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ABSTRACT

Differential, overcurrent and ground fault relays are used for protecting
transformers in electric power systems. Several algorithms, that perform
these functions and are suitable for implementation on microprocessors, have.
been proposed in the past.

This thesis describes and evaluates an improved technique for modelling
inverse-time overcurrent relay characteristics. This technique, which is used
in a digital overcurrent relaying algorithm, is simple and requires a modest
amount of computer memory. The proposed algorithm performs most com-
putations in an off-line mode and, therefore, requires few on-line computa-
tions. The performance of the algorithm is evaluated using computer simula-
tions. Some test results are reported in the thesis.

Digital algorithms that can detect winding faults in power transformers
are described in the thesis. The algorithms use non-linear models of a trans-
former to determine its health. The algorithms take the non-linearity and
hysteresis of the transformer core into account, however, these do not ex-
plicitly become part of the algorithms. They are suitable for protecting
transformers whose winding currenis can not be measured at the terminals.
The performance of the algorithms is studied for a variety of operating con-
ditions simulated on a digital computer using the Electro-Magnetic Transient
Program (EMTP). Some results of the simulation studies are reported in
the thesis. ‘ '
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The proposed algorithms for overcurrent relaying and transformer wind-
ing protection are implemented in a microprocessor-based system. The
design; implementation and testing of the system are presented in the thesis.
The system includes a man-machine interface for changing relay settings and
relay software, and for uploading the reiay signals for further analysis. The
performance of the system was checked in the laboratory. The testing proce-
dure and some test results are also presented.
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1. INTRODUCTION

1.1. Background

A power system generates, transmits and distributes electrical energy.
The system includes facilities, such as, generating stations, switching stations;-
transmission lines and distribution networks. .These elements occasionally ex-
perience faults resulting from insulation failures. These failures are either
due to aging of insulation, or due‘ to over 'volt.ages caused by atmospheric
~disturbances and switching surges. Occurrence of a fault can cause damage
to equipment, severe drop in voltage, loss of synchronism and substantial loss
--of revenue due to interruption of service. A system element should, there-
fore, be protected from damage due to faults and abnormal operating con-

ditions.

1.2. Protection of Power Systems

Electrical equipment, such as generators, transformers and transmission
lines are protected by relays. Their function is to detect the presence of
faults, determine their locations and initiate opening of circuit breakers to
isolate the faulted section from the system. Generally, a power system is
 divided into protection zones; each zone is protectéd by a set of relays {1].
In the event of a fault in a zone, protective relays of that zone open circuit
breakers which disconnect the zone from the remaining system. This

prevents further damage and consequent shut down of the power system.

A protection zone normally consists of a generator, a transformer, a
transmission line, a distribution line or a load. Several different type of

protective relays are used for generator protection. These include differential,
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rotor earth fault, negative sequence curreni;, dvervoltage, overcurrent,“ l&s of
excitation and reverse power relays. A transmission line is protected by
overcurrent, pilot, distance or differential relays or by a combination of these
relays. In ;:case of transformers, differential, earth fault, overcurrent and
Bucholz re]aj}s ‘are used. Distribution lines are protected by fuses and over-

current, directional overcurrent and distance relays.

In early developments of power systems, fuses were used to protect
generators, transformers and lines. . A significant improvement in sjrstem
protection was achieved with- the development of electromechanical relays
which could ‘initiate tripping of a circuit breaker or circuit breakers [2]. Sen-
sitive, selective and high speed relays were developed as the complexity of
power systems increased. The development of solid state electronic relays
started in ftl:le 1950’s. These relays were not generally accepted by the users
because of the high failure rates of electronic components, and inadequacy of
their designs, Later developments used newer semiconductor technology and
improved designs. Today, several kinds of solid state relays are being used

in power systems [3].

Rapid ‘advances in digital processor technology have prompted. the ap-
plication of microprocessors in protective relays {4, 5]. The use of real-time
computations for system protection was proposed in 1968 by Last and
Stalewsky [6]. , In a pioneering paper, Rockefeller [7] proposed an overall
philosophy for using a digital computer to prdtect the entire equipment in a
substation. The concept of using a single computer alongwith its back up
for protection of a substation has been discarded in favour of using individual
microprocessors for each major relaying task. Many researchers are of the
view that the long range economic trend favours the use of | digital processors

for protection.

Transformer protection and nionitoring is a challenging area of power

system protection using microprocessors. This area has, therefore, received
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attention from many researchers (4, 5|. In 1969, Rockefeller [7] proposed a .,
method for differential protection of transformers. Since then several schemes

have been reported in the literature.

1.3. Tranéformer Protection and Monitoring Using
Microprocessors

A mapr emphasis of research in the area of microproceésor—ba.séd
protection of transformers has been the development of suitable algorithms.
These algori;ﬁhms perform differential, earth fault and overcurrent protection
tasks. Initfal designs of algorithms for digital differential protection were
conceptually similar to the designs of conventional relays [8, 9, 10, 11, 12}.
They used second harmonic components of the difference currents to restrain
relay opération during a magnetizing inrush condition. During internal:
faults, they calculated the fundamental frequency pha.sofs representing
through and difference currents and compared them. Digital filtering and
correlation ttecimiqu were used to calculate the phasors. The operating vol-
tages of power systems and lengths of transmission lines have. increased sub-
stantially during the last twenty years. This has increased the possibilities
of the differential currents during internal transformer faults containing large
amounts of -harmonic components. This condition, if it occurs, can cause a
relay to restrain even during an internal fault. The security of differential
relays using the harmonic restraint principle is, therefore, a matter of con-
cern. Receﬁtly, some algorithms have been reported in the literature that do |
not rely on- the harmonic components for restraining relays during magnetiz-
ing inrush conditions [13, 14, 15, 16].  These ‘algorithms use currents in
transformer windings and transformer parameters for. making appropriate
decisions. Terminals of delta connected windings are not usually brought out
of a transformers tank. The winding currents are, therefore, not available

for use in protective relays.

Three digital algorithms for overcurrent relays have been suggested in
the past [17, 18, 19]. These algorithms are conceptually similar to each
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other except that they use different techniques for mbdelling relay charac-
teristics and for computing of the relay currents. Also, they require con-

siderable amount of real-time computations.

On-line monitoring of transformers using microprocessors is still in early
stages of development. Microprocessor-based systems that can monitor
parameters of a transformer have been reported in the literature [20, 21].
However, a microprocessor-based system that monitors transformer parameters
and performs analjrsis to determine the health of a transformer has recently
been reported by Poyer [22, 23]. Design and testing of three prototype -
microprocessor-based relays for transformer protection have been reported by
researchers [12, 17, 24]. These relays provide differential, earth faults and

overcurrent protection.

It seems that the existing digital algorithms for transformer protection -
have limitations and, therefore, improved digital algorithms are needed.
Research reported in this thesis was aimed at developing appropriate digital

algorithms and implementing them in a microprocessor-based system.

1.4. Objectives of the Thesis
The major objectives of the work reported in this thesis were to

1. develop digital algorithms for detecting -winding faults in single-
phase and three-phase transformers,

2. develop a technique for modelling time-current characteristics- of
overcurrent relays, and then use the technique for developmg a
digital algorithm for overcurrent relays, and

3. design, implement and test a microprocessor-based system for-
protection and monitoring of power transformers.



1.5.. Outline of the Thesis

The thesis is organized in nine chapters and seven appendices. The-
first chapter introduces the subject of the thesis and describes its organiza-
tion. Chapter 2 reviews the faults which affect power transformers and the
relays which are used to detect those faults. The phenomenon of magnetizing
inrush experienced by transformers is explained. This illustrates the sig-
nificance of including a feature to restrain relays during magnetizing inrush
conditions.  Chapter 2 also describes the instruments that are used for

measuring and monitoring transformer parameters.

Chapter 3 reviews the previously proposed algorithms for differential,
ground fault and overcurrent protection of transformers. Limitations of these
algorithms are identified. Three microprocessor-based relays for transformer
protection, reported in the literature, are briefly described. A recent develop-
ment in the application of microprocessors for monitoring transformer

parameters is also presented.

A technique for modelling time-current characteristics of overcurrent
relays is proposed in Chapter 4. This technique is then used to develop a
digital algorithm for overcurrent protection. The algorithm reqizires only a
few on-line computations because most of the calculations are dome in. the
off-line mode. The performance of the algorithm was checked using digital
computer simulations. Some results obtained from -the simulation studieé are

included.

Chapter 5 proposes digital algorithms that can detect winding faults in
single-phase and three-phase transformers. The algorithms are based on a
non-linear model of a transfornier instead of using harmonic components of
the differential cﬁrrents. The algorithms can protect three-phase delta-wye
transformers even if currents in the delta winding' can not be measured.
The non-linearity and hysteresis of the transformer core are taken into ac-
count but they do not become part of the algorithms. The algorithms were
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tested on a digital. computer by using data generated by the Electro-
Magnetic Transient Program (EMTP). Some results are also included in
Chapter 5.

Chapter 6 describes Version-II of the algorithms for digital protection of
transformer windings. These algorithms are conceptually similar to those
proposed in Chapter 5 except that the winding resistances are neglected and
the rectangular rule is used for numerical integration. These algorithms were
tested using the same data as was used -to test Version-I of the algorithms.
Some test results are included in Chapter 6. The performance of ‘Version-1
and Version-II of the algorithms was compared and the results of the com-

parisons are also included.

Chapter 7 describes the design, implementation and testing of a
micrbprocessor—ﬁased system for protection and monitoring of transformers.
The system uses algorithms of Chapters 4, 5 and 6 to protect a transformer
during external faults and winding faults. The system also has facilities for
monitoring transformer parameters. The design requirements of the proposed
system are identified. Hardware and software that meet the specified re-
quirements are described. The proposed system was implemented and its
performance was checked in the laboratory. The implémentation and testing
procedures are described. Test resuits demonstrating the performance of the

system are included.

Chapter 8 includes a summary and conclusions drawn from. the work

reported in this thesis. A list of references is given in Chapter 9.

This thesis contains seven appendices. Appendix A describes a proce-
dure for calculating the coefficients of a polynomial for modelling time- |
current characteristics of overcurrent relays. Appendix B presents a tech-
nique that estimates the rms value of a fundamental frequency component

from its real and imaginary components. Appendix C lists the parameters of
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a transformer used to model internal and external faults on the EMTP. The
procedure for simulating faults and operating conditions is also described. A
procedure to transform the transfer function of a fourth-order Bessel-type
low-pass analog filter to its equivalent digital filter is described in Appendix
D. Appendix E provides the design and interface details of an I/O board
designed for use in the microprocessor-based system. Appendix F describes a
procedure to determine the resistance and inductance of the windings of the
transformer used to test the microprocessor-based system. Appendix G
presents several cases which illustrate the performance of the winding protec-

tion scheme of the microprocessor-based syiutem.

The specific contributions made by this project include the foliowing:

1. An improved technique for modelling overcurrent relay charactcﬁstics
has been developed. The technique is described in Chapter 4.

2. A digital overcm-rentirelaying algorithm that uses the proposed
modelling technique is also reported in Chapter 4.

3. Two versions of a new digital relaying algorithm for detecting winding faults
in single-phase and three-phase transformers have been developed. Version-I
is described in Chapter 5, and Version-Il is presented in Chapter 6.

4, A microprocessor-based system for protecting single-phase and three-phase
transformers has been designed, implemented, and tested. The details are
reported in Chapter 7.



2. TRANSFORMER PROTECTION
| AND MONITORING

Power system protection ‘and developments in protection and monitoring
of power transformers are briefly presented in Chapter 1. Power trans-
formers experience a variety of faults and abnormal operating conditions
which are briefly discussed in this chapter. Relays fof detecting faults in
transformers and isolating the affected transformer from the remaining system
are briefly reviewed. Slowly developing electrical faults in oil-filled trans-
formers can be detected by using gas analysis and this aspect is discussed in
this chapter. Economic considerations in applying protection to power trans-
formers are then outlined. Instruments generally used for monitoring the

health of power transformers are aiso described in this chapter.

2.1. Faults in a Power Transformer

Faults affecting a powér transformer can be divided into two categories,
faults outside the protection zone of the transformer classified as through
faults and faults in the protection zone of the transformer classified as inter-
nal faults: ' | |

Some external faults are short circuits which are limited practically by
the transformer reactance only. The fault currents are very high because the
reactance of a transformer is usually small. If these fault currents are al-
lowed to persist, they can extensively damage the transformer. In such
cases, the transformer must be disconnectéd to avoid da.ma'ge. It is not es-
sential to disconnect a transfqrmer from the system if the fault currents fiow-

ing in a transformer are not excessive or do not persist for a long time.
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Internal faults can be divided into two categories; incipient faults and
short circuits, such as; phase to phase, phase to ground and inter-turn faults.
Phase to phase faults on the terminals or in the transformer are rare.
However, a transformer equippéd with a tap changer usually experiences-
single phase to ground faults in the tap changer which sometimes develop
into phase to phase faults. Single-phase to ground winding. faults are mainly
due to bushing failures and flash over in the transformer tank. Bushing
failures generally occur due to flashover caused by surges, ageing, contamina-
tion, cracking, moisture. low oil level and external short circuits caused by
birds. The Severity of these faults depends on the system parameters, the

method of grounding the system neutral and the transformer design.

Most internal faults involving transformer windings are inter-turn faults.
These faults are caused by localised burning of conductors and breakdown of
the. inter-turn insulation of a coil. Initially, turn-to-turn insulation failure
does not involve a large enough part of the winding to draw sufficient cur-
" rent from the system. Therefore, it is difficult to detect an inter-turn fault

until it extends to involve a large section of the winding.

Majority of incipient faults which are also internal faults include core
failare due to insulation breakdt;wn or shorted laminations. Other incipient
faults include deterioration of the transformer oil, oil leakage and auxiliary
systeﬁl failures. Most incipient faults do not pose immediate danger to a
transforiner. However, if they are left undetected, they can develop into
major faults. |

2.2. Transformer Protection

Different approaches are used to protect a transformer. Even identical
transformers, applied differently in a power system, are protected using dif-
ferent philosophies. The philosophy of protection used is influenced by the
size and importance of the transformer. Small transformers are usually

protectt;d by fuses and, overcurrent and instantaneous earth fault ‘relays. Dif-
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ferential, and gas accumulator and oil surge detection relays are used for

protecting large power transformers [2].

2.2.1. Fuses

Fuses are commonly used to protect transformers of upto 5 MVA
capacity. Fuses protect transformers from internal and in some cases from
external faults. Fuses are economical, require little maintenance and do not
need a dc. power supply. Biowing of one fuse on a three phase transformer
does not isolate it from the remaining two phases. This operating mode is
- detrimental to the connected loads. Therefore, special protection must be
added to avoid single-phasing. Protection from internal faults provided by
fuses is, however, limited. Sénsitive devices for protecting from internal

faults are, therefore, provided.

' 2.2.2. Overcurrent protection

An external fault can damage a transformer if it is allowed to persist.
The resulting overload can cause overheating of the winding and, ultimately,
insulation failure. Overcurrent relays are often used to disconnect a trans-
former from the faulted system before it is damaged. These relays can also
protect small transformers from internal .faults. Inverse-time overcﬁrrent
(o/c) relays are generally used for this purpose. The pick-up current of an
ofc relay is selected to take advantage of the overload capabilities of the-
transformer. Fast relay operation is, therefore, not necessary. Because the
inverse-time overcurrent relays provide limited protection from internal faults,
instanteous overcurrent units are used for clearing major internal faults.

These units are set to pick-up at currents higher than the maximum through

fault current.
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2.2.3. Differential protection

Current differential relays are commonly used for protecting 10 MVA
and larger power transformers. These relays are connected to current trans-
formers in such a manner that net operating currents in the relay are the
differences between the currents entering and leaving the protection zone, all
currents referred to a common base. Differential relays compare the outputs
of the current transformers installed on the primary and secondary sides of a
transformer. Figure 2.1 shows a typical differential protection arrangement
for a two-winding delta-wye three-phase transformer. In this case, the
pfimary and secondary line currents are not in phase, they are displaced by
30 electrical degrees. To eliminate the phase shift, the primary ct’s are con-

nected in wye and secondary ct’s are connected in delta.

The transformer primary and secondary currents are in phase and are
equal in magnitude during normal operating conditions and external faults.-
Therefore, the operating coil of the differential relay does not carry any cur-
rent. An internal fault upsets this balance and causes currents to flow in

the operating windings of the relay.

An internal transformer fault is not the only cause for the presence of -
differential currents. Non-linear phenomena are 'experienced which result in
operating currents ~in the differential relay even when the transformer is not
faulted. These are; magnetizing inrush, differences in the characteristics of
ct’s used on the primary and secondary sides of the transformer and the
ratio mismatch of the ct’s used. These phenomena are briefly described in
this section. The objective is to illustrate the significance of incldding a

restraint feature to avoid tripping when these phenomena occur.
Magnetizing inrush

Consider a single-phase transformer whose magnetizing characteristics

are shown in Figure 2.2. When this transformer is switched off, the mag-



12

il rEsTRANNG VY[
OIS

Vavs
N
A

S 0S <. operaTnG

COILS

Figure 2.1: Circuit diagram of a differential protection relay for a
delta-wye transformer. '

netizing current follows the hystersis loop to zero when the flux density is
+B, as shown in Figure 2.2. The magnetizing current, i, and the flux den-
sity, B, at the instant of switching-off, ¢,, are shown in Figure 2.3. At this
instant, the current passes through zero when the flux demsity is +B,. If
the transformer was not switched off, the current and flux density waveforms

would have followgd the dotted curves.

Assume that the transformer is re-energised at instant, {,, when the
flux density would normally be —B,, .. Since the magnetic flux can not be
instantly created or destroyed, the flux density starts at the end of curve B,
with the residual value B, and traces curve B, instead of starting with its

normal value (—B,,,, in this case). This curve is a sinusoid riding a dc of-

fset. As a result, the transformer core saturates. The magnetizing current

required to produce the flux is drawn from the power system. The current,
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Figure 2.2: Magnetizing characteristics of a typical single-phase power
transformer.

corresponding to the flux density waveform B,, is also shown as iy in Figure
2.3. This current is substantially greater than the normal magnetizing cur-

rent, i, also shown in Figure 2.3.

The magnetizing inrush current in a transformer can have peak values
several times the rated full load current. The peak inrush current depends
on the transformer core characteristics, residual flux and instant at which the -

voltage is applied.
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Figure 2.8: Magnetizing inrush phenomenon in a power transformer.
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Magnetizing inrush is a complicated phenomenon in three phase trans-
formers [25]. It is difficult to switch on all three phases at an instant when
no inrush would result. Inrush currents are, therefore, experienced in at
least two phases. Also, the levels of inrush currents in different phases are
different; they depend on the connections of the windings and the magnetic -

coupling between the windings.

The waveshape of an inrush current is not sinusoidal; it is distorted
due to the saturation of the transformer core. Since inrush currents flow in
either the primary or the secondary windings of a transformer, a differential

relay sees them as operating currents.
Differences in et characteristics

Matching of the characteristics of the primary and secondary side ct’s
is difficult because of the differences in the designs of ct’s used at different
voltage levels. The lengths of the leads connecting the primary and secon-
dary ct’s to the relay are usually not equal.. The VA burdens of the
primary and secondary ct’s are, therefore, not equal. The diﬁ'erenées cause
the ct’s to operate at different ratio errors which, in turn, results in currents

in the operating elements of the differential relay.

Ratio z_x_iismatch

Another phenomenon that causes currents to flow in the. operating coils
of a differential relay is the mismatch of the ratios of the ct’s and the power
transformer. Most power tranéformers are equipped with automnatic on-loa.a
tap changers. The operation of a tap changer changes the turns ratio be-
tween the primary and secondary windings of the transformer. The ct ratios
are usually selected to match for operation at the nominal tap setting. The
outputs. of the primary and secondary ct’s, therefore, do not balance when

the transformer operates at an off-nominal tap setting.
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To avoid relay operation during magnetizing inrush, either voltages or-
harmonic components of the differential currents are used to restrain the
relay. However, to avoid trippings due to ra.tib mismatch and/or differences
in the ct characteristics, diﬁ'efential relays are provided with a percentage-

bias feature.

2.2.3.1. Voltage restraint

A voltage-restraint differential relay uses in each phase one undervoltage
relay with time-delay pick-up and reset to block operation during magnetiz-
ing inrush. The contacts of the undervoltage relays, connected in series with
a low resistance, shunt the operating coil of the differential relay. This is
shown schematically in Figure 2.4. The undervoltage relays are energised
from the potential transformers that measure the secondary voltages of the
power transformer. When the transformer is de-energised, the undervoltage
relay resets and short circuits the operating coil of the differential relay.
When the transformer is energised, the undervoltage relay does not pick up
for a short time because of the designed time delay. This desensitizes the
differential relay during the magnetizing inrush period. However, after the
set time delay, the undervoltage relays reset opening their contacts and in-
serting the operating coil of the differential relay in the circuit. An obvious
disadvantage of using undervoltage relays with time delay pick-up is that
they can delay trippings when internal faults occur during magnetizing in-

rush.

An improved arrangement consists of using three high-speed. voltage
relays to control the tripping of a diffefentia.l relay. These relays are con-
nected between phases or between individual phases and the neutral. All
three voltage relays pick up during magnetizing inrush indicating that either
the transformer is in good health or the fault currents are very low. These
relays start a timer that disables thé tripping circuit of the differential relay
for a designed time. This avoids the tripping on magnetizing inrush.
However, an internal fault reduces at least one system voltage. As a result

the timer does not start and tripping occurs immediately.
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Figure 2.4: Circuit diagram showing the arrangement of the restrain-
ing and operating coils in a voltagerestrained differen-
tial relay.

2.2.3.2. Harmonic restrait_:t

Harmonic restraint is incorporated in differential relays to avoid un-
desired trippings due to magnetizing inrush ¢urrents. These currents contain
. components of second and higher harmonic frequencies. Analyses of typical
inrush currents indicate that the second harmonic component predominates
[26]. This component is extracted from the differential currents using fre-
queﬁcy selective circuits and is used to restrain the operation of the relay.
Some designs use other harmonics, in addition to the second harmonic, to
restrain the relay. The basic objective of these designs is to restrain the
relay operation for all levels of magnetizing inrush but permit operation for
internal faults.
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2.2.3.3. Percentage bias

- To avoid trippings due to ratio mismﬁtch and differences in ct charac-
teristics, a percentage bias is used in differential relays. This is achieved by
‘requiring that the differential current to operate the relay be a prespecified
percenﬁage (or more) of the through current. This ratio is referred to as the
percentage slope of the relay characteristics. The restraint can be fixed, ad-

justable or variable.

Percentage-biased differential relays permit increased speed and security
with reasonable sensitivity at low fault currents. This is because the operat-

ing currents far exceed the restraining currents when the fault is internal.

