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Abstract

Differential protection is the most common method used by electric utilities
for generator stator winding protection. Digital relays, used in differential
protection, take one cycle or more after fault inception to issue a trip signal.
Minimizing the damage due to stator faults, by using high speed relays, is
important. A new high speed neural network based digital differential relay
for generator stator winding protection is proposed in this dissertation.

A direct 3-phase model that enables an exact study of synchronous ma-
chine performance is presented. This model is capable of simulating normal
operation and various kinds of external faults. In this dissertation a new
method for simulating internal faults in a synchronous generator, using the
direct phase quantities, is developed. The internal faults algorithm is capable
of simulating internal single phase to ground faults and internal two phase
to ground faults in multi-path and single-path generators.

The relay uses two multi-layer feed-forward neural networks (FNNs). One
FNN is used by the fault detector module and the other by the fault clas-
sifier module. The fault detector module is used to discriminate between
three generator states, namely the normal operation, external fault and in-
ternal fault states. In the event of an internal fault the relay issues a trip
signal and activates the fault classifier module, which identifies the faulted
phase(s). In the case of an external fault the relay acts as a backup relay for
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the main protection against external faults. Simulation results showing the
performance of the protection scheme are presented and indicate that it is
fast, robust and reliable. The relay tripping time, for the majority of internal
faults, is well within half a cycle.

The laboratory experiments are divided in two parts. The first part
provides experimental verification of the developed internal faults algorithm.
In the second part implementation and real-time experimental verification of

the proposed relay are described.
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Chapter 1

Introduction

1.1 Role of Protection

The extensive use of electric energy in all branches of the national economy
has made the reliability of operation of electrical elements in power systems
a problem of special importance. In an electric power system comprised of
generators, motors, transformers, switchgears, transmission lines and other
elements there is always a possibility for a fault to occur. Faults are generally
caused by the breaking of conductors or failure of insulation. Other causes
of faults include accidents, excessive internal or external stress.

It is fair to say that without discriminative protection it would be im-
possible to operate a modern power system. The function of the protective
equipment is to isolate, as quickly as possible, any element of the power
system in which a fault has developed. Protective schemes are required to

possess the following properties in order to adequately perform their function:

o Selectivity
The relay should isolate the faulty part only.

» Speed
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Quick disconnection of the faulty part helps in maintaining the stability

of the power system.

o Stability
The relay should remain inoperative and stable under certain specified

transients.

e Reliability

The protective relay should not fail to operate in the event of a fault.

1.2 Generator Protection

Synchronous generators are an essential part of the power system. Loss of
even a single unit seriously jeopardizes the operation of the power system
to which it is connected. The collective function of all forms of protection
applied to generators is, therefore, to reduce the outage period to a minimum
by rapid discriminative clearance of all fault conditions associated with it.
All faults associated with synchronous generators may be classified as either
insulation failures or abnormal running conditions [1-3]. However, this dis-
sertation focuses only on the protection of synchronous generators against
stator winding insulation failures. This kind of protection is usually referred
to as generator stator winding protection [4].

An insulation failure in the stator winding will result in either an interturn
fault, a phase fault or a ground fault, but most commonly the latter since
most insulation failures eventually bring the winding into direct contact with
the core [1). Generator stator faults are always considered to be serious
because of the high currents encountered and the partial damage to the
machine windings as well as to the shafts and couplings [3].

A high speed differential relay is normally used to detect three phase,
phase to phase and double phase to ground faults. In the case of single
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phase to ground faults, the differential relay can provide some ground fault
protection for higher level of ground currents, i.e. for generators with low
impedance stator grounding {3]. However, the differential relay will not pro-
vide ground fault protection for the entire stator winding. It is common
practice to provide supplemental ground fault protection (2,5-8]. Protec-
tion against interturn faults is not considered of prime importance, because
breakdown of insulation points on the same phase winding will very rapidly
change into a ground fault, and will be detected by either the stator differen-
tial protection or stator ground fault protection. Protection against interturn
faults can be provided for generators with several paths per phase [1,3].
Early differential relays used electro-mechanical technology. They suf-
fered from many problems like slowness, high burden on the current and volt-
age transformers, contact pitting and high maintenance cost. The next gener-
ation used static relays. In their early version they were built assuming pure
sinusoidal waveforms as inputs. That is why many utilities did not accept
these relays. Later, some modifications were done and their use increased
gradually during the sixties and seventies. However, the rapid advances
in digital technology enabled researchers and designers to make significant

progress in developing microprocessor based protection algorithms [9-13].

1.3 Digital Protection

Digital protection essentially means using a digital computer to protect a
certain part of the power system. Methods of using a digital computer for
protecting all the equipment in an extra high voltage substation and the
transmission lines emanating from it have been introduced in {14]. Though
the concept of using a single computer along with its backup has since been

discarded in favor of using individual relaying microprocessors for each major
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protection function, reference [14] provided a comprehensive description of
digital protection.

Besides the benefits of digital technology, properly designed micropro-
cessor relays are superior to conventional electro-mechanical and static re-
lays in several ways. Some of the benefits and advantages of digital relays

are [9,10,13]:

e Economics
The cost of hardware has been decreasing steadily. The cost of a digital

relay is now less than the cost of a comparable analog relay.

e Performance
The performance of the commercial digital relay is considered to be
as good as the corresponding perfect analog relay. A digital relay has
some inherent features, such as memory action and complex shaping of

operational characteristics, which lead to better performance.

o Reliability
A high level of diagnostic functions can be realized in a digital relay
which makes the relay much more reliable. As an example, the digital

relay can perform self checking at regular intervals.

o Flexibility
The same hardware can be used for different functions by changing

only the software program.

1.4 Neural Network Based Digital Protection

1.4.1 History of Neural Networks

A Neural Network (NN) is a parallel, distributed, information processing

structure consisting of processing elements, which can possess a local memory
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and carry out localized information processing operations. The processing
elements are interconnected together with signal channels called connections.
Each processing element has a single output connection that branches into as
many collateral connections as desired. The processing element output signal
can be of any desired mathematical type. All of the processing that goes on
within each processing element is completely local; i.e. it depends only upon
the current values of the input signals arriving at the processing element via
impinging connections and upon values stored in the local memory of the
processing element [15]. The structure of the NN is based on the present
understanding of biological nervous systems.

In recent years, interest in studying the mechanism and structure of the
brain has been increasing. Based on this biological background, recent work
has led to the development of new computational models for solving problems
such as pattern recognition, fast information processing and adaptation.

In the early 1940s, pioneers of this field studied the potential and capabil-
ities of the adaptation laws involved in neural systems {16]. In the 1950s and
1960s, the perceptron architecture which has subsequently received much
attention was developed and its properties and limitations were analyzed.
In the 1970s and 1980s, the work reported on self organizing maps using
competitive learning [17,18], the use of the energy function in recurrent net-
works [19] and the development of the back propagation algorithm [20, 21]
provided a strong impetus to the area and was the catalyst for much of the
subsequent research in this field. Since then, much research on neural net-
works has been done and today there are several well defined architectures
to apply to a variety of problems.

Neural networks enjoy a variety of advantages [15,22]:

o Capability to synthesize complex mappings

Neural networks may be employed to synthesize complex and trans-
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parent mappings which may be very difficult or even impossible to be
expressed in mathematical form. Since a NN is trained by input-output

data, a properly trained NN can perform highly non-linear mappings.

e High speed
Due to the parallel mechanism, the NN has the potential to solve the
mapping problem much faster than the conventional methods and other

artificial intelligence methods, such as expert systems.

o Robustness and fault tolerance
Neural networks are robust. Even if the input data is not complete or

has some noise, the NN can still produce good results.

e Adaptability
Neural networks can be trained on-line by using their error perfor-

mance. This allows the NN to adjust to a new environment.

o Capacity for generalization
Neural networks are able to respond properly to the inputs they have
not come across in training. If NNs are trained properly they are able

to generalize the input space.

1.4.2 Neural Network Applications in Power Systems

The advantages of the NNs have made them useful in solving several power
system problems. Neural networks have been applied in the following fields

of power engineering [23,24]:
o Load forecasting
e Dynamic security assessment

e Static security assessment
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e System fault detection and classification
e Component fault detection and diagnosis
e Power system control

e Machine control

e Voltage security assessment

e Economic load dispatching

e Unit commitment

1.4.3 Why Neural Network Based Protection?

The current and voltage waveforms during a short circuit condition or a dis-
turbance in a power system are distorted. To determine whether the power
system is faulty or healthy using digital techniques, an extensive amount of
filtering is performed to obtain phasors. Consequently, the majority of these
digital techniques take at least one cycle after fault inception to issue a trip
signal. On the other hand, NNs have the ability to learn nonlinear rela-
tionships and to acquire underlying knowledge from input-output examples.
Inclusion of a NN in a protection scheme allows the direct use of transient
waveform data to determine the state of the power system. In addition, the
data window can be quite short and does not need to satisfy particular rules

as in the case of digital techniques [11,23].

1.5 Dissertation Objectives

The main objective of this dissertation is to propose a new neural network
based digital differential relay for synchronous generator stator winding pro-
tection. In order to achieve that objective, the following topics are investi-

gated and developed in this dissertation:
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e Investigation and selection of a suitable algorithm to simulate generator

normal operation and external faults.

¢ Developing an algorithm for simulating internal faults at different per-

centages of the stator winding of a synchronous generator.

e Designing a NN based differential relay which is able to discriminate
between three generator states, namely the normal operation state.
external fault state and internal fault state. In the case of an internal
fault the relay should trip the generator and identify the faulted phase
or phases. In the case of an external fault the relay should act as a

backup relay for the main protection against external faults.
¢ Simulation studies to evaluate the performance of the NN based relay.
¢ Experimental verification of the developed internal faults algorithm.

e Hardware implementation and real-time experimental verification of

the proposed NN based relay.

1.6 Dissertation Organization

Chapter 2 serves as a brief review of the basic concepts and theories required
for this dissertation. The principles of differential protection are first out-
lined and then the existing digital techniques used in generator differential
protection are briefly described. The features that make the multi-layer feed-
forward neural network suitable for power system protection applications are
presented. A general description of the use of neural networks in protection
schemes is given. A full description of a method to simulate the genera-
tor performance during normal operation and external faults in direct phase

quantities is finally given.
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In Chapter 3 the concepts behind the development of an internal faults
algorithm are presented. The steps required to enable the simulation of inter-
nal single phase to ground faults and internal two phase to ground faults in
multi-path per phase generators are described. A similar description for the
case of single-path per phase generators follows. The modifications required
to include a ground resistance for the generator. as a means of reducing the
magnitude of the fault current, in the internal faults algorithm are presented
at the end of the chapter.

Simulation results showing the generator currents during normal oper-
ation state, external fault state and internal fault state are presented in
Chapter 4. Illustrative simulation results showing the normal operation state
and external fault state are first presented and briefly discussed. Simulation
results showing internal fault currents are then presented and discussed in
detail. The effect of ground resistance is shown by comparing internal fault
currents with and without a ground resistance. The effect of internal fault
location is shown by presenting internal faults at different winding percent-
ages.

The design of the NN based digital differential relay is presented in Chap-
ter 5. The important modules needed for the proposed relay are presented
and the function of each module is described. The relay uses two multi-layer
feed-forward neural networks (FNNs), one FNN is used by the fault detec-
tor module and the other by the fault classifier module. The structure and
training process of each FNN is described.

Chapter 6 gives the detailed simulation studies that are done to evaluate
the performance of the proposed NN based relay. The relay proper operation
is checked for all three states. In protection it is more important to ensure
proper relay operation during transient conditions and light faults. Stud-

ies showing the performance of the relay during these conditions are also
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presented.

The internal faults algorithm is developed in this dissertation and is used
to provide the FNNs with training data. So, it is necessary to obtain exper-
imental verification of the proposed algorithm. Simulation results showing
the internal fault currents are compared with actual fault currents in Chap-
ter 7. At first, the laboratory power system model is described, then results
confirming the accuracy of the internal faults algorithm are presented. The
effect of magnetic saturation on the performance of the algorithm is also
discussed.

Laboratory implementation and experimental tests of the proposed NN
based digital relay are described in Chapter 8. Details of the software written
to enable the operation of the relay are described. Behavior of the NN based
relay is observed and the experimental results are described in this chapter.

Finally conclusions and comments on further research topics in the area
of generator internal fault simulation and neural network based protection

are summarized in Chapter 9.

1.7 Dissertation Contribution

The work presented in this dissertation makes original contribution in the

following respects:

¢ Development of an algorithm for simulating internal faults at different
percentages of the stator winding of multi-path and single-path gener-
ators. The internal faults algorithm is capable of simulating internal
single phase to ground faults and internal two phase to ground faults

in these generators.

¢ Design of a NN based differential relay which is able to discriminate

between three generator states, namely the normal operation state,
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external fault state and internal fault state, through the help of a FNN
based fault detector module. In the case of an internal fault the relay
identifies the faulted phase or phases by means of a FNN based fault

classifier module.

e Evaluation of the relay performance through simulation studies. The
relay tripping time, for the majority of internal faults, is well within

half a cycle. Fault classification is fast and accurate.

e Experimental verification of the developed internal faults algorithm and
the use of the saturated values for the machine reactances in the case

of internal two phase to ground faults.

o Laboratory implementation of the proposed NN based relay and exper-

imental tests on a physical model.



Chapter 2

Generator Digital Protection,
Neural Networks and

Generator Representation in
Direct Phase Quantities - An

Overview

2.1 Introduction

Prior to attempting to develop a new neural network based digital differen-
tial relay for synchronous generators, it is necessary to study the following
topics: Digital differential protection of generators, neural networks (NNs)
and generator representation in direct phase quantities. This chapter covers
the basics of these three areas, which are addressed in separate sections.

A brief review of the digital techniques used in generator protection will
provide a knowledge of the latest developments in that field and their draw-

backs. In Section 2.2 the principles of differential protection are explained,
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then four different digital techniques are briefly discussed. The limitations
of existing digital techniques are also pointed out.

Neural networks are based on a simplified model of the brain, with the
processing tasks being distributed across many simple nodes. The power of
a NN comes from the collective behavior of the simple nodes. In addition to
the capability of learning and adaptation, this structure offers many other
advantages including speed, robustness and fault tolerance. In Section 2.3
the reasons that the multi-layer feed-forward neural network (FNN) is cur-
rently receiving the most attention as a viable candidate for applications to
power system protection are stated. As the back-propagation algorithm is
usually used in training the multi-layer feed-forward neural networks, a brief
description of it is given. Also, a general description of the use of neural
networks in protection schemes is given in this section, together with a brief
description of some NN based protection applications that were reported in
the literature.

