, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.37: Unloaded three-phase fault, occurred after energization on the sec-
ondary side, (a) the WPT response and phase (a) differential current , (b) phase
(b) and phase (c) differential currents. Y-scale is 1 Div. = 11.67 A
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Figure B.38: Loaded three-phase fault, occurred before energization on the pri-
mary side, (a) the WPT response and phase (a) differential current , (b) phase
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