2.2.4. Ground fault protection

A transformer differential relay has only a limited ability to operate Vin
the event of a ground fault [27]. The presence of a resistor in the grounding
circuit reduces ground fault currents. These currents are approximately
proportional to the distance of the fault from the neutral end of the winding.
Large portions of the windings are, therefore, not protected from ground
faults. This necessitates the use of ground fault relays for protecting major

transformer installations.

A typical grbund fault relay -applied to a delta-wye transformer is
shown in Figure 2.5. This relay can detect a ground fault on any of the
wye connected windings of the transformer. In this relay, the three line cur-
rents are balanced against the current in the transformer neutral. For a line
to ground fault, outside the zone of the ground fault relay, the neutral cur-
rent is sum of the currents at the transformer terminals. Current in the
operating coil of the ground fault relay is, therefore, zero. However, in case
of a phase to groﬁnd fault in the protected zone, the neutral current is not
equal to the sum of currents at the transformer terminals. A current, there-

fore, flows in the operating coil of the relay which consequently operates.
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This relay does not respond to two phase and three phase faults in the

protected zone.

Ground faults in the delta windings are detected ‘by a relay which is
connected to three line ct’s connected in parallel. This scheme responds to
earth faults in the delta connected windings but does not operate for earth

faults on the wye side of the transformer.

a — | L A
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Figure 2.5: Circuit diagram for a ground fault relay for delta-wye
transformers. :

2.2.5. Other relays

Other relays used for transformer protection are

¢ gas accumulator relay,

e gas-pressure relay and
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e oil-pressure surge relay.

A gas accumulator relay also known as Buchholz relay can be applied
to a transformer that is equipped with a conservator tank. The relay is
placed in the pipe connecting the conservator tank to the main transformer
tank. It traps gases, produced due to a fault in the transformer over a
period of time and, thus, operates for low level faults also. Because a gas
accumulator relay can detect a small volume of gas, it can detect arcs of low
energy. This relay is usually applied to. supplement the differential protec-

tion of a transformer.

A gas-pressure relay can be applied to a gas-cushioned oil immersed
transformer. It is mounted at the top end of the transformer. It monitors
the rate of rise of the gas pressure in the transformer and operates when the
pressure increases rapidly. It does not operate if the gas pressure changes
slowly due to changes' in loading and ambient temperature. High energy
arcs produce large quantities of gases which cause the relay to oper#te in a

short time.

An oil-pressure surge relay can be applied to an oil immersed trans-
former. It is mounted on the transformer tank below the oil level. This
relay monitors the rate of rise of the oil pressure in the transformer tank
and operates for internal faults that produce rapid changes in oil pressure.

It, however does not operate on slow changes in oil pressure.

2.3. Instrumentation and Alarms

In addition to the protective relays discussed in the previous sections of
this chapter, power transformers are equipped with several instruments {28].
These instruments measure transformer parameters, issue alarms in the event
of an abnormal operating condition and, in some cases, issue trip commands.

These instruments include
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level gauges,

. pressure gauges,

Oil, water and gas temperature measuring devices,

hot spot estimator and

combustible limit relay.

A fluid level gauge indicates the level of oil in an oil-filled transformer.
It is equipped with low-level and/or high-level alarm contacts. Low level
alarm signals a condition that can result from a failure to fill the trans-
former initially or from excessive leakage of the oil during operation. The

alarm is set to operate before it becomes unsafe to operate the transformer.

A vacuum pressure gauge monitors the gas pressure in a transformer
with sealed tank construcﬁon. The pressure fluctuates between a . lower
(vacuum) and an upper limit (positive pressure) during major load cycles. It .
is equipped with limit alarms that provide warnings in the event of excess
vacuum or positive pressure that could cause deformation or rupture of t}ie_

transformer tank.

Oil-filled transformers are equipped with devices which are appropriately
located to monitor the hottest part of the oil. These temperature measuring
devices are often equipped with contacts which close at selected temperatures
to start fan motors and ultimately to issue an alarm. A ga.s‘ temperature
thermometer performs a similar function in a sealed gas-filled transformer.
However, the temperature range extends to about 200°C to accommodate the
higher operating temperatures of sealed gas-filled transformers. Transformer
oil and gas have much longer thermal time constants than the windings and,
therefore, these temperature monitoring devices are more sluggish than

changes in the winding temperature due to load changes.

Hot spot temperature estimation reflects the thermal condition of a
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transformer. A common method of measuring the hot spot temperature is to
measure the temperature of oil at the top of the tank and supplement it
with the heating effect of the winding currents. A thermostat element is im-
mersed in the transformer oil. This element is‘ also heated by an electric
heating element which is supplied with a current proportional to the winding
current. The thermostatic element, therefore, measures the temperature
which the hot spot of the winding attains. This arré.ngement often indicates‘
higher temperature for a heavy overload that exists only for a short time and,
therefore, is not suitable for detecting deterioration of the transformer insuia-
tion. A thermal overload relay is used for this purpose. This relay intro-
duces a time lag in its temperature registration thus accounting for the fact
that insulation deterioration is a function of the duration of high temperature.

Otherwise, the relay design is similar to that of the thermostatic element ar-

rangement described earlier in this paragraph.

Combustible limit relay is used in oil-filled transformers that use con-
trolled inert gas method for keeping the oil from deterioration. Combustible
gases are produced as the oil breaks down or the insulating material decom-
poses due to & fault in the transformer. The relay indicates, records or even
transmits the composition of the combustible gases on an hourly, daily or
weekly intervals. It can also actuate an alarm if the content of the combus-

tible gases reaches a predetermined level.

2.4. Off-ine Gas Analysis

Electrical faults in oil-filled transformers usually generate combustible
gases. Many transformer faults, in their early stages, are incipient in nature
and the deterioration is gradual. However, sufficient quantities of combus-
tible gases are usually formed to permit detection at a very early stage. A
sample of the gas from a transformer is usually analysed periodically. The
interval between consecutive tests depends on the size, importance and load-
ing of the transformer. The results of the analysis are evaluated. Evalua-
tion procedures vary from utility to utility and are influenced by their pre-
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vious operating experience, the transformer location and its importance.
However, a general classification of the gas analysis readings is suggested in
Reference [29). '

2.5. Economic Considerations

Different approaches are used for transformer protection. Even identical -
transformers, applied at different locations in a power system, are protected
with different devices. Individual engineering analysis determines the most
cost effective scheme. There are usually many alternatives that are tech-'
nically feasible; each alternative offers different degrees of sensitivity, speed
and selectivity; The selected scheme balances these factors against overall

economics. The following factors are generally considered for this purpose.

¢ Cost of repairing damage.

e Cost of lost production.

Adverse effects of losing the transformer on the power system.

Spreading the damage to the nearby equipment. -

2.6. Summary

A brief description of faults in power transformers has been presented
in this chapter. Concepts of protecting power transformers using fuées, over-
current relays, diﬁ’erential relays, ground fault relays and gas relays have
been discussed. It has been emphasized that the design of a differential
relay must include a restraint feature to avoid tripping during magnetizing
inrush. The schemes used by conventional relays to avoid tripping due to

magnetizing inrush are then discussed.

Instruments that measure operating parameters of a power transformer,
actuate alarms and issue trip commmands have been described in this chapter.

Application of off-line gas analysis for detecting slowly developing faults in a
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power transformer have been outlined. Finally, the importance of economics

in applying protection to power transformers has been eémphasized.
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3. DIGITAL PROTECTION AND
MONITORING OF TRANSFORMERS

Faults affecting power transformers and systems used for their detection
have been described in Chapter 2. Instruments for monitoring transformer
parameters have also been briefly discussed. Protection and monitoring of
power transformers using microprocessors has been an area of active research
for the last fifteen years. Emphasis has been on the development of digital
algorithms for transformer protection. Algorithms suggested in the past are
for differential, ground-fault and overcurrent protection of power transformers.
These algorithms are reviewed and discussed in this chapter.  Three
microprocessor-based relays for power transformer protection, reported in the
literature, are also described briefly. Lastly, a recent devélopmenﬁ in

microprocessor-based monitoring of power transformers is presented.

8.1. Digital Algorithms for Differential Protection

An important requirement of a digital algorithm for differential protec-
tion of power transformers is that it should correctly identify magnetizing in-
rush, overexcitation and, internal and external faults. Several algorithms
reported in the literature claim to fulfil this requirement. These algorithms
can be classified into four categories based on their underlying principles

which are
e waveshape indentification,
e harmonic restraint,

e flux restraint and

o transformer models.

Major features of these algorithms are briefly describes this section.
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3.1.1. Waveshape identification technique

As discussed in Chapter 2, substantial differential current flows in a
relay circuit when a fault occuré in the pfotected zone. However, magnetiz-
'ing_ inrush, ratio mismatch and unequal levels of current transformer satura-
tion - during external faults also manifest as differential currents.  The
presence of diﬁ'erential current under these circumstances is not due to a
fault in the protected zone. Rockefeller [7] suggested that successive peaks of
a magnetizing inrush current occur at intervals of either 4 or 16 ms but the
successive peaks of a fundamental frequency fault current occur 7.5 to 10 ms
apart. Also, the peak value of the fault current is within 75% to 125% of
its previous peak value and two éuccessive peaks are of opposite signs.
Rockefeller, therefore, suggested that the magnetizing inrush phenomenon can

be identified by examining the pattern of the waveforms of the currents.

3.1.2. Harmonic restraint algorithms

These algorithms use harmonic components of the differential currents
to restrain a differential relay during magnetizing inrush. Magnetizing inrush
currents contain large amounts of harmonic components whereas fanit cur-
_ rents do not contain these components. This fact is used in developing har-
monic restraint algorithms. Digital differential relays sample the currents at
regular intervals of time and calculate the peak values of their fundamental
frequency and harmonic components. If the harmonic components in the dif-
ferential currents exceed a pre-specified percentage of the fundamental fre-
quency components, it is concluded that magnetizing inrush is being ex- *
perienced. Some algorithms use the second harmonic components whereas
others use a combination of sévera.l harmonics in the differential currents. )
The algorithms utilize different digital filtering techniques to estimate the
magnitudes of the fundamental and harmonic frequency components of ther
primary and secondary side currents. Some of the filtering techniques are

briefly deseribed in the paragraphs that foliow.
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3.1.2.1. Fourier algorithmé

These algorithms assume that the waveform of a current, i(t), has a

finite energy in the interval (0,) and can be expressed as

i(t) = 45 + ‘/L_’Alain(Zrt/I;) + \/EAzcoa_(Z‘irt/T) +
V2440in(dnt/T) + V2A,c08(4mt/T) + - - - . (3.1)

In this equation, A°s are the Fourier coefficients and T is the time period of
the fundamental frequency component. Ther peak values of the fundamental

and second harmonic components of i(t) can be computed from Fourier coef-’

ficients as
I, = \/E(Af + A§)°'5 and | ‘ (3.2)
— Voral %05 |
I, = v2(4; + A4] (3.3)
where,
I, is the peak value of the fundamental frequency component
and '
I, is the peak value of the second harmonic component.

Reseucﬂem proposed different approaches for obtaining the Fourier coef-
ficients. Malik et al. [8] suggested that the Fourier coefficients be estimated

by correlating i(t) with sine and cosine waveforms of unit peak value.

Thorp and Phadke [11]  employed non-recursive Discrete Fourier Transform
(DFT) to extract fundamental, second harmonic and ﬁfth harmonic frequency
components of the differential current. They developed an algorithm for
protection of three-phase three-winding transformers. The algorithm uses five .
signals, one trip signal and four restraining signals. The trip signal is the
magnitude of the fundamental frequency component of the differential cur-
rent. The first restraint signal is the through current to prevent trippiﬁg

during heavy external faults. The second restraint is to prevent tripping the
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transformer when it is 6perat.ing with the primary circuit breaker open. The
third and fourth restraint signals are the second and fifth harmonic com-

ponents of the differential currents. They prevent tripping during magnetiz-

ing inrush and overexcitation respectively.

3.1.2.2. Least error squares technique

Luckett et al. [30] proposed the use of the least squares approach for
computing amplitudes and phase angles of voltages and currents. Brooks
[31]‘ also used the least squares approach and assumed that a current is
composed of a dc compohent and a fundamental fretiuency component.
Sachdev and Baribeau [32] reported further developments in this approach.
They demonstrated a procedure for modelling the decaying de component for
including in the design process. They also demonstrated that most of the
computations can be done off-line. Later, Sachdev and Shah [10} applied
this technique for differential protection of transformers. They assumed that
a differential current contains a decajing de component and components of
the fundamental frequency aﬁd the second and third harmonics. Therefore,

they expressed a current as

3
i) = Ie ™ + ) I.sin(mwgt + 6,,) (3.4)
. 1 .
where,
I, is the magnitude of the decaying dc component at t=0, |
T is the time constant of the dc component,
I _ is the magnitude of the m—th harmqnic component,
8, is the phase angle of the m—th harmonic component.

Approximating the exponential by the first two terms of its Taylor series ex-
pansion and replacing sin (mwyt+8, ) by cosl sin(mwyt) + sinf cos(muwt),

the following equation was obtained.
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i) = I — ()t +

3

m=1

Z (I cos8 )sin(muwgt) + (I,8ind )cos(muwt) | (3.5)

At time t = t,, the current was, therefore, represented as

i(tl) = I, — (/) +

(I co80,)sin(wot,) + (Ijsinby)cos(wt,) + (Ipco088,)sin(2wpt,) + -

(Izsinﬂé)coa(2u0tl) + (Igcosbg)sin(3wyt,) + (Isainﬂs)cos(3w0_tl). (3.6)

This equation. was rewritten in a linear form as

i(tl) = a),z, +

G16%¢ +
where,
z, = Iy, a51
Ty = -(10/7)’ Gi9

Ty = Ilcgsﬂl, a4
z, = I,sin8,, a,,
z5 = Lycosby, oy
zg = 'I2szn92, a4
zy = Iycosby, a,.
zg = Iy8infy, a4

Because the current

expressed as

Gy9%g + Gyg¢3 + g, Ty + ay5T5 +

Gy9%q + G gZg, - (8.7) |

=1,

=

1’

cos(wt,},
= sin(zwoti),
= cos(2wyt,),
= sin(3wyt,),

= cos(3wt,}.

i{t) is sampled every AT seconds, the next sample was
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i(t,+AT) = a2, + 02252 + 6y9Zy + 85,T, + GypZ +
GggTg T GoyTy + GoeZy. (3.8)
For a preselected time reference and sampling rate, the values of the ‘a’

- coefficients are known. For p samples taken at AT second intervals, the

process was expressed in the form of p equations in eight unknowns [10].

4 [e] = [ | | @9
px8 8x1 px1 :

For p greater than eight, the vector of unknowns, [z], was determined by

using

[2] = [A]T [i], | (3.10)
8x1 8xp px1

where,
(4] - is the left pseudo-inverse of [A] defined by

A]* = [ATIA] YA e
8xp 8xp px8 8Xxp

The authors of Reference [10] determined the elements of [4]F in the off-line
mode. Equation 3.10 suggests that the values of the real and imaginary
parts of the fundamental and second harmonic frequency components of a
current can be computed using its sampled values and the elements of third,
fourth, fifth and sixth rows of the left-pseudo inverse of [A]. The peak

values of the fundamental and second harmonic components can then be
determined by using

I, = \/zg + zi and | (3.12)

I = Vi + 1} | . (3.13)
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The authors of Reference [10] designed othrogonal fundamental and second
harmonic frequency filters using a twelve sample window and time reference
coinciding with the centre of the data window. They used a sampling rate
of 720 Hz. Using this procedure, Reference [10] compared the second har-
monic components of the differential currents with their fundamental fre-
quency components. If a second harmonic component was more than 33% of
the fundamental frequency component, the algorithm classified the situation

as magnetizing inrush.

3.1.2.3. Finite impulse response technique

Schweitzer et al. [9] used Finite Impulse Response (FIR) digital filters
for differential protection of transformers. They used four FIR filters; two
each for the fundamental frequency and second harmonic components. The
weighting functions of these filters were selected to be +1 or -1 which
reduced the computations to additions and subtractions of the sampled in-
puts. The sampling rate used in this work was 480 Hz and the criterion for

discriminating the magnetizing inrush from internal faults was based on ¢
~defined as

Mﬂ-"(ISzIJCg!)
£ = ) 3.14
Maz(S,1,IC,)) (3.14)
where,

Sl1 and C, are the outputs of the fundamental frequency digital filters
that have ‘odd’ and ‘even’ weighting functions. respectively
and '

S, and C, are the outputs of the second harmonic digital filters that

have ‘odd’ and ‘even’ weighting functions respectively.

The theoretical limits of the value of £ were investigated and were found to
be between 0 and 0.146 for internal faults and between 0.334 and 0.586 for

magnetizing inrush.
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3.1.2.4.. A recursive filtering approach

Sykes and Morrison [33] used recursive filters for transformer differential
protection. These filters 'incorporate'feedback by using previous outputs as a.
part of the inputs. The authors sampled a differential current, processed it
to estimate its fundamental frequency and second harmonic components. If
the magnitude of the second harmonic component exceeded a pre-specified
~ percentage of the fundamental frequency component, they concluded that the

transformer was experiencing magnetizing inrush.

The outputs of recursive filters used in Reference [33] are not suitable
for comparison of the instantanecous outputs because of the phase displacement
between them. The values -of the outputs were, therefore, rectified and
smoothed before comparison. The authors tested the proposed technique by

off-line simulation of faults and magnetizing inrush in a single phase trans-
former. The test results revealed that the procedure can identify inrush con-
ditionz from internal faults. However, the frequency response of the filters

indicate that they do not suppress the decaying dc completely.

Another recursive filter used for transformer protection is the Kalman
filter. Its output depends on the present inputs and the previous outputs.
Sachdev, Wood and Johnson [34] explained the Kalman filtering technique in
power system terminology and demonstrated its application for estimating
phasors representihg voltages and currents. They also demonstrated the pro-
cedure for designing Kalman filters that can estimate the fundamental fre-
quency and selected harmonics in a signal. Reference [34] reported an eleven
state Kalman filter which can handle a decaying dc and sinusiods of the first
to fifth harmonics. Murty and Smolinski [35] applied the Kalman filtering
technique for transformer protection. They designed Ka.lma.n filters using a
five state model which assumes that the transformer currents contain decay-
ing de¢ and fundamental and second harmonic frequency components only.
Later, they used aneleven state model [12] reported in Reference [34]. Refer-
ence [12] computed the fundamental frequency, second, fourth and fifth har--
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monics in each differential cﬁrrent, 'a,.nd the fundamental frequency compohent
in each through current. The second and fourth harmonic components of
the differential currents were used to form the restraint signal to inhibit trip-
ping during magnetizing inrush. The fifth harmonic components of the dif-

ferential currents were used to inhibit tripping during overexcitation.

3.1.2.5. Other technique

Degens and Langedijk [17] used frequency sampling method to design
non-recursive digital filters for differential protection of transformers. This
consists of sampling a specified frequency response characteristic at equi-
spaced frequencies and equating the responses with the discrete Fourier trans-
forms of the digital filter coefficients. This procedure provides simultaneous - .
equations from which the filter coefficients are determined using inverse dis-
crete Fourier transform. The authors of Reference [17] designed filters which
estimate the fundamental and the second and fifth harmonic frequency com-
ponents of differential currents. A ratio of the second ha.rmohic and fun-
damental frequency components greater than 0.16 was interpreted as mag-
netizing inrush. A ratio of fifth harmonic and fundamental frequency com-

ponents greater than 0.08 was considered to indicate overexcitation.

3.1.8. Flux-restraint algorithm

The algorithms described in Section 3.1.2 rely on the presence of har-
monics in the differential currents to prevent tripping during magnetizing in-
rush and overexcitation. - Phadke and Thorp [13] suggested a differential
protection algorithm that uses the flux-current relationship of the transformer
to decide if the relay be restrained. The proposed technique expresses the
foliowing relé.tionship between a phase voltage at the terminals of a. trans-
former winding, v(t), the current in the transformer winding, i{(¢), the mutual

flux linkage, A(t), and the leakage inductance of the winding, /.
v(t) — I{di/dt) = dA(t)/dt (3.15)

This equation assumes that the resistance of the transformer winding is

neglegible. Integrating Equation 3.15 from time t, to t, yields
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ty |
-2 . . .
Applying the trapezoidal rule of integration, the following equation is ob-
tained. '
t2~h . .
Atg) = Alty) + —5—v(ty) — v(ty)] — Uilty) — i{ty)] (3.17)

If the voltage and current are sampled at kAT and (k~1)AT s, Equation

3.17 can be writtén as

MEAT) = X|(k-1)AT] + ATT{v(kAT) — vf(k-1)AT]}

- Hi(kAT) - i|(k-1)AT)}. (3.18)

’i‘hb equation suggests that the flux linkage of a transformer. can be
compm{ted using the voltage and current samples. As the differential current
of a tlﬁ-a.nsformer is equal to the magnetizing current, the samples of the dif-
ferentiial current and the flux linkages lie on the open circuit magnetization
curve ifor normal operating conditions, magnetizing inrush and overexcitation.
Howexéer, this criterion can not be used because the remanance flux is not
knowri. The authors of Reference [13] suggested that this problem can be
overcome by comsidering dA/di rather than A. The value of d)\/di computed

by redi,rra.nging Equation 3.18 is given by
L

d)/di = {MkAT) - M(k-1)ATI}/{i(kAT) - i[(k-1)AT}}

AT . . :

= T[{v(kAT) + v[(k=1)AT}/{i(kAT) + §{(k-1)AT}| - L (3.19) .

‘E .

It was suggested that samples of d\/di and i can be used to identify inter-
! .

nal tjt;lts from other operating conditions. The [(d)/di), i] plane can be

divid

and tjhe other representing internal faults. During an internal fault, the cur-

into two regions; one representing the normal operation a transformer

rent ;gamples and dA/di samples remain continuously in the fault region.

However, during magnetizing inrush, they alternate between the fault and



35

normal operation regions. Ar_l_ index was, therefore,l. defined which is incr"é-
mented each time {(d)/di), i] sample lies in the fault region and is decre-
mented if it lies in the no-fault region. This index grows monotonically for
faults but does not reach a specified threshold value for magnetizing inrush.
It is suggested in Reference [13] that the threshold should be determined ex-
perimentally. -

The algorithm was tested off-line to study its performance. The data.
used fdr testing the algorithm was obtained by sampling at 720 Hz voltages
and currents of a model transformer. Results of 21 cases reported in Refer-
ence [13] reveal that the algorithm correctly identifies magnetizing inrush and
overexcitation conditions as normal operations. Average tripping time for in-

ternal faults is reported to be approximately 11 ms.

$.1.4. Algorithms using transformer models

Another class of algorithms that do not use harmonic components of
differential currents to discriminate magnetizing inrush from internal faults
have been proposed in the past. They are based on transformer models;
three algorithms of this category are described in this section.