Analysis of faults in a power system is of major importance in all as-
pects of power engineering. Applications of fault analysis include protection
system design, security analysis and contingency planning. All applications
depend on accurate estimates of system voltages and currents when faults
occur. In this dissertation accurate estimation of generator 3-phase currents
during normal operation, external faults and internal faults is of primary
importance. In Section 2.4 a direct 3-phase model that enables a more ex-
act study of synchronous machine performance is presented. This model is
capable of simulating the normal operation of a synchronous machine. The
modifications required in the basic direct 3-phase model for the simulation

of various kinds of external faults are also presented in this section.
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2.2 Digital Differential Protection of Gener-

ators

2.2.1 Principles of Differential Protection

The differential principle used in differential protection can be illustrated by
reference to Fig. 2.1. For normal operation or for a fault outside the two sets
of current transformers (CTs), I, entering the machine equals I, leaving the
machine in all phases [25]. On a per-unit (pu) basis, the secondary current is
equal to the primary current. Hence, during normal operation and external
faults, ideally, no current passes through the relay. If a fault occurs between
the two sets of CTs, one or more of the left-hand currents will suddenly
increase, while currents on the right side may either decrease or increase and
flow in the reverse direction. Either way, the total fault current will now flow

through the relay, causing it to operate.

Protected
—_— Equipment -
pe o pe
cT cr |
Relay
-—>Ip¢ —>1pe

Figure 2.1: The basic differential connection.

If perfect CTs are available, the relay can be set to respond very sensi-
tively and quickly. In practice, however, no two CTs will give exactly the
same secondary current for the same primary current. Discrepancies can be

traced to manufacturing variations and to differences in secondary loading.
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As a result, the differential current produced flows through the relay. While
normally small, the differential current can become appreciable when short
circuit current flows to an external fault, causing the relay to maloperate.
The percentage differential relay, shown in Fig. 2.2, solves the above
problem without sacrificing sensitivity. The restraining windings receive the
transformer secondary current and desensitize the relay to high external fault
currents. Hence, the current required for relay operation increases with the
magnitude of the external fault current. The effect of the restraint wind-
ings on internal faults is negligible, because the operating winding has more

ampere turns and receives the total secondary fault current.

Protected

Equipment

9]
9

Relay -0 ting
winding
—’lpr \ / -—>1p¢
\4

Restraining
windings

Figure 2.2: Schematic connections of the percentage differential relay.

2.2.2 Digital Differential Protection Using Instanta-

neous Values

One of the early digital algorithms proposed for generator differential protec-
tion is presented in [26]. This algorithm uses the instantaneous differences

between the currents entering the generator, i.e. neutral-end currents, and
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the currents leaving the generator, i.e. line-side currents, for detecting stator
winding faults. The algorithm consists of three parts: a fault monitor, a
phase allocation sequence and a fault verification sequence.

The fault monitor checks if the absolute value of the instantaneous differ-
ence between the neutral-end and line-side currents has exceeded a prespec-
ified software threshold. Should the absolute value exceed the threshold, the
monitor relinquishes control to the phase allocation sequence.

On activation by the monitor, the phase allocation sequence determines
the faulted phase. The phase allocation sequence issues a read direct to the
analog-to-digital converter to sample the difference current of each phase.
The difference current sample of each phase is then stored and its absolute
value is calculated. The absolute values of the three samples are compared
and the phase with the largest sample is determined. Sequential sampling
continues and the procedure described above is repeated until the largest
samples from different passes twice indicate the same phase as probably
faulted. The phase allocation sequence then branches to the appropriate
fault verification routine.

The verification sequence decides whether the generator stator is actually
faulted or not. One verification sequence is provided for each phase. On com-
mencement of verification the sampling is restricted to the sum and difference
currents of the selected phase. The absolute value of the difference current
is multiplied by 128, using an arithmetic left shift of seven bits, and divided
by the sum current. The result is compared with a percentage threshold.
Should the threshold be exceeded a counter is incremented. In case the re-
sult is less than the percentage threshold, the counter is decremented. After
the counter has been either incremented or decremented, it is compared with
the positive and the negative threshold values. If the value of the counter is

between the two threshold values, the issue is undecided and the sequence
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returns for another verification pass. If the positive threshold is reached a
trip signal is issued, while if the negative threshold value is reached then it
is concluded that activation occurred due to a transient condition and the

fault monitor is reinstated.

2.2.3 Cross-Correlation Techniques

Cross-correlation techniques have been used in the literature to obtain faith-
ful representation of the signals used in digital protection schemes [27-30].
In cross correlation the signal from the protected system is compared to
standard reference signals to extract the real and imaginary parts of the re-
quired frequency component of the signal, i.e. the fundamental frequency
component and/or the second harmonic component depending on the pro-
tection scheme. It should be noted that the cross-correlation techniques are
essentially the convolution techniques used in the signal processing litera-
ture [31,32].

Reference [27] uses cross-correlation of an input current signal with sine
and cosine waves to extract the real and imaginary parts of the fundamental
frequency component of the signal. From the real and imaginary parts of the
fundamental frequency of the line-side and neutral-end currents so obtained,
the root mean square values of the fundamental frequency components of the
differential, Is¢, and the sum, Isum, currents are computed. The differential
current, lg;ff, is the difference between the line-side and neutral-end currents,
while I, is the summation of these two currents. Hence, the following trip
criterion

Id,’ff > Sen [,um (2.1)

is checked, where Sen is a prespecified sensitivity factor.

At the onset of a fault in the armature winding a second harmonic is pro-
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duced in the field current. An algorithm that extracts the second harmonic in
the field current, by cross-correlating the field current with sine and cosine
references, and then uses it to detect generator faults is presented in [28].
As both internal and external faults produce a second harmonic in the field
current, so the direction of negative sequence power flow at the generator
terminals is used to differentiate between internal and external faults.

To reduce the computation requirement of the relaying algorithm. cross-
correlation with a heptagonal wave for the extraction of fundamental fre-
quency components of the differential and sum currents is implemented in
[29,30]. The trip criterion used in this algorithm is the same as that shown
n (2.1), but real parts instead of real and imaginary parts are used in that

algorithm.

2.2.4 Digital Filter Based Algorithms

Fault current waves contain dc offsets and superimposed harmonics. Digital
filters, when used in a protection algorithm, efficiently remove the distortion
present in the fault current waves [9,13]. These protection algorithms use
finite-duration impulse response (FIR) digital filters to accurately estimate
the magnitude of the fundamental component [31,32]. Recently a number of
integrated generator protection systems have been reported in the literature
[33-35]. These systems use digital filters to compute the phasors of voltages
and currents, and apply appropriate digital algorithms for providing a variety

of protection functions including stator winding protection.

2.2.5 Symmetrical Components Based Algorithms

An algorithm that uses positive and negative sequence models of the gen-
erator, and voltages and currents measured at the generator terminals to

discriminate between internal and external faults is given in [36]). Fault dis-
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crimination criterion in that algorithm is based on the signs of positive and
negative sequence impedances seen by the relay. These impedances are neg-
ative for faults internal to the generator and positive for faults external to
the generator.

The algorithm first calculates the 60 Hz voltage and current phasors for
the three phases of the generator, and subsequently computes the positive
and negative sequence phasors. The most recent voltage and current samples
are then compared with voltage and current samples from the previous cycle.
If the change is greater than a predefined threshold, an impedance calculation
procedure is initialized to determine whether an internal fault or an external
fault has occurred. Otherwise, the algorithm waits for a new set of samples

to arrive and repeats the procedure described above.

2.2.6 Limitations of Existing Digital Techniques

The majority of the previously proposed algorithms are based on fault detec-
tion principles that are used in their electro-mechanical counterparts. More-
over, the extensive computations performed to obtain accurate estimates of
phasors prevent the relay from taking a quick trip decision. The majority of
these digital techniques take at least one cycle after fault inception to issue

a trip signal.

2.3 Neural Networks

Neuron is the basic element of a neural network. The manner in which the
neurons of a NN are connected and the method by which a NN is trained
distinguish one NN from another. As detailed introduction and classification
are already available in [15,16,22,37], only a brief summary of the structure
of a NN is given in Appendix A. In this section some of the concepts of NNs
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that are of importance to this project are reviewed.

2.3.1 Suitability of the Multi-Layer FINN in Power Sys-

tem Protection Applications

The multi-layer feed-forward neural network (MFNN) is currently receiv-
ing the most attention as a viable candidate for applications to power sys-
tems [11,23]. The MFNN is taught by example, and the hidden layers enable
it to extract higher-order statistics, as indicated in Appendix A. The pre-
ponderance of data typically available from the power industry, coupled with
the ability of the MFNN to learn significantly nonlinear input/output rela-
tionships, reveals it as a viable candidate among other solutions [9-11] for
solving significant power system protection problems.

Moreover, MFNN can be used to process time series data, which is the
main core of digital protection algorithms [11]. As shown in Fig. 2.3 the
input sequence is fed into a tapped delay line with each delay element Z~!
providing a time delay equal to one sampling interval and then feeding the
taps from the delay line into a static MFNN. The index n in Fig. 2.3 is used
to indicate the most recent sample of the input and q is the total number of
inputs.

In this dissertation, the MFNN is employed to build the proposed neural
network based digital differential relay.

2.3.2 Back-Propagation Training Algorithm

Multi-layer feed-forward neural networks are usually trained using the back-
propagation algorithm [15,20,21]. As the back-propagation algorithm is used
in this dissertation, a brief description of it is given in this section.

The learning procedure here involves the presentation of a set of pairs



2.3 Neural Networks

Output

gm) | gn-1) = = g(n-(g-1)

g(n) Z-l
Input

rZ'l-b Z'l_

Tapped delay line

Figure 2.3: A MFNN processing time series data.

of input and output patterns. For each input and output pattern, z, the
system first uses the input vector to produce its own output vector and
then compares this with the desired output, or target vector. If there is
no difference, no learning takes place. If a difference exists, the weights are
adjusted to eliminate the total squared error, E(z), which is the sum of the
squared differences between the set of desired outputs and the set of actual

outputs of the neural network [15]:

E(z) = 53 [dk(z) — we(2)])* (2:2)
k

[

where di(z) is the desired output and yi(z) is the actual output of neuron k
for pattern z. |

The weights wy; (see Appendix A for a description of weights) can be
adjusted to minimize E(z) for the set of training patterns by a gradient

descent method, given by:

wij(z + 1) = wij(z) + Awgj(z) (2.3)
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where

Awij(z) = nbe(z)y;(z) (2.4)
where 7 is the learning rate. If neuron k is in the output layer:

dyi(z)
dv(z)

8k(z) = T——[di(z) — yx(2)] (2.5)

where vi(z) is the total weighted sum of neuron % as expressed in (A.3). If

neuron k is not in the output layer:

§u(z) = :ykg 25 z)wi(z (2.6)
where §;(z) is from the neurons in the layer following the layer where neuron
k is located.

The objective of the back-propagation algorithm is to update the weights
in (2.3) such that the NN can have the lowest error possible, i.e. achieve
a global minimum. However, NNs with more than one hidden layer may
have several local minima. Adding a momentum factor to (2.4) decreases
the sensitivity of the back-propagation algorithm to small details in the error
surface [15]. This helps the network to avoid getting stuck in shallow minima.
which would prevent the network from finding a lower error solution. The

momentum term is added to (2.4) as follows:
Awij(z) = nék(z)yj(z) + aAwg;(z = 1) (2.7)

where a is the momentum factor. In the above equations, the learning rate,
n, and the momentum factor, o, are between 0 and 1, and are determined

by experience.



2.3 Neural Networks

23

2.3.3 Use of Neural Networks in Protection Schemes

Investigations into the use of NNs for relaying purposes started about seven
years ago. Researchers have applied NNs to solve relaying problems in a
number of different areas. This section describes how, in general, a NN can
be used in a protection scheme.

The information that can be obtained from a power system is in the form
of voltage and current signals. For most NN based protection applications.
voltages and currents in one form or another are used to train a NN to dis-
tinguish between a fault or a healthy condition in the power system. Once a
NN is trained, it is then used by the protection scheme to detect faults. The
structure of a NN is application specific. Structural differences might come
on account of the number and type of inputs, number and type of outputs
and complexity of the application which would then govern the number of
layers and the number of neurons in different layers. These parameters of the
network are decided by experimentation which involves training and testing
a number of network configurations. The process is terminated when the
chosen network configuration has satisfactory performance. A NN is con-
sidered to have a satisfactory performance when the averaged squared error
is at an acceptably minimum value and it is able to respond adequately to
patterns which are different from the ones used in training [11,15,23]. As
discussed in Appendix A, a three layer FNN can emulate any shape of the
decision boundary reasonably well and has, therefore, been used for a number
of protection functions.

For high impedance fault detection, a three layer FNN has been pro-
posed to distinguish arcing fault currents from non-fault and fault like cur-
rents [38]. In transmission line protection, MFNNs have been proposed for
fault direction discrimination [39,40], fault classification [41], time zone clas-

sification [42] and adaptive reclosing [43]. Since the complex variation of line
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impedance is accentuated by the use of the capacitors in series compensated
transmission systems, conventional distance protection schemes are limited
to certain applications. MFNNs have been proposed to aid in the process of
fault detection and fault classification for series compensated transmission
systems [44,45].

MFNNs are also helpful in differentiating between magnetizing inrush
current waveforms and fault current waveforms, hence assisting in trans-
former protection [46-48]. A NN has also been proposed to detect incipient
faults, in the form of turn-to-turn stator insulation fault and bearing wear
in single phase induction motors (49-51]. The use of NNs in predicting the
field current of an alternator and then detecting the field winding interturn
fault is described in [52]. Another approach for the localization of field wind-
ing shorts, using a NN with a fuzzified output, has been proposed in [53].
In this approach two similar traveling waves are injected simultaneously at
both ends of the field winding. Selected features of the received signals are
used as inputs to the FNN, which is used to detect and localize shorted turns
in the field winding.

As explained previously MFNNs have been extensively used in protec-
tion applications, however, few researchers have used self organizing neural

networks for fault classification in transmission systems [54, 53].

