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INTRODUCTION

The history of artificial neural networks is quite extensive
and diverse to be mentioned in this focused article. The his-
tory of neural-net (NN} computing is not that long and can
be traced to some recent origins [1]. A number of survey
articles point to the early sixties as the period when some
major fundamental concepts for NN computing such as the
Perception Rule and LMS Algorithm were introduced {2].
Soon thereafter, a variety of new implementation ideas were
proposed [3]. The computing with neural nets became a
well established field by the late eighties [4].

The application of NN computing to power systems has a
relatively shott time span of less than §@ years [5]. In this
time period a number of NN applications to power systcm
maonitoring, control and protection have been tried and
some field implementations have been realized. However,
‘he initial implementation activity was not equally strong in
all parts of the world. Some regions, in particular Japan,
were lcading in the number and variety of implementations

~al that time [6].

As of now (summer 1997), the number of applications is

vl 5 no 4 december 1997

quite impressive. However, the implementations are not
equally spread over the power system applications. While
the areas such as load forecasting and security assessment
may have a number of practical solutions already imple-
mented, other areas such as protective refaying and fault
analysis are stilt at an exploratory stage [5].

This paper provides a survey of the application attempts
in the protective relaying and fault analysis area. It should
be recognized that this area has not seen practical applica-
tions as of yet. even though a formidable number of refer-
ences have been published on the subject. In making a
survey, this paper will not attempt to give an all-encom-
passing review of most of the published references. It will
rather make an allempt t¢ survey some promising directions
and point to the references that can be used as a comprehen-
sive description of these directions.

In order 1o accomplish its goals, this survey will start

-with a brief cverview of the protective relaying applications

and requirements that are the background of the survey.
After that, a survey of the NN applications in transmission
line refaying. other relaying. fautt analysis, and applications
related to protective relaying will be given in separate sec-
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tions of the paper. The last section is devoted to the general
1ssues and future directions.

Last, but not least. the tme span covered by this survey
should be noticed for the sake of further updates and future
refercnces. This survey will attempt 1o trace the origing of
some of the applications and will cover various develop-
ments reported in the literature up until the early summer of
1997.

2. PROTECTIVE RELAYING
APPLICATIONS AND
REQUIREMENTS

[t is obvious that any new technique applied 1o the field of
protection relaying faces an extraordinary challenge to
prove that its application can bring major cost/performance
improvements. The application of the NN computing
should not be an exception. However, the review of the ref-
erences on this subject reveals that most of the authors did
not feel obligated to stand up to the challenge. Hence most
of the references are not making strong arguments and pro-
viding hard evidence of how the application benefits can be
derived.

In order to bring some focus te the survey, this section
points cut some well recognized problems and issues asso-
ciated with the existing practical approaches in the protec-
tive relaying and fault analysis areas. The focus is related to
the application aspects that may require further improve-
ments. Therefore, the improvements related to these appli-
calions may represent a good refercnce case for
demonstrating the benefits of the NN approaches.

21 Transmission line protection

As it is well known, one of the most popular transmission
line protection principles for the high voltage applications
is the distance relaying. This principle has been used for
over 50 years and demonstrated as quite reliable. However,
some specific functionalities of this principle are stll under
investigation with a goal of finding better solutions in the
future, Some examples of these functionalities with an indi-

Tahle 1 Improvement targets for distance relaying

Targer Description of MTUll Conditions 1

Fialts durmg hinc Chorgizauon, arcing
Fault etection and Classifestion faults, faubs generating substantal DC
ottt and harmonics
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fzult impedance, CCVT “ringing™ under 2
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Fault Location Esumation

Autereclosing

Prowenon of Scrics Compensated Lines

Estimation of System Frequency’

Out of siep conditions

Peotection of Paretlel Lines
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cation of the potential problems are given in Table I.

2.2 Power transformer protection

Again, it is well known that power lransformer operation
creates some phenomena that are making the protection
quite involved. Typical conditions are:

*  Over excitation
* Inrush due to the transtormer energizing
+ CT saturation and mismatch

Under all of these conditions, the transformers may not be
experiencing a fault, but the standard differential protec-
tion may be seeing a large differential current which in
turn may result in the transformer protection operating. It
is fortunate that most of the above phenomena can be dis-
tinguished based on scme unigue signal components such
as high harmonic conient or specific pre-fault conditions.