Sykes {14] used the saturation of the transformer core to identify mag-
netizing inrush. He used the following model of the saturated transformer.
v, = Rji, + Ly,(di\/dt) + Ly,(diy/dt) | (3.20)

vy = Ryiy + Lgy(di,/dt) + + Lg,(di,/dt) - (3.21)

where:

vy and v, are the voltages of the primary and secondary windings
' respectively, '

i and iy are the currents in the primary and secondary windings
respectively,
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R, and R, . are the resistances of the primary and secondary windings
respectively, '

L,, and L, ~are the self and mutual inductances of the primary winding
respectively and

L,, and Ly, are the self and mutual inductances of the secondary wind-
mg respectively_.

Assuming th#t the self and mutual inductances and resistances of the
primary and secondary windings are known, the primary and secondary vol-
tages can be computed using sampled values of the winding currents and the
right ‘hand sides of Equations 3.20 and 3.21. It was suggested that mag-
netizing inrush can be distinguished from internal faults by comparing the
computed values of the voltages with their measured values. The calculated
and measured values of the terminal voltages are close during magnetizing

inrush but ere substantially different during: internal faults.

Jin and Sachdev [15] presented an algorithm that uses the electrical-
magnetic interrelation of a transformer considering non-linear magnetizatioh
characteristics. They developed" an a.lgorithm that can be used to protect a
single-phase two-winding transformer using the model showri in Figure 3.1.
In this figure, the resistances, Rp‘ and R, and the leakage inductances, Lp
and L, are parameters of the primary and secondary windings. The shunt
‘branch, R; and L, are equivalent resistance and inductance respectively
which represent hysteresis and magnetizing characteristics of the transformer
core. The values of L, are functions of the instanteous values of flux and
ﬁlagnetizing current and are derived from the B-H characteristics of the core.
Using the transformer model of Figure 3.1, the primary voltage; v, can be
expressed as

vy = Ryiy + L(diy/dt) + L, (di,,/dt) - (3.22)

where,
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t is the current Jn primary winding and
tn . is the magnetizing current.

Since the current in the shunt branch R, is small, the magnetizing current

- can be expressed as

g = dy = | | | (3.23)

i, ' is the current is the secondary winding.

For external faults, normal operating conditions and magnetizing inrush, the
differential current (f;—i,) is approximately equal to the magnetizing current,
.- A substitution of the magnetizing current by the differential current,
therefore, satisfies Equ’atibn 3.22. But, for internal faults, the Equation 3.23
is not valid and, therefore, Equation 3.22 is not satisfied. This fact was
used in the algorithm to distinguish internal faults from external faults, mag-
netizing inrush and overexcitation conditions. Simulation results showed that

the algorithm performs well for the protection of a single phase transformer.

Multi-circuit transformers can be represented by a universal equivalent
circuit composed of admittances [36]. An n-winding transformer can be
represented by an equivalent circuit containing n{n+1)/2 admittances. This
approach was used by Inagaki et al. [16] to represent a single-phase three-
winding transformer by the equivalent circuit shown in Figure 3.2.. They
called y,5, ;3 and y,q in Figure 3.2 as transfer inverse inductances and y,.
Yoo and yg, as shunt inverse inductances. Reference [16] showed that the
form of the equivalent circuit does not change as the operating conditions
change. The values of transfer inverse inductances remain constant for all
operating conditions but, the values of the shunt inverse inductances change
as the operating ba.ré.meters change. The values of the shunt inverse induc-

tances for internal faults are different from their values during normal
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Figure 8.1: Equivalent tee circuit of a single phase two winding
transformer.

operating and magnetizing inrush conditions. This fact was used in Refer- |
ence [16] to distinguish internal faults from other operating conditions. The
authors suggested that the shunt inverse inductances can be computed from
voltages and currents of the transformer windings. The transfer inverse in-

ductances were calculated using the equations

vao = {iy — ((vpy / vydt + yoe / vgdt)/ f vadt]} + ¥y + ypg and  (3.25)

vso = {is — [(um f vidt + ys _[ vydt)/ f vydt]} + y3y + V3o (3.26)

where,

vy, Uy and vy are the voltages of windings 1, 2, and 3 respectively and
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Figure 8.2: Equivalent pi circuit of a single-phase three-winding trans-
former. ' '

ty, iy and ig are the currents in windings 1, 2, and 3 respectively.

In a digita] algorithm, the values of the shunt inverse inductances can be
computed by sampling and digitizing winding voltages and currents at a pre-
specified rate and using numerical methods for integrating Equations 3.24,
3.25 and 3.26. The values of the transfer inverse inductances can be cal-

culated off-line from short-circuit test data of the transformer [36].

The algorithm was tested using data from digital simulations for a
power . transformer and experimental data from a single-phase, 2.1 kVA trans-
former. The results show that the algorithm can recognize an internal fault

in about 8 ms after its inception.
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3.2. Discussion of the Algorithms for Differential Relays

Algorithms used in differential relays have been reviewed in Section 3.1.

This section discusses relative merits and weaknesses of these algorithms.

The harmonic restraint algorithms use harmonic components of diﬂ'eren—
tial currents to restrain differential rélays during magnetizing inrush con-
ditions. The operating voltages of power systems and lengths of transmission
lines have increased substantially during the last thirty years. Because of
these factors, differential currents during internal transformer faults can con-
tain large harmonic components. Harmonic components can also be present
during internal faults due to arcing and saturation of ct’s, especially, during
heavy faults. These algorithms can, thereforé, restrain a differential relay
during internal faults. Also, if a faulted transformer is energized, magnetiz-
ing inrush currents and fault currents are experienced - simultancously. The
harmonics in the inrush currents can prevent the algorithms from issuing a

trip command until the inrush currents have decayed substantially.

The flux-restraint algorithm wuses currents in the transformer windings
to make appropriate decisions. Terminals of delta connected windings are
not usually brought out of the transformer tank. The winding currents are,
therefore, not available for use in making relaying decisions. This limits the
application of the flux algorithm to single-phase and three-phase wye-wye

transformers.

Algorithms based on transformer models also use winding currents to
make decisions. All winding currents are not available in three-phase delta-
wye transformers. Their application is, therefore, limited to single-phase

and three-phase wye-wye transformers.

The algorithm of Reference [14] is based on a linear model of a two-

winding single-phase transformer, but the flux-current relationship of the

transformer core is non-linear. Therefore, the algorithm experiences large er-
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rors during magnetizing inrush. To avoid trippings during magnetizing in-
rush, the sensitivity of the relay is decreased. Consequently, the algorithm is

able to issue trip commands for heavy internal faults only.

Reference [15] uses a tee model consisting of two leakage inductances
and a magnetizing inductance.  The magnetizing inductance can be calculated
from the B-H characteristics of the transformer core. This information is not
generally available and, therefore, must be determined experimentally. Also,
the extension of this algorithm for protecting thfee-phase transformers will

require further developmental work.

The algorithm suggested by Inagaki et al. [16] achieves the protection
of a three-windings single-phase transformer by using an equivalent pi model.
An equivalent pi circuit of a single-phase three-winding transformer has six
" elements. In general, an equivalent pi circuit for n-winding transformer con-
sists of n(n+1)/2 elements. For example, the equivalent pi models of three-
phase two-winding and three-phase three-windings transformers will have 21
and 45 elements respectively. The algorithms based on these models are
complex and require considerable computations. Also, some elements of the
equivalent pi circuits of single-phase and three-phase transformers are non-
linear; their values depend on the operating conditions of the transformer.
This increases the complexity of the algorithm because determining the
#a.lues of non-linear elements for an entire raﬁge of operation is a major
problem. |

3.3. Ground Fault Algorithms

Digital algorithms for ground fault :elaying of transformers are conceb-
tually similar to conventional ground fault relays. Three algorithms hﬁve
been reported in the literature. The first algorithm published by Sachdev
and Shah [10] determines the sampled values of the relay current, i, by

using the following equations.
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i, =i, — (i, + i + 1) ' B (3.27)
i, =18, + i + i, | (3.28)
where:
i, 1y and 1, are the sampled values of currents in phases a, b, and ¢

respectively and

i, is the sampled value of current in the transformer neutral.

Equation 3.27 is used for the protection of wye connected neutral-grounded
windings. For delta-connected and ungrounded wye connected windings,
Equation 3.28 is used. The algorithm uses sa.mpled' values of the currénts,
calculates i, and then uses least squares digital filters to compute the fun-
da.ment#l frequency componént of the relay current. This component is com-
pared with a threshold for relaying purposes. If the relay current exceeds
the threshold, a trip counter is incremented. A trip signal is issued once the
trip counter exceeds a prespecified value. However, if the relay current is
less than the threshold, another counter called decrement counter, is incré-
mented. Both trip and decrement counters are reset if the decrement

counter reaches a pre-specified value.

Recently, Murty and Smolinski [12] used an approach similar to the
technique of Reference [10] for ground fault protection. However, they used '
a Kalman filter instead of a least error squares filter to compute the fun-
damental frequency component of the relay current. A similar procedure for
ground fault protection of transformers is reported by Degens and Langedijk

[17]. It differs from the algorithm of References ({10} and [12]; it uses the
instantaneous values of the relay current for comparison with a threshold in-
stead of computing the fundamental frequency component of the relay cur-

rent.
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3.4. Overcurrent Relay Algorii:,hms

As discussed in Chapter 2, overcurrent relays are used to protect trans-
formers from external faults. The relays also act as backup relays for
protecting major transformers.” There has been a considerable interest in
developing digiial algorithms for overcurrent relays. Development of a digital
overcurrent relay algorithm consists of three parts; the first ‘part is the
modelling of current-time characteristics of the relay. The second part is the
development of a technique for calculating the fundamental frequency current
from sampled values. The third part is the development of a logic for incor-
porating specified time delays if the current is in excess of a set value. The
time delay should correctly emulate the specified time-current characteristics
of the relay. This section discusses the previously suggested techniques for
representing the relay characteristics. Previously reported microprocessor-

based a.lgorith:hs for overcurrent relays are also described.

3.4.1. Modelling time-current characteristics

Time-current characteristics of inversé-time overcurrent relays are
represented by a family of curves which depict contact closing times versus
the relay currents. Traditiona;lly, a time dial setting allows to achieve a
desired contact closing time for a specified operating current. Time dial set-
tings are continuous and it is, therefore, possible to have an infinite number
of characteristic curves. However, the characteristics are usually published as
a family of curves for time dial settings of 0.5, 1, 2, 3, 4, 5, 8, 7, 8, 9, 10,
and 11 [37]. Figures 3.3 and 3.4 show the time-current. characteristics. of the

Westinghouse CO-7 and CO-9 overcurrent relays.

Mathematical equations representing time-current characteristics of over-
current relays have been suggested by a number of researchers in the past.
AR. van C. Warrington [27] proposed the following generalised hyperbolic

equation for representing the relay contact closing time.
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a,TDS .
t, = ay + - —~ (3.29)
(I = I" = [1g
where:
t, 1s the trip contact closing time,
TDS  is the time dial setting,
I is the relay current in multiples of tap setting,
I, ~ is multiple of tap setting at which ﬁick-up occurs and

@g, Gy, n and m are constants.

Tt is suggested in the IEC Standard 255.4 [38] that the characteristic curves

for inverse-time overcurrent relays correspond to the following formula.

K,
b= — | (330
(n* -1 |
where:
K, is a constant characterising the relay,
a is an index characterising the algebraic function.

Radke [39] expressed the relay operating times as pblynomia.ls. of the
logarithm of the relay current; the suggested equation is reproduced here as
Equation 3.31. Albrecht et al. [40] also expressed the operaﬁng characteris-

tics of an overcurrent relay as a polynomial reported as Equation 3.32.
Log(t, — DC) = by + b Log(l) + by[Log(D)? +

bylLog()}* + b,Log(D)]* (3.31)
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M N -
t, = 303 e, (TSP B (3.32)
7=0 §=0
where,
DC is a constant used to improve the model,
by, b - - - are constants,
Mand N Va.ré- integers and

€ and 8 are constants.

Sachdev, Singh and Fleming '[41] examined five polynomials for

representing characteristics of inverse-time overcurrent relays. Omne of those

polynomials is
NP S, (3.33)
r— 0 I-I.(I—l)2+ )
where,
dg, dy, ¢ - - are constants.

“In another paper [18], they described the relay characteristics in the form of
Equations 3.3¢ and 3.35 which are two special cases of Equation 3.29.
Degens and Langedijk [17] expressed the contact closing time of an overcur-

rent relay in the form of Equation 3.36.

K,
t, = (f)—" ' (3.34)
t, = Ty + -1 (3.35)
K, _ '
" G | -

where:
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K, and K, are constants,
K, and K, are constants and
T, is a constant which accounts for the effects of friction and

hysteresis in the magnetic circuits.

Schweitzer and Aliaga [19] proposed that the time-current characteristics for
a particular time-dial setti:ig can be modelled as a series of piece-wise con-
tinuous segments. They suggesied that the relay operating time given by

each segment can be expressed as

Ky
= e (3.37)
In Equation 3.37, K;, ¢, and e, are the constants. e; and e, have unique
values for each segment. Reference [19] also suggests that by varying the
value of K;, the contact closing times at different time dial settings can be

achieved.

Equations 3.29 to 3.37 are capable of accurately representing time-
current characteristics of inverse-time overcurrent relays. However, the use of
" these equations for developing microprocessor-based overcurrent relays either
require large storage or their implementation is not easy because of their
mathematical complexity. The use of Equation 3.30 is limited because the
characteristics of overcurrent relays manufactured by North American

manufacturers do not correspond to this equation.

38.4.2. Previously proposed algorithms

A digital algorithm for inverse-time overcurrent relays was proposed by
Singh et al. [18]. They used Fourier analysis approach to estimate the fun-
demental frequency component of the current from its samples taken at 240 '
Hz. The operating time of the relay was computed using either Equation
3.34 or 3.35 depending on the relay characteristics being implemented. Since
the current during a fault changes, they suggested that the following criterion

be used to determine the instant when a trip command should be issued.



49

f y(t)dt > K (3.38)
where,
y(t) =0 when the current is less than or equal to the pick-up value
and
K . .
y(t) = ) when the current is greater than the pick up value.
, .

In this equation, K is a threshold and ¢ (t} is the operating time of the |
relay corresponding to the current observed at time t. This time was com-
puted using the mathematical equation representing the relay characteristics.
The integration suggested in Equation 3.38 starts when the relay current ex-
ceeds the pick up value. Reference [18] used two variations for resetting the
relay. In one version, the summation provided by Equation 3.38 is reset to
zero as soon a8 the relay current falls below the pick-up value whereas, in

the second version, the summation is reduced at a rate selected by the user.

Another algorithm for digital inverse-time overcurrent relays reported by
Degens and Langedijk [17] used the criterion described by Equation 3.38 for
determining when a command to trip the circuit breaker be issued. The
relay characteristics were modelled using Equation 3.36. = A digital filter
designed using the frequency sampling approach was used to estimate the
rms value of the fundamantal frequency component of the relay current. A _

sampling rate of 600 Hz was used.

Yet, another algorithm is described by Schweitzer and .Al'iaga [19].
They also used the criterion of Equation 3.38 for determining when a com-
mand to trip the cireuit breaker be issued. The authors of Reference
[19] used Equation 3.37 to model the relay characteristics and ployed‘
FIR digital filters to estimate the rms value of the fundamental frequency
component of the relay current from its samples. A sampling rate of 480 Hz

was ‘used in the application.
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8.5. Microprocessor-Based Relays for Transformer
Protection

Researchers used the previously described algorithms to design and im-
plement relays for transformer protection. Three prototype relays reported in
the literature are described. A relay designed by Larson et al. [24], provides
differential - protection for single phase transformers. Other relays

{12, 17] includes differential, ground fault and overcurrent protection for
three phase transformers. These relays use harmonic restraint to inhibit
tripping during magnetizing inrush. The hardware used includes a data ac- '

quisition system and a microcomputer; brief details are given in this section.

The first relay [24}

This relay provides differential protection of single phase. transformers.
The hardware of this relay ‘can be divided into three blocks, analog signal
conditioning, analog to digital conversion and microcomputer blocks. The
analoﬁ signal conditioning block consists of two isolation amplifiers, two low-
pass filters, two sample-and-hold amplifiers, a multiplexer and a clock. The
second block includes a 12-bit analog to digital converter (A/D) that has a
0-10V analog input range. The third block consists of a. microcomputer
built around a Motorola MC6800 microprocessor. - The microcomputer con-
tains five modules; a CPU, RAM, ROM, communications, and I/O modules.
The CPU module contains the microprocessor, the system clock and buffers.
The RAM module provides 2 Kbytes of static RAM for storing the relay
software. The ROM module contains a program that was used for develop-
ing and debugging the software. The communications module provides an
interface between the user and the computer. The I/O module facilitates ex-

change of data between the computer and the peripherals. ‘

The relay uses variable percentage-bias characteristics to avoid tripping
due to ratio mismatch and differences between the ct characteristics. Trip-

ping during magnetizing inrush is restrairied using the second harmonic com-
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ponent of the differential current. The algorithm described in Section 3.1.2.3
of this chapter is used for this purpose.

The relay was tested in the laboratory using a single phase transformer.
Magnetizing inrush, internal faults, simultaneous magnetizing inrush and in-
ternal faults, and external faults were applied. The reported results show
that the magnetizing inrush conditions were correctly identified. The min-
imum and maximum relay operating times for internal faults were 12.6 and
19.1 ms respectively. However, for simultaneous internal faults and mag-
netizing inrush, the maximum opqating time was 990 ms. During these tests,
the transformer was . supplying power at wunity ~ power factor. It
is also reported that the relay did not operate during external faults.

The second relay [17]

This relay protects a two-winding three-phase transformer and provides.
differential, earth fault and inverse-time overcurrent protection. The relay
hardware can be divided in four blocks, an analog signal conditioning block,
an A/D converter block, a microcomputer and a digital to analog converters
(D/A) block. The analog signal conditioning block consists of seven buffers,
seven sample-and-hold amplifiers, and a multiplexer. A 12-bit A/D converter
constitutes the second block. The third block is a microcomputer that uses
a MOTOROLA MCE8000 microprocessor, RAM, ROM and a clock. The
clock is used to sample signals at 600 Hz. The fourth block of the relay in-
cludes D/A converters which convert digital signals to equivalent analog. sig-
nals for verifying the operation of the relay. |

The relay software, stored in ROM, implements the algorithms of Sec-
tions 3.1.2.5, 3.3 and 3.4.2 fqr differential, earth fault and overcurrent protec-
tion respectively. The proposed relay was tested in the laboratory using a
10 kVA, 220/220V, delta-wye connected three-phase transformer. Reference

[17] reports that the relay detected earth faults in about 3.4 ms. However,
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for inter-turn faults, the trip time range from 20 to 30 ms. The errors be-
tween the relay trip time and the theoretical trip time for inverse-time over-
current protection ranged from O to 7.3%. The results for simultaneous in-

. ternal faults and magnetizing inrush are not reported.

The third relay [12]

This relay uses a data acquisition system, a TMS32010 DSP chip, a
digital output port and a power supply. The data acquisition system con-
sists of analog scaling circuits, Vsample and hold amplifiers, an analog mul- -
tiplexer, a 12-bit A/D converter and a programmable clock. The relay
software is stored in the on-chip ROM of the TMS32010 processor. The
software includes programs for controlling data acquisition and implementing
algorithms for differential and earth fault protection of transformers. Al-

gorithms described in Sections 3.1.2.4 and 3.3 are used in this relay.

The proposed relay was tested in ‘the laboratory using a 7.5 kVA,
240/240V, delta-wye connected three-phase transformer. Some results show-
ing the performance of the relay are reported in Reference [12]. The relay
did not issue any trip commands during magnetizing inrush and overexcita-
tion conditions. However, for heavy internal faults, a trip command was
issued in about one-half cycle. Reference {12] does not report the trip times

for internal faults accompanied by magnetizing inrush.

3.8. Microprocessor-Based Monitoring

Instruments presently used to measure, display and record the operating
parameters of a transformer are described in Chapter 2. They either actuate
an alarm or initiate tripping if a parameter exceeds a prespecified value.
However, a microprocessor can perform monitoring functions that conven-
tional instruments normally perform. Additionally, they can monitor the
health of the transformer by analysing the observed parameters. This can
enhance the availability and utilization of a transformer by continuously

monitoring and analyzing its operating parameters [22).
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A survey of the presently available literature revealed that only one
microprocessor-based monitoring and analysis system has been reported [23].
This system uses a single board microcomputer based on an 8-bit NSC800
microprocessor manufactured by the National Semiconductor Corporation.
The microcomputer has 16 Kbytes of -rea.d/write memory, 32 Kbytes of
programmable ROM, an RS-232C interface for communication with the host ,

computer and a digital display. The reported system includes semsors for

measuring

¢ winding currents,
e relative corona,
. tbp oil temperature and
¢ gas-in-oil.
The monitoring system has a capa.bility_ of monit;oring‘ 32 status inputs.-‘

Facilities for conditioning sensor outputs and converting them to equivalent

digital numbers for storage in the microcomputer memory are also provided.

The reported systemm measures and checks the inputs every ten seconds
and issues a trip command if an input is outside its prespecified limit. The
parameters and status-input readings are stored in the read/write memory in
_ the form of a circular table. Every 24 hours, the observed data are trans-
ferred to a host computer via an RS-232C communication port. The host
computer uses diagnostic algorithms for analyzing the data to determine
trends and deciding if the transformer is slowly developing a pro_bl_em. or

problems.
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3.7. Summary -

Developments in the area of digital protection and monitoring of trans-
formers are reported in this chapter. Digital algorithms for differential,
ground fault and overcurrent protection of transformers are described. The
presently used differential protection algorithms have some limitations. The
harmonic-restraint differential algorithms can block tripping even during in-
ternal! faults. Also, the issuing of a trip command can be delayed when the
transformer is switched on with an internal fault. The applicé,tion of al-
gorithms using flux-restraint and transformer models is limited to single-

phase and three-phase wye-wye transformers.

The modelling equations used for computer representation of overcurrent
relay characteristics are reviewed. Their use in developing digitb.l overcurrent
relays either require large amounts of memory to store their coefficients or
they are not easy to implement. The previously proposed microprocessor-
based relays for transformer protection and a microprocessor-based monitoring

systemn for power transformers are also described in this chapter.
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4. THE PROPOSED ALGORITHM FOR
A DIGITAL OVERCURRENT RELAY

4.1. Introduction

Previously proposed techniques for modelling characteristics of inverse-
time overcurrent relays have been described in Chapter 3. Three algorithms
used in digital overcurrent relays are also described in that chapter. The
modelling techniques either require large amounts of memory fo; storing coef-
ficients of equations or the equations are mathematically complex. Also, the
algorithms used in overcurrent relays described in Chapter 3 require that a

considerable amount of computations be performed in real-time .