2.4 Generator Representation in Direct Phase
Quantities

Methods of predetermining the transient performance of synchronous ma-
chines have, in the past, made use of a number of approximations, in view
of the fact that a closed form solution of the performance equations was la-

borious and in some cases was not feasible [56]. To overcome some of the
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difficulties, various transformations, such as d—q—0 and a—3—0, were in-
troduced. The d—gq axes model yields differential equations with constant
coefficients. They are linear provided that speed is assumed to be constant,
which rules out logical and rigorous analysis of power swings. In addition.
study of unsymmetrical faults necessitates further transformation of d—q—0
equations [57]. In such cases, the a—(3—0 model has been found more con-
venient to use (58]. The a—3—0 model results in differential equations with
variable coefficients and an approximate solution has been suggested [59]. As
stated earlier, the performance equations become nonlinear once the speed
variation is taken into account, making it imperative to resort to a computer
solution if exact analysis is required.

With the advent of modern computers, numerical methods can be em-
ployed efficiently for solving nonlinear differential equations. In such a case.
a direct 3-phase model is used for a more exact study of synchronous machine
performance [60,61]. With direct representation, the normal operation can
be simulated. Also, various external fault conditions, such as symmetric and
unsymmetric conditions, can be simulated, by doing slight modifications in
the basic direct 3-phase model.

This section describes a mathematical model of a synchronous machine
in direct phase quantities and the procedure for simulating normal operation
and external faults using numerical techniques. This model and the required
modifications for simulating external faults have already been presented in
[60]. However, the modifications that enabled that model to be used to
simulate internal faults have been developed in this dissertation and are
considered as a part of the dissertation contribution. The internal faults

algorithm is described in Chapter 3.
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2.4.1 Normal Operation

Figure 2.4 shows a schematic representation of a synchronous generator with
two damper windings. In Fig. 2.4, the letters a,b and c refer to the stator
phases: phase a, phase b and phase c, respectively, while the letters f, kd
and kq refer to the rotor windings: the field winding, the direct axis damper
winding and the quadrature axis damper winding, respectively. In direct
phase quantities, the performance of a synchronous generator connected to
an infinite bus through a short transmission line (T'L) having a resistance
Rrr and an inductance Lrz, Fig. 2.5, can be described by equations given

below.

Quadrature
axis

Figure 2.4: Schematic representation of a synchronous machine.

Voltage Relationships

The position of the rotor at any instant is specified with reference to the axis

of phase a by the angle 4, Fig. 2.4. In terms of flux linkages, ¥,, voltage
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Figure 2.5: System representation.

relationships for the stator and rotor circuits, e;, are linked with the winding

resistances, R;, and instantaneous currents, 1, as follows:

dw .
e; = dt‘ - Ryi,; (2.8)
where
e1 = [ecepecereraer,|’ (2.9)
W1 = [YaVoletd fPra¥sg|’ (2.10)
R; = diagonal[RaRaRa —Rf —Ryq —qu] (2.11)
i1 = [(albicl firding’ (2.12)

When the machine is supplying a load through a short TL, Fig. 2.5, the

machine terminal voltages can be expressed as follows:

€a = —Fpussin(wt) + 1R + CZ—;LTL (2.13)
e = —FEpssin(wt— 2?7?-) + 4R + %LTL (2.14)

. 2 . c
ec = —FEpssin(wt+ ?ﬂ') + 1. Rrp + %‘LTL (2.15)
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where wt = 6 + §, w being the synchronous speed and § is the load angle
with reference to the infinite bus, and Ej,, is the peak value of the infinite

bus phase voltage.

Flux Linkage Relationship

The flux linkage relationship of a synchronous generator can be expressed in

symbolic form as:
‘yl = L1i1 (2.16)

where

a b c f kd kq

Lo Map Mee May Moy Mory| a
My Ly My My Muya Myeg| b
Mo My Lo My Mua My,| ¢
Mge Mp My Ly Mpg O f
Mise Miaw Mige Mgy Lig O kd
( Miga Migp Mige 0 0 Lgg | kg

where the term L indicates the self-inductance of either the a,b, ¢, f.kd or
kq winding, and the term M indicates the mutual inductance between any
two of these windings. The formulas of the components of the L; inductance

matrix in (2.17) are given in Appendix B.1.

Torque

Owing to inertia, the instantaneous electric torque, T, differs from the
prime-mover mechanical torque, Tp.., if the speed varies. At any instant,

Tinec is equal to Teicy plus the accelerating torque [56,60]. Hence, the equation
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of motion of a synchronous generator can be expressed by:

25 w
W = ﬁ(Tmec - Tclcl)

where H is the inertia constant. The formula of T, is given by:

1 dL dL;2.
Teic1 = (9111 111 + 111 dgzllz)

where

ill = [iaibic]

l12 = [t flrding]’

La. M gp Mac
Lis =|{My, Ly M.
Mca oMcb Lc

M.y Mara Mek,
Li2 = |Myy Mg My,
4Mcf Mckd Mckq

(2.23)

The formula given in (2.19) is based on the fact that an electrical torque is

produced in a machine when a change in the energy stored in its coupling

field, Wy, occurs, i.e. Teeg = —dWy4/d8, [61].

General

Equations (2.8,2.13-2.16,2.18) form the complete model for a synchronous

machine in direct phase quantities. The elements of the L, matrix in (2.17)

are dependent on rotor position, which varies with time. Hence the per-

formance equations are differential equations with variable coefficients. As
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the speed of the generator varies under transient operating conditions, the

performance equations are nonlinear. Generally, solutions in closed form can

not be obtained, and a numerical solution has to be resorted to.

Simulation Procedure

The simulation involves the solution, by a numerical method, of the mathe-

matical model presented above. In this dissertation the Runge-Kutta method

as modified by Gill is used. This is the same numerical method used in [60].

The basic algorithm for the simulation of the 3-phase model is as follows:

o

. The initial voltages, currents, current derivatives, and rotor position.

as specified by the problem, are used to start the computation.

The flux linkage derivative, d¥, /dt, is computed at the beginning of
the n** step with the knowledge of e; and i, using (2.8).

On integration, this gives the flux linkage vector ¥,.

The electrical angle 6 at the n** step, which defines the rotor position
at that instant, is obtained by solving (2.18) for 4.

The angle § computed at the end of a step is used in forming the

inductance matrix L, in (2.17).

The currents at the end of the n** step are obtained from:

il = Ll-l‘pl (224)

The current derivative vector, di;/dt, is obtained from the following

matrix equation, making use of the currents computed above:

di - - . - .
-Cf = Lmod v + Lmod 1R—x‘noc:lll - Lmod 1_11 (225)
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where

t

2 , I
V =[~Epus sin(wt) —Epus sin(wt—%) —Ey, sm(wt+§)e rexaerq) (2.26)

Rumod = dig[(R. + Rrr)(Re + Rrr)(Ra + Rrr)— Ry —Ria —Rig](2.27)

The elements of the modified matrix, Lyod, are the same as the L;

matrix except for the following:

Lmod(la 1) = Ll(lv 1) - LTL (228)
Lmod(27 2) = Ll(?'s 2) - LTL (2'29)
Lmoa(3,3) = L1(3,3) — L1L (2.30)

The derivation of (2.25) is obtained by equating the derivative of (2.16)
with (2.8).

8. The currents and their derivatives calculated above are utilized in cal-
culating the machine terminal voltage given in (2.13-2.15), and the

same procedure above is repeated for the (n+1) step.

2.4.2 External Faults

For various faults occurring at the terminals of a loaded machine, the con-
straints to be imposed, and the corresponding modifications required in the
mathematical model described in Section 2.4.1, are described below. This
model is also capable of simulating external faults at any location along the
TL, but as the constraints of imposing a fault along the line resemble those
for a terminal fault, only terminal faults are described in this section. In this
dissertation this model has been used for simulating terminal faults as well
as faults along the TL.

The necessary changes to simulate faults can be incorporated at any stage
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of the simulation by a few simple instructions in the program. It thus allows
any kind of fault to be simulated at any required fault inception time. For the
sake of clarity, only those expressions or matrices that require to be modified,

to simulate a terminal fault, are given.

Three Phase Fault

For a three phase fault, at the instant of the fault,
ec =€ =¢e.=0 (2.31)

This will necessitate the following modifications:

V1) =V(©@)=V(3)=0 (2.32)
Ltnod = L1 (233)
Ruod = Ry (2.34)

Phase to Phase Fault

For a fault on phases b and c,

e =€ —e. =0 (2.35)
Hence
e = €. (2.36)
Also
€. t+es+e. =0 (2.37)
So
=€ = —2 (2.38)



2.4 Generator Representation in Direct Phase Quantities

33

at the instant of the fault. This condition is simulated with the indicated

changes in the following elements:

V(2) = V(3) = L Epys sin(wt) (2.39)
Lmoda(2,1) = L1(2,1) + L& Lmod(2,2) = L1(2,2) (2.40)

Lmoa(3,1) = Ly(3,1) + £z Lmoda(3,3) = Ly(3,3) (2.41)

Rmod(2’ 1) = R'm.od(3v 1) = _'B'}L (2.42)
Rmod(2,2) = Rmod(3,3) = R, (2.43)

Two Phase to Ground Fault

For a fault on phases a and b, e, = e, = 0. The modified elements are then:

V(1) =V(2) =0 (2.44)
Lmoa(1,1) = Ly(1,1) Lmoa(2,2) = Ly(2,2) (2.45)
Rmod(1,1) = Rmod(2,2) = R, (2.46)

Single Phase to Ground Fault

For a fault om, say, phase a, e, = 0. This will necessitate the following

modifications:

V(1) =0 (2.47)
Lmod(lv 1) = Ll(lf 1) (248)
Rmod(17 1) = Rn (249)
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2.5 Summary

The basic concepts and theories of digital differential protection of genera-
tors, neural networks and generator representation in direct phase quantities
are presented in this chapter. The fundamental digital techniques used in dig-
ital differential protection are explained. It is shown that digital techniques
require an extensive amount of computations to obtain accurate estimates of
phasors and hence a trip decision is delayed by at least one cycle after fault
inception.

The multi-layer feed-forward neural network is a static network. It has an
output layer, an input layer and one or two hidden layers. The information
can only be fed forward between layers. There is no feedback available during
the operation. As the three layer FNN can emulate any shape of the decision
boundary reasonably well, it is applied in a number of protection functions
and is chosen to build the NN based differential relay.

For simulation of normal operation and external faults of generators, it is
shown that a direct 3-phase model is well suited for computer simulation. The
use of this model allows a uniform approach to the study of both symmetrical
and unsymmetrical faults, while retaining the generator nonlinear model.
Moreover, the parameters used in the 3-phase model are physical values and
it is not necessary to go through complex transformations as in the case of
the d—¢—0 and a—3-0 models. It should also be noted that the 3-phase model
takes into consideration the variation of speed under transient conditions and
a numerical method is used to solve the performance nonlinear differential
equations in a step by step manner, i.e. without approximations. This leads
to the conclusion that using the direct 3-phase model would produce accurate

results.



Chapter 3

Internal Faults in Synchronous

(Generators

3.1 Introduction

Along with the development of electric power industry, the protection of
synchronous generators becomes more and more important. The internal
short circuit current for the generator may be several times larger than its
terminal short circuit current. The strong current could cause severe heat and
mechanical damage. Hence, for adequate generator protection, an accurate
method for calculating the internal fault currents should be available.
Several articles analyzing the internal faults of ac machines have been
published [62-64]. In [62,63] the symmetrical component method is used
and only the fundamental and the third harmonic components, of time and
space, are considered. In the case of internal faults in the stator windings of
electrical machines, there are stronger space harmonics in the air gap mag-
netic field and stronger time harmonics in winding currents. Therefore, a
substantial amount of error would be caused by using the symmetrical com-

ponent method. In the multi-loop theory the electrical machine is considered
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as formed of several electric circuits, each composed of the actual loops that
are formed by the coils [64]. The inaccuracies involved with the calculations of
loop inductances and the focus of the multi-loop theory on hydro-generators
with distributed neutral arrangement only, prevent the generalization of this
method for different types of synchronous generators.

In the previous chapter, a mathematical model of a synchronous machine
in direct phase quantities was described and was found to be both accurate
and suitable for fault studies. In this chapter a new method for simulating
internal faults in a synchronous generator, using the direct phase quantities,
is described. The developed method follows the same basic approach as
followed in [60], Section 2.4.2, for the simulation of external faults. The
method for calculating the self and mutual inductances of the faulted phase
of the synchronous machine is based on the analysis presented in (62,63, 65~
67]. In Section 3.2 internal single phase to ground faults and internal two
phase to ground faults in multi-path generators are covered, while Section
3.3 describes the simulation of internal single phase to ground faults and
internal two phase to ground faults in single-path generators.

The stator windings of the generators are usually grounded in a manner to
reduce the fault currents. In other words the generator is grounded through a
ground resistance to limit the magnitude of fault current during ground faults
[3]. Generator grounding practices and the inclusion of a ground resistance

in the direct 3-phase model are described in Section 3.4.
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3.2 Internal Faults in Multi-Path Synchronous

Generators

3.2.1 Internal Single Phase to Ground Faults

A schematic representation of a synchronous machine with two damper coils
during an internal single phase to ground fault in phase a is shown in Fig. 3.1.
It is assumed that the armature winding of a synchronous machine consisting
of X parallel paths per phase is tapped at a certain point of one of the parallel
paths of phase a. The tapped parallel path is divided in two parts, one part
is adjacent to the neutral, which is referred to as the m winding, and the
second part adjacent to the machine terminal, which is referred to as the n
winding. The remaining, X — 1, parallel paths of phase a are lumped into
one equivalent winding which is referred to as the p winding. In direct phase
quantities, the performance of a synchronous generator, during an internal
single phase to ground fault, connected to an infinite bus through a short

transmission line (T'L), Fig. 3.2, can be described by equations given below.

Voltage Relationships

The position of the rotor at any instant is specified with reference to the axis
of phase a by the angle 4, Fig. 3.1. In terms of flux linkages, ¥, voltage
relationships for the stator and rotor circuits, ez, are linked with the winding

resistances, R, and instantaneous currents, iz, as follows:

- R,i, (3.1)
where

€2 = [€pmentsecl Cra€is)’ (3.2)
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Figure 3.1: Schematic representation of a mutli-path synchronous machine
during an internal single phase to ground fault.