2.3 Busbar protection

One of the main problems with the busbar protection is the
current transformer (CT) saturation. It occurs due 10 a
high level of fault currents. At the moment of saturation, it
becomes difficult to distinguish between a high loading
and busbar faults. Since the tripping of a busbar may cre-
ate a major black-out of a substation, further improve-
ments are needed for making the busbar protection more
selective.

2.4  Detection of high impedance faults

The high impedance fault detection (HIFD) in distribution
systems may be associated with incipient events generating
extensive arcing. Up until recently, a variety of different
schemes for detection of the faults under arcing conditions
were tested and very few have shown satisfactory perfor-
mance. The methods that show definite ability to deal with
the HIFD problems have been used teday in extensive field
trials{7]. It has been observed that these methods are able to
detect high impedance fault conditions in most cases, while
some difficult cases still remain undetectable. Therefore, ar
impreved HIFD technique is still a continued goal of the
future research.

2,5  Fault analysis

This application area is very broad and ranges from alarm
analysis in the Supervisory Control and Data Acquisition
(SCADA) systems, to the analysis of Digital Fault Recorder
(DFR} and Sequence of Events Recorder (SER) files. In
addition, the fault analysis may include definition of the
restoration strategies. In some instances, analysis of incipi-
ent faults on power transformers and monitoring of circuit
breaker operation may also be considered the 1asks of the
fault analysis.
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Table 2 Description of common fault anaiysis problems

Apphcall Problem Description

Lack of the cmporad clement. large
SCADA volume of alarms, scanning inswad of
synchronized sampling of analog signals.
Large volume of data due to the high

- DFR sampling mte, missing information due to
: B ions in .
Lack of wlakle idenification of ihe event
SER that caused equipment operation, missing
information about the change in analog
sigrls,

Slaw evolving events, Bok of empirical
data, difficulty in correlating multiple
cvents.

Large voiume of data, difficulty in having
a reliable way of delecling CB state,
difficuity in predicting failures

Power Transformers Diageostice

Circuit Breaker Diagnostics

In any case. it has been well recognized that several com-
men problems are found attempting 1o automate this func-
tion. A brief description of these problems is given in Table
2 for each of the fault analysis approaches.

2.6  Other related applications

Only a few additional applications will be mentioned 1o
provide a reference to the related NN applications men-
tioned later on in this paper.

The load shedding application is quite interesting due to
the wide area impact that it may have. [t always has been a
challenge to find a reliable technique that will be able to

ccount for the varying rate of change of the system fre-
“quency.

The short circuit calculation under changing network
topology and parameters is also a difficult problem. The
existing techniques are not readily fit to deal with this prob-
lemn.

Otker interesting applications such as fault diagnosis in
HVDC network, accurate fault location on transmission
lines, and detection of animal caused distribution faults are
also examples of applications that may benefit from
improved technigues.

3. THE NN APPLICATIONS IN
TRANSMISSION LINE RELAYING

Most of the reported applications are related to improve-
ments in the distance relaying principle. Several references
are also concentrating on some auxiliary functions such as
autoreclosing, adaptive relaying and fault location. The sur-
vey of these references will first concentrate on the distance
relaying, followed by other line protection and related
applications.

31 Distance relaying improvements
using NN

“The fargest number of published references dealing with the
NN application in protective relaying is related to the
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Tahle 3 The NN applications related to distance relaying

T undinin
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{tin directional comparison
Di s imat scheme
[LH] Accuraic and renable (aUl0
direction detcmination
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Fault Characierization 1151, {161 tion of the distance and
fault area estimation
7] Elimination of the mfluence
ol the DC offset
Improvements in the Faull ] Trirunity 10 the CT
Distance Compulatien saturation
(K] Applicalions sutable for
series compensated lines
[20] Applications 1o double-
Adaptive Relaying Features cireuil lines
[3)] ] Selection of dppropreate
operating characterstic
Autoreclosing and_Related 1Y, (18], 1220, Twpravemems wn (e arming
Functions [23), [24] fauht detection and phase
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improvements in distance relaying. Even though, some ref-
erences are not mentioning the distance relaying functions
as such, if they deal with some important implementaticn
aspects of the distance relaying, they are classified in this
group. A survey of the distance relaying related applica-
tions is given in Table 3.

3.2 QOther line protection and related
applications

A variety of other references have concentrated on some
specific problems related to the protection functions oth-
er than distance relaying. In addition, severa! references
have covered some applications that are not directly
related to the protection but represent a major auxiliary
application. A survey of these references is given in
Table 4.