This chapter describes and then evaluates another technique for
modelling the characteristics of inverse-time overcurrent relays [42, 43]. The
objective of this work was to develop a technique that is simple and requires
only a modest amount of computer memory. Also described is an overcur- |
rent digital relaying algorithm that uses the proposed modelling technique

[42, 43). The proposed algorithm performs most of the computations in an
off-line mode and thus, reduces the on-line computations to a minimum.
The algorithm was tested using digital computer simulations. Some: results
demonstrating the performance of the proposed algorithm are presented in

this chapter.



56

4.2. Modelling of the Relay Characteristics

As already described in ‘Chapter -3, the time-current characteristics of
an overcurrent relay are a family of curves of relay currents in muitiples of
the pick-up current versus operating times. It is possible to achieve an
operating time for a specified relay current by changing the time dial setting.
The dial settings é,re continuous and it is, therefore, possible to describe an
infinite number of time-current curves for a relay. Howevér, most North
American relay manufacturers provide curves for time dial settings of 0.5, 1,
2,3, 4,5,6, 7, 8 9, 10 and 11. Typical time current curves for the Wes-
tinghouse CO-7 and CO-9 overcurrent relays are shown in Figures 3.3 aﬁd

3.4 respectively.

This section describes the development of a new technique for modelling
characteristics of overcurrent relays. The objective is that the technique

should meet the following requirements.

1. The modelling equations should be simple so that their coefficients
can be easily determined from the data taken from published
- time-current curves.

2. The operating times provided by the models should be accurate.
Previous researchers [39, 41] considered the equations acceptable if,
for a specified relay current, the calculated operating time is either
within three cycles or is within five percent of the corresponding
value taken from the published curve. However, in this study the
technique was considered accurate if, for any current, the absolute
difference between the operating time provided by the model and
the time read from the published time-current curve does not
exceed two cycles of the fundamental frequency.

3. The technique should represent the relay characteristics at all time
dial settings without requiring excessive memory.

4. It should be easy to use the proposed technique for developing
microprocessor-based overcurrent relays. The proposed equations
should not use special functions, such as logarithm, trigonometric
and exponential functions, because they are not included in the in-
struction sets of presently available microprocessors.
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4.2.1. The technique

- The similarities in the shapes of the time-current curves for different
time dial settings suggest that, for each value of current, a relationship
might exist between the operating times at different time dial t‘:ettings [44].
The proposed technique uses this premise to model them for use in a digital
overcurrent relay. Operating characteristics of the Westinghouse CO-7 rejay
were used for investigating the proposed approach. - Figure 4.1 shows the
relationship between the operating time and time dial settings at 5.0 times
the pick-up current. It is plotted using the data taken from the published
time-current curves of the relay. Investigations revealed that the operating

time can be expressed as a polynomial in the time dial settings.

t, = ay + a,(TDS) + a,(TDS)? + a4(TDS)3

+ a,(TDS)* + a5(TDS)® (4.1)
where,
t, is the relay operating time,
DS is the time dial setting and
a’s are the coefficients.

The coefficients a, to ag of the polynomial can be determined using data
taken from the published curves and the least squares curve fitting technique.
The procedure is illustrated in Appendix A. Further investigations revealed
that Equation 4.1 is also suitable for expressing the operating time of the

relay as a function of the time dial settings at other relay currents.

Time-current characteristics of the Westinghouée CO-7 and CO-9 over-
current relays were modelled using the approach described in the previous -
paragraph. A FORTRAN program was written to determine the coefficients
ag, Gy, Gy, a3, ¢, and a5 at different current multiples. The program was

executed on a microVAX 3600, which is available at the University of Sas-



58

o
v w
]

351 -

Relay operating time(secs.)
- "N
- o o
i | | 4

Q

1 L) L ' I T 1

1
0 1 2 3 4 5 6 7 8 9 10 1% 1
Time dial setting

Figure 4.1: Operating time vs time dial setting characteristic of the
Westinghouse  CO-7 relay at 5.0 times the pick-up cur-
rent.

katchewan, for calculating the coefficients of the polynomial for twenty four
values of current between 1.5 and 20.0 times the pick-up value. The cal-
culated values of the coefficients are listed in Tables 4.1 and 4.2.

The least squares curve fitting technique requires that. at least seven
data points be taken from the published curves. However, for CO-9 relay,
enough data points corresponding to the currents of 1.5 and 2.0 times the
pick-up value are not available for the CO-9 relay. In these cases, the order
of the polynomial was reduced. At 1.5 times the pick-up current, a second
order polynomial was used and, for 2.0 times the pick-up current, a fourth

order polynomial was used.
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4.2.2. Evaluation of the proposed technique

The proposed technique was evaluated to verify if - it meets the
specifications listed in Section 4.1. This section presents the results showing

the accuracy of the proposed technique.

1. The proposed technique is simple because the coefficients of the
polynomials can be easily calculated in the off-line mode and
s_tored in the memory of a microprocessor.

2. Equation 4.1 can be used to compute the operating time of the
relay at a selected time dial setting and a specified current-
multiple if the coefficients (a’s) corresponding to the current-
multiple are available in the computer memory. To compute the
operating time at other time dial settings and other current mul-
tiples, linear interpolation can be used. '

3. The proposed technique uses the coefficients a; to ag for twenty

. four current multiples. This means that 144 coefficients are
needed to model the entire relay characteristics. Each coefficient
takes two bytes of storage space, therefore, 288 bytes of the
microprocessor memory are required to store the coefficients of one
relay.

‘4, The accuracy of the modelling technique was verified by compar-
ing the computed values of the operating times, for different
current-multiples at different time dial settings, with the cor-
responding values read from the published curves. The operating
times were calculated using Equation 4.1 and the coefficients listed
in Tables 4.1 and 4.2. Tables 4.3 and 4.4 show the absolute dif-
ferences between the operating times computed by Equation 4.1
-and the corresponding times obtained from the published curves
for the Westinghouse CO-7 relay. The absolute differences in the
operating times for the Westinghouse CO-9 overcurrent relay are
listed in Tables 4.5 and 4.6. A review of Tables 4.3 to 4.6 in-
dicates that the differences between the computed and published
operating times are less than two cycles of the fundamental fre-
quency, the specified limit.

5. The relay operating time for a specified relay current and a time
dial setting can be computed using Equation 4.1 and the values of
the 'a’ coefficients stored in the microprocessor memory. The cal-
culations require additions and multiplications only. Interpola-
tions, when they become necessary, also require additions, subtrac-
tions, multiplications and divisions only. These operations are
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available in the instruction sets of most presently available
" microprocessors. '

Table 4.3: Differences (in cycles of 60 Hz) between the relay operating
times calculated by using Equation 4.1 and the pubhshed
operating times for the CO-7 relay.

Current Differences at time dial settings of

multiple ' 7 '
0.5 1.0 2.0 3.0 4.0 5.0

1.50 0.22 0.61 1.01 1.21 0.87 . 0.34
2.00 0.03 0.24 0.81 1.08 0.32 0.20
2.50 0.43 0.87 042 0.63 0.74 0.52
3.00 0.19 0.28 0.26 0.85 0.35 0.76
3.50 0.43 0.61 0.44 1.39 0.71 0.09
4.00 0.61 0.88 0.45 1.38 0.28 0.30
4.50 - 0.38 - 0.57 0.28 1.04 0.65 0.27
5.00 0.31 0.51 0.06 0.62 0.22 0.25
5.50 0.08 0.03 041 0.62 0.11 0.16
6.00 0.01 0.15 0.52 029 0.34 0.20
7.00 0.27 0.62 0.53 0.24 0.85 - 0.22
8.00 0.12 0.12 0.12 0.25 0.97 0.37
9.00 0.07 0.24 0.27 0.28 0.80 0.09
10.00 0.13 0.40 0.45 0.38 1.31 0.64
11.00 0.00 0.22 0.66 . 0.22 0.70 0.05

- 12.00 0.17 0.44 0.41 0.30 0.90 0.23
13.00 0.21 0.47 0.32 0.40 0.91 0.30
14.00 0.28 0.72 0.75 0.15 0.86 0.10
15.00 0.13 0.31 0.27 0.23 0.41. 0.62.
16.00 0.11 0.27 0.22 0.13 0.35 - 0.00
17.00 0.10 0.25 0.24 0.19 0.69 0.31
18.00 - 0.18 0.32 0.11 0.20 0.33 - 0.28
19.00 0.02 0.17 0.51 0.45 0.21 0.33

20.00 0.17 0.13 0.35 0.68 0.50 0.89
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" Table 4.4: Differences (in cycles of 60 Hz) between the relay operating
times calculated by using Equation 4.1 and the published
operating times for the CO-7 relay.

Current Differences at time dial settings of
multiple
6.0 7.0 8.0 9.0 - 10.0 11.0
1.50 0.06 - - - . -
2.00 0.66 1.37 0.86 0.19 - -
2.50 0.82 0.67 1.80 - 1.61 0.67 - D12
3.00 0.88 0.11 0.53 0.66 0.38 0.09
3.50 0.06 0.04 0.32 1.27 1.12 0.31
4.00 0.33 1 0.27 0.22 1.34 1.48 0.43
4.50 0.10 0.73 0.56 0.7¢ 0.97 - 0.20
5.00 0.03 0.01 0.15 0.18 0.32 0.11
5.50 0.15 0.18 0.13 0.38 0.36 0.10
6.00 0.84 0.16 © 0.81 0.01 0.43 0.16
7.00 0.56 0.40 0.19 0.33 - 0.27 0.07
8.00 041 | 0.44 0.90 0.07 0.52 0.18
9.00 0.53 0.26 0.72 0.06 0.30 0.11
10.00 - 014 0.60 0.86 0.08 0.46 0.16
“11.00 0.88 0.33 0.73 - 0.58 0.93 0.29
12.00 0.36 0.14 0.17 0.48 052 = 0.15
13.00 0.42 0.18 0.24 0.16 - 0.00 0.01
14.00 0.63 0.30 0.13 1.02 0.97 0.26
15.00 1.41 0.65 0.22 0.13 0.09 0.05
16.00 0.22 0.07 0.25 0.53 0.39 0.09
17.00 0.52 0.63 0.24 0.08 0.07 0.02
18.00 0.06 - 0.47 0.08 0.60 0.54 0.14
19.00 0.16 0.20 0.10 0.32 0.32 0.09

20.00 0.28 0.76 0.48 0.60 0.53 0.16




Table 4.5: Differences (in cycles of 60 Hz) between the relay operating
' times calculated by using Equation 4.1 and the published
_operating times for the CO-9 relay.

Current Differences at time dial settings of

multiple ‘
0.5 1.0 2.0 3.0 4.0 5.0

1.50 0.00 0.00 0.00 - - -
2.00 0.00 0.00 0.00 .00 0.00 -
2.50 0.87 143 0.92 0.82 1.67 0.08
3.00 - 060 112 0.16 1.65 - 1.99 0.54

- 3.50 0.29 0.50 0.05 0.91 1.13 0.50
4.00 0.34 0.44 0.26 0.39 0.13 - 0.62
4.50 0.06 0.06 0.34 0.29 1.49 1.04

- 5.00 0.03 0.11 0.24 0.28 - 0.32 0.52
5.50 0.11 0.11 0.20 0.01 1.07 1.50
6.00 0.03 0.03 0.22 0.05 1.04 1.45
7.00 0.12 0.23 0.01 0.43 0.31 0.27
8.00 0.15 . 0.24 0.08 0.43 0.11 0.32
9.00 0.28 0.562 0.05 0.72 0.62 - 0.20
10.00 0.18 0.31 0.04 0.08 0.28 0.24
11.00 0.29 0.51 0.15 0.04 0.64 0.62
12.00 0.24 0.44 0.26 0.28 0.52 0.10
13.00 0.25 0.46 0.21 0.05 0.08 0.12
14.00 0.16 0.27 0.00 0.19 0.00 0.10
15.00 0.186 Q.21 0.20 0.43 0.03 0.16
16.00 0.18 0.28 0.03 0.23 0.05 0.13
17.00 0.07 0.10 0.02 0.08 0.11 0.18
18.00 © 017 0.26 0.11 . 040 0.06 0.16
19.00 0.08 0.13 0.08 0.39 0.29 0.15

20.00 0.05 0.07 0.09 - 0.40 0.43 0.02




Table 4.6: Differences (in cycles of 60 Hz) between the relay operating
: times calculated by using Equation 4.1 and the pubhshed
operating times for the CO-9 relay.

Current Differences at time dial settings of
multiple '
6.0 7.0 8.0 9.0 10.0 11.0
1.50 - - - - - -
2.00 - - - - - -
2.50 1.42 1.05 0.24 - - -
3.00 0.33 0.44 0.64 0.52 014 -
3.50 0.59 1.48 1.06 0.11 0.45 0.14
4.00 0.82 1.29 1.53 0.75 1.37 0.42
4.50 0.05 0.71 088 036 - 0.75 0.24
5.00 0.37 0.37 0.77 0.44 0.07 0.01
5.50 0.49 0.50 0.89 0.96 0.59 0.14
8.00 0.47 0.63 0.87 0.63 0.30 0.06
7.00 0.20 0.03 0.56 1.04 0.65 0.14
8.00 0.01 0.06 0.76 1.10 0.58 0.11
9.00 0.34 0.20 0.54 0.67 0.32 0.05
10.00 0.24 0.06 0.61 0.39 0.01 0.03
11.00 0.22 0.04 0.80 0.54 0.01 0.05
12.00 0.30 0.37 0.62 0.16 0.45 - 0.15
13.00 0.05 0.33 0.27 0.28 0.39 0.12
14.00 0.13 - 0.33 0.02 0.59 0.55 0.15
15.00 0.07 0.29 0.03 ~ 0.76 0.70 0.19
16.00 0.07 0.11 0.11 0.35 0.40 012
17.00 0.01 0.02 0.11 0.05 - 0.04 0.02
18.00 0.13 0.02 0.28 0.09 0.11 0.05
19.00 0.21 0.00 0.03 0.15 0.10 0.02

20.00 0.33 0.07 067 071 0.33 0.06




_ 66
4.3. Computing the RMS Value

An overcurrent relay must determine the rms value of the fundamental
frequency component of the current. A current may contain, in addition to
a fundamental frequency component, transient components, such as, exponen-
tially decaying dc and, harmonic and other high frequency components. This
is especially true for currents during a fault. However, it is possible to sup-
press the transient components of a current and compute the rms value of
the fundamental frequency component. Microprocessor-based relays achieve
this by using digital filtering techniques. In the work reported in this chap-
‘ter, the least squares technique was used to design digital filters which com-
pute the real and imaginary components of the current phasors (the proce-
dure used is discusséd in Chapter 3). The digital filters used in this work
were designe(_l assurmning that a relay current is composed of an exponentially
decaying dc component and, the fundamental, second and third harmonic fre-
quency components. A data window of twenty samples taken at 1200 Hz
was used. The time reference (t=0) was assumed to coincide with the centre
of the data window. The decaying dc component was approximated using
the first two terms of its Taylor series expansion. Table 4.7 lists the coef-
- ficients of the designed filters. Using the coefficients listed in the first
column provides estimates of the real components of the phasor and using
the coefficients in the second column provides estitmates of the imaginary

components of the phasor.
The rms value of the fundamental frequency component was computed

from the real and imagiﬁary components of the fundamental frequency phasor

using two methods. The first method uses the following equation.

1., =070WE 4+ I ' (4.2)

where:
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Table 4.7: Coefficients of the least error square filters for calculating
. the real and imaginary components of the fundamental

frequency components.

Filter for calculating the

Real part Imaginary part

0.387272 -0.098768

0.004456 -0.089100

-0.183139 -0.070710

- -0.180170 -0.045399

-0.089541 -0.015643

-0.027554 0.015643

-0.041563 0.045399

-0.091886 0.070710

-0.104884 0.089100

-0.046636 0.098768

0.046636 0.008768

0.104884 0.089100

0.091886 0.070710

0.041563 0.045399

0.027554 0.015643

0.089541 -0.015643

0.180170 -0.045399

0.183139 -0.070710

-0.004456 -0.089100

-0.387272 -0.008768
? | is the rms value of the fundamental frequency component of
' the relay current, '
I, is the real part of the phasor representing the fundamental

frequency component of the current,

I is the imaginary part of the phasor representing the fun-

damental frequency component of the current.

This procedure requires that a square root be taken; this can be achieved ei-
ther by using special hardware capable of performing this function or by
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using a. computationally expensive subroutine written as a part of the relay
software. The second approach is to use a piecewise linear approximation
technique to estimate the rms value of the fundamental frequency component
of the relay current [45].- The details of the technique are given in Appendix
B. The technique uses the following equation to estimate the rms value of

the fundamental frequency current.

Irma = I + l"i’lb | (4.3)
where:
a represents the largei' of the two values, |[,| and |I,
b represents the smaller of the two values, |1} and |I,
. and y, are the coefficients for the nth region in which the fraction
bja lies.

‘In the work reported in this chapter, a two region approximation was used.

The values of the coefficients for the two regions are given in Table 4.8.

The procedure involves comparing the values of a and b to find out
- the region in which the fraction b/a lies. Then, the rms value is computed

by using the coefficients for the appropriate region and Equation 4.3.

Table 4.8: Values of the the coefficients for calculating the rms value
of a phasor using the two-region approximation approach.

Region x y

0 = b/a < 0.25 0.7036 0.0873
0.25 < b/a < 1.0 0.6163 0.3660
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4.4. The Algorithm

A technique for modelling overcurrent relay characteristics has ‘been
described previously. This technique is suitable for .usé in digital inverse-
time overcurrent relays. This section develops an algorithm for digital over- ‘
current relays.‘ Three options for resetting the relay are also described. The

functions performed by the proposed algorithm are then outlined.

4.4.1. Development of the algorithm

Major functions pérformed by an overcurrent relaying algorithm-include
estimating the rms value of the fundamental frequency current and deciding
if the current has exceeded a threshold value. K the current is more than
the threshold, the relay should issue a command to trip the circuit breaker
after a time delay which emulates the time-current characteristics of the
relay. Equation 4.1 and the stored coefficients a, to ag can be used to
determine the time delay corresponding to the current in the protected
equipment. Since the current during a fault changes with time, Equation 41
can be modified to the following form for determining the instant when a
trip command should be issued [18].

f y(t)dt > K  (44)
where:
p(t) = 0 - when the current is less than or equal to the pick-up value,

y(t) = K/t (t) when the current is greater than the pick-up value.

In this equation, K is a target number and ¢,(t) is the operating time of the
relay for the current observed at time . The integration defined in Equa-
tion 4.4 is started at the inception of the fault i.e. when the relay current
exceeds the pick-up value. The procedure is continued untill the value of in-

tegral, J y(t)dt, exceeds the target number, K, at which time a trip com-
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mand is issued. Hovyever, if the value of the relay current, after having ex-
ceeded the pick-up value, falls below the nominal value, the process to reset
the relay is started. This is done by modifying the value of the integral,

S y(t)dt, in a manner that achieves the desired reset characteristics.

Because digital relays use values of currents sampled at AT seconds,

numerical integration can be performed using the equation

N | | '
Y (X)), > K | | | (4.5)
m=1

whére,

{X}),, =0 when the current is less than or equal to the pick-ﬁp value

and '

KAT , '
(X),, = -(‘t_)-_ when the current is greater than the pick-up value.
r’m

In this equation, m represents the m—th sample after the inception of a.
fault and (t)),, is the relay operating time corresponding to the current es-
timated on receiving the m—th sample. Let NAT be the time to relay con-
tact closing; AT is known but N is not. It is, therefore, necessary to com-
pute the value of (X), and check the criterion described in Equation 4.5
after taking each sample of the current. If the current is less than the pick-
up value, the relay is reset by reducing the value of the sum, ) (X),, in a

manner that achieves the desired reset characteristics.

The computations‘ of the values of (X),, include calculating the tripping

time (¢,),, corresponding to the relay current estimated after taking the

KAT
m~—th sample and the term TR This requires considerable real-time com--
r’m

putations. ' These can be avoided if the relay type, time dial setting, sam-
pling interval, AT, and the value of the target number, K are selected by

the operator in an off-line mode when the relay is first powered on.
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In ‘the relay designed by the author, the micrOprocessor computes §_
correspox_lding to current multipies of 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5,

8.0, 7.0, 8.0, 9.0, 10.0, 11.0, 12.0, 13.0, 14.0, 15.0, 16.0, 17.0, 18.0, 19.0 and

200 in an off-line mode. The processor uses Equation 4.1 and the ap-

propriate coefficients (a’s)- listed in Tables 4.1 and 4.2 and are stored in the

relay memory. The values of at selected current multiples are then

r

computed using the prespecified values of K and AT. The computed vﬁlues

are stored in the form of a look-up table for use in the on-line mode. -

KAT
Figure 4.2 shows the values of ) computed for the Westmghouse CO-7
‘ , ‘

relay when K is 70,562,000, AT is 1.0/1200.0 and a time-dial setting is 5.0.
The time-current characteristics of the relay is also shown in the figure for

comparison.

Now, the relay can use the look-up table to compute the values of

: . KAT | . : . .
3 (X),, without calculating —— in real-time. For currents listed in the

r

table, the values of {X),, are read from the look-up table, and for other cur-
rents, linear interpolation is used. If (I}, is the relay current for which the
value of {X),, is to be determined, interpolation is performed using the equa-

tion

[(X)y = (XD — (D) (46
)y = () : | | '.)

where,

(), and {I), are currents in the look-up table that are lesser and greater
than the calculated current respectlvelv and

(X), and (X), are the numbers in the look-up table correspondmg to the

currents (I)l and (1’)2 r&spectwely

Once the value of [X)m is known, the,crlterla of Equation-gi.shis used to

decide when a trip command should be issued.
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Figure 4.2: Calculated values of

overcurrent relay.

4.4.2. Selection of the target number

KAT

:

selected and provided to the algorithm. This value should be such that time
delays are accurate. Consider that a trip delay of ¢  corresponds to the '

Off-line computations of require that an appropriate value of K be

corresponding to the relay current be

t
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KAT
= X4y : (4.7)
tf
where,
X is the integer part of the number and,
v _ is the decimal part of the number.

If the computed number, X4y, is used in the criterion of Equation 4.5 to
determine the trip time, it will be satisfied in N sampling intervals such that

. NAT is equal to the trip time, ¢t.. A selected value of K, will provide ac-

.
curate trip times if the computations are performed in floating point arith-
metic. However,' in most microprocessor-based relays, the calculations are
performed using integerl arithmetic. Thérefore, the decimal part of the num-
ber is truncated when the criterion of Equation 4.5 is applied. This intro-
duces errors in the tripping times. The errors can be limited to a maximum
of one sampling interval if the contribution of the decimal part, y towards
the cntel'lon of Equation 4.5 in a period of N sampling intervals is less than

the numbeyr, X. This can be mathematically expressed as

(M) < X. ‘ |  (ay)

In a worst case situation, the value of the decimal part, y can be
0.999 - - - . Considering it to be approximately 1.0 reduces the Inequality
- 4.8 to the following:

N<X (4.9)

It is possible to express N and X in terms of the relay operating time, ¢

r

the sampling interval, AT, and the target number, K as

INT(K;AT) and - | (4.10)

I

X

r

t
N = IN'_I‘(A—r (4.11)
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where,

INT represents an integer value.