U2 = [UpPmUn et fUra¥iq)’ (3.3)
R, = diag[l'lpR,,.,R,IR,,R.z —Ry —Riq — Ry (3.4)
i2 = [Iptmintsict firding) (3.5)

During an internal single phase to ground fault, the machine terminal volt-

ages can be expressed as follows:

) o di, di,
ep = —Epssin(wt) + (i, +in) Rrr + (f + %)Ln (3.6)
em = 0 (3.7)
€n = € (3.8)
. 2r . dib
es = —FEp,, sm(wt — 3—) + iR + -ELTL (3.9)
. . di.
6 = —Epusin(wt + 2—3”-) iR+ Zoln (3.10)
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Figure 3.2: System representation for a multi-path machine during an in-
ternal single phase to ground fault.

where wt = 6 + 4, w being the synchronous speed and ¢ is the load angle
with reference to the infinite bus, and Ej,, is the peak value of the infinite

bus phase voltage.

Flux Linkage Relationship

The flux linkage relationship during the fault is:

¥, = Laiz (3.11)
where
p m n b ¢ f kd kg
L, Mpm Mpn Mpy Mye Mpy Mpca Mpig| p
Mmp Lrn Mpn My Mmc Mmf Mmkd Mmkq m
an Mnm Ln Mnb Mnc Mnf Mnkd Mnkq n
My Myn My, Ly My Myy Mg My
L = ” ! ! (3.12)

My Mogn Moo My Lo My Mg Myy| c
Mipp Mpm M Mgy Mye Ly Mpa O f
Miap Mygm Mian Miay Mg Migg Leg O kd
| Migp Mikgm Mign Migs Mige 0 0 Lig | kg
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The notations used in (3.12) for the self and mutual inductances are the same
as those used for the L; matrix in (2.17).

The L2 inductance matrix can be viewed as having two parts, a healthy
part and a faulty part. The healthy part is associated with the self induc-
tances of the healthy windings, i.e. b, ¢, f, kd and kq, and the mutual induc-
tances between them. In this part the inductances are exactly the same as
those of the L; matrix in (2.17). The faulty part is associated with the self
and mutual inductances of the different parts of the faulty phase a, namely
parts p,m and n. The values of the inductances in the faulty part of the L,
matrix need some modifications from the normal values, and these modifica-
tions are described in detail in this section. The formulas of the components
of the L, matrix in (3.12) are given in Appendix B.2.

The self-inductance of any winding can be viewed as consisting of two
parts; a leakage inductance and a main inductance [61]. Based on this as-

sumption, the self-inductance of the m winding is:

Lm = _Ll'm + Lmam (313)

where L, is the leakage inductance and L., is the main inductance of the
m winding.

The fault current, in a short circuited part of the armature winding,
produces a magnetic flux with relatively stronger harmonics than in the case
of a whole phase to be short circuited [66]. Consequently, the differential
leakage is relatively high for a small part of one parallel path of the armature
winding. The differential leakage flux embraces the fundamental flux and
all harmonics except the main flux in the air gap, and it can be determined
by finding the difference between the total flux in the air gap and the main
flux. Detailed analysis of the differential leakage flux and the subsequent
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calculation of the leakage inductance of a faulty winding are presented in [66].
In this thesis the analysis presented in [66] is used to calculate L.

The differential leakage flux affects the leakage inductance only, thus the
ratio between the main inductances is proportional to the ratio between the

effective numbers of turns of the corresponding windings, which is [66]:

I - ( N ) (3.14)
where L., is the main inductance of healthy phase a, N,, is the effective
number of turns of the m winding and NV is the effective number of series

turns of phase a. Hence, the self-inductance of the m winding is:
Lm = —L[m - Lmamo - Lmaml COS(20m) (315)

where Lnam = —Lmamo — Lmam1 €05(20m), Lmaemo being the constant part
and Ln.m1 being the variable part of the main inductance of the m winding.
The main inductance of the m winding is calculated using (3.14).

The winding of a synchronous machine has coil sides for each phase dis-
tributed in several slots per pole [56]. To determine the voltage of an entire
phase, the voltages of the component coils must be added as phasors. In
the case of the windings p,b and c adding the component coils will result in
3-phase voltages displaced by 7 radians from each other. Hence, the axes of
these three windings can be displaced by % radians from each other as shown
in Fig. 3.1. However, adding the voltages of the component coils of either
the m or n winding will result in a phase shift from the axis of the p winding.
As a result the faulted windings, m and n, have rotor displacement angles

different from that of the p winding, Fig. 3.1. The displacement angle, 6,,,



3.2 Internal Faults in Multi-Path Synchronous Generators

42

corresponding to the m winding is calculated as following:
Om =0+ dm, (3.16)

where ., is the displacement angle of the m winding from the original axis
of the a winding due to the fault, Fig. 3.1. In order to calculate the self-
inductance of the n winding, the same procedure described above is followed.

Mutual inductance between any two faulty winding parts is proportional

to the ratio of their effective number of turns [65,66], hence:
Moyn = Mpp, = &—Lmam (3.17)

As the internal fault does not affect the main inductance of the faulted phase,
the portion of the flux linking a healthy phase, due to a faulted phase, should

be the same as before fault occurrence [66].

z'aj‘{[ab = ipMpb + imMmb + inMnb

io My = Ko M, + fp NenMap g NoMap (3.18)

Based on (3.18) My = My = Moy = Moa, My = My = YmMar apg
My = My, = YaMar,

In keeping with the assumption of (3.18), the flux linking the lumped X -1
parallel branches, i.e. p winding, should remain unchanged. This assumption

is used to find the self-inductance L, of the p winding, as follows:

isLa = 1pLp + imMpm + inMpn
tala =Gl + 9 L + B A Lonen (3.19)

where L, is the self-inductance of healthy phase a and L., is the main
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inductance of the n winding. Substituting for Ly.m and Lpy,., in terms of

Lme (3.14), and rearranging, yields:

Lp = —X_X_lea + Lma

L,=—4e 11, (3.20)

where L, = —Li; + L, and Ly, is the leakage inductance of healthy phase a.
The main inductance, L, = —Lmao — Lma1 €05(28), Lmao being the constant
part and L.,,,; being the variable part of the main inductance of phase a.

It should be noted that, if normal operation is simulated, the above condi-
tions, which are imposed on the inductances of the windings of faulty phase
a. (3.14-3.20), would indeed cause the voltage e, to be equal to e,. Also,
em + €n would be equal to e,. These are necessary conditions for parallel

operation under normal conditions.

Torque

The equation of motion of a synchronous generator can be expressed by [60]:

4?4 w

dt2 Q—E(Tmec - Telc2) (321)

where the formula of the electrical torque in case of a single internal fault,

Teic2, is given by:

1,1, dLa;. . dLaa,
Toer = 5(5121 d021 ig1t + iz 7?2122) (3.22)
where

i22 = [ifikdikg]’ (3.24)



3.2 Internal Faults in Multi-Path Synchronous Generators

.~ -

L, My My My M,
My Lo Mon Mms Mo
L2y =|Mpp Mpw L Mpyy M, (3.25)
My Mym Myn Ly M
My Men Mam M L. |

Mps Mpra Mk,
Maps Mpka Mg,
L2 =|Mny Mukda Mik, (3.26)
Moy Meka Mok
Mey Mos Mo

The formula of T, given in (3.22) is derived with the same assumptions used
to derive T, in (2.19), i.e. an electrical torque is produced in a machine
when a change in the energy stored in its coupling field occurs [61]. The only
difference between T;.; and T, is that in calculating T, the windings p.m

and n have to be accounted for.

General

Equations (3.1,3.6-3.11,3.21) form the complete model for a multi-path syn-
chronous machine during an internal single phase to ground fault in phase
a [68]. To simulate an internal single phase to ground fault in phase b or phase
¢, the same procedure described above is followed, but in that case the faulty
phase would be the one composed of three windings and each of the other
two phases would be represented by a single winding. In this dissertation
internal single phase to ground faults in all three phases are simulated.

The simulation of internal faults involves the solution by a numerical
method of the mathematical model developed above, as in the case of normal

operation and external faults in Section 2.4. As the simulation procedure
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for all three cases is similar, in terms of sequence of steps, the simulation
procedure described in Section 2.4.1 is used for simulating all internal faults

described in this chapter.

3.2.2 Internal Two Phase to Ground Faults

Figure 3.3 shows a synchronous generator having an internal two phase to
ground fault in phases @ and b. The faulty path of phase b is divided in
two parts, one part is adjacent to the neutral, r winding, and the second
part adjacent to the machine terminal, s winding. The remaining, X — 1.
parallel paths of phase b are lumped into one equivalent winding which is
the z winding. The relationship expressed in (3.1) will still hold during an
internal two phase fault, as shown in (3.27).

d¥ ] -
€3 = Ts -_ R313 (32()
where
e; = [epemeneze,e,ecefekdekq]t (3.28)
U3 = [YplmPn¥o¥0rbsthed rPratig)’ (3:29)
R; = diag[R,R»R.R.R.R,R, —Ry —Riqg —Ryq) (3.30)
iz = [ipi,,,i,,izi,i,icifikdikq]t (3.31)

The machine terminal voltages during an internal two phase to ground fault

are:
. o di, di,

e = —Epgsin(wt)+ (i, + in) R + (E + I)LTL (3.32)

em = 0 (3.33)

&n = € (3.34)



3.2 Internal Faults in Multi-Path Synchronous Generators

46

Synchronous
generator

Figure 3.3: System representation for a multi-path machine during an in-

ternal two phase to ground fault.

di, di,

2
e: = —Ep,sin(wt — ?W) + (2. + i) Rrr + ( 7t + E)LT[‘
e, =0
€;s = e,

5 )
ec = —FEp,ssin(wt + i) +i.Rrr + ﬁLTL

3 dt

and the flux linkage relationship is:
U3 = Ljij

where

(3.35)
(3.36)
(3.37)
(3.38)

(3.39)
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p m n z r s ¢ f kd kg
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My, My Ln Mp, My, My, Mye Mup Muga Mok, n
My, Myp My L M, M,y M,e My Moy M, z
L= M, Myyy Mym M., L M, Me Mg Mega Megg | 7
My Myn Mgy My, My, Ly My Mgg Mgy My, S
My Mo Mo Me Mo My Lo My My My | c
My, Mpm M M. My Mjo Mye Ly Mpa 0 | f

Miap Migm Miin Miaz Miar Mias Mege Miegg Lgg O kd

_qu,, qum qun quz qu,- qu, quc 0 0 qu j kq
(3.40)

The formulas of the components of the L3 inductance matrix in (3.40) are
given in Appendix B.3.

Equations (3.21,3.27,3.32-3.39) form the complete model for a synchronous
machine during an internal two phase to ground fault [69]. The electrical
torque during an internal two phase to ground fault, T3, is calculated in
a similar manner as T, in (3.22), but in this case in addition to windings

p.m and n, windings z,r and s have to be accounted for.

3.3 Internal Faults in Single-Path Synchronous

Generators

In Section 3.2 an algorithm for simulating internal faults in multi-path syn-
chronous generators is developed. However, a number of synchronous gen-
erators have only a single-path per phase. So, in this section the previously

described internal faults algorithm is modified to enable the simulation of
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internal faults in single-path machines. It should be noted that the single-
path machine can be regarded as a special case of the multi-path machine
with the lumped X — 1 parallel paths being omitted, i.e. the p winding in
the single phase case and the p and z windings in the two phase case. In
order to show the similarity between the multi-path and single-path cases,
the steps for simulating internal faults to ground in phase a and in phases a

and b are repeated below for the single-path machine.

3.3.1 Internal Single Phase to Ground Faults

A schematic representation of a synchronous machine with two damper coils
during an internal single phase to ground fault in phase a is shown in Fig.
3.4. It is assumed that the armature winding of the synchronous machine
consisting of a single path per phase is tapped at a certain point of phase a.
The tapped phase is divided in two parts, one part is adjacent to the neutral,
which is referred to as the an winding, and the second part adjacent to the
machine terminal, which is referred to as the aT' L winding. The algorithm for
simulating internal single phase to ground faults in a single-path per phase

synchronous generator connected to an infinite bus, Fig. 3.3, is given below.

Voltage Relationships

The flux linkages, ®¥,, during an internal fault in a single-path machine are
related to the machine voltages, e4, winding resistances, Ry, and instanta-

neous currents, i4, as follows:

d¥,
T T

Ruis (3.41)
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Figure 3.4: Schematic representation of a single-path synchronous machine
during an internal single phase to ground fault.

where

€4 = [€an€aTLEVEEFERIERy)' (3.42)

Uy = [YanWarLPs¥e s ¥kd¥iq)’ (3.43)

R4 = diag{Ron Rarr Ra Ra — Ry —Ria —Riy) (3.44)
L4 = [ianiaTLiblct fikdikg) (3.45)

During an internal single phase to ground fault, the machine terminal volt-

ages can be expressed as follows:

€n = 0 (346)

i di,
earrt = =FEyssin(wt) + torRrr + 1d:'L Lt (3.47)




3.3 Internal Faults in Single-Path Synchronous Generators 50

bus

Synchronous
generator

Figure 3.5: System representation for a single-path machine during an in-
ternal single phase to ground fault.

2 ) di

e = —Epyssin(wt — —3’1) +iRrp + ﬁLu (3.48)
) 27 . di.

e = —FEpsin(wt+ ?r) + i1 Rt + %LTL (3.49)

Flux Linkage Relationship

The flux linkage relationship during the fault is:

@, = Lyiq (3.50)
where
an aTL b c f kd kq
[ Len Mupars Mums Mane Mans Manka Mankg ] an
Matran Larr Marrs Matre Moty MaTika Moty | oTL
Myn Myarr Ly My My Mya My, b
Ly = Mun Mot Mse Lo My Magq My,
Mfan Mgt Mp Mg Ly M 0 f
Midan Mrdare Miay Miae Mg Lia 0 kd
| Migan Migate Migp Mige 0 0 Lig | kg

(3.51)
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The procedure for calculating the self and mutual inductances of the faulty
windings, an and aT'L, is identical to that for the m and n windings in
Section 3.2.1. In fact the Ls inductance matrix is exactly similar to the L,

matrix in (3.12) except for omitting the row and column of the p winding.