Table4 Survey of other line protzction and related applications

Function elerences [aprovements indicaled by
the authors
— T25] Tiproved single+nded fault
lacation

(E7] Tmproved [2ult incation for

Fault Location and serics compensaied lines
Sclection of the Mawled Impeovest fauit location

Linc in a Network 7] hased on the ground wire

current distribution
128] Improved sclection of the
aulied line in 8 petwork

High Impedance Fault Ability o diffcreauaie
Detection 12911361 between HIF and norma!
loading coaditions
Detaction of animal-caused
Distnbution System 31 faults in disiribution
Prawection SYSTEMMS
Detection and classificauon
Fautz Disturbance Detection (323, (33 of different types of
disturbances
Advantage ol imtiaing
Out of Step Pratection [34] carly wipping for unstable

swings while avoiding
tripping on stable swings
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4. THE NN APPLICATION TO FOWER
TRANSFORMER PROTECTION AND
FAULT ANALYSIS

The power transformer applications are next to the irans-
mission linc applications regarding the number of refer-
ences published. Two major areas of study can be
recognized for the NN applications. One area is related to
the improvements in the power transformer protection. The
sccond area is the fault diagnosis related to detection of
incipient and slowly evelving faults.

41 Improvements in power
transformer protection

All of the papers in this application calegory are concentrat-
ing on the improvements in the current differential relaying
scheme, which is the fundamental scheme used in the trans-
former protection.

The references range from some very general considera-
tions[35] to some very specific suggestions for the improve-
ments. The first specific suggestion is given for the
improvement in the ability to distinguish between magne-
tizing intush and internal fauits[36, 37]. The second specific
suggestion is related to the improved relaying operation
under a condition of the current transformer saturation[38].
A combined improvement for both probiems is reported in a
recent reference[39).

42 Power transformer fault diagnosis

As it is well known, power transformers are prone to incipi-
ent faults that may eventually result in catastrophic failures.
In order to prevent such failures, it is very important to be
abie to detect the incipient faults at their early stage of
development.

Two very common techniques for detection of incipient
faults are the dissolved gas-in-oil analysis and estimation of
partial discharge location. The neural nets have recently
been applied to both problems. The dissolved gas-in-oil
analysis can be enhanced by using NN to identify the rela-
tionship between the fault types and dissolved gases[40,
41]. The estimation of partial discharges can benefit from
NN being applied 1o the ultrasonic signals to extract the
fault location{42].

5 THE NN APPLICATIONS IN
FAULT ANALYSIS

The fault analysis is an application area that has a variety of
solutions depending on the type of the data acquisition
equipment used as well physical location of the system
implementation{43]. As a result, the application may cover
alarm processing hased on the data collected by the SCA-
DA system situated in a centratized EMS location. Yet
ancther approach may include the processing of the local
substation data obtained through an enhanced Remote Tem-

Tahbte 5§ Survey of faull analysis applications

Application Referen wdicated by
the authors
Faster and more scloctive
Alarm Processing [aa1. [45] exteaction of the selevant
(centralized) fault information for the
system
Faster and more seleclive
Alarm Processing 146} [47] extraction of the relevam
{subsiatian based) fault information for the
substation
Faster and more selective
Fault Analysis (DFR. Based) [48]. {49 fauks analysis for o given
linc
Faster and more sclective
Alanm Processing (501,151 Fult analysis at both the
(Hierarchical Salution} local and eentralized system
tevels

inal Unit (RTU) design. In addition, digital fault
recorders (DFRs) and Sequence of Events Recorders
{SERs) may be the source of data aimed at evaluating
individual faults and related equipment operation. Final-
ly, a hierarchial solution aimed at both the local substa-
tion as well as centralized EMS processing may be
defined. In all of these cases, NN applications can be
defined as a part of the fault analysis process. A survey of
some typical examples of different NN application
approaches is given in Table 5.

6. OTHER PROTECTIVE RELAYING
AND FAULT ANALYSIS RELATED
APPLICATIONS

The NN applications were also extended 1o a variety of
cther protective relaying and fault analysis prablems, Even
though, some of these applications may be quite unique, it
may be useful to mention some of them in this survey to
indicate some future directions.

An arbitrary sclection of some promising NN applica-
tions that are related to the protective relaying and fault
analysis area is given in Tablc 6.