Substituting the values of N and X in Inequality 4.9 provides

t, KAT _
INT(ZE‘) < INT(T). | _ (4.12)

Simplification of this expression provides the following criterion for the selec-

- tion of the target number, K.

t - |
K> IN’q(A—'T )2 . | (4.13)

The selected value of the target number shouid satisfy this criterion for the
" entire range of the relay characteristics. The largest value of the trip time
should, therefore, be used in the inequality. For example, the largest value
of the trip time for the Westinghouse. CO-7 relay is 7.0 s. If a sampling
rate of 1200 Hz is used, the value of the target number should be greater
than 70,560,000.

4.4.3. Reset characteristics

As soon as the currents in a protected circuit fall below the pick-up
value, the inverse-time overcurrent relays used to protect the c{i:'cuit reset.
Electromechanical relays reset gradually due to the influence of restraining
springs. Some solid state overcurrent relays also reset gradually while others
reset ‘without any time delay. In digital overcurrent relays, a variety of reset
characteristics can be achieved. I is possible to match reset characteristics
of a relay with the cooling characteristics of the protected equipment. In
this work, the resetting of the relay was achieved by reducing the value of
2. (X),, in a prespecified manner and testing if the relay has reset. The
relay is assumed to have reset, when the wvalue of the accumulated sum

reduces to zero; if the value becomes negative, it is reset to zero.
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Three types of reset characteristics were provided in the design. This
section describes the characteristics and presents the procedure used to ach-

ieve the characteristics.

Linear reset characteristics

If this type of characteristics is selected, the relay resets linearly with time.
This is achieved by modifying 3 (X),,, using Equation 4.14.

Y Dy = (D~ L - (s14)

where,

L is an integer number used for resetting the relay.

The selected value of L determines the rate at which the relay resets.
Figure 4.3 shows five of the possible linear reset characteristics that can
be obtained using Equation 4.14. In this figure, 3 (X),, and L have been
normalized by using K as the base '{ralue. This has avoided the use of
specific numbers in the figure. Also, the time on the x-axis is shown as
number of sampling intervals because | Equation 4.14 is executed at AT inter-
vals in a digital relay. ‘ o

Exponential reset characteristics

If this type of characteristics is selected, the relay resets éxponentially

with time. This characteristics is achieved by using the equation

D (Xpir = ED_ (X)), o (49)

where,
E, ~ is a fractional number.

Figure 4.4 shows five reset characteristics that can be achieved by the
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- Figure 4.8: Linear reset characteristics provided by Equation 4.14.

described procedure. This figure shows that the relay resetting rate is con-
trolled by value of E,. In this figure also, 3 (X), is normalised by using

the target number, K as the base value,.

Instantaneous reset characteristics

If this type of characteristics is selected, the relay resets without any time
delay. The accumulated value of sum, ) (X),, is reduced to zero as soon as

the relay current falls below the pick-up value.

4.4.4. Functions of the algorithm

‘The developed algorithm performs its functions in two parts. The
functions in the first part interact with the operator and perform computa-

tions off-line . The remaining functions consist of on-line calculations.
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Figure 4.4: Exponential reset characteristics provided by Equation
. 4.15.

4.4.4.1. Off-line computations

The algorithm interacts with an operator allowing him to select a relay
characteristic and relay settings. The -algorithm also performs some computa-
~ tions in an off-line mode. The functions performed by the algorithm are as

follows.

1. When a relay is powered on, the algorithm displays the available .
relays. The operator is prompted to select the desired relay type.

2. After selecting the relay type, the operator is prompted to input
the desired time dial setting and the pick-up current.

3. The operator is then prompted to select the type of the desired
reset characteristics. If the linear reset characteristic is chosen,
the operator is prompted to input the value of L. If either ex-

| ponential or instantaneous reset characteristics are selected, the
L operator is prompted to enter the value of E,. For instantaneous

reset characteristics, the operator inputs a value of zero.



78

4. The relay calculates the operating times, (t,), for selected values
of the time dial setting for current multiples of 1.5, 2.0, 2.5, 3.0,
3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0, 9.0, 10.0, 11.0, 12.0, 13.0, 14.0,
15.0, 16.0, 17.0, 18.0, 19.0 and 20.0. The relay uses the stored
values of the coefficients, a; to a5, and Equation 4.1 to compute

KAT

the operating. times. The relay then calculates the values of
. oo ,
at these current multiples and stores them in the form of a look-

up table.

4.4.4.2. On-line operations

In the on-line mode, an input to the relay is a voltage representing a
relay current. This voltage is sampled at a spec'ified rate. The sampled
data are processed to determine the rms value of the fundamental fréquency
component by using the least squares filters and the procedure described ear-
lier in this chapter. Equation 4.5 is then used as a criterion for the relay
operation. The algorithm implements the criterion by specifically performing
the following functions.

- 1. Set a variable ‘SUM’ to zero.
2. Obtain a new sampie representing the relay current.
3. Determine the rms value of the fundamental frequency component
- of the current by using least squares filters and two region linear
approximation technique described earlier.

4. Compare the computed rms value with the pick-up current..

5. If the rms value exceeds the pick-up current, proceed to step 6,
otherwise proceed to step 10.

- 6. Obtain the number, (X),, corresponding to the computed value of

the current from the look-up table formed in the off-line mode.
For values of the current which are not in the table, use the in-
terpolation procedure described by Equation 4.8.

7. Add the number from step 6 to the variable ‘SUM’.

8. Check if the updated value of ‘SUM’ is larger than the target
number, K. I it is, issue a trip command.
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9. Wait until the intersampling time is expired; revert to step 2.

10. Determine the type of the selected reset characteristics. If it is
linear reset characteristics, proceed to step 11. For exponential or
instantaneous reset characteristics, proceed to step 12.

11. Modify the wvariable ‘SUM’ by subtracting from it the integer
number L. Check if the resulting value of ‘SUM’ is equal to or
less than zero. If it is, reset the variable ‘SUM’ to zero and
revert to step 9. Otherwise revert to step 9 without resetting
variable ‘SUM’ to zero.

12. Modify the variable ‘SUM’ by multiplying it with the number, E_.
Check if the resulting value of ‘SUM’ is less than K/128. ¥ it is,
reset the variable ‘SUM’ to zero and revert to step 9. Otherwise
revert 10 step 9 without resetting variable ‘SUM’ to zero.

4.5. Test Results

The proposed algorithin was tested off-line using a microVAX 3600
digital computer that is aira.ilable at the University of Saskatchewan.
FORTRAN programs were written to simulate the off-line and on-line opera-
" tions of the proposed algorithm.

The program for simulating the off-line operation of the algorithm used
a target number, K, equal to 70,562,000. This number was selected con-
sidering a sampling rate of 1200 Hz and the criteria described earlier in this
chapter. The program allows the user to select a time dial setting at which
the operation of the reley is to be studied. ‘The program then computes the
operating times of 'th.e relay at a selected time dial setting for current mul-
tiples of 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 7.0, 8.0, 9.0, 10.0, 110,
12.0, 13.0, 14.0, 15.0, 16.0, 17.0, 18.0, 19.0 and 20.0. In the next step, the

program calculates the values of at these current multiples and stores

r

them in a look-up table for use by the programs simulating on-line functions
of the algorithm.

The simulations of the on-line mode of the algorithm were a.ccomplished'
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by using two FORTRAN programs. The first program .a.llows. the user to
input the value of a relay current in multiples of the pick-up value and syn-
thesizes & sinusoidal voltage waveform of the fundamental frequency
representing the rélay current. The program also discretizes. the waveform at
intervals of 1/1200 s. The samples are presented to a second FORTRAN
program which performs steps 1 to 12 of the on-line functions of the
proposed algorithm and determines the opei-ating time.

The programs were executed on the microVAX 3600 digital computer
and the relay operating times were computed for relay currents of 2.75, 3.25,
3.75, 4.25, 4.75, 5.25, 5.75, 6.5, 7.5, 8.5, 9.5, 10.5, 11.5, 12.5, 13.5, 14.5, 15.5,
16.5, 17.5, 18.5 and 19.5 times the pick-up value. This was done for both
the Weétinghouse CO-7 and CO-9 relays at time dial settings of 0.5, 1.0,
2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0. The relay operating times ob-
tained from the simulations were compa.re& with the corresponding values
read from the published curves and their absolute differences were computed.
Tables 4.9 and 4.10 list these differences for the Westinghouse CO-7 relay.
Similarly, Tables 4.11 and 4.12 list the diffefences between the published
operating times and the times obtained from the simulation programs for the
Westinghouse CO-9 overcurrent relay. An analysis of 'Tables..4.‘9 to 4.12 in-
dicate that the operating times provided by the algorithm are within two
cycles of the corresponding value obtained from the published curves. This
indicates that the proposed algorithm accurately emulates the time current

curves of the selected relays.

4.6. Summary

This chapter desecribed a technique for computer modelling of overcur-
rent relay characteristics. = Characteristics of the Westinghouse CO-7 and
CO-9 overcurrent relays are modelled to demonstrate the suitability of the
proposed techhique. Results showing the evaluation of the proposed tech-
nique are also presented. The results demonstrate that the proposed tech-

nique accurately represents the selected time-current characteristics. The
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operating times provided by the modelling technique are within.two cycles of
the corresponding times of the published curves. The proposed technique is
simple and accurate and can be easily used in microprocessor-based overcur-

rent relays.

The proposed technique has been used for developing microprocessor-
based overcurrent relays. A digital overcurrent relaying algorithm that per-
forms most of the ‘computations ‘in an off-line mode is described. The per-
formance of the proposed algorithm was evaluated using simulation programs.
The results repoi'ted' in this chapter show that the algorithm accurately emu-

lates the selected relay characteristics.
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Table 4.9: Differences (in cycles of 60 Hz) between the operating

times of the simulated CO-7 overcurrent relay and the
published times for time dial settings of 0.5, 1.0, 2.0, 3.0,

4.0 and 5.0.
Current - Differences at time dial settings of

multiple
' - 0.5 1.0 2.0 3.0 4.0 5.0
2.75 0.65 0.00 0.20 0.30 0.00 0.75
3.25 0.45 0.80 0.40 0.15 - 0.20 0.35
3.75 0.15 0.75 0.05 1.35 - 0.45 0.05
4.25 0.80 0.60 0.15 1.80 0.35 0.15
4.75 1.25 0.10 0.05 0.70 0.45 0.20
5.25 0.60 0.55 0.25 0.25 - 0.00 0.35
5.75 0.35 - 0.25 0.20 0.05 0.05 0.65
6.50 0.50 0.05 0.50 0.05 0.45 0.05
7.50 0.70 0.05 0.10 0.30 0.85 0.10
8.50 0.80 0.55 0.55 0.35 0.20 0.40
9.50 0.50 0.55 0.65 0.20 1.30 0.30
10.50 0.40 0.35 0.30 0.10 0.40 0.05
11.50 0.35 0.55 0.55 0.10 0.15 0.00
12.50 0.10 . 0.45 0.20 0.35 - 0.05 0.45
13.50 0.10 0.60 0.70 0.30 0.00 0.10
14.50 0.25 0.65 0.80 0.35 0.30 0.30
15.50 0.05 0.30 0.50 0.30 0.10 0.00
16.50. 0.02 0.30 0.35 0.45 0.10 0.45
17.50 0.02 0.00 0.00 0.10 0.40 - 0.30
- 18.50 0.07 0.25° 0.15 0.15 0.30 0.00

19.50 - 0.07 0.05 0.20 0.60 0.25 0.00




83

Table 4.10: Differences (in cycles of 60 Hz) between the operating

times of the simulated CO-7 overcurrent relay and the

published times for time dial settings of 6.0, 7.0, 8.0, 90

10.0 and 11.0.

Current ‘ Differences at time dial settings of
multiple : '
: 60 - .70 80 90 10.0 11.0
2.75 045 135 000 09 = 055 0.60
3.25 0.05 0.50 060 065  0.05 0.05
375 035 = 040 0.55 090 = 0.00 1 0.30
4.25 .70 115 0.30 0.90 150 . 030
4.75 0.00 0.05 0.05 010 145 100

- 5.25 0.40 0.25 0.35 025 0.90 - 0.40
575 100 030 030 030  1.10 0.10
6.50 000 020 0.95 010 055 0.25
750 . 0.15 - 0.20 0.15 '~ 0.00 0.85 - 0.30
8.50 0.15 0.20 0.05 0.40 0.60 0.40
9.50 0.10 0.10 0.50 0.20 0.50 0.70
10.50 0.60 0.05 0.20 0.25 0.85 1.30

1150 035 030 - 0865 0.05 1.00 1.00
12.50 0.45 005 045 025 = 040 0.05
13.50 0.05 - 0.50 020 025 0.45 0.05
14.50 0.20 0.35 0.40 0.35 0.60 0.50
15.50 0.55 000 - 010 0.35 1.75 . 0.00
16.50 0.50 0.40 0.25 0.30 0.15 0.05
17.50 000  0.05 0.25 0.25 0.65 0.05
18.50 0.15 0.45 0.15 0.15 0.05 0.10

19.50 0.35 0.15 0.10 0.10 165 0.00
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Table 4.11: Differences (m cycles of 60 Hz) between the operating
times of the simulated CO-9 overcurrent relay and the
published times for time dial settings of 0.5, 1.0, 2.0, 3.0,

4.0 and 5.0.
Current Differences at time dial settings of
multiple
0.5 1.0 2.0 3.0 4.0 5.0
2.75 0.90 1.75 0.25 0.00 1.40: 0.90
3.25 0.75 0.80 0.60 0.20 - 1.80 0.05
3.75 0.05 0.15 0.10 0.15 045 0.10
4.25 0.05 0.30 0.00 0.45 0.05 0.30
4.75 0.15 0.15 0.10 2.00 0.65 0.15
5.25 0.20 0.35 0.00 0.10 0.30 0.30
5.75 0.35 0.30 - 0.00 0.10 0.30 0.10
6.50 0.07 0.05 0.35 0.55 0.00 0.35
7.50 0.05 0.15 0.20 0.25 0.30 0.15
8.50 0.10 005 = 005 0.10 0.10 0.05
9.50 0.05 0.45 0.15 03 010 0.30
10.50 0.00 0.55 0.10 0.00 0.45 "~ 0.45
11.50 0.01 0.30 0.10 . 015 0.05 0.40
12.50 - 0.00 0.30 0.05 010 0860 0.15
13.50 0.00 0.20 . 0.15 0.15 0.25 0.05
14.50 0.00 0.12 0.20 - 0.00 0.30 0.30
15.50 0.03 0.21 0.20 0.20 0.30 0.15
16.50 - 0.02 0.20 0.02 0.15 0.55 0.20
17.50 0.01 0.14 0.04 0.20 0.55 0.45
18.50 0.01 0.13 0.05 0.05 0.30 0.45

1950 - 0.05 0.03 0.00 0.05 0.20 0.40
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Table 4.12; Differences (in cycles. of 60 Hz) between the operating
times of the simulated CO-9 overcurrent relay and the
published times for time dial settings of 6.0, 7.0, 8.0, 9.0,

10.0 and 11.0.
Current Differences at time dial settings of
multiple
60 70 8.0 9.0 100 110
2.75 0.00 0.90 0.00 0.00 0.00 0.00
3.25 0.90 0.15 0.45 0.20 1.10 0.00
3.75 0.70 0.00 0.30 0.25 0.20 0.45
4.25 0.45 0.05 0.05 0.10 1.00 0.70
4.75 0.05 0.10 0.10 0.05 0.85 0.20
5.25 0.45 0.05 0.25 0.10 0.50 0.05
5.75 0.05 - 0.05 0.05 0.10 0.40 0.15
6.50 0.15 0.05 - 0.25 0.05 - 0.60 0.25
7.50 1.20 0.10 0.30 0.15 0.15 0.45
8.50 0.25 0.55 0.45 0.35 0.40 1.056
9.50 - 0.00 0.10 0.15 0.10 0.05 1.70
10.50 0.05 0.55 0.10 .0.25 0.40 0.15
11.50 0.30 0.15 0.45 0.15 0.35 0.15
12.50 0.45 0.10 0.10 - 0.30 - 0.20 0.25
13.50 0.10 1.10 0.20 0.01 025 = 0.35
14.50 050 - 020 0.20 0.35 0.35 0.20
15.50 0.30 0.20 0.15 0.10 0.30 0.15
16.50 0.05 0.05 0.10 0.10 0.25 0.00
1750 - 0.05 0.00 0.40 0.35 0.25 0.05
18.50 0.10 0.30 0.15 0.15 0.25 0.00

19.50 0.05 0.25 0.30 "~ 0.05 0.15 0.35
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5. PROPOSED ALGORITHMS FOR
TRANSFORMER WINDING
PROTECTION - VERSION-I

5.1. Introduction

Previously proposed algorithms to detect transformer winding faults are
described in Chapter 3. Some of these algorithms use harmonic components
of differential currents to restrain trippings during magnetizing inrush con-
ditions. @ The algorithms based on the harmonic-restraint principle can
restrain relay operation even for some internal faults. A previously
proposed algorithm [13] uses flux-restraint instead of harmonic-restraint. The
use of differential equation models of transformers have also been suggested

[14, 15, 16]. These algorithms use currents in the transformer phase wind-

ings to make relaying decisions.

This chapter proposes algorithms that can detect winding faults in
single-phase and three-phase transformers [46, 47).  The algorithms for
protecting three-phase transformers are suitable for situations where it is pos-
sible or not possible to measure winding currents; for example, in delta-wye
transformers in which the terminals of each phase of adelta winding are not
brought out of the tank separately. The non-linearity and hysteresis of the
transformer core are considered but do not explicitly become part of the al-
gorithms. B-H curve data of the transformer core are not required. A
number of cases similar to those encountered in practice were simulated on a
digital computer; the data obtained from the siﬁmlations was used to test
the algorithms. Some results showing the performance of the algorithms are
also included in this chapter.
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The proposed algorithms use the electro-magnetic equations of a trans-
former for detecting winding faults. These differential equations express vol-
tages as functions of currents and mutual flux linkages. The equations are
valid during magnetizing inrush, normsal operation, and external faults.
However, they are not valid during internal faults. The propoéed algorithm.é
exploit thiS feature to detect internal faults.

While describing the algorithms, it is assumed that the transformation
ratio is one. Also, currents and voltages at the power system level are used
in the equations. These considerations prevent the equations from becoming
unnecessarily complicated. In practice, the relays use voltages and currents
from potential and current transformer secondaries. Therefore, the turns
ratio of the transformer and instrument transformers were -taken into con-

sideration while implementing the algorithms.

5.2. Detecting Faults in a Single-Phase Transformer

Consider a two-winding single-phase transformer as shown in Figure
5.1. In this figure, voltages, currents and the parameters of the transformer

are as follows.

v, and ”2‘ are the voltages of the primary and secondary windings
respectively, '

i, and g, are the currents in the pﬁmary and secondary windings
respectively,

r, and rq are the resistances of the primary and secondary windings
respectively,

I, and I, are the leakage inductances of the primary and secondary

windings respectively, and

Am are the mutual flux linkages.
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Figure 5.1: A circuit diagram of a two-winding single-phase trans-
former.

The following differential equation 'expresses the primary voltage as a
function of the primary current and the mutual flux linkages.

v, = rydy + 1y(diyfdt) + (d),[dt) - (5a)

Similarly, the following equation expresses the secondary voltage as a func-

tion of the secondary current and the mutual flux lix;kages.

vy = —ryiy — lp(digfdt) + (dA,/dt) | 63
A rearrangement of this equation provides

di, fdt = vy + rgiy + l,(di,/dt). - - {5.3)

This equation expresses the mutual .ﬂux linkages as a function of the secon-
dary current and voltage. The term, dA_/dt, includes the effects: of the
non-linearity ‘and hysteresis of the B-H curve. Eliminating dA_/dt from
Equation 5.1 by using EQuation 5.3 provides

Integrating both sides of Equation 5.4 provides the following equation.
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t

t2 t2, o e 2
./t v,dt = "1'/; i, dt + 1 {i,(ty)—1,(t))} + / vydt +

1 1 2

t
2
L ,
Applying the trapezoidal rule for performing the integrations in this equation

vields

(ty—t vy (E)+v;(8)l/2 = rilta—2)li,(2))+i4(29)]/2 +

’1['](*2)""}(‘1)] + (tz—tl)[vz(t1)+02(t2)]/2 +

ralta—ty)lig(ty)+ia(ta})/2 + Lplis(ta)—is(ty)]- (5.6)
Digital relays sample voltages and currents at a selected rate. The intersam-
pling time, AT, is known. Consider that the proposed algorithm receives
samples of vy, vy, 1, and i, at AT intervals. If n is an integer, ¢, and ¢,
can be replaced by (r~1)AT and nAT respectively. Making these substitu-
tions in Equation 5.8 provides ' '

AT{v,(nAT)+v,[(n-1)AT}}/2 = r AT{i,(rAT)+i;{(n—1)ATI}/2 +

ll{il(nAT)—il[{n-l)AT]} + Ar{vz(nAT)+vz[(n—1)A1]}/2.+

ATy (nAT +iy[(n—1)ATI}/2 + ly{iy(nAT)=iyl(n-1)AT]}. (5.7)
Dividing both sides of this equation by AT/2 and then rearranging yields

ve(nAT) + v,o[(n—1)AT) + (ry+2l,/AT)iy(nAT) +

(rg—2l,/ AT)i,y[(n—1)AT] — v,[(n—1)AT]. . | (5.8)
'This equation expresses the present sample of the primary voitage as a func-
tion of the secondary voitage, the primary and secondary currents, and the
previous sample of the primary voltage. If the parameters, ry, r,, I, and I,
of the transformer are known, it becomes possible to calculate the right hand

side of Equation 5.8 after taking the (n—1)th and n—th samples of the.

transformer voltages and currents. The computed value is the estimate of
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v,(nAT) whereas the left hand side is measured value. The estimated and
measured values are equal during normal operation, overexcitation, magnetiz-
ing inrush and external fault conditions. However, these values are not

equal during internal faults.

It is clear from Equation 5.8 that the samples of the transformer vol-
tages and currents only are needed to estimate v1(nAT). No data of the B-

H or magnetizing curve are needed.