General

The equation of motion of a synchronous generator can be expressed by [60]:

L

dt? 2H (Tmec - Telc4) (352)

where T.;c4 in case of a single-path machine is given by:

1. dL dL
Teeq = (:2 — g+ i dgz ig2) (3.33)
where
ig = [ianiaTLibic] (354)
laz = [tfikaiig)’ (3.55)

Lan M, anaTL M anb M anc

Mirran Lot Mt Merrc
Ly = (3.56)
Myan Mt L M.

| Mcan McaTL Mcb LC J

Man f Mankd Mankq -
Maorry Matikda Motk

Ly = ! (3.57)
My Mg My,

| My Mua My,

Equations (3.41,3.46-3.50,3.52) form the complete model for a single-path
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synchronous machine during an internal single phase to ground fault [70].

3.3.2 Internal Two Phase to Ground Faults

Figure 3.6 shows a single path per phase synchronous generator having an

internal two phase to ground fault in phases a and b. The faulty path of phase

b is divided in two parts, one part is adjacent to the neutral, bn winding,

and the second part adjacent to the machine terminal, T L winding. The

relationship expressed in (3.41) will still hold during an internal two phase

fault, as shown in (3.58).

Synchronous
generator

Figure 3.6: System representation for a single-path machine during an in-

where

ternal two phase to ground fault.

d¥s
dt

(=13 - R5 i5

es = [eaneaTLebnebTLecefekd3kq]t
Us = [YanVaTL VonVbTL VW s ¥kaWiq)’
Rs = diag[RanRuTLRb'n RyrL R, _Rf —Riq —qu]

(3.59)
(3.60)
(3.61)
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. .. .. .. .. qt
is = [fanlaTLintbTLIcE flkdbig)

(3.62)

The machine terminal voltages during an internal two phase to ground fault

are:

€an = 0
i ) di,TL
€aTt = Epugsin(wt) + iorrRTL + o Lt
€ = 0
. 271’ R dibTL
e = Eiy sm(wt - ?) + R + 7 Lrr
) 2 ) di.
ec = Epys sm(wt + —ﬂ’) + 1Rt + LLTL
3 dt
and the flux linkage relationship is:
Ws = L5i5
where
an aTL bn bTL c f kd kq
( Lan ManaTL lwanbn MaanL Manc Manf Mankd Mankq
Matran  Larr  Mariin Marisrr Matre Mot MaTikd MaTLiq
Minan MinaTL  Lon  MosTL Mine Ming Minka  Minrg
L= MyrLan MetLaTL MiTLon Loz Mizrc MoTL; MiTrkd MiTLAq
s =
M can M, caTL A'[clm M, cbTL L c M cf M ckd M, ckg
Mfan Mt Mpn Mprr Mye Ly  Mpy 0
Midan Mrdarr Miatn Miasre Mide Miyp  Lig 0
| Migan Migatr Mign Migrr Mige 0 0 L,

(3.63)
(3.64)
(3.65)
(3.66)

(3.67)

(3.68)

an

aTL

bT L

kd

J

(3.69)
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The Ls matrix is obtained from the L3 in (3.40) matrix by omitting the rows
and columns corresponding to the p and z windings.
Equations (3.52,3.58,3.63-3.68) form the complete model for a single-path

synchronous machine during an internal two phase to ground fault [70].

3.4 Generator Grounding

The method of generator grounding used in a generator installation deter-
mines the generator’s performance during ground fault conditions [1-3]. If
the generator is solidly grounded, as is practically never the case, it will de-
liver a very high magnitude current to a single line to ground fault at its
terminals, accompanied by a 58% reduction in the phase to phase voltages
involving the faulted phase. If the generator is ungrounded, as is also practi-
cally never the case, it will deliver a negligible amount of current to a bolted
single line to ground fault at its terminals, accompanied by no reduction
in the phase to phase voltages. These represent the extremes in generator
grounding with normal practice falling predictably in between.

The high magnitude of fault current which results from solidly grounding
a generator is unacceptable because of the damage it can cause during the
fault. Isolating the generator by tripping the generator breaker does not cause
the fault current to immediately go to zero. The flux trapped in the field will
result in the fault current slowly decaying over a number of seconds after the
generator is tripped which substantially exacerbates damage. On the other
hand, operating a generator ungrounded provides negligible fault current, but
the line to ground voltages on the unfaulted phases can rise during arcing
type faults to dangerously high levels which could cause insulation failure.
As a result, stator windings on major generators are grounded in a manner

that will reduce fault current and overvoltages, and yet provide a means of
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detecting the ground fault condition quickly enough to prevent iron burning.

3.4.1 Inclusion of a Ground Resistance in the Direct

3-Phase Model

In applying fault conditions for either external faults, Section 2.4.2, or in-
ternal faults, Sections 3.2 and 3.3, the generator is assumed to be solidly
grounded. The reason, the analysis is done for a solidly grounded generator,
is to facilitate the study and development of both algorithms. As these algo-
rithms are used to generate the training data necessary for training the neural
networks, as shown in Chapter 5, more realistic data should be obtained. In
other words, the generators used in these algorithms have to be grounded
through ground resistances that would limit the fault current. Hence, the
simulated fault currents would be closer to actual fault currents.

Including a ground resistance in the direct 3-phase model is a very simple
task. In the case of normal operation, adding a ground resistance to the
neutral of the generator has no effect on the algorithm as the neutral current
under balanced operation is zero. In the case of external or internal faults,
the effect of the ground resistance would only be on the machine terminal
voltage equations, while, the rest of the external or internal faults algorithm
is unchanged.

Figure 3.7 shows the multi-path generator of Fig. 3.2 with both the gen-
erator and the infinite bus neutrals grounded through resistances R,; and
Rga, respectively. In Section 3.2.1 the internal faults algorithm is described
for the case shown in Fig. 3.2. To show how to account for the ground re-
sistances in the algorithm, the expressions for the machine terminal voltages
are rewritten below:

d din,
dip _ din

€& = —FEpu, sin(wt) + (ip +in)Rrr + ( 7t 7

YLTL
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Figure 3.7: System representation during an internal single phase to ground
fault in one path of phase a with the ground resistances in-
cluded.

em -—

€n =

€y, =

ec -

+(Zp + im + ib + ic)Rgl + (1p + in + ib + ic)Rgz

(ip + z.m + ib + iC)Rgl

2 . 3
—Eyys sin(wt — g—) + R + %Ln

+(ip + im + @b + ic) Rgr + (ip +in + is + ic) Ry

2 . di.
‘32) +i.Rrr + LLTL

— Epys sin(wt
sus Sin(wt + pr

+(tp +im + 8+ i) Rgr + (1p + ta + 35 + 1) Rg2

(3.70)
(3.71)
(3.72)

(3.73)

(3.74)

As indicated above, accounting for Ry and Ry, only affects the machine

terminal voltages, while, the rest of the algorithm, (3.1-3.5, 3.11-3.26), is un-

changed. The previous statment is true for all kinds of external and internal

faults presented in this dissertation.

3.5 Summary

In this chapter methods for simulating internal single phase to ground faults

and internal two phase to ground faults in multi-path and single-path gen-

erators are developed. The internal faults algorithm is based on a direct
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3-phase model of the synchronous generator.

In the case of the multi-path machine, the internal faults algorithm re-
gards the faulty phase as composed of three individual windings. The self
and mutual inductances of these individual windings are calculated with the
aid of special forms. The described model has the advantage of simulating
internal faults, while retaining the generator nonlinear model. The ability of
the developed algorithm to retain the generator nonlinear model and to take
into account the variation of speed under transient conditions enhances its
accuracy. The single-path machine can be regarded as a special case of the
multi-path machine.

Grounding the generator through a resistance has the beneficial effect of
reducing the fault current and the subsequent fault damage. It is shown that
including the ground resistance in the direct 3-phase model only affects the

machine terminal voltage equations during a fault.



Chapter 4

(Generator Simulation Results

4.1 Introduction

The main objective of this thesis is to train different neural network modules
to detect and classify faults in the stator windings of generators. Choosing
the appropriate inputs to a neural network not only reduces the training
time but also increases the classification accuracy of the output. In order to
choose the appropriate inputs, generator simulation studies should be done
first.

It is the aim of this chapter to present simulation results showing the
generator currents during normal operation state, external fault state and
internal fault state. Ilustrative simulation results showing the normal op-
eration state and external fault state are presented in Sections 4.2 and 4.3,
respectively. Simulation results showing internal fault currents are then pre-
sented and discussed in Section 4.4. The effect of ground resistance is shown
by comparing internal fault currents with and without a ground resistance.
The effect of internal fault location is shown by presenting internal faults at

different winding percentages.
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4.2 Simulation of Normal Operation State

The direct 3-phase model [60], Section 2.4.1, is used to simulate the generator
performance during normal operation state. In this thesis all simulation
studies are done for a generator connected to an infinite bus through a short
TL, as shown in Fig. 2.5, using the per-unit (pu) values of the respective
components. The simulation model was written using the Matlab software as
this facilitated the programming and debugging procedures. Six synchronous
generators, G1,G2,G3,G4,Gs and Gg, are used throughout the simulation
studies presented in this thesis. The parameters of these six generators,
short TL, infinite bus and ground resistances, R, and Ry, are given in
Appendix C.

Figure 4.1 shows the stator currents, i,, 1, and i, and the field current, i .
when the generator G4 is delivering a power (P) of 0.9 pu at a power factor
(pf) of 0.9 lag. During normal operation, the damper winding currents, 44
and tx,, are zero, hence they are not shown. It should also be noted that the
field current, iy, is a constant dc value when the generator is operating under

balanced three phase conditions.

4.3 Simulation of External Fault State

The modified direct 3-phase model [60], Section 2.4.2, is used to simulate
external faults at the machine terminals and along the T'L connected to the
machine. As mentioned in Section 3.4, ground resistances, Ry; and Ry, Fig.
3.7, are used throughout the simulations to limit the fault current during
ground faults, in particular during single phase to ground faults.

Figures 4.2 and 4.3 show a two phase to ground fault at the middle of the
TL. The generator used in this simulation is G3 and the fault is in phases
a and b. The power before fault inception was 0.75 pu at a power factor of

0.8 lag. It is noticed that during the fault the field current, ¢4, contains first
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Figure 4.1: Computed currents for generator G4 during normal operation
state, P=0.9 pu and pf=0.9 lag.
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Figure 4.2: Computed stator currents for a two phase to ground fault,
phases a and b of Gs, at the middle of the TL, P=0.75 pu,

pf=0.8 lag, R;1=1.5 pu and R,2=0.8 pu.
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Figure 4.3: Computed rotor currents for a two phase to ground fault, phases
a and b of G3, at the middle of the T'L, P=0.75 pu, pf=0.8 lag,
R;1=1.5 pu and R,=0.8 pu.
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and second harmonic components, Fig. 4.3.

4.4 Simulation of Internal Fault State

The internal faults algorithm [68-70], Chapter 3, is used to simulate internal
single phase to ground faults and internal two phase to ground faults in
multi-path and single-path generators. In this section the effects of ground

resistance and internal fault location are shown through comparison studies.

4.4.1 Effect of Ground Resistance

The effect of ground resistance on an internal single phase to ground fault
is illustrated in Figs. 4.4 through 4.7. The notations of the currents are the
same as in Chapter 3, and all winding percentages are measured from the
neutral-end of the generator. The effectiveness of Ry, and R, Fig. 3.7, in
limiting the stator currents during the fault can be noticed by comparing Fig.
4.4, which represents a solidly grounded fault, and Fig. 4.5, which represents
a fault with ground resistances included. The ground resistances managed
to limit the fault currents to around 150% of the rated current, which is
the common practice in generator installations [1-3]. This grounding setup
not only reduces fault currents, but also provides a means of detecting the
ground fault condition quickly enough to prevent iron burning. Henceforth,
the values of Ry, and Rg; are fixed at 1.5 pu and 0.8 pu, respectively.
Figures 4.8,4.9 and 4.10 show an internal two phase to ground fault at
50% of one path of phases b and ¢ of generator G,. The currents i, and
tc3 represent the currents in the lumped X —1 parallel paths, the faulty wind-
ing adjacent to the neutral and the faulty winding adjacent to the machine
terminal, respectively. It is clear that Ry and Ry, are not very effective in
limiting the fault currents during internal two phase to ground faults. The
simulation studies done in this thesis indicate that R, and Ry are effective

only during single phase to ground faults.
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It is shown in Figs. 4.7 and 4.10 that the field current, i;, contains first
and second harmonic components as in the external fault state, Fig. 4.3.
However, by comparing Figs. 4.3 and 4.10, it can be seen that the amplitudes
of the first and second harmonic components are different for external and

internal faults.

4.4.2 Effect of Internal Fault Location

The effect of internal fault location is illustrated by simulating two internal
single phase to ground faults at different winding percentages of the same
phase as shown in Figs. 4.11 through 4.14. A single-path generator, Gy, is
used in this study and the internal faults are at 77% and 10% of phase &. It
can be seen from Figs. 4.11 and 4.12 that while the changes in ¢}, and is7r
are evident for a fault at 77% of the winding, the corresponding changes for
a fault at 10% of the winding are hardly noticeable. The same remark can be
made about the rotor currents, Figs. 4.13 and 4.14. These remarks lead to
the conclusion that faults which involve a higher percentage of the winding
provide sufficient changes in the currents, that allow their quick detection by

differential protection.

4.5 Summary

In this chapter simulation results showing generator currents during three
different states, i.e. normal operation state, external fault state and internal
fault state, are presented. Simulation studies indicate that the field current
is distinctive for each state. This implies that using the field current as an
input to the neural network, in addition to the stator currents, may help
in distinguishing between these three states. The simulation results also
show that the ground resistance is very effective in limiting the fault currents
during single phase faults. Finally, it is shown that the location of the internal

fault has an effect on the fault current patterns.
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Figure 4.7: Computed rotor currents for an internal single phase to ground
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fault at 50% of one path of phases b and c of generator Gy,
P=0.95 pu, pf=0.87 lag, R;1=1.5 pu and R,,=0.8 pu.
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Figure 4.11: Computed stator currents for an internal single phase to
ground fault at 77% of phase b of generator G, P=0.8 pu,
pf=0.85 lag, Ry;=1.5 pu and Ry;=0.8 pu.
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Figure 4.12: Computed stator currents for an internal single phase to
ground fault at 10% of phase b of generator G,, P=0.8 pu,
pf=0.85 lag, R,;=1.5 pu and R4,=0.8 pu.
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Figure 4.13: Computed rotor currents for an internal single phase to ground
fault at 77% of phase b of generator G,, P=0.8 pu, pf=0.85

lag, Rg1=1.5 pu and R,,=0.8 pu.
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Figure 4.14: Computed rotor currents for an internal single phase to ground
fault at 10% of phase b of generator G;, P=0.8 pu, pf=0.85

lag, R;1=1.5 pu and Ry ,=0.8 pu.