Table § Some additional NN applicarions related to protective relaying
and fault analysis

Tuiction Refernees | Depravemeats ndicaied by
e Autlwrs
7 Sigmhicantly beiler classifica-
F ailure Diagrasis of (321 tion of the oil swilch status
H Indurpeound O Switches than whal is available with the
curment threshold classification
method
] Temprovements in rapid and
Fault Diagnasis in HYDC (53 rcliable detection of difTerent
Systems eypes of cquipment faults
Inictligent deeisions in select-
1oad Shedding (34 ing the faad to be shed and
aveiding unintenticnal opera-
uon
Capabilty to periorm fast and
direet assessment of short
[Short Cireuit Calculations 1531 circuit currents in the cascs of
changing nerwork topology
and
Ability 10 cope with distoreed
IB ushar Peotettion [56] current signal due 1o the CT
sawuration
High sccuracy cvaluation
IFrequency and Harmaonie 15%] under supply-frequency drift
[Evaluation and transient situations




7. OPEN ISSUES AND FUTURE
DIRECTIONS

After reviewing the references mentioned in the survey, a
number of open issues and possible future development
directions can be noted. This section summarizes the find-
ings related to the selection of NN applications, NN imple-
mentations. NN training and evaluation, software tools for
implementation and testing, application benefits and field
demenstrations.

7.1 Selection of NN applications

The review indicates that most of the development efforts
were related to the most commaon relaying functions such as
distance protection for transmission lines and transformer
current differential protection. This is expected due to the
importance, complexity and wide application of the men-
tioned protection principles. However, it is interesting to
note that NN applicaticns were mostly related to the fault
detection and classification, which confirms the unique NN
capability to act as a pattern classifier.

It is somewhat surprising that other applications such as
overcurrent and busbar protection did not get more aitention
in evaluating suitability of the NN approach. In addition,
the generator prutection dad not scem to attract much inter-
est for NN applications as well. It is not clear why this s
the case when all of the mentioned applications also seem
.0 have a need for a reliable fault detector and classifier.
Some future developments in this area are expected in the
near future.

As per other non-relaying applications, it appears that
fault analysis and detection of equipment incipient failure
had created a lot of attention tor NN applications. The abili-
ty of the NN architecture to process data in parallel and in a
hicrarchial fashion has been exploited in the fault analysis
applicalions. The NN ability to learn from historical data
was quite useful in the equipment diagnostic arca. More
developments are expecled in both the fault analysis and
equipment diagnostic areas in the future.

7.2 The NN implementations

Fhe NN implementations are evalvated based on the NN
architecture, transfer function and learning rule. It is quite
amazing to note that almost all the papers are talking about
the use of the feed forward multilayer perception (FFMLP)
type of the archilecture with the basic three layers being a
typical choice. The transfer function sclected almost umi-
formly throughout the papers was the sigmod nonlinear
1ype. The back propogation learning rule was also selected
in most of the references. Very few exceptions to the above
mentioned choices were made in some references [22, 28,
13, 43, 47, 49, 55, 57].

Regarding the details of the NN architecture, most of the
implementalions were based on a three layer selection. The
number of nodes is varying quite widely, since this 1s
dependant on the application. The number of hidden layers
is also different in some applications and vartes from one in
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most applications to two in very few applications [17, 40,
541,

It is interesting to noie that other types of NN architec-
tures and rclated implementations have drawn very little
attention even though they are widely used in some unrelat-
ed power system applications [4, 5], Even for the FFMLP
type of NN architecture, the variation in the details of
implementation were rather minor from one application to
the next. For the cases where the variations were naticeable.
ne clear evidence of the reasons for the choices was
noticed. In general, for any of the decisions related 1o the
choice of the NN architecture and other implementation
delails it was not made clear by the authors as why these
particutar decisions, and not some other ones, were made.

It is expected that the future appreach will provide some
answers to the above mentioned questions when the criteria
for the particular implementation choices will be defined.

7.3  The NN training and evaluation

The NN training and evaluation are the most confusing
issues that are treated in a far less comprehensive way than
any other issue mentioned in the references. The choice of
the types and number of training patterns, the methodology
for the training sequence, and selection of the optimal train-
ing conditions are not elaborated on in enough deiail in
almost any of the references. Of course, a variety of details
are provided in the references, but the information provided
in most of the cases is impossible to use to perform an inde-
pendent verification of the results by the reader.