5.2.1. The algorithm

This section describes an algorithm that is suitable for microprocessor-
based protection of single-phase transformers. The algorithm uses the tech-
nique described in the previous section. It also assumes that the primary
and secondary voltages, and primary and secondary currents are sampled at
a pre-specified rate. Tﬁe algorithm performs the following steps.

1. Initialize a trip index, TRIP, to zero.

2. Sample the voltages and currents of the primary and secondary
windings.

3. Estimate the value of v,(nAT) using the right hand side of Equa-
tion 5.8 and samples of the primary and secondary currents and
secondary voltage taken at nAT and (n-~1)AT s, and sample of
the primary voltage taken at (n—1)AT s.

4. Subtract the value of the primary voltage sampled at nAT s from
the value estimated in step 3. The absolute value of this dif-
ference is referred as ERROR.

5. Check if the point, (|Measured value of the primary voltage|,
ERROR) lies in the fault region of the relay characteristic shown
in Figure 5.2. If it does, add two to the trip index, TRIP; other-
wise subtract one from TRIP. ‘ '

6. Check if TRIP is negative. If it is, reset it to zero and revert to
step 2. Otherwise, proceed to step 7.

7. Check if TRIP is greater than a prespecified threshold. If it is,
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the algorithm concludes that an internal fault exists and starts a
tripping procedure. Otherwise, the algorithm reverts to step 2.

Error
: SLOPE
Fault Region
THRES
No~-fauit Region
BNDRY ~ {Primary Voltage |

Figure 5.2: The proposed error vs primary-voits characteristic of the
relay. ‘ '

5.3. Detecting Faults in _Three-Phase Transformers

Consider a three-phase transformer whose primary windings are a, b,
and ¢ and the secondary windings are A, B and C. Also consider that the

parameters of the transformer are as follows:

rgs Ty NG 7, are the resistances of the primary windings &, b and ¢
respectively,
lgs 1y and I, are the leakage inductances of the primary windings a, b

and ¢ respectively,

ry4, Tp and ro are the resistances of the secondary windings A, B and C
respectively, :

l4» g and I,  are the leakage inductances of the secondary windings A, B
and C respectively,
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Aap are the mutual flux linké.garof windings a and A,
ALB are the mutua! flux linkages of windings b and B, and
Ao are the mutual flux linkages of windings ¢ and C.

- The following sections develop the techniques for detecting winding faults in
three-phase wye-wye and delta-wye transformers., The digital algorithms
suitable for detecting winding faults in three-phase transformers are then
described. |

5.3.1. Wye-wye tranformers

Figure 5.3 shows the primary and secondary windings of a three-phaée
wye-wye connected transformer. The following differential equations express
the phase-voltages of the primary windings as functions of the primary cur-

rents and the mutual flux linkages.

vy = iy + l(di,/dt) + (d), 4/dt) '_  (59)

vy = ryip + ly(diy/dt) + (d),p/dt) | . (5.10)

v, = ri, + 1,(di [dt) + (dh gldt) | (5.11)
where:

v,, v, and v, are voitages of the a, b and c-phase windings respectively,
and ' ‘

i, 1, and 1, are currents in the a, b and c-phase windings respectively.

- Similary, the following equations express the voltages of the secondary wind-

ings as functions of the secondary currents and the mutual flux linkages.

va = ~raig = Ly(digdt) + (Dgufd) (612)
vg = —rgig — Ig(dig/dt) + (dA,p/dt) ' - (513)
ve = ~rgig = loldigldt) + (dA,g/dt)  (5.14)

where:
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vy, vg and v, are the voltages of the A, B and C-phase windings
respectively, and

i4 ig and i,  are the currents in the A, B and C-phase windings respec-
tively.

A
) '
i
)
ic
) -

Figure 5.8: A circuit diagram of a two-winding three-phase wye-wye
~ transformer:

Proéessing Equations 5.9 and|5.12 using the technique described in Sec-
tion 5.2 provides Equation 5.15. | The procedure involves: eliminatiﬁg the
term, dA ,/dt, from Equation 5.9/ by using Eqﬁation 5.12, applying rectan-
gular rule to integrate both sides| of the resulting equation and then rear-

ranging it. A similar procedure provides Equations 5.16 and 5.17.
v,(nAT) = (r,+2l, /AT (nAT) + (r,—2I,/AT)i,[(n~1)AT)] +
v4(nAT) + vyf{n-1)AT) + (rl+21,/AT)i 4(nAT) +

- (rg=214/AT)i 4[(n—-1)AT] — vj[(n—1)AT] . | (5.15)
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v(rAT) = (r,+20,/AT)i(nAT) + (r,—21,/AT)i[(n—1)AT) +
vg(rAT) + vgl[(n—-1)AT} + (rB-i-ZIB/AT)t'B(nAT)}

(rg—25/AT)ig[(n-1)AT} — v[(n-1)AT] _ (5.16)

v;,'(nATj = (r+21 [AT)i (nAT) + (rc—ZIc/Aﬂic[(n—l-)AT] +
vo(nAT) + vol(n=1)AT] + (ro+2lo/AT)ig(nAT) +
(re=21e/ AT)igl(n~1)AT) — v [(~1)AT] (5.17)

I the parameters of the transformer are known, it becomes possible to . cal-
culate the right hand sides of Equations 5.15, 5.16 and 5.17 after taking two
consecﬁtive samples of voltages and currents. The right hand side of Equa-
tion 5.15 provides an estimate of v,(nAT) whereas the left hand side of the
equation is the measured value. Similarly, the right hand sides of Equations
5.16 and 5.17 provide the estimated values of vy(nAT) and v (nAT) respec-
tively. The left hand sides of these equations are their measured values. As
in the case of single-phase transformers, the estimated and measured values
are equal during normal operation, overexcitation, magnetizing inrush and ex-
~ ternal fault conditions. However, for inter'na.l- transformer fa.ults, ‘these va.lues_

are not equal.

5.3.1.1. The algorithm

. The algorithm for the protection of three-phase wye-wye conntected
transformers uses the technique described in Section 5.3.1 and performs the

following steps.

1. Initialize the three trip indices, TRIPA, TRIPB and TRIPC to
zero. -

P

2. Samples the primary and secondary voltages, and line currents.

3. Compute the estimated values of v, (nAT), va(ﬁAI‘) and v (nAT)




10.

11.

12,

13.
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by using the voltage and, current samples and the right hand sides
of Equations 5.15, 5.16 and 5.17 respectively.

. Subtract the measured value of v, (nAT) from its estimated value.

Let the absolute difference be ERRORA.

. Subtract the measured value of v,(nAT) from its estimated value.

Let the absolute difference be ERRORB.

. Subtract the measured value of v (nrAT) from its estimated value.

Let the absolute difference bhe ERRORC.

Check if the point, ([Measured value of the primary voltage of
phase Aj, ERRORA) lies in the fault region of the relay charac-
teristic shown in Figure 5.2. If it does; add two to the trip in-
dex, TRIPA; otherwise subtact one from TRIPA.

. Check if TRIPA is negative. If it is, reset it to zero and proceed
“to step 9.  Otherwise proceed to step 9 without modifying

TRIPA.

Check if the point, (|(Measured value of the primary voltage of
phase B|, ERRORB) lies in the fault region of the relay charac-
teristic shown in Figure 5.2. 1If it does; add two to the trip in-
dex, TRIPB; otherwise subtact one from TRIPB.

Check if TRIPB is negative. If it is, reset it to zero and proceed

to step 11. Otherwise proceed to step 11 without modifying
TRIPB.

Check if the point, ([Measured value of the primary voltage of
phase C|, ERRORC) lies in the fault region of the relay charac-
teristic shown in Figure 5.2. If it does; add two to the trip in-
dex, TRIPC; otherwise subtact one from TRIPC.

Check if TRIPC is negative. X it is, reset it to zero and proceed

to step 13. Otherwise proceed to step 13 without modifying
TRIPC.

Test the criteria of Table 5.1 to determine the condition of the
transformer. Issue a trip command if the trip indices satisfy one
of the conditions listed in the table. Otherwise, the algorithm
reverts to step 2. :




Table 5.1: Values of the trip indices during internal fa.ults in a wye-
- wye transformer.

Value of the trip index

Condit- TRIPA TRIPB - TRIPC Diagnosis
ion no. : .

1. TRIPA >T TRIPB <T TRIPC «<T Internal fault
in phase A

2. TRIPA <T TRIPB >T TRIPC <T Internal fault
in phase B

3. TRIPA <T TRIPB <T TRIPC >T Internal fault
in phase C

4. 'TRIPA >T TRIPB >T TRIPC <T Internal fault
in phases
Aand B

5. TRIPA >T TRIPB <T TRIPC >T Internal fault
in phases
A and C

6. TRIPA <T TRIPB >T TRIPC >T Internal fault
' in phases
B and C

7. TRIPA >T TRIPB >T TRIPC >T Internal fault
in' phases
A, Band C

T = Threshold

5.8.2. Delta-wye transformers

Figure 5.4 shows the winding connections of a three-phase delta-wye
connected transformer. The following equations express the voltages of the
delta connected windings as functions of the primary currents and the

mutual flux linkages.
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Vg = Feligtip) + L ldlig+i ) /dt] + (d),4/dt) (5.18)
vy = raliyHiy,) + Wld(iy+iz)/de) + (dhggldt) __ (5.19)
Ve = roligHiy] + Lld(i+i,)/d] + (), gfdt) (5.20)
where: |

v,, v and v,  are voltages of the a, b and c-phase windings respectively,

: n+ipp is the current in the winding of phase a,

z'b+£” is the current in the winding of rphasé b,

S o is the current in the winding of phase ¢ and

iop is the curent that circulates in the delta connected winding.

A
> T
s
> ®
ic
) Y

Figure 5.4: A circuit diagram of a two-winding three-phase delta-wye
transformer. :

Similarly, the following equations express the voltages of the secondary wind-

ings as functions of the secondary currents and mutual flux linkages.
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vy = —raig — 1,(diyfdt) + (dA, ,/dt) (5.21)

| vg = —rgig ~ lp(dig/dt) + (dA;p/dt) (5.22)

ve = —roic — loldigfdt) + (d o/dt) (5.23)
where: |

v4, Vg and veo are voltages of the A, B and C-phase windings respectiiely
and

{4 ig and ip are currents in the A, B and C-phase windings respectively. .

Applying the procedure used in the previous sections, Equations 5.24, 5.25
and 5.26 are obtained.

0a(RAT) = (r,+2, /AT, (nAT) + (ry—21,/AT)i,[(n—1)AT] +
(1 421,/ AT), (0AT) + (r,=21,/AT)i,,[(n—1)AT) +
v4(nAT) + vy[(n=1)AT] + (r +21,/AT)i ;(nAT) +

(r 421 ,/ATYi [(n—1)AT) = v,[(n—1)AT] (5-24)

v(nAT) = (r,+20,/AT)i(nAT) + (ry—21,/AT)i[(n—1)AT] +
(ry+ 20,/ ATYi (RAT) + (r,=21,/ATYi  [(n—1)AT] +
vp(nAT) + vg[(n—1)AT] + (rg+25/AT)ig(nAT) +

(rg—2lp/AT)ig[(n—-1)AT) — v[(n—1)AT] | (5.25)

v (nAT) = (r 421 /AT)i (nAT) + (r.—21, /AT [(n—-1)AT] +
(rc+2t'¢/AT)£”(n4T) + {r,—2l,/AT)i, [(n-1)AT) +
vo(nAT) + vol(n—1)AT) + (r&Zlc/AﬂiC(nA'.") +

(re—2lc/ADil(n—1)AT) — v [(n—1)AT] (5.26)
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The right hand sides of Equations 5.24, 5.25 and 5.26 can not be computed
because the currents i, iy, i, and ipp are not known. Since, the currents,
i,, t and i, are the non-circulating components of the winding currents,
their sum must be zero. Equation 5.27 expresses this situation as a math-
ematical equation. Also, Equation 5.28 defines the current circulating in the

delta winding.
g+ i+ i, =0 . (5.27)

The following equations express the line currents as functions of the currents

in the delta windings.

ipg =i, - i, | |  (5.29)
iy = iy — i, - o  (5.30)

Subtracting Equation 5.30 from Equation 5.29, replacing s+, with___—i o and
rearranging gives Equation 5.32. A similar procedure provides Equations
5.33 and 5.34.

i, = (i, =~ ip)/3 ' (5.32)
iy = (g — i1,)/3 R (5.33)
i, = (ig, — i1,)/3 | (5.34)

The circulating current, ¢ has two components. One component is the

’
zero sequence current to lp:;lance the flow of zero sequence currents in the
wye connected windings. The second component is the in-phase component
of the magnetizing current flowing in the delta connected windings. I the
. is known, the right hand sides of Equations 5.24, 5.25 and 5.26

can be computed.

value of i

Option 1
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One possible alternative is to use Equa;tion 5.24 to estimate the terms -
containing the circulating current and use Equations 5.25 and 5.26 for detect-

ing faults. For this purpose, Equation 5.24 can be rearranged as
(g 214/ AT (nAT) + (r, =21/ ATYpl(n-1)AT) =
va(nM) + v [(n—1)AT} — (r,+21,/AT)i, (nAT) —
(ra=20,/ AT [(+=1)AT) ~ vy(nAT) = o[(n-1)AT] ~
(421 AT ABBT) = (7 4=/ AT (3 1)2T (5.9

Multlplymg both sides of this equa.tlon with [(rb+216/AT)/(r +21 [AT)]
provides

[(ry 213/ AT) {421,/ AD(r 421,/ AT}, (nAT) +
[(rg+20,/ AT)/(r +21, /AT (r,—21,/AT)ip [(n~1)AT] =
[(ry+20,/ATY/(r ,+2!,/AT))(R.H.S of Egquation 5.35). (3.36)

Since the X/R ratios of the three phases of a transformer are approximately

equal and large, and AT is small, the following is a valid aproximation:
‘ [(r,,+21§,,/AT)/(r +21 /AT ~
I("b—ﬂb/AT)/(" —2l,/AT)]

Substltutlng this expression into the second term of the left ha.nd side of
Equation 5 36 provides

-(fp,+2l§/Af-")t,,,,(nAT? + (rb—zlb/Anipp[(n—l)AT] = | |

[(rg+21,/ATY/(r,+21 ./ AT)(R.H.S. of Equation 5.35). (5.37)
A similar ?medure provides

(rc+2t;/Anipp(nAT) + (r,—21,/AT)i, [(n-1)AT) =

[(rc+2?e/An/(ra+2la/A1')](R.H.S. of Egquation 5.35). - (5.38)

It is possfble to compute the right hand sides of Equations 5.37 and 5.38
immediateliy after taking the latest samples of voltages and currents. These -
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‘values are the estimates of the terms containing the circulating current which
can be used in Equations 5.25 and 5.26 to compute their right hand sides.
A: stated earlier, the right hand sides provide the estimates of vy(nAT) and
v, (nAT) respectively. The left hand sides are the measurements. The es-
timated and measured values are equal for magnetizing inrush, overexcitation,
external faﬁlts and normal operating conditions. However, they are not

equal for fatilts in the transformer protection zone.

In the above procedure, Equation 5.35 estimates the terms involving the
circulating current from the measurements of voltages and currents of wind-
ings a and A. The measurements from the remaining windingé provide

enough infog'mation'to decide whether an internal fault exists or not.

Option 2

It is also possible to use the measurements from windings b and B to
estimate thie circulating current terms. For this purpose, Equation 5.25 is

rearranged as
(r5+2lb}A1)£pp(nAn + (r‘,-zl,,/AT)i”[(n-q)An =
vb(nAT? + yl{n-1DAT) - (r,+20,/AT)iy(nAT) —
(ry=2,/AT)iy(n-1)AT) ~ vp(nAT) — vgl(n=1)AT) -
| (rB+zzg/AnsB(nAn — (rp—2l5/AT)igl(n—1)AT). . (5.39)

It is possible to calculate the right-hand side of Equation 5.39 immediately
after taking samples of voltages and currents. By following a procedure

similar to tﬁhat used in Option 1, the following equations can be obtained.

(rg+21, /AT, (nAT) + (r,~20,/AT)i, [(n-1)AT) =

[(rh+2{ a/AT)/(r,,+2l,,/AT)](R.H.S. of Eguation 5.39) {5.40)
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(re+2 JAT)i (nAT) + (r,—21,/AT)i[(n-1)AT) =
[(r,+21,/ AT)/(r;+20,/AT)}(R.H.S. of Equation 5.39) (5.41)

It is possible to compute the‘ values of the right hand sides of Equations
5.40 and 5.41. These values are the estimates of the terms containing the
circulating .current which can be used in Equations 5.24 and 5.26 to compute
their right hand sides which provide estimates of v (nAT) and v (nAT)
respectively. The left hand éides are the measured values. The estimated
and measured values are equal for magnetizing inrush, overexcitation, exter-
nal faults and normal operating conditions. However, they are not equal for

faults in the transformer protection zone.
Option_3

The measurements from windings ¢ and C can also be used to estimate

the circulating current. For this purpose, Equation 5.26 is rearranged as
(421, /AT (RAT) + (r,=21,/ATY,[(n-1)AT) =
v (nAT) + v [(n-1)AT) — (r+2l /AT)i (nAT) ~
(r,=21,/AT)i [(n=1AT) = vo(nAT) — vol(n=1)AT) -
(re+2lo/AT)ig(nAT) = (ro—2l/AT)igl(n-1)AT). (5.42)

The right hand side of Equation 5.42 can be calculated immedia.teiy after
taking samples of voltages and currents. It is possible to obtain the follow-

ing equations by using a procedure similar to that used in Option 1.

(ra+2l,/AT)igy(nAT) + (rg~2,/AT)i, [(n—1)AT} =

[(r,+21,/AT)/(r ,+2!,[AT)(R.H.S. of Equation 5.42) (5.43)

(1 20/ AT (nAT) + (ry=21/AT)i, [(n-1)AT] =

[(rs+20/ATY/(r 421 /AT)|(R.H.S. of Equation 5.42) ' (5.44)
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The values of the right hand sides of these equations can be computed.
These valués provide the estimp.tes of the terms containing the circulating
current which can be used in Equations 5.24 and 5.25 to compute their right
hand sides which are the estimated values of v,(nAT) and vy(nAT) respec-
tively. The left hand sides are the measured values. As stated earlier in
this section, the estimated and measured values are equal for magnetizing in-
rush, overexcitation, external fa.ulté and normal operating conditions.

However, they are not equal for faults in the transformer protection zone.

The phase whose measurements are used to estimate the terms contain-
ing the circulating current is classified as the ‘‘Reference Phase” in this

work.

5.8.2.1. The algorithm

_ The algorithm for the protection of a delta-wye transformer uses the
technique described in Section 5.3.2. It consists of four modules; the first,
second, and third modules estimate the primary voltages and the fourth

module is a decision-making module.

The first computing module uses phase A as the “Reference Phase”

 and performs the following steps.

-1, Initialize the trip indices, TRiPBl, TRIPC1, TRIPA2, TRIPCZ,V
TRIPA3 and TRIPB3 to zero.

2. Sample the primary and secondary voltages and line currents.

3. Compute the value of the non-circulating currents, i
by using Equations 5.32, 5.33 and 5.34 respectively.

o ip and i,

4. Calculate the value of the right hand side of Equation 5.35.

5. Estimate “ the values of (ry+2ly/AT)i (nAT) +
(ry—20, /AT, [(n—1)AT] and (re+21,/AT)i, (nAT) +
(r.—21./AT)i, [(n—1)AT] by using Equations 5.37 and 5.38 respec-
tively. '
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6. Estimate the 'values of vy(rAT) and v (nAT) by using the right
hand sides of Equations 5.25 and 5.26 respectively.

7. Subtract the measured value of vy(nAT) from its estimated value.
Let the absolute dlfference be ERRORBI.

8. Subtract the measured value of v (nAT) from - its estlmated value,
Let the absolute differnce be ERRORC].

9. Check if the point (|Measured value of the primary voltage of
phase B|, ERRORBI1) lies in the fault region of the relay charac-
teristic shown in Figure 5.2. If it does, add two to the trip in-
dex, TRIPB1; otherwise subtract one from TRIPBI1.

10. Check if the trip index, TRIPBI1, is negati\?e. If it is, reset it 1o
zero and proceed to step 11. Otherwise, proceed to step 11 with-
out modifying TRIPB1.

11. Check if the point ([Measured value of the primary voltage of
phase Cj, ERRORC1) lies in the fault region of the relay charac-
teristic shown in Figure 5.2. If it does, add two to the trip in-
dex, TRIPC1: otherwise subtract one from TRIPCI.

12. Check if the trip index, TRIPCl, is negative. If it is, reset it to
zero and proceed to step 1 of the second computing module.
Otherwise, proceed to step 1 of the second computing module
without modifying TRIPC1.

The second computing module uses phase B as the “Reference Phase” and
performs the following steps.

1. Calculate the value of the right hand side of Equation 5.39.

2. Estimate the values of  (rg+21,/AT)i, (nAT) +

(rg—21,/AT)i, [(n—0)AT} and (r.+21 /AT]: p(nAT] +
(r, ZIC/AT)zpp[(n 1)AT] by using Equations 5.40 and 541 respec-
tively.

3. Estimate the values of v (rAT) and v (nAT) by using the right
hand sides of Equations 5.24 and 5.26 respectively.

4. Subtract the measured value of v (nAT) from its estimated va.lue
Let the absolute difference be ERRORA2

5. Subtract the measured value of v, (nAT) from its estimated value.
Let the absolute difference be ERRORC2.
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. Check if the point (IMeasured value of the primary voltagé of

phase Aj, ERRORA2) lies in the fault region of the relay charac-
teristic shown in Figure §.2. If it does, add two to the trip in-
dex, TRIPA2; otherwise subtract one from TRIPA2.

Check if the trip index, TRIPA2, is negative. If it is, reset it to
zero and proceed to step 8. Otherwise, proceed to step 8 without
modifying TRIPAZ2. '

Check if the point ((Measured value of the primary voltage of
phase Cj, ERRORC2) lies in the fault region of the relay charac-
teristic shown in Figure 5.2. If it does, add two to the trip in-

| dex, TRIPC2:; otherwise subtract one from TRIPC2.

. Check if the trip index, TRIPC2, is negative. I it is, reset it to

zero and proceed to step 1 of the third computing module.
Otherwise, proceed to step 1 of the third computing module with-
out modifying TRIPC2.

third computing module uses phase C as the ‘“‘Reference Phase”

performs the following steps.

. Calculate the value of the right hand side of Equation 5.42.

. Estimate the values of ‘ (ra+2la/AT)i”(nAT) +

(ra—ZIa/AT)ipp[(n—l]AT] and : (rb+215/AT)ipp(nAT) +
(rb—ZIb/AT)ipp[(n—l)AI] by. using Equations 5.43 and 5.44 respec-
tively.

Estimate the values of v,(rAT) and ﬁb(hAT) by using the right
hand sides of Equations 5.24 and 5.25 respectively.

Subtract the measured value of v,(nAT) from its estimated value.
Let the absolute difference be ERRORA3.

Subtract the measured value of vy(nAT) from its estimated value.
Let the absolute difference be ERRORB3. - '

and

Check if the point {|Measured value of the primary voltage of |

phase A|, ERRORA3) lies in the fault region of the relay charac-
teristic shown in Figure 5.2. If it does, add two to the trip in-
dex, TRIPA3; otherwise subtract one from TRIPAS.

Check if the trip index, TRIPA3, is negative. If it is, reset it to

zero and proceed to step 8. Otherwise, proceed to step 8 without

modifying TRIPAS.
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8 Check if the point (lMeasured value of the primary voltage of
phase B|, ERRORBS) lies in the fault region of the relay charac-
teristic shown in Figure 5.2. If it does, add two to the trip in-
dex, TRIPB3; otherwise subtract one from TRIPB3.

9. Check if the trip index, TRIPB3, is negative. If it is, reset it to
zero and proceed to. step .1 of the decision-logic module. Other-

wise, proceed to step 1 of the decison-logic module without
modifying TRIPBS.

The deg:ision—idgic module uses the trip indices generated by the three com-
puting modules to determine the condition of the transformer. It performs

the following steps to accomplish this task.

1. Obtain the frip indfces, TRIPB1, TRIPC1l, TRIPA2, TRIPC2,
TRIPA3 and TRIPB3 generated by the three computing modules.

2. Test the criteria of Table 5.2 to determine the condition of the
transformer. Issue a trip command if the trip indices generated
by any two of the three computing modules satisfy one of the
conditions listed in Table 5.2. Otherwise, revert to step 2 of the
first computing module. ‘

5.4. Testing of Algorithms

The proposed algorithms were tested using & microVAX 3600 digital
computer that is available at the University of Saskatchewan. The volta.ges‘
and currents needed for evaluating the performance of the algorithms were
generated using the Electro-Magnetic Transient Program (EMTP) [48]. The
EMTP was directed to provide discrete values of voltages and currents at a
sampling rate of 24000 Hz. Raw data were processed by digital equivalents
of low-pass filters. The outputs of these filters were converted to data at
1200 Hz. The discrete data were then presented to FORTRAN programs
that simulated the proposed algorithms. The algorithms used a relay charac-
teristic similar to that of Figure 5.2. THRES and BNDRY were set at 7.5%
and 20% of the rated primary voltage of the transformer. SLOPE was set
at 0.03 and the threshold for the trip indices was set at 20. The selection
of these values require a compromise befween speed, sensitivity and security

of the algorithm and were arrived at by analysing the response of the algo-
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Table 5.2: Criteria used by the decision-logic module for detecting in-
ternal faults.

Trip indices computed by

Condit- Ist comput- 2nd comput- 3rd comput- Dia.gnoéis
ion no. ing module ing module ing module -

1. TRIPB1 >T TRIPA2 >T TRIPA3 >T Internal fault

TRIPC1 >T TRIPC2 <T TRIPB3 <T  in phase A

2. TRIPBi >T TRIPA2 >T TRIPA3 <T Internal fault
TRIPC1 <T TRIPC2 >T TRIPB3 >T in phase B

3. TRIPBlI <T TRIPA2 <T TRIPA3 >T Internal fault
TRIPC1 >T TRIPC2 >T TRIPB3 >T  in phase C

4. TRIPBL >T TRIPA2 >T TRIPA3 >T Two or three
TRIPC1 >T TRIPC2 >T TRIPB3 >T phase internal
. fault

T = Threshold

rithm to different operating conditions of the transformer. A threshold of 20
means that the algorithm has to wait for a2 minimum of one half cycle (of
60 Hz) after the inception of a fault before a decision is made by the relay.
This makes the algorithm secure by not allowing trippings on transients.

Using the settings and thresholds specified in the previous paragraph,
the algorithms were tested for several operating conditions of the trans-
formers. This section discusses the results obtained from those tests. Before
presenting the results, the procedures for generating signals and simulating
low-pass filters are described. |
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5.4.1. Generating input signals

Input signals needed for éva.luating the performance of the algorithms
were generated using the EMTP and models of a single-phase and a three-
phase transformér. The voltage and current waveforms sampled at 24000 Hz
were obtained from the EMTP for magnetizing inrush, overexcitation and ex-
ternal and internal faults. The sampled values of the waveforms were
recorded in data files. The procedures used to mmulatc the - transformers are:
given in Appendix C. The parameters of the transformers are also listed.

5.4.2. Simulating low-pass filters

Low-pass filters are used in digital relays to band-limit the inputs.
The cut-off frequency of the low-pass filters should be less than one half the
sampling frequency to minimize the effects of aliasing. Fourth-order Bessel,
low-pass filters with a cut-off frequency of 200 Hz were selected for this ap-
plication because they provide a constant time delay for the pass-band fre-
quencies. This is hecessarjr because the proposed algorithms are based on
the relationship between instantaneous voltages and currents of transfomers
instead of their single-frequency phasors. Appendix D reviews the procedure
for converting the transfer function of a fourth-order analog low-pass Bessel

filter to an equivalent digital filter [49]. The procedure provided the follow-
ing transfer function.

2.1862x10-¢(1 44271462 244273+274)

H(z) = - - 5.45
=) 1-3.75542"1+5.20292:72-3.3180273+0.78062~4 (5.45)
Since H(z) is ¥(z)/X(z), Equation 545 can be reamanged as
Y(2)(1 — 3.7554271 4+ 5.2920:~2 — 3.3180:7° +
0.7806:74) = 2.1862x107%(1 + 4271
4+ 6272 4 4278 + HX(2). . (5.46)

This equation rewritten in terms of the time delay of n sampling intervals

and rearranged is
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y(n) = 2.1862x107%z(n) + '4z(n—1) + 8z(n—2)

+ 4z(n=3) + z(n—4)] + 3.7554y(n—1) — 5.2020y(n—2)

+ 3.3180y(n—3) — 0.7806y(n—4). (5.47)

This equation was implemented on the microVAX 3600 digital compﬁter to
simulate low-pass filters. The magnitude and phase responses of these filters

are shown in Figures 5.5 and 5.6 respectively.

1.5

MAGNITUDE

T ll!lll.

0 T T T T TTITT T T T T7TTT T T TTTTI]
1 10 100 1000 10000
FREQUENCY (HZ)

Figure 5.5: Magnitude response of the low-pass filter.
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Figure 5.6: Phase response of the low-pass filter.

5.4.3. Test results - a single-phase transformer

The algorithm for protecting single phase transformers was tested using
simulated data. The conditions simulated included one magnetizing inrush,
an external fault, and two internal faults. The program simulating the
proposed algorithm computed the value of ERROR and TRIP,

Figure 5.7 shows the instantaneous values of the primary and secondary
voltages, and the primary current for a magnetizing inrush condition. Figure
5.8 shows the performance of the algorithm for this case. The figure depicts
 the value of ERROR and the trip index, TRIP. The trip index does not
exceed the threshold and, therefore, the algorithm did not issue a trip com-

mand.
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Figure 5.9 shows the performance of the algorithm for an external fault.
The figure depicts the error and the trip index and shows that the trip in-
dex remains well below the threshold value and, therefore, no trip command

is issued.

Figure 5.10 ‘shows the performance of the a.lgorithm for a ground fault
on the primary winding of the transformer. This figure shows the values of
ERROR as a function of the primary voltage and TRIP as a function of
time. The figure also shows that the trip index exceeds the threshold in
about 8 ms when-the algorithm issues a trip signal.

Figure 5.11 shows the performance of the proposed algorithm for a
fault that short circuits 20% of the secondary ﬁrinding. The value of TRIP
does not increase as rapidly as in the case of & high level fault {e.g. Figure
5.10). However, the algorithm issues a trip command in 12 ms. This case

demonstrates that the algorithm can detect low-level internal fauits.

5.4.4. Test results - three-phase transformers

The proposed algorithms for protecting three-phase transformers were
tested using simulated data. The conditions simulated include magnetizing
inrush, overexcitation and, external and internal faults including ground
faults and inter-turn short circuits. Table 5.3 lists the simulated conditions.

The results of the tests are presented in this section.

5.4.4.1. A wye-wye transformer

The algorithm for protecting a wye-wye transformer computed one trip‘
index for each phése and issued a trip command if the trip indices satisfy
any of the conditions listed in Table 5.1. Tables 5.4 and 5.5 summarize the
results showing- the performance of the algorithm for different conditions.
Table 5.4 shows the maximum values of the trip indices for magnetizing in-
rush and external fault conditions. Table 5.5 shows the time taken by the

trip indices to exceed the threshold for internal faults .and provide the time
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Table 5.3: List of transformer conditions used to test the performance
of the proposed algorithms.

Case Description

No.

1. Magnetizing inrush - I

2. Magnetizing inrush - II.

3. External fault involving phase A and ground.

4. External fault involving phase B and C.

5. Three phase external fault.

6. Overexcitation.

7. Internal fault on sec. side that short-circuits 20% of
winding of phase B.

8, Internal fault on sec. side that short-circuits 50% of
windings of phase A.

9. Transformer switched-on with an internal fault that
involves sec. winding of phase C and the ground.

10. Internal fault on pri. side that short circuits winding
phases A and C. '

11. Transformer switched-on with an internal fault that
short-circuits 20% of secondary windings of phases B and C.

12. Transformer switched on with an internal fault that

involves primary winding of phase B and ground.

Table 5.4: Maximum values of the trip indices for magnetizing inrush,
overexcitation and externpal fault conditions in the wye-wye

transformer.
Case Maximum value of
No. ' , o
TRIPA - TRIPB ’ TRIPC

1. 0 0 0

2. 0 0 0

3. 8 0 0

4. 0 8 8

5. 6 8 8

6. 0 0 0
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Figure 5.7: Instantaneous values of the primary and secondary vol-
tages and the primary current for a magnetizing inrush
condition in the single-phase transformer. The transformer
was connected to the supply at time 0.0 s.
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transformer was connected to the supply at time 0.0 s.
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Figure 5.9: Errors and values of the trip index for an external fault
condition in the single phase tra.nst'ormer The fault was
applied at time 0.0 s.

taken to issue a trip command. An‘ examination of these tables indicates
that the trip indices remain well below the threshold for magnetizing inrush,
overexcitation and external faults. Howéver, for internal faults, some trip in-
dices exceed the threshold in relatively short times. It is. also observed that

the trip time varies from about 8 ms to 15 ms depending on the type and
severity of the fault.
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'Figure 5.10: Errors, values of the trip index and the trip command for
a ground fault in the primary windings of the single-
phase transformer. The fault was applied on time 0.0
8. '

Figure 5.12 shows the instantaneous values of the primary currents for
a magnetizing inrush condition. Figure 5.13 shows the instantaneous values
of the primary and secondary voltages and Figure 5.14 shows the perfor-
mance of the algorithm for this condition. Figure 5.14(a) shows the values
of ERRORA as a function of primary voltage of phase A and TRIPA as a
function of time. Figures 5.14(b) and 5.14(c) show the values of ERRORB
and TRIPB, and ERRORC and TRIPC respectively. These indices do not
exceed the threshold indicating that the algorithm blocked tripping during

magnetizing inrush.

Figure 5.15 shows the performance of the aigorithm for a phase A to
ground external fault. Figures 5.15(a), 5.15(b)} and 5.15(c) depict the errors
and the trip indices for phases A, B and C respectively. These figures in-
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Figure 5.11: Errors, values of the trip index and the trip command for

a low-level fault in the secondary windings of the single-
phase transformer. The fault was applied on time 0.0
8.

dicate that the trip indices remain well below the threshold value and, there-

fore, no trip command is issued. -

Figure 5.16 shows the performance of the proposed ‘algorithm when the
transformer is switched-on and an internal fault short éircuiting twenty per-
cent of the secondary windings of phases B and C exists. Figures 35.16(a),
5.16(b) and 5.16(c) depict the errors and the trip indices for phases A, B
and C respectively. The trip indices TRIPB and TRIPC exceeded the
threshold and the algorithm issued a trip command in about 15 ms after the
inception of the fault as shown in Figure 5.16(d).
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Table 5.5: Time required by the trip indices to exceed the threshold
for internal fault conditions in a wye-wye transformer.

Case Time required by the trip index

No. | Trip
TRIPA TRIPB TRIPC time
(s) . (s) (s) - (s)

7‘ % ok ok %k 3k 0.0108 . ¥k kkkk 0.0108

8. 0.0092 hok ok k& 00083 - 0.0083

9. Kk kok ok % ok % %k %ok 0.0108 0.0108

10. 0.0075 Kokkkokk - 00075 0.0075

11. FaEAEX 0.0142 0.015 - 0.0142

12‘ oo ok o ok ok %k : 0_0075 e ke sk 3 ok %k 0_0075

¥rx44% signifies that the trip index remains below the threshold.

5.4.4.2. A delta-wye transformer

. The algorithm for protecting a delta-wye transformer computed two trip
indices for each phase used as reference. The decision-logic module received
these indices and made trip/no-trip decisions using the criteria of Table 5.2. "
Tables 5.6 and 5.7 summarize the performance of the algorithm for different
conditions. Table 5.6 shows the maximum value of the trip indices for mag-
netizing inrush and external fault conditions. Table 5.7 shows the time
taken by each trip index to exceed threshold for internal faults and the time
taken to issue a trip command. An examination of these tables indicates
that the‘ trip indices remain well below the threshold for magnetizing inrush,

overexcitation and external faults. However, for internal faults, some trip in-
dices exceed the threshold in relatively short times. The trip time varies

from about 8 ms to 14 ms depending on the type and severity of the fault.
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Figure 5.12: Instantaneous values of the primary currents for a mag-
netizing inrush condition in the wye-wye transformer.

The transformer was connected to the supply at time
0.0 s. '
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Table 5.6: Maximum values of the trip indices for magnetizing inrush, .
overexcitation and external fault conditions in the delta-wye
transformer.

Case Maximum value of
No.
TRIPB1 TRIPC1 TRIPA2 TRIPC2 TRIPA3 TRIPB3
1 0 0 0 0 0 0
2 0 0 0 0 0 0
3 4 6 4 0 6 0
4 8 8 8 10 8 10
5 8 6 8 10 6 8§ -
6 0 0 0 0 0 0

Table 5.7: Time required by the trip indices to exceed the threshold
for internal fault conditions in the delta-wye transformer.

Time required by the trip index

Case ,
No. : Trip
TRIPB1 TRIPC1 TRIPA2 TRIPC2 TRIPA3 TRIPB3 time
(s} (s) (s) (s) (s) (s) (s)
7. ~ 0.0083  *rExxx 0083 0.0083  **¥*#* 00083 0.0083
8. . 0.0100 0.0083 0.0100 0.0108 0.0083 0.0108 0.0100
9. kA% 0.0083 2 FF¥E¥* 00083 0.0083 0.0083  0.0083
10. 0.0075 0.0075 0.0075 0.0075 0.0075 0.0075 0.0075
11. 0.0133 0.0150 0.0150 0.0133 0.0158 0.0142 0.0133
12. 0.0075 0.0075 0.0075 0.0075 0.0075 0.0075 0.0075

k*x¥%+ gignifies that the trip index remains below the threshold.
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Figure 5.17 shows the instantaneous values of the primary : currents for
a magnetizing inrush condition. Figure 5.18 shows the instantaneous values
of the primary and seconda.ry— voltages and Figure 5.190 shows the perfor-
mance of the algorithm for this condition. Figure 5.19(a) shows the values
of ERRORB1, ERRORCI1, TRIPB1 and TRIPC1 when phase A is the

‘“Reference Phase”.  Figures 5.19(b}) and 5.19(c) show the values of

ERRORA2, TRIPA2, ERRORC2 and TRIPC2, and ERRORA3, TRIPAS3,
ERRORB3 and TRIPB3. These indices do not exceed the threshold and,
therefore, no trip command was issued as the transformer experienced mag-

netizing inrush.

Figure 5.20 shows the performance of the algorithm for a phase B to C
external fault. Figures 5.20(a), 5.20(b) and 5.20(c) depict the errors and cor-
respohding trip indices when phase A, B or C is used as the ‘‘Reference
Phase”. These figures indicate that trip indices remain well below the

threshold and, therefore, no trip command is issued.

Figure 5.21 demonstrates the performance of the algorithm for a phase
A and C to ground fault on the primary winding of the transformer. Figure
5.21(a) shows the values of ERRORB1, ERRORC1, TRIPB1 and TRIPC1
when phase A is the “Refereence Phase”. Figures 5.21(b) and 5.21(c) show
the values of ERRORA2, TRIPA2, ERRORC2 and TRIPC2, and ERRORA3,
TRIPA3, ERRORB3 and TRIPB3. The decision-logic module correctly iden-
tified it as an internal fault and issued a trip command in about 8 ms.
Figure 5.21(d) shows the trip signal generated by the decision.-logic”module.

5.5. Summary

Digital algorithms that can detect winding faults in siane—phase and
three-phase transformers are presenf.ed in this chapter. The algorithms are
based on non-linear models of transformers instead of using the harmonic
components of differential currents to avoid trippings during magnetizing in-

rush conditions. The non-linearity and hysteresis of the transformer core are
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Figure 5.17: Instantaneous values of the primary currents for a mag-
netizing inrush condition in the delta-wye transformer.

The transformer was connected to the suppily at time
0.0 s.
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taken into account but they do not explicitly become part of an algorithm.
The algorithms can protect three-phase delta-wye transformers even if the

winding currents can not be measured.

The algorithms 'were tested for a variety of operating conditions that
were simulated using the EMTP on a digital computer. The test results are
presented in this chapter. The results indicate that the algorithms do not
issue trip commands during magnetizing inrush, overexcitation and external
fault conditions. However, the algorithms issue trip commands for internal
faults. The trip times are from about 8 ms to 15 ms depending on the type |

and severity of the fault.
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6. PROPOSED ALGORITHMS FOR
TRANSFORMER WINDING
PROTECTION - VERSION-II

6.1. Introduction

Version-I of the digital relaying algorithms that can detect winding
faults. in single-phase and three-phase transformers are described in Chapter
5. Those algorithms use the trapezoidal rule to perform numerical integra-
tions and do not neglect the effect of the resistances of the windings. The
resistances of the transformer windings are small compared to their leakage
reactances and, therefore, can be neglected. Also, numerical integrations can
be performed using the rectangular rule. Version-II of the algorithms incor-
porate these features [47, 50].

While describing the algorithms the transformation ratio is assumed to
be one. Also, currents and voltages at the -power system level are used.
These considerations prevent the equations from becoming unmnecessarily com-
plicated. Protective relays use voltages and currents from potential and cur-
rent transformer secondaries. Therefore, the turns ratio of the transformer
and instrument transformers were taken into consideration while implement-

ing the algorithms.

This chapter describes the development of Version-II of the digital al-
gorithms for protecting single-phase and three-phase transformers. Some test
results demonstrating the performance of the algorithms are also presénted.
The algorithms were tested by using the signals used to test Version-I of the

algorithms. This provides a direct comparison of the two versions of the al-
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gorithms. The resuits from the comparisons are also included in this chap-
ter.'

6.2. Detecting Faults in a Single-Phase Transformer

Consider & two-winding singlé—phase _transformer shown in Figure 5.1.
The effects of the resistances of the windings on the transformer operation
are neglegible compared to the effects of the inductances. The priina.ry and
secondary 'volta,ges expressed as functions of the primary and secondary cur-

rents and mutual flux 1inka.ges are
vy = I,(di,/dt) + (dA/dt) and | ' (6.1)
vy = —ly(di,/dt) + (d/\m./dt). o ) _ (6.2)
Eliminating d)_/dt from Equation 6.1 by using Equation 6.2 provides
vy = (diyfdt) + vy + Ly(dig/dt). | (6.3)
Integrating both sides of this equation from time ¢; to t, provides
ty : : ty :
.[: vidt = L {i,(t,)~5,(¢,)} + ft vedt + lylia(ty)—1q(t,)]. (6.4) -

1 1
Applying the rectangular rule for performing integrations yields

(tg—t v, {(t,+25)/2}] = ll["—l(tz)‘il(tl.)]

+ (tz‘tll{?z[(tl +t)[2]} +  Llig(ta)—iq(2,)]- (6.5)

Digital relays sample voltages and currents at time intervals, say AT
seconds. If n is an integer, t,, t, and [t,+i,]/2 can be replaced by
(n—1)AT, nAT and (n—O;S)AT respectively. Making these substitutions in
Equation 6.5 provides

AT{v)|(n-0.5)AT1} = I,{i,(nAT)—i[(n~1)AT]} +
AT{v,|(n-0.5)AT1} + I,{iy(nAT)—iy(n-1)AT\}. : (6.8)

Dividing both sides of this equation by AT provides
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vil(n=05)AT) = (1,/AT)iy(nAT) — (/AT ((n-1)AT) +
I/ AT)iy(nAT) — (l._,/Aﬂtz[(n—l)AI] + vy[(n—0.5)AT). (6.7)

This equation expresses the primary voltage as a function of the secondary
voltage and the primary and secondary currents. Consider that the leakage
inductances, /; and Ié are known. It is possible to lca.lculate the right hand
side of Equation 6.7 after taking samples of currents at (n—1)AT and nAT
seconds and the samples of the voltages at {n—0.5)AT seconds. The value |
. of the right hand side of the equation is the estimate of vl[(n;O.S)AI']. The
left hand side is the measured value of v,[(n~0.5)AT]. The estimated and
measured values are equal during normal 6peration, overexcitation, magnetiz-
ing inrush and external fault conditions. However, they are not equal during

internal faults.

6.2.1. The algorithm

The algorithm for microprocessor-based protection of single-phase trans-
formers uses the technique described in Section 6.2. It assumes that the
primary and secondary voltages, and primary and seconda.ry currents are
sampled at a pre-speclﬁed rate. The algorithm requires that the sampling
instants of voltages and currents be offset by one half of an intersampling
time. The a.lgofithm performs the functions similar to those of Version-1 of
the algorithm described in Section 5.2.1 but uses the equations decribed in
Section 6.2,

8.3. Detecting Faults in Three-Phase Transformers

Consider a three-phase transformer whose 'primary windings are a, b,
and ¢ and the secondary windings are A, B and C whose parameters are
described in Section 5.3. The following sections develop the techniques for
| detei:ting winding faults in three-phase transformers when ' their primary and
secondary windings are either wye or delta connected. The digital algorithms

for detecting transformer winding faults are then described.
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6.3.1. Wye-wye tranformers

Figure 5.3 shows the circuit diagram of a wye-wye connected three-
phase transformer. If the winding resistances are neglected, the following dif-
ferential equations expressing the primary and secondary voltages as functions

of the primary and secondary currents and the mutual flux linkages can be

written.
v, = I (di [dt) + (dA,,/dt) - (6.8)
vy, = I,(diy/dt) + (d)\,p/dt) | (6.9)
v, = lc(dic)d:) + (dA,o/dt) ' | | (8.10)
vy = =l (di fdt) + (d),,/dt) | | (6.11)
vg = —lg(dig/dt) + (d)yp/dt) (e
ve = —lgldigldt) + (dA fdt) - (6.13)

Applying the' procedure described in Section 6.2 to Equations 6.8 and
6.11 provides Equation 6.14. A similar approach provides Equations 6.15
and 6.16. |

v,[(n—0.5)AT) = (I,/AT)i (nAT) — (I,/AD)i,[(n-1)AT] +

0, [(n—08)AT] + (,/AT)i \(nAT) — (1, /AT)i ,[(n—1)AT] (6.14)

vpl(n=0.5)AT) = (I;/AT)iy(nAT) - (I;/AT}i[(n-1)AT} +
vpl(n—0.5)AT) + (Ig/AT)ig(nAT) — (Iz/AT)ip((n—1)AT) (6.15)

v, [(n—0.5)AT] = (I,/AT)i (nAT) — (I,/AT)i [(n—1)AT} +
 ve{(n-05)AT) + (o/AD)ig(nAT) ~ l(lc/AT)ic[(n—l)AT] {6.16)

I the leakage inductances of the transformer windings are known, the right
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hand sides of Equations 6.14, 6.15 and 6.16 can be calculated after taking
two samples of voltages and currents. The right hand side of Equation 6.14
is the estimate of v,[(n—0.5)AT] whereas the left hand side is the measured
value. As in the case of single-phase transfofmers, the estimated and
measured values are equal during normal operation, overexcitation,' magnetiz-
ing inrush and external faults. However, for internal fauits involving winding
a or A, these values are not equal. 'Similarly, the right hand side of Equa-
tion 6.15 provides the estimated value of v[(n—0.5)AT) whereas the left |
hand side is the measured value. The éstimated and measured values are
equal except when winding b or B is faulted. Similarly, the values of the
left and right hand sides of the Equation 6.16 can be compared to detect in-
ternal faults in windings ¢ or C.

6.3.1.1. The algorithm

The algorithm for the protection of three-phase wye-wye conntected
-tra.nsformers uses the technique described in Section 6.3.1. It perforﬁxs the
functions similar to those of Version-1 of the ﬁlgorithm described in- Section
5.3.1.1 but uses the equationsl decribed in Section 6.3.1.

6.3.2. Delta-wye transformers

Figure 5.4 shows the winding connections of a delta-wye transformer.
The following equations express the voltages of the transformer windings as
functions of currents and the mutual flux linkages if the winding resistances

are neglected.

v = Ll +i, ) dt] + (dA, 4/ dt) (6.17)
vy = ldlig+iy,)/dt] + (dAgp/dt) | (6.18)
v, = L [d(i +i,,)/dt] + (d,\cC/dt)- | (6.19)
vy = —l(di fdt) + (A, 4/dE) o (6.20)
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ve = —lg(digldt) + (d),ofdt) | | . (622)

Applying the procedure described in the previous sections to these equations
provides Equations 6.23, 6.24 and 6.25.

0 l(n~05)AT) = (/AT (RAT) ~ (I,/AT)i,[(n-1)AT) +
(/AT (rAT) = (1,/AT)i, [(n=1)AT) + v,[(n—0.5)AT] +.
(4/ATY ((nAT) = (L,/AT)ijl(n-)AT) (6.23)

0l(n—08)AT} = (I,/AT)iy(nAT) — (I,/AT)i,|(n—1)AT] +
(/AT (RAT) — (I,/AT)i,, [(n—1)AT] + vg[(n—0.5)AT] +

(15/AT)ig(nAT) — (Ig/AT)igl(n—1)AT] - (6.24)

v l(n—05)AT) = (I/AD)i (nAT) — (I/AT)i [(n-1)AT) +
(I/AT)i,(nAT) = (I,/AT)i, [(n—1)AT] + vC[(n-o.s)An +
 (lg/AT)ig(nAT) - (Ig/AD)igl(n—1)AT) R (6.25)
The currents i,, i, and i, are the non-circulating components of the winding

currents and ipp is the current circulating in the delta winding. The non-

circulating components can be computed by using Equations 5.32, 5.33 and
5.34 respectively but the circulating current is not known. As in Version-I
of the algorithms, it is possible to use Equation 6.23 to estimate the terms
containing the circulating current and use Equations 6.24 and 6.25 for detect-

ing faults. For this purpose, Equation 6.23 is rearranged as follows.
1,/ AT, (AT) — (1,/ATYi, l(n-1)AT) =
v l(n-05)AT] — (1,/ATYi,(nAT) + (I,/AT)i,[(n-1)AT) -
valln=0S)AT) = (Ly/AT)i\(nAT) + (L/AT)if[(n-1)A1) (6.20)

It is possible to evaluate its right hand side immediately after taking the
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latest samples of the voltages and currents. The value of (lb/A'nipp(nAfn -
(lb/AT)ipp[(n-l)AI] is required to compute the right hand side of Equation
6.24. This value can be estimated by multiplying Equation 6.26 with (I,/1 )

which provides

(h/AT)ipy(nAT) = (1/8TYip,l(n-1)7) = | |
(I,/1,)(R.H.S. of Equation 6.26). | | | (6.27)

Similarly multiplying Equation 6.26 with (I /I ) provides

(1 /AT) (nAT) - (I/ATY [(n-1)AT} = |
- (1,1, )(R.H.S. of Eguation 6.26). (6.28)

It is possible to compute the right hand sides of Equa.tioﬁs 6.27 and 6.28
which are the estimates of the terms containing the circulating current in
Equations 6.24 and 6.25. Now, it becomes possible to compute the right
hand sides of Equations 6.24 and 6.25. which provide the estimated values
of vy{(n—0.5)AT] and v [(n—0.5)AT] respectively. The left hand sides are the
measurements. The estimated and measured values are equal for magnetizing
inrush, overexcitation, external faults and normal operating conditions.

However, they are not equal for fauits in the transformer protection zone.

In the above procedure, Equation 6.26 estimates the terms involving the
circulating current from the measurements of voltages and currents of wind-
ings a and A. The measurement from the remaining windings provide enough

information to decide whether an internal fault exists or not.:

It is also possible to use the measurements from windings b and B to
estimate the circulating current terms. For this purpose, Equation 6.24 is

rearranged as follows:
(4/AT)ipy(nAT) = (1/ATY,l(n-1)AT) =
oyl(n-05)AT) — (I,/AT)iy(nAT) + (I,/AT)il(n—1)AT) —
vpl(n—05)AT) ~ (Ip/AT)ip(nAT) + (15/AT)i gl(n—1)AT). (6.29)
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It is possible to evaluate the right-hand side of Eqﬁation 6.29 immediately
after 't'aking the samples of voltages and currents. The following equations

can be obtained by multiplying Equation 8.29 with (1,/1;) and (I./l;) respec-

tively. |
(la/8T)ip(nAT) = (I,/AT)i l(n-1)AT) =
| (1,/1,)(R.H.S. of Equation 6.29) ‘ | (6.30)

(1/AT)i (nAT) — (1,/AT)i, [(n-1)AT! |
(./8)(R.H.S. of Equation 6.29) | C (8.3)

It is possible to compute the values of the right hand sides of thesé equa-
tions which are the estimates of the terms containing the circulating current
in Equations 6.23 and 6.25 respectively. After calculating these values, it be-
comes possible to compute the right hand sides of Equations 6.23 and 6.25
which are the estimated values of v {(n—0.5)AT} and v [(n—0.5)AT] respec-
tively. The left hand sides are the measurements. The estimated and
measured valﬁes are equal for magnetizing inrush, overexcitation, external
faults and normal operating conditions. However, they are not equal for

faults in the transformer protection zone.

The measurements from windings ¢ and C can also be used to estimate
the circulating current. For this purpose, Equation 6.25 is rearranged as fol-

lows:

: (zc/m;”(nmj - (1/ADi,(n-1)AT) =
v [(n~0.5)AT) — (I/AT)i (nAT) + (I/AT)i,[(n~1)AT} -
vol(n—038}AT} — (lo/ADi(nAT) + (Io/AD)il(n—-1)AT]. - {6.32)

The right hand side of Equation 6.32 can be evaluated immediately after
taking samples of voltages and currents. It is possible to obtain Equations
6.33 and 6.34 by multiplying Equation 6.32 with (I /I,) and (I,/l,) respec-
tively.
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(la/8T)ip (nAT) — (I,/AD)i, [(n—-1)AT) =
(1,/1.)(R.H.S. of Equation 6.32) (6.33)

(4/AT)ipy(nAT) = (/AT (n-1)AT) =
(I,/1.)(R.H.S. of Eguation 6.32) o ) (6.34)

The right hand sides of these equations provide the estimates of the terms
containing the circulating current which can be computed. The computed
values can be used in Eciuations 6.24 and 6.25 re'spectively-. . Now, it becomes
‘possible to estimate the values of the right hand sides of Equations 6.24 and
6.25 which are the estimated values of v, [(n—0.5)AT] and w[(n—0.5)AT)
respectively. The left hand sides afe the measurements. As previously, the
estimated and measured values are equal for magnetizing inrush, overexcita- |
tion, external faults and normal operating conditions. However, they are not

equal for faults in the transformer protection zone.

The phase whose measurements are used to estimete the circulating

current is classified as the “Reference Phase”.
- 6.3.2.1. The algorithm

- The algorithm for the protection of a delta-wye transformer uses the
technique described in Section 6.3.2. It consists of four modules; the first,
second, and third computing modules and a decision-logic module. The
‘modules perform functions similar to the modules of Version-I of the algo-
rithm as described in Section 5.3.2.1. However, they use the equations B
described in the Section 6.3.2.
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6.4. Testing the Algorithms

The algorithms were tested using a microVAﬁ 3600 digital computer
which is available at the University of Saska.tcheﬁan; The signals needed for
evaluating the performance of the algorithms were generated by the Electro-
Magnetic ‘Transient Program (EMTP) [48] and were the same as used to test
Version-I of the algorithms. Raw data were processed by digital filters
described in Section 5.4.2. The outputs of the filters were converted to data
of 1200 Hz sampling rate. A sampling skew of 1/2400 s was introduced be-
tween the voltage and current samples. The discrete data were then
presented to FORTRAN programs that simulated the proposed algorithms
which used a relay charactéristics similar to that of Figure 5.2. The values
of THRES and BNDRY were set at 7.5% and 20% of the rated primary
voltage of the transformer. SLOPE was set at 0.03 and the trip index
threshold was set at 20. This section discusses the results obtained from the
simulated tests. . '

6.4.1. Test results - a single-phase transformer

The algorithm for protecting single phase transformers was tested using
the simulated data for Imagnetizing inrush, an external fault and internal
faults including ground faults and inter-turn short cireunits. The program
computed the values of ERROR and TRIP for these conditions.

Figure 6.1 shows the performance of the algorithm for a magnetizing
inrush condition. The figure depicts the values of ERROR as a function of
primary voltage and TRIP as a function of time. The trip index does not
exceed the threshold indicating fhat. the algorithm does not issue a trip com-

mand during magnetizing inrush.

Figure 6.2 shows the performance of the algorithm for an external fault.
The figure shows that the trip index remains wel_l below the threshold and
no trip command is issued. 1
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Figure 6.1: Errors and values of the trip index for a magnetizing in-

rush  condition in the single-phase transformer.
transformer was connected to the supply at time 0.0 s.
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Figure 6.2: Errors and values of the trip index for a fault

The

external

to the single phase transformer. The fault was applied at

time 0.0 s.
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' Figufe 6.3 shows the performance of the algorithm for a ground' faulit
on the primary winding of the transformer. This figure shows that the trip

index exceeds the threshold in about 8 ms when the algorithm issues a trip

command.

Figure 6.4 shows the performance of the proposed algorithm for a fault
that short circuits 20% of the secondnry' winding. The trip index does not
“increase as rapidly as it did in the case of a high level fault reported in
Figure 6.3. Howevér, the aigorithm issues a trip command in about 20 ms
as shown in Figure 6.4. This case demonstrates that the =aigorithm can

detect low-level internal faults.

54 L . . a
a. & ‘a

3 wo . o0e
Primary Volloge (V)

~

TRIP SIGNAL

04 —_

0.00 002 004 006
Time (Seconds)

Figure 6.3: Errors, values of the trip index and the trip command for
a ground fault in the primary windings of the single-phase
transformer. The fault was applied at time 0.0 s.
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TRIP SIGNAL

0
0.00 002 004 006
Time {Seconds)

Figure 6.4: Errors, values of the trip index and the trip command for
a low-level fault on the secondary windings of the single-
phase transformer, The fault was applied at time 0.0 s.

6.4.2. Test results - three-phase transformers

' The proposed algorithms for protecting three-phase transformers were
tested using the simulated data. The conditions simulated included mag-
netizing inrush, overexcitation and, external and internal faults including
ground faults and inter-turn short circuits. Table 5.3 lists the conditions for
which the performance of the algorithms was tested. The results of these

tests are presented .in this section.

6.4.2.1. A wye-wye transformer

The algorithm for protecting a wye-wye transformer computed one trip
index for each phase and issues a trip command if the trip indices satisfy
one of the conditions listed in Table 5.1. Tables 6.1 and 6.2 list the results
showing the performance of the algorithm for different conditions. Table 6.1
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shows the maximum value of the trip indices for magnetizing inrush and ex-
ternal fault conditions. Table 6.2 shows the time taken by the trip indices
to exceed the threshold for internal faults and the time taken to issue trip -
commands. An examination of the tables indicates that ..a.ll trip indices
remain well below the threshold for magnetizing inrush, overexcitation and -
external faults. Howevér, for internal fauits, some trip indices exceed the
threshold value in relatively short times. The trip time varies from about 8

ms.to 23 ms depending on the severity of the fault.

Table 6.1: Maximum values of the trip indices for magnetizing inrush,
overexcitation and external fault conditions in the wye-wye

transformer.
Case Maximum value of
No.
" TRIPA TRIPB TRIPC
1 0 0 0
2 0 0 0
3 8 0 0
4 0 8 8
5 0 8 8
6 0 0 0

| Figure 6.5l shows the performance of the algorithm for a magnetizing
inrush condition. Figure 6.5(a) shows the values of ERRORA as a function
of the primary voltage of phase A and TRIPA as a function of time.
Figures 6.5(b) and 6.5(c) show the values of ERRORB and TRIPB, and ER-
RORC and TRIPC respectively. The indices do not exceed the threshold

and the algorithm does not issue a trip command.

Figure 6.6 shows the performance of the algorithm for a phase A to
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Table 6.2: Time required by the trip indices to exceed the threshold
for internal fault conditions in the wye-wye transformer.

Case Time required by the trip index
No. - Trip
TRIPA TRIPB - TRIPC time
(s) (s) (s) (s)
7. hidahdol - 0.0133 ok EAA 0.0133
8. 0.0125 ks 0.0083 0.0083
9. bk FrkdkR 0.0108 0.0108
10. 0.0075 EEEKS 0.0075 0.0075
11. CoRAE AR 0.0225 0.025 0.0225
12. Aok o ok 0.0075 . %k %k k k ok 0.0075

*kx*%% signifies that the trip index remains below the threshold.

ground external fault. Figures 6.6(a), 6.6(b) and 6.6(c) depict the errors and
the trip indices for phases A, B and C respectively. These figures indicate
that all trip indices remain well below the threshold value and no. trip com-

mand is issued.

Figure 6.7 shows the performance of the proposed algoﬂtﬂm for a con-
dition when the transformer is switched on with an internal fault that short
circnits 20% of the secondary windings of phases B and C. Figures 6.7(a),
6.7(b) and 6.7(c) depict the errors and trip indices for phases A, B and C
respectively. The trip indices TRIPB and TRIPC exceeded the threshold
and the algorithni issued a trip command in 23 ms as shown in Figure
6.7(d).
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Figure 6.5: Errors and values of the trip indices for (a) phase A, (b)
phase B and (c) phase C during & magnetizing inrush
condition in the wye-wye transformer. The transformer
was connected to the supply at time 0.0 s.
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6.4.2.2. A delta-wye transformer

The algorithm for protecting a delta-wye transformer comj)uted two trip
indices by using each phase as a reference phase. The decision-logic module
received these indices and made trip/no-trip decisions using the criteria of
Table 5.2. Tables 6.3 and 6.4 summarize the results showing the perfor-
mance of the algorithm for different conditions. Table 6.3 shows the max-
imum value of the trip indices for magnetizing inrush and external fault con-
ditions. Table 6.4 shows the time taken by each trip index to exceed the
threshold for internal faults and the time taken to issue a trip command.
An examination of Tables 6.3 and 6.4 indicates that all trip indices remain
well below the threshold for magnetizing inrush, overexcitation and external
faults. However, for internal faults, some trip indices exceed the threshold in
relatively short times., The trip time varies from about 8 ms to 23 ms

depending on the type and sevei-ity of the fault.

IT,able 6.3: Maximum values of the trip indices for magnetizing inrush,
overexcitation and external fault conditions in the delta-wye

transformer.
Case Maximum value of
No.
TRIPB1 TRIPC1 TRIPA2 TRIPC2 TRIPA3 TRIPB3

1. 0 0 0 0 0 0

2. 0 0 0 0 0 0

3. 0 2 0 0 0 0

4. 8 8 8 8 8 8

5. 8 4 8 8 4 8

6. 0 0 0 0 0 0
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Table 6.4: Time required by the trip indices to exceed the threshold
~ for internal fault conditions in the delta-wye transformer.

Case Time required by the trip index
No. ' Trip
TRIPB1 TRIPC1 TRIPA2 TRIPC2 TRIPA3 TRIPB3 time

() ) - (s &) . (s & ()

0.0083  **¥*¥¥% 00083 0.0083 *¥**¥* 00083  0.0083

7.

8. 0.0100 0.0108 0.0108 0.0108 0.0092 0.0150 0.0108
9, BRERXE O 0.0108  FREEHX 00108 0.0108 0.0108  0.0108
10. 0.0075 0.0075 0.0075 0.0075 0.0075 0.0075 0.0075 .
11. 0.0242 0.0267 0.0234 0.0150 0.0258 0.0167 0.0234"
12. 0.0075 0.0075 0.0075 0.0075 0.0075 -0.0075 0.0075

kexxk* gignifies that the trip index remains below the threshold.

Figure 6.8 shows the performance of the algorithm for a magnetizing
inrush condition. Figure 6.8(a) shows the values of ERRORB1, ERRORC]1,
TRIPB1 and TRIPC1 when phase A is the ‘“‘Reference Phase”; Figures
6.8(b) and G.S(c) show the values of ERRORA2, TRIPA2, ERRORC2 and
- TRIPC2, and ERRORA3, TRIPA3, ERRORB3 and TRIPB3. The indices

do not exceed the threshold and, therefore, no trip command is issued.

Figure 6.9 shows the performance of the aigorithm for a phase B to C
external fault. Figures 6.9(a), 6.9(b) and 6.9(c) depict the errors and the
corresponding trip indices when the phase A, B or C is used as the -
“Reference Phase”. These figures show that all trip indices. remain well

below the threshold value and, therefore, no trip command is issued.

Figure 6.10 shows the performance of the algorithm for a phase A and
C to ground fault on the primary side of the transformer. Figure 6.10(a)

shows the values of ERRORB1, ERRORC1, TRIPBl and TRIPCI when .

phase A is the “Reference Phase”. Figures 6.10(b) and 6.10(c) show the
values of ERRORA2, TRIPA2, ERRORC2 and TRIPC2, and ERRORA3,




‘s 00 aumy je A[dduns ayy
0] PaRUUOD  SeM JIIULIOJSURI} Y], ,5BUJ DUMRPRY,,
ey} se pasn st O aseyd (9) o0 g a9seyd (q) 'y eseyd
(8) waym JIowmrojsuel) ILm-ulEP dY} Ul  UOKIPUCd YsnIu
SuwizijouBeur v 10§ sadipuwt duy Iy} Jo sen[ea puw siolry :g'9 Iy

e | @ | ®
] (soen) suyy ('soes) sun) {(soes) suyy
0800 . s 000'0 0500 200 0000 osn'e «0'0 2000
e (TR HUE § L LM RTINS D ' L (M R H NN U U e O ‘
_ o w . ; _ o m . o w
_ - , o -or
("soes) suyy ("s0es) sua} (soes) sunl
050°0 £20°0 [y ] 050'0 S20°0 000'0 060’0 s20°0 0000
.-N — T LU I g O r.zztzzaszzs.ﬁzs.zssazigiﬂ [ ] L gL U WHuue o
L]




152

RUIPY,,

(1) ‘v sseyd (v) uoym
[vutajxa j[ne; v 0} sadput duy

©
('s2e3) suy)

o500 $20'0
-I..:2.2.3-.3328:38.-.82-2-&&3:!-’1%&. L]

, | "
[Gomszn}—" _....
(‘soes) sumy

00 0000

8.28-..2-33—.-823-2!!!3—23@..@\"". 0
(y

%00
: | S—

odoon: 0
M aka

‘s 0 aurry ju pordde sem mej oyl .,95eYd
ayy se pasn st O oaseyd (o) 10 g oseyd
Iuliojsuel) 2AMm-e)[ap MWy O

@
('soes) sun)
Qs.rwl;.i.ig.ﬂ;.!ﬂ I.MM”'“. "

("so0s) sun)
ﬁﬂ.“!i..:..!ﬁ.:mu..ﬂ:{.!:!afleﬂﬂu."

1.

3q)} Jo semeA puw sioiry :6'Q dINBLY

©
(‘soes) suny
[ ﬂ-".-ﬂlﬁi:l. |§

- s~

-1
Lov
( 8-“:.- 000'0
.l:.:!a.:.:s...!z!a!:!z:&».u&.ﬂrro o

“§




153

‘s oo aur) je porpdde sem jjne} 2y, Iwun

'sA  wyuos[e ayy Aq pansst

puvurmod dixy, (p) °..°%°Ud

ouno._omc.m: oqy se pasn st o aseyd (9) 10 g sseyd (q)
‘y oseyd (e) usym IousIojsueI} Am-eIEP  OYY U jney

[euzajur uwe Joj senpul dix)

90°0

[

3y} jo sanjea pue sI011g :0T°9 uuﬂm.h

k)
(spuodeg) e
Y00 200 -

o
-9
- =]

TVNOIS didl

050’0

[@onsam}—"

£EU0N3 +
§vaou v

(A) ote ¥OWS



154

TRIPA3, ERRORB3 and TRIPB3. < The decision-logic module correctly iden-
tified it as an internal fault and issued a trip command in about 8 ms as
shown in Figure €.10(d).

6.5. Comparison of Version-I1 and Version-II

Version-]1 and Version-II of the algorithms were compared for two
aspects, the performance