Chapter 5

Design of the Neural Network
Based Digital Differential Relay

5.1 Introduction

The majority of power system protection techniques are involved in defin-
ing the system state through identifying the pattern of the associated volt-
age and current waveforms. This means that the development of protec-
tion techniques can be essentially treated as a problem of pattern classifi-
cation/recognition. However, due to the various distortions and noises that
faults generate, conventional digital pattern recognition techniques may not
be satisfactory in complex protection applications. Moreover, these tech-
niques use digital signal processing methods which take time (usually one
cycle of the system frequency) to determine if a fault has occurred, and
hence issue a trip signal.

Successful application of neural networks (NNs) in other areas of power
engineering has demonstrated that it can be employed as an alternative
method for solving certain long standing problems where conventional dig-

ital techniques have had difficulty or have not achieved the desired speed,
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accuracy or efficiency [11]. This is so by virtue of the adaptive, learning and
parallel processing ability of the NN. Also, the ability of neural networks,
in particular multi-layer feed-forward neural networks (MFNNs), to learn
by training any complex input/output mapping makes their use as pattern
classifiers successful.

Design of a new NN based digital differential relay for generator stator
winding protection is presented in this chapter. The relay has two feed-
forward neural networks (FNNs): One FNN is used by the fault detector
module and the other by the fault classifier module. The FNN based fault de-
tector module is used to discriminate between three generator states, namely
the normal operation state, external fault state and internal fault state. In
the event of an internal fault the trip logic module issues a trip signal and
activates the FNN based fault classifier module, which identifies the faulted
phase(s). Current patterns used to train the FNNs were obtained by simulat-
ing normal operation state for the generator at different loading conditions
and different types of internal and external faults. Simulations were per-
formed using the direct 3-phase model, described in Chapters 2 and 3, which

is capable of simulating the three states of the generator.

5.2 Inputs

The structure of the proposed NN based digital differential relay, used for
detecting faults and classifying internal faults, is shown in Fig. 5.1. The
modules shown in Fig. 5.1 are not the complete modules of a digital relay,
but rather the important modules needed for the proposed protection scheme.
In each of the following sections the function of each module, shown in Fig.
5.1, is described.

In differential protection it is essential to use both the line-side and
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Figure 5.1: Important modules of the NN based digital differential relay.
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neutral-end currents of each phase, as the differential relay operates on the
difference between these two currents, as explained in Section 2.2.1. Hence,
the inputs to the relay are the generator three phase currents from both the
line-side (Z.rz, 7L, tcrr) and the neutral-end (ign,14n,7c) in addition to the
field current (if). In the case of an internal fault in one path of phase a of
a multi-path machine, Fig. 3.2, i;rp = i, + in and i,y = 1p + im. The same
analogy follows for internal faults in phases b and c of a multi-path machine.

The second harmonic present in the field current, during a fault, has
been used previously in a generator digital protection algorithm to indicate
the existence of an abnormality [28]. It has also been shown in Chapter 4
that the field current is a constant dc value during normal operation state.
Simulation studies in the same chapter also indicated that although the field
current, s, contains fundamental and /or second harmonic (depending on the
type of fault) during both external and internal faults, their amplitudes in
external and internal faults are different. Hence, samples of the field current
are used to help the NN based fault detector module to differentiate between
the three states.

5.3 Analog Input Subsystem

In an actual hardware implementation the inputs to these modules would
be the low level signals provided by the current transformers (CTs) [10].
However, in the simulation part of this project the inputs to the analog
input subsystem are the instantaneous pu current values provided by the
direct 3-phase model, described in Chapters 2 and 3. A sampling frequency
of 1200 Hz (20 samples/cycle) is used in this relaying scheme. Hence, to avoid
aliasing problems, an antialiasing low pass filter, with a cut-off frequency of

570 Hz, is used at the analog input subsystem. This filter is a second order
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Butterworth filter, and its transfer function is:

Wo?

$2 + 2€w,s + w,?

H(s) = (5.1)

where w, = 2n570 rad/s and {( = 0.71. The trapezoidal rule is used in

simulating the filter.

5.4 Analog Interface

This module performs two functions. It samples the currents at a sampling
rate of 1200 Hz and scales the current values such that they have a maximum

value of +1 and a minimum value of -1.

5.5 Memory

The memory is used to store the most recent samples of the 7 inputs, in
addition to four previous samples of each input. The stored samples are

later used by the fault detector module and the fault classifier module.

5.6 Fault Detector Module

The NN based fault detector module is the main part of the differential
relay. Its function is to differentiate between three generator states, namely
the normal operation state (NOS), external fault state (EFS) and internal
fault state (IFS). The following sections describe the structure of the NN

used for fault detection and its training process.
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5.6.1 Neural Network Structure

In Section 2.3.1 the reasons that the MFNN is employed in the proposed NN
based relay are stated. Among these reasons is the ability of MFNNs to learn
by training any required input/output mapping, and subsequently respond
to new inputs in the most appropriate manner [15,23]. Two layer FNNs can
be used to classify inside, convex and open or closed fields, but three layer
FNNs can generate arbitrary complex decision regions. In this project three
layer FNNs are used.

The structure of the FNN based fault detector module is shown in Fig.
5.2. The FNN of Fig. 5.2 is fully connected in the sense that every node
in each layer, including the input layer, is connected to every other node
in the adjacent forward layer. The inputs to the FNN are 7 currents. each
current being represented by five consecutive samples, making a total of 35
inputs. The index n in Fig. 5.2 is used to indicate the most recent sample
of each current. Five consecutive samples of each current form a 1/4 cycle
of fundamental frequency (60 Hz), and the information contained in a 1/4
cycle is sufficient for the FNN to detect a change of state. It is due to this
reason that five samples per current are used.

The degree of freedom of the neural network (i.e. number of neurons in
the hidden layers) must be matched to the complexity of the classification
boundary [15,23]. Currently, in the absence of parametric guidance, the only
proposed method of determining the best number of hidden neurons is by
comparative cross validation among two or more NNs. Moving from a small
number of hidden neurons to a large number should decrease the overall
probability of error while maintaining an equivalent error performance for
the test and training data. There is always a range where the error of the
NN is relatively unchanged. This should be the best range for NN structure.
This method was used to test several networks, and finally it was decided to
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Figure 5.2: Structure of the FNN based fault detector module.

have 18 tan-sigmoid neurons in the first hidden layer, 10 tan-sigmoid neurons
in the second hidden layer and 3 log-sigmoid neurons in the output layer.

The sigmoidal functions (A.6,A.7) are used because they help in pro-
ducing an arbitrary decision boundary with smooth curves and edges [15].
Also, they are differentiable functions, which is an essential feature when the
back-propagation algorithm is used in training as indicated in Section 2.3.2.
The tan-sigmoid function is used in the hidden layers as the MFNN trained
with the back-propagation algorithm may, in general, learn faster when the
sigmoidal activation function built into the neuron model of the network is
asymmetric than when it is nonsymmetric.

Each neuron in the output layer, Fig. 5.2, is responsible for one fault type,
except the first one that signals the ‘normal state’. Therefore depending on
the state of the generator one output is mapped to a value greater than 0.9

while the two others are less than 0.1.
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5.6.2 Training Process

The training algorithm used is the back-propagation algor;thm- v;i;h momen-
tum and adaptive learning rate [15,20,21], Section 2.3.2. The software used
for implementing the algorithm is the Matlab Neural Network Toolboz [71],
and batch mode training was used.

The training data was obtained using the direct 3-phase model, described
in Chapters 2 and 3. The power system model consisted of a generator
connected to an infinite bus through a short TL, as shown in the figures of
Chapters 2 and 3. Ground resistances, R,; and Ry, Fig. 3.7, were included
in the power system model, and their values were fixed at 1.5 pu and 0.8 pu,
respectively, as indicated in Section 4.4.1.

The training set consisted of about 30000 patterns representing different
cases of the three generator states. About 10000 patterns were used for each
state. Number of training patterns for the three states was kept equal to
avoid skewed training. The normal operation state was represented by three
phase balanced operation at different loads and power factors. Patterns from
different types of external faults at various locations along the 7L were used
in training. The internal faults training data consisted of various types of
faults at different percentages of the stator winding.

Initially training started with a smaller training set, around 15000, but
during validation tests it was found that the FNN response to boundary
patterns was poor. Those boundary patterns represent normal operation at
low power, external single phase to ground faults at the end of the TL and
internal single phase to ground faults involving small winding percentages.
Hence, more boundary patterns were generated and included in the training
set, which finally reached about 30000 patterns.

Three different machine parameters were used to generate the training set

to ensure that the FNN is able to identify the three states for any generator.
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These three machines were G2 (22 kVA), G5 (30 MVA) and Gg (975 MVA).
The parameters of these generators are given in Appendix C.

Training was stopped after the normalized average squared error dropped
to 0.019 and the FNN was able to adequately generalize [11,15,23]. The gen-
eralization ability of the FNN based fault detector module is shown through

simulation studies presented in the next chapter.

5.7 Trip Logic Module

The trip logic module issues a trip signal only when it confirms that the
output of the fault detector module is either an internal fault or a prolonged
external fault that may affect the generator. In order to confirm the pres-
ence of a certain state (normal, external or internal), the fault logic module
averages six consecutive outputs of each of the three output neurons. The
generator is considered to be operating in its normal state if (5.2) is valid. A
trip decision is taken in the case of an internal fault if the conditions specified

in (5.3) exist for 3 samples.

AVNS > 07& AVEF < 0.23& AVIF < 0.2 (5.1

n
[SV)
~—

AVNS < 0.42& AVEF < 04&AVIF > 0.8 (5.3)

where AVNS, AVEF and AV IF are the averaged outputs of NOS, EFS and
IFS neurons, respectively. When the trip logic module issues a trip signal
based on the detection of an internal fault it also activates the fault classifier
module.

In the event of an external fault, this relay is used as a backup relay, in
case the responsible relay failed to trip. A delayed trip decision is taken in

the case of an external fault if the conditions specified in (5.4) are sustained
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for a prespecified number of cycles, ¥, and no other relay has tripped. The
setting Y is chosen based on the expected operating time of the responsible

relay. In this project Y was chosen to be 1.5 cycles (30 samples).

AVNS < 0.42& AVEF > 08&AVIF < 0.4 (3.4)

At each sampling interval the relay checks whether NOS (5.2) is valid
or not. In case NOS is valid, the relay resets its internal and external fault
counters, and waits for a new set of samples. In case IFS (5.3) or EFS (5.4)
is valid, the relay increments the internal or external fault counter. Should
the internal counter reach 3 or the external counter reach 30, the relay issues
a trip signal. It can happen during the light internal or external faults that
none of the conditions specified in (5.2-5.4) are valid at one sampling interval.
Should this occur, the counters are kept at their previous values and the relay
waits for a new set of samples for verification.

It should be noted that the conditions specified in (5.2-5.4) were obtained
empirically by extensive simulation studies and it is believed that these con-
ditions accurately distinguish all three states. The reason behind averaging
six consecutive FNN outputs and then checking the conditions specified in
(5.2-5.4) is to make the relay stable during passing transients. At the same
time, this will not affect the speed of the relay, in terms of tripping time,
as the logic described above can still initiate a trip decision within 7 to 9

samples after the inception of an internal fault.

5.8 Fault Classifier Module

Analysis of the internal faults in the armature winding of a generator is
essential to the proper performance of the power system. It is required in

monitoring the performance of relays, circuit breakers, and other protective
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and control elements. Moreover, identifying the faulted phase or phases
speeds up machine repair time.

The internal fault classifier module is activated by the trip logic module
only in the event of an internal fault. It is composed of two parts. The first
part is a FNN that classifies each of the three phases as faulty or healthy. The
second part is a simple fault classifier confirmation logic that first averages
the FNN outputs and then uses the averaged outputs to confirm the status of

each phase. In the following sections the structure of each part is described.

5.8.1 Feed-Forward Neural Network Fault Classifier

The structure of the FNN, which is also fully connected, is shown in Fig.
5.3. The inputs to the FNN are 6 currents, each current being represented
by four consecutive samples, making a total of 24 inputs. Samples of the
field current are not used in this module as they do not help in classifying
the phases. Also, after several attempts, it was decided that four samples
per current are sufficient for fault classification purposes. The information
contained in 3 samples per current was not enough for fault classification.
Using five samples per current increased the network complexity, while the
classification accuracy remained the same as for four samples per current.

The FNN has three layers, with 14 tan-sigmoid neurons in the first hidden
layer. 7 tan-sigmoid neurons in the second hidden layer and 3 log-sigmoid
neurons in the output layer. It is noticed by comparing Figs. 5.2 and 5.3
that the neurons in the hidden layers of the FNN fault detector are more
than those of the FNN fault classifier. This is so because the task required
by the FNN fault classifier is less complex, hence it can be accomplished by
a smaller network.

Each neuron in the output layer, Fig. 5.3, is responsible for a fault in one

of the phases. As an example, suppose there is an internal fault in phase a,
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Figure 5.3: Structure of the FNN fault classifier.

then the output of phase a neuron will be mapped to a value greater than
0.95. indicating that this phase is faulty, while the outputs of the two other
neurons will be less than 0.1, indicating that these two phases are healthy.
The training algorithm used is the back-propagation algorithm with mo-
mentum and adaptive learning rate. The training set consisted of about
10000 patterns representing different types of internal faults. These patterns
were the internal fault patterns used previously for training the fault detector
module. As this module is activated during internal faults only, there was
no need to expose it to patterns from other states. Training was stopped

after the normalized average squared error dropped to 0.007 and the FNN

was able to adequately generalize [11,15,23].

layer #1 layer #2
layer 14 7

phase a

phase b

phase ¢
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5.8.2 Fault Classifier Confirmation Logic

The function of the fault classifier confirmation logic is to confirm the status
of each phase. The fault confirmation logic first averages five consecutive out-
puts of each of the three output neurons, and then uses the averaged outputs
to confirm the status of each phase. So, for the fault classifier confirmation
logic to confirm that there is an internal single phase fault in phase a. or b,
or ¢, the conditions specified in either (5.5), or (5.6), or (5.7), respectively,
should exist for 3 samples. For a two phase fault, the fault classifier confir-
mation logic would not indicate that phases a and b, or b and ¢, or ¢ and a,
are faulty unless the boundary conditions of either (5.8), or (5.9), or (5.10),

respectively, exist for 3 samples.

AVFA>08&AVFB <03&AVFC < 0.3 (5.5)
AVFA < 03&AVFB >08&AVFC < 0.3 (5.6)
AVFA<03&AVFB <03&AVFC > 0.8 (5.7)
AVFA>08&AVFB>08&AVFC < 0.15 (5.8)
AVFA<0.15& AVFB > 0.8&AVFC > 0.8 (5.9)
AVFA>08&AVFB < 0.15& AVFC > 0.8 (5.10)

where AVF A, AVFB and AV FC are the averaged outputs of phase a, phase
b and phase ¢ neurons, respectively. In the event of a three phase internal

fault, the boundary conditions are:

AVFA>08&AVFB > 08&AVFC > 0.8 (5.11)
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5.9 Summary

A new multi-neural network based digital differential relay for stator winding
protection is presented. The relay has two main tasks. The first task is to
differentiate between normal operation state, external fault state and internal
fault state. The output of the FNN based fault detector module is used by
the trip logic module to issue a trip signal in the event of an internal fault or
a prolonged external fault. The second task is classifying the stator phases

as faulty or healthy in the event of an internal fault.



Chapter 6

Evaluation of the Relay

Performance

6.1 Introduction

Neural networks are difficult to account for and explain their results. The
analytical methods for explairing the weights and biases of a trained network
are not yet available. The only means of verifying the performance of a
trained network is to perform extensive testing. For that reason the proposed
NN based relay [72-74], Chapter 5, was tested using a large set of independent
test patterns. In addition to using the three machine parameters previously
used for training (G, G3,Gs) to simulate new faults for testing, three more
machine parameters (G, G4, Gs) were also used. The parameters were for 15
kVA (G,) and 100 MVA (Gs) cylindrical type machine and a 40 MVA (G4)
salient pole type machine. The parameters of these six generators are given
in Appendix C.

The results of the relay modules, when exposed to severe faults, light
faults and transients, are illustrated through simulation studies presented in

this chapter. In Section 6.2 the results of the fault detector module, Fig. 5.2,
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are presented. The results of the trip logic module, Fig. 3.1, are presented
in Section 6.3, and the results of the fault classifier module, Fig. 5.3, are

presented in Section 6.4.

6.2 Fault Detector Module Results

The function of the FNN based fault detector module is to differentiate be-
tween three generator states, namely the normal operation state (NOS), ex-
ternal fault state (EFS) and internal fault state (IFS), Section 5.6. There
are three neurons in the output layer, as shown in Fig. 5.2, and each neuron
is responsible for one state. Therefore, when the generator is at a certain
state, the output of the corresponding neuron is mapped to a value greater
than 0.9 while the two other neurons are less than 0.1.

Figures 6.1,6.2 and 6.3 show the results of the FNN based fault detector
module. The internal fault percentages mentioned throughout this disser-
tation are measured from the neutral-end of the generator. In the figures
presented in this chapter the term pg indicates a single phase to ground
fault, ppg indicates a two phase to ground fault, pp means a phase to phase
fault and F1is the fault inception time in samples. In all the results presented
in this thesis, the generator is in NOS before a fault is applied. The results
shown in Figs. 6.1,6.2 and 6.3 indicate that the fault detector module is not
affected by different loading conditions, fault types, fault locations and fault
inception times. It takes the FNN 1 to 5 samples (0.83 to 4.2 ms) to change
its output, as a change from one state to another occurs.

In protection it is more important to ensure proper relay operation dur-
ing transients and light faults. Transients can be in the form of a slight
unbalance in the phase currents, which could happen due to an unbalanced

fault occurring far away from the generator or due to an unbalanced load.
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Another form of transients is a step change in power, which may occur due to
switching loads or even increasing the generator power. A differential relay,
protecting the generator winding, should remain inoperative and stable un-
der these transients. Figure 6.4-a shows the success of the FNN in detecting
a normal operation state, even though there was a 2% unbalance in the phase
currents. The response of the FNN to a step change of 0.15 pu in power is
shown in Fig. 6.4-b. Each neuron in the output layer had a constant value
during the transient period.

Percentage differential protection is mainly used to compensate for cur-
rent transformers (CTs) mismatches [3,25]. CTs errors are obvious in the
event of high currents associated with severe external fault conditions, and
could cause the relay to falsely identify the fault as an internal fault and
maloperate. The outputs of the FNN during a 3 phase fault at the machine
terminals, where there was a 15% difference between line-side and neutral-
end currents, are shown in Fig. 6.5-a. The FNN based fault detector module
accurately classified the fault as an external fault.

In general, relays have difficulty detecting light faults, mainly because
their current patterns are similar to those of normal operation. Figure 6.5-b
shows the success of the proposed NN based relay in detecting an external
fault at the end of the T'L, i.e. on the infinite bus side.

The performance of the FNN based fault detector module was checked
for light internal faults. The response of the FNN to internal single phase
to ground faults at 20% and 10% of phase a is shown in Fig. 6.6. A similar
study for internal two phase to ground faults involving 25% of phases b and
c and 4% of phases a and b is presented in Fig. 6.7. The results of Figs.
6.5-b, 6.6 and 6.7 show that the FNN is able to indicate the correct state
of the generator, even for light faults. It can also be noticed that the NOS

neuron, Fig. 5.2, has the tendency to be active during light faults, while for
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Figure 6.1: Results of the FNN based fault detector module for NOS. (a)
G4, P=0.8 pu and pf=0.9 lag. (b) G;, P=0.4 pu and pf=0.8
lag.
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Figure 6.2: Results of the FNN based fault detector module for EFS. (a)

Gs, pg b, at middleof T'L, P=0.9 pu, pf=0.9 lag and FI=19. (b)
G1, ppg a,b, at 80% of TL, P=0.7 pu, pf=0.8 lag and FI=2.
(c) Gs, pp b,c, at machine terminals, P=0.93 pu, pf=0.9 lag
and FI=T7.
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Figure 6.3: Results of the FNN based fault detector module for IFS. (a)
G, pg at 37% of ¢, P=0.55 pu, pf=0.86 lag and FI=2. (b) G,,
ppg at 62% of b & 88% of ¢, P=0.77 pu, pf=0.82 lag and FI=14.
(c) G4, ppg at 50% of a & 50% of ¢, P=0.92 pu, pf=0.9 lag and
FI=12.
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easily detectable faults its value is less than 0.1. This is due to the fact that
light faults resemble normal operation, so the weaker the fault is, the more
active the NOS neuron is, as can be observed by comparing Figs. 6.6-a and
6.6-b. However, the averaging scheme used by the trip logic module makes
the overall protection scheme insensitive to the fluctuations, occurring during

light faults, in the output neurons.

6.3 Trip Logic Module Results

The trip logic module uses an averaging scheme, as explained in Section 3.7.
to make a trip decision. This module issues a trip signal when an internal
fault or a prolonged external fault is confirmed. In the case of an internal
fault the conditions specified in (5.3) should exist for 3 samples, while for an
external fault the conditions specified in (5.4) should exist for 30 samples.

Figure 6.8 shows the outputs of the trip logic module for the two internal
faults shown in Figs. 6.3-c and 6.6-a. The outputs are shown up to the sample
the trip logic module issued its first trip signal. The simulation studies done
indicate that for internal faults involving more than one phase, the relay
trips after 7 to 9 samples (5.8 to 7.5 ms) from fault inception. The results of
the sensitivity analysis show that the smallest fault detectable is 4% of the
winding to winding faults.

The relay tripping characteristic for internal single phase to ground faults
is shown in Fig. 6.9. It can be seen from Fig. 6.9 that the relay tripping time
for faults involving 30% or more of the winding is 7 to 10 samples (one half
cycle or less), and for faults involving 20% to 10% is 13 to 20 samples (one
cycle or less). Internal single phase to ground faults which involve 9% or less
of the winding are not detected by the proposed NN based relay. Ground
fault protection should be provided for this small percentage of the winding
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Figure 6.4: Outputs of the FNN based fault detector module during tran-
sients. (a) NOS with 2% unbalance, G5, P=0.5 pu and pf=0.8
lag. (b) Step change of 0.15 pu in power at sample number 22,
G3, P=0.8 pu and pf=0.9 lag.
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Figure 6.5: Outputs of the FNN based fault detector module during CT
mismatch and light external faults. (a) EFS, Gs, 3 phase,
at machine terminals with a CT mismatch of 15%, P=0.8 pu,
pf=0.9 lag and FI=16. (b) EFS, Gy, pg b, at end of TL, P=0.6
pu, pf=0.8 lag and FI=18.
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Figure 6.6: Outputs of the FNN based fault detector module during light
internal faults. (a) IFS, Gy, pg at 20% of a, P=0.75 pu, pf=0.8
lag and FI=8. (b) IFS, G4, pg at 10% of a, P=0.6 pu, pf=0.9
lag and FI=6.
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Figure 6.7: Outputs of the FNN based fault detector module during light
internal faults. (a) IF'S, Gg, ppg at 25% of b & 25% of ¢, P=0.63
pu, pf=0.9 lag and FI=19. (b) IFS, Gs, ppg at 4% of a & 4%
of b, P=0.4 pu, pf=0.8 lag and FI=17.
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as described in Section 1.2.

The response of the trip logic module to external faults is shown in Fig.
6.10. The results, shown in Fig. 6.10, are up to the sample the relay issued its
first trip signal, based on the detection of a prolonged external fault. In this
project it is assumed that prolonged external faults have occurred and that
the primary protection failed to operate. The purpose of this assumption is
to check the ability of the NN based relay to operate during external faults.
However, in a utility the primary protection will isolate the external fault,
causing the NN based relay to reset its counters, as described in Section 5.7.
The response of the FNN based fault detector module to the two external
faults presented in Fig. 6.10 is shown in Figs. 6.2-b and 6.5-b. It is noticed
that tripping times are shorter for severe external faults and longer for light
external faults. Longer tripping times occur due to the fluctuations of the
NOS and EFS neurons, Fig. 6.5-b, which make the external fault conditions
in (5.4) invalid at some sampling intervals. This causes the trip logic module
to take a longer time to verify the existence of a fault.

Current transformer saturation can present a problem to differential re-
laying during severe external fault conditions [26,27]. However. as fault
detection is fast, the fault detector module will detect the presence of an ex-
ternal fault prior to CT saturation. So, the external fault counter in the trip
logic module will build up, hence preventing maloperation. In the simulation
part of this project, the reaction of the relay to CT saturation is not shown.
However, in the implementation part, Chapter 8, the relay is exposed to ex-
ternal faults that caused CT saturation. The results showing the success of
the relay in detecting internal phase to phase faults and the ability to handle

noisy patterns are also presented in Chapter 8.
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Figure 6.8: Outputs of the trip logic module for IFS. (a) Gy, ppg at 50%
of a & 50% of ¢, P=0.92 pu, pf=0.9 lag and FI=12. (b) G4, pg
at 20% of a, P=0.75 pu, pf=0.8 lag and FI=8§.
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Figure 6.10: Outputs of the trip logic module for EFS. (a) Gy, ppg e, b, at
80% of T'L, P=0.7 pu, pf=0.8 lag and FI=2. (b) G4, pg b, at
end of TL, P=0.6 pu, pf=0.8 lag and FI=18.
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6.4 Fault Classifier Module Results

The internal fault classifier module is activated by the trip logic module only
in the event of an internal fault, Section 5.8. It is composed of two parts.
The first part is a FNN that classifies the phases as faulty or healthy. The
second part is a simple fault classifier confirmation logic that first averages
the FNN outputs and then uses the averaged outputs to confirm the status
of each phase, in accordance with (5.5-5.11).

The FNN fault classifier was subjected to different types of internal faults
at different percentages of the windings, to check its performance. Figures
6.11,6.12 and 6.13 show the results of the FNN fault classifier. The results
shown in Figs. 6.11,6.12 and 6.13 indicate that the FNN is accurate, robust
and is not affected by different prefault loading conditions, fault types and
fault locations. The results of the sensitivity analysis, performed on the FNN
fault classifier, indicate that the smallest fault detectable by that module is
10% of the winding for phase to ground faults and 4% of each winding for
two phase to ground faults.

Figure 6.14 shows the outputs of the fault classifier confirmation logic for
the internal faults shown in Figs. 6.11-b, 6.12-a and 6.13-a. The outputs are
shown from the sample the fault classifier module was activated up to sample
the logic confirmed the status of each phase. It takes the fault classifier
module (FNN+logic) 6 to 13 samples (5 to 10.8 ms) after its activation to
identify the faulty phase(s), as shown in Fig. 6.14. It should be noted that
longer confirmation times are only associated with internal single phase to

ground faults involving smaller percentages of the winding.
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Figure 6.11: Results of the FNN fault classifier for internal single phase to
ground faults. (a) Gs, fault at 77% of a, P=1.0 pu and pf=0.8
lag. (b) Gy, fault at 20% of b, P=0.8 pu and pf=0.8 lag. (c)
Gs, fault at 88% of ¢, P=0.4 pu and pf=0.9 lag.




6.4 Fault Classifier Module Results 102

1- —I' L _l
05 N
S L J
0 10 20 30 40
: (a) :
- 1 = e e e cwm e e e e e e e e = = s ey e e . - ——— - — o - — )
=
.g- —— phase a
Cosf - —~ phaseb .
% ----- phase ¢
= ot : . :
0 10 20 30 40
LI (?L 14
1F —t
oS5 4
op--------5--------- oo ----- foo------
0 10 20 30 40
(c) Sample Number

Figure 6.12: Results of the FNN fault classifier for internal two phase to
ground faults. (a) Gs, fault at 62% of a & 50% of b, P=0.8
pu and pf=0.9 lag. (b) G, fault at 62% of b & 88% of c,
P=0.5 pu and pf=0.9 lag. (c) Gs, fault at 25% of a & 37% of
¢, P=0.85 pu and pf=0.85 lag
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Figure 6.13: Results of the FNN fault classifier for light internal faults. (a)
G., pg at 10% of a, P=0.6 pu and pf=0.9 lag. (b) Gs, ppg at
4% of a & 4% of b, P=0.4 pu and pf=0.8 lag.
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Figure 6.14: Outputs of the fault classifier confirmation logic. (a) Gy, pg
at 20% of b, P=0.8 pu and pf=0.8 lag. (b) Gs, ppg at 62% of
a & 50% of b, P=0.8 pu and pf=0.9 lag. (c) G4, pg at 10% of
a, P=0.6 pu and pf=0.9 lag.
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6.5 Summary

The performance of the proposed protection scheme was tested using a set
of independent test patterns in this chapter. Fault detection is fast, accurate
and reliable even in the presence of current transformer mismatches or system
transients. The relay tripping time, for the majority of internal faults, is well
within half a cycle. This is faster than the conventional digital relays. The
proposed relay also manages to detect light faults, which are normally not
detected by the conventional digital relays. The results of the fault classifier
module indicate that it is fast, robust and accurate, even for internal faults

involving smaller percentages of the winding.



Chapter 7

Experimental Verification of

Internal Faults

7.1 Introduction

Simulated current patterns representing different generator states have been
used in Chapters 5 and 6 to train and test the NN based relay. In these
simulations a direct 3-phase model of the generator, Section 2.4, was used to
simulate normal operation and external faults. In Chapter 3 an internal faults
algorithm, capable of simulating single and two phase to ground faults, was
developed. While the methods of simulating normal operation and external
faults are well documented in the literature {56-58,60,61], the internal faults
algorithm [68-70] needs further experimental verification.

In this chapter simulation results showing the internal fault currents,
during single phase to ground faults and two phase to ground faults, are
compared with actual fault currents to verify the developed algorithm. The
laboratory physical model, which consists of the power system model and
the associated hardware, is described in Section 7.2. Results confirming the

aceuracy of the internal faults algorithm are then presented in Section 7.3.
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Figure 7.1: Single line diagram of the power system model implemented in
the laboratory.

The effect of magnetic saturation on the performance of the algorithm is

discussed in Section 7.4.

7.2 Physical Model

7.2.1 Power System Model

Figure 7.1 shows the single line diagram of the power system model imple-
mented in the laboratory. It consists of a synchronous generator connected
to an infinite bus (city power system) through a short TL, represented by a
resistance Rry and an inductance L. Both the generator and the infinite
bus neutrals are grounded through resistances Ry; and Ry, respectively, in
order to limit the short circuit currents. The synchronous generator is rated
at 5 kVA, 210 V, 13.75 A, 1800 RPM. The synchronous machine is driven
by a 4.5 kW, 250 V dc machine and does not have damper windings. The
operating condition of the generator, i.e. active power and power factor, can
be changed by changing the field currents of the dc motor and generator,
respectively. Details of the model parameters are given in Appendix D.
The armature winding of the generator consists of two paths per phase.
For the purpose of implementing internal faults, the two paths of each phase

are connected in series, and the mid point of one or more of the phases (50%
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Figure 7.2: Detailed drawing of a single phase internal fault connection.

of the winding) is connected to the ground through a 3-phase contactor, Fig.
7.2. A timer is inserted in the control circuit of the contactor that allows for
an internal fault to occur for a period ranging from 0.05 to 0.2 s. In order to

initiate and record an internal fault, the procedure is:

1. Connect the mid point of the desired phase(s) to the 3-phase contactor.

)

Operate the generator at the desired power and power factor.
3. Adjust the timer dial to a specified time.

4. Operate the manual switch of the contactor control circuit. This will
cause an internal fault to occur for a specified time, then the machine
will return to normal operation. Prefault, fault and post-fault currents
are recorded by means of the implemented hardware, which is described

in the next section.
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7.2.2 Hardware Structure

Current transformers, having turns ratio of 50/5 A, are used in this labora-
tory setup with current shunts (5A/100mV) connected to their secondaries.
Fig. 7.3. An additional current shunt (2A/100mV) is connected in the field
circuit, to enable recording the field current. As the produced voltage signals
are in the millivolt range, it is essential to amplify the signals before con-
verting them to digital form. A 6-channel amplifier, available at the power
system laboratory of the University of Calgary, is used for amplification pur-
poses. As there are only 6-channels available, so in addition to the field
current, five more currents (3 line-side and 2 neutral-end currents) can be
recorded. These channels are sufficient for all types of tests that are required
to be done in this dissertation. The amplifier is adjusted to have a gain of
25, so the input voltage signals under normal conditions would be in the
range of 0.7 V, and under fault conditions they would range from 2 to 12 V
(depending on the type of fault).

A data acquisition system (DAS) is connected to the amplifier output to
record the internal fault currents, as shown in Fig. 7.3. The DAS is connected
to a digital signal processing (DSP) board, supplied by Spectrum Signal
Processing Inc., via two links. One link is for the multiplexing command
and the other for the analog voltage signals to pass on to the analog to
digital converter (A/D) of the DSP board. The DSP board contains a Texas
Instruments TMS320C30 DSP chip. The chip is a 32-bit floating point device
with a speed of 16.7 million instructions per second. Its performance is
further enhanced through its large on-chip memories, direct memory access
(DMA) controller, two external interface ports and an instruction cache. The
board is mounted inside an 80486 PC which is equipped with corresponding
development and debugging tools. The recorded currents of different internal

faults are finally saved in files in the PC. These files are later used to compare
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Figure 7.3: Hardware structure.
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actual and simulated fault currents.

7.3 Comparison Between Laboratory and Sim-

ulation Results

Several internal single phase to ground and two phase to ground faults, at
different prefault loading conditions, power factors and fault inception times,
were performed using the previously described laboratory setup. The param-
eters of the power system model, Appendix D, and the prefault data have
been used by the internal single phase to ground and two phase to ground
faults algorithm, Section 3.3, to simulate fault currents similar to the ob-
tained test fault currents, for comparison purposes.

Comparisons between laboratory and simulation results for internal single
phase to ground faults are shown in Figs. 7.4,7.5 and 7.6. The fault currents
shown in Fig. 7.4 are for an internal single phase to ground fault at 50%
(tap-to-neutral) of phase a. As the fault occurred in phase a, the currents on
the line-side of phases b and ¢ would be equal to their counterparts on the
neutral-end, i.e. iy=iy71 =1, and i.=i. =i, hence it is sufficient to show
only one current for each healthy phase. The fault currents shown in Figs.
7.5 and 7.6 are for similar faults in phases b and c,respectively. It can be
concluded from Figs. 7.4,7.5 and 7.6 that the computed fault currents closely
match the recorded fault currents. The maximum difference between fault
currents obtained by the proposed method and their recorded counterparts
is 1% to 12%. An additional 10 internal single phase to ground faults were
performed and compared to the simulation results. All results are similar to
those in Figs. 7.4,7.5 and 7.6.

The proposed internal two phase to ground faults algorithm, Section 3.3.2,
has been used to simulate an internal fault at 50% of phases a and b, Fig. 7.7.
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Figure 7.4: Computed and recorded currents for an internal single phase
fault at 50% of phase a, P=0.42 pu and pf=0.86 lag.
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Figure 7.5: Computed and recorded currents for an internal single phase
fault at 50% of phase b, P=0.81 pu and pf=0.95 lag.
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Figure 7.6: Computed and recorded currents for an internal single phase

fault at 50% of phase ¢, P=0.52 pu and pf=0.97 lag.
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Although there exists a resemblance between the computed and the recorded
currents for Zan,%a7L, %m, 1oL and i, there is a significant difference in phase
between computed and recorded currents for the healthy phase, i.e. phase
c. The same results were obtained when comparisons were done for internal
two phase to ground faults at 50% of phases a and ¢ and phases b and c. It
should be noted that the unsaturated parameters of the machine are used
in the simulations. So, in order to improve the performance of the internal
two phase to ground faults algorithm some form of magnetic saturation has
to be considered. Inclusion of magnetic saturation is described in the next
section. At the same time, the results of the internal two phase to ground
faults algorithm should not affect the NN based relay for two reasons. The
first is that fault detection and classification occur in the first cycle following
the fault, and as shown in Fig. 7.7 the computed and recorded currents do
match in the first cycle. The other reason is that the phase difference occurs
in the healthy phase and not in the faulty phases, which have more influence
in the relay fault detection and classification decisions. Real-time results.

validating these claims, are presented in the next chapter.

7.4 Magnetic Saturation

Different saturation formulas are available for the d—¢—0 model of the syn-
chronous machine [75-77]. However, formulas for saturation in direct phase
quantities, in-particular with the machine suffering from an internal fault,
are unavailable. But, it is often recognized that machines operate in the sat-
urated region under both steady-state and transient conditions [78]. Hence,
in an attempt to improve the simulation results of the internal two phase
to ground faults, the saturated steady-state parameters of the machine are

used, i.e. those parameters that correspond to the prefault operating point
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Figure 7.7: Fault currents, computed and recorded, for an internal two
phase to ground fault at 50% of phases a and b, obtained using
the unsaturated parameters, P=0.73 pu and pf=0.95 lag.
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of the machine.

To obtain the saturated parameters of the machine, the information used
is the open circuit characteristics (OCC) that represent the saturated rela-
tionship between the magnetizing current and the mutual flux linkage in the
direct axis, and the results of the asynchronous test that gives the relation-
ship between the direct axis and the quadrature axis. The accuracy of the
obtained saturated steady-state parameters is confirmed by using them to
solve the steady-state equations of the machine [56], and then comparing the
value of the obtained field current with the measured ore.

The internal two phase to ground fault, shown in Fig. 7.7, was simulated
again using the saturated steadv-state parameters that correspond to the
prefault operating point. Figure .. shows a comparison between the com-
puted and the recorded fault currents. It is clear that there is a significant
improvement in the simulation results. There is a closer match between sim-
ulation and real fault currents, in-particular in the first few cycles following
the fault. At a few cycles after the fault, the difference between both currents
increases. This may be attributed to a change in the machine parameters.
that is not accounted for in the simulations.

Comparisons are also done for internal faults to ground at 50% of other
phases, i.e. a,c and b,c, as shown in Figs. 7.9 and 7.10. The results of
Figs. 7.9 and 7.10 are identical to those in Fig. 7.8 in terms of resemblance
with real fault currents. Using the saturated steady-state parameters for
simulating internal single phase to ground faults produces almost the same

results as those shown in Figs. 7.4,7.5 and 7.6.
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Figure 7.8: Fault currents, computed and recorded, for an internal two
phase to ground fault at 50% of phases a and b, obtained using
the saturated parameters, P=0.73 pu and pf=0.95 lag.
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Figure 7.9: Fault currents, computed and recorded, for an internal two
phase to ground fault at 50% of phases a and ¢, obtained using
the saturated parameters, P=0.86 pu and pf=0.95 lag.
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Figure 7.10: Fault currents, computed and recorded, for an internal two
phase to ground fault at 50% of phases b and ¢, obtained
using the saturated parameters, P=0.8 pu and pf=0.95 lag.
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7.5 Summary

In this chapter simulation results, obtained by the developed internal faults
algorithm, are compared with actual fault currents. The model has high
accuracy in the case of internal single phase to ground faults. In the case
of internal two phase to ground faults, the unsaturated parameters cause a
phase shift to occur between the computed and recorded currents for the
healthy phase. Saturated steady-state parameters, when used in the inter-
nal two phase to ground faults algorithm, produce more accurate results.
Saturated steady-state parameters do not affect the internal single phase to

ground faults algorithm.



Chapter 8

Relay Laboratory
Implementation and Real-Time

Test Results

8.1 Introduction

Results in Chapter 6 have shown that the NN based relay exhibits very good
performance [72-74]. Like most other neural network based research, the re-
sults in Chapter 6 are based on computer simulations. In these simulations,
the generator states were simulated using a set of simultaneous differential
equations, and NNs were simulated by using a sequential algorithm to simu-
late the parallel distributed nature of NNs. The simulation results presented
may be said to be close to the expected in a physical system for the following

reasons:

e The direct 3-phase model represents fairly closely the physical system,
as it retains the generator nonlinear model and takes into consideration

the variation of speed during transient conditions [60, 61]
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e The developed internal faults algorithm produces fault currents which

are very similar to actual fault currents, as shown in Chapter 7.

e The sequential algorithm can obtain the same output of a dedicated

NN hardware, except for a longer computation time [71].

Computer simulation is still different from the real physical system since
the operating environment of the physical system is not ideal, due to the
existence of noise, CT mismatches and CT saturation. Therefore, after the-
oretical development and computer simulation, the next desirable step is to
evaluate the relay performance on a physical model.

As it is necessary to implement a NN based relay in hardware and make
sure that the calculation time is less than the inter-sampling period, very
few laboratory implementations of NN based relays are reported in the lit-
erature. A FNN based technique, that distinguishes between magnetizing
inrush and internal fault currents of a power transformer, has been imple-
mented in a laboratory environment {79]. The FNN based technique is a part
of a transformer protection algorithm.

The implementation of a NN based relay in a laboratory environment is
reported in this chapter. The physical model, used to implement the NN
based relay and test it, is the same one described in Section 7.2 and shown
in Figs. 7.1,7.2 and 7.3. Since a dedicated NN hardware was not available at
the time of implementation, a sequential simulation method was employed
to implement the NN based relay in software on the DSP board described
in Chapter 7. Details of the relay implementation are described in Section
8.2. Effectiveness of the NN based relay, in response to different operating

conditions and various types of faults, is demonstrated in Section 8.3.
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8.2 Relay Implementation

8.2.1 Neural Network Weights

The FNNs used in the relay operate in a static manner. In other words, they
were trained off-line, and once the desired performance was achieved the
weights and biases of the FNNs were frozen. So, the main objective of the
experimental work is to verify that the previously trained FNNs can perform
well when exposed to actual current patterns. For that reason the weights
and biases of the FNNs used in the relay implementation are the same ones

obtained from the off-line training process described in Chapter 5.

8.2.2 Sequential Implementation of Parallel Mechanism

Parallel processing is one of the most important properties of the neural
networks. The neurons in a layer operate in parallel. This results in high
speed operation. Research on designing NNs by using modern technology
is advancing very fast. However, because NN hardware was not available in
the laboratory at the time of implementation, a sequential implementation
method was designed to simulate the parallel mechanism.

The sequential implementation method is very similar to the NN sim-
ulation used in the simulation studies in the previous chapters. Instead
of allowing all neurons in the same layer to compute simultaneously, this
method only allows neurons to compute one after another. The computation
starts from the first neuron of the first layer and ends with the last neuron of
the output layer. The output of each neuron is held constant until the next
computation cycle starts. This method results in an output similar to that