Another observation is that most of the protective relay-
ing applications were tried and tested using some form of
the ElectroMagnetic Transient Program {EMTP). This is a
well established tool for analysis of fault transients. Howev-
er. very limited information on the selection of particular
real-life systems and operating conditions is provided in
most references. This fact is again restsicting the reader
from fully appreciating the difficulty and suitability of the
sciccted EMTP based training and ¢valuation cases.

The fault analysis and equipment diagnostic applications
are in particular difficult to evaluate since the information
on practical data used for the training and evaluation is very
limited and in some cases almost non-existent. The authors
have only made the statements that the data may be realis-
tic, but no further evidence is provided in many cases since
most of the data is empirical and no simulation data is avail-
able.

As per the future trends and needs, it is definitely desir-
able for the authors 1o give special attention to the above
mentioned issues. This is needed if any level of serious con-
fidence is to be developed on the user's side for the future
NN applications.

7.4  Software tools for implementation and
testing

Most of the NN applications were implemented using cus-
tom software tols such as the 'C’ or *C++" programming
language [11. 40. 50]). However. some of the references are
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relying on the use of standard NN toolboxes such as the one
provided as a part of the MATLAB Signal Processing Pack-
age [36].

As per the software tools for testing of the NN imple-
mentations, the most commonly used tool is the EMTP. As
mentioned eariier, this tool is widely used for the fault stud.
ies and recognized for its ability to produce very realistic
transients as well as prefault and postfault steady stare
waveferms. It should be noted that the EMTP use may be
fimited in the cases of internal fault simulaticus, for power
transformers and machines, for example. The EMTP use for
evaluation of the NN implementations has to be verified
through field test, which should be a standard practice in
the future.

Ounc important development that may facilitate future
training of the NN based solutions ts the new digital simufa-
tor technology [38). The iatest developments in this area
allow for impiementation of automated procedures for pow-
er system simulations and related NN training.

it is expected that future developments in this area will
be tacilitated through availability of mere NN toolboxes as
well as more versatile EMTP programs.

7.5 Application benefits and
field demonstrations

Based on the published references, it is quite difficult to
assess all of the benefits and results of the field demonstra-
tions for several reasons. One reason is that some of the
assessment results may be proprietary due 1o the advanced
applications that may have some commercial advantage in
the future and the information was not included in the
papers. The other reason is the bias that most authors
embrace, even unconsciously, to made the result laok
attractive. This is not a new approach or attitude developed
just for the NN apptications but is rather wide spread event
when brand new techniques are evaluated. This is probably
why there were no papers published so far that had a critical
review of the NN applications including a comparative
evaluation of the NN architectures and related implementa-
tion performance. A major problem is also the nature of the
NN implemenzations where selection of the architecture and
training cascs is directly tied to the particular details of the
application. Since most of the authors do not provide
enough details about the evaluation models and simulations,
it becomes quite difficult for a reader to repeat any of the
study results 1o be able 1o make its own assessment of (he
benefits and field demonstration resulls.

However, afier the review of all refercnces is completed,
the reader is left with some general impression about the
benefits and related field demonstrations. The first impres-
sion ts that the NN approach did not gain a wide application
yel. based on a clear recognition of its benefits. There is as
strong evidence that the NN use in some applications such
as fault detection and classification as well as fault analysis
and cquipment diagnostics has a definite promise for
achieving improved performance. Qn the other hand, there
15 not enough practical experience o assess the reat signifi-
cance of the improvements.

The future efforts in this area definitely have to include
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more comparative studies when the selected NN approach
can be compared to the other NN approaches as well as
existing techniques. The evaluation efforts should include
very practical cases that should be well documented and
readily described for any further analysis by the reader. The
most impertant effort is 1o create as many as possibie of the
prototype NN applications that can be evaluated in the field
through actual use. Unfortunately, very few references pro-
vide information on the field tests.

8. CONCLUSIONS

This paper gives an extensive survey of the published refer-
ences for the last ten years on the subject of NN applica-
tions to protective relaying and fault analysis. A large
tnumber of references has been published so far but rather
small variety of NN architectures and related implementa-
tion options has been offered. The references, almost as a
rule, do not have comparative results to enable the reader to
assess the practical value of the implementation approaches
selected by the authors. Further research and development
activity is needed to provide sufficient information of the
practical benefits and advantages of the NN applications.
The fault detection and classification as well ag equipment
fault analysis and diagnosis scem 1o be quite promising
future applications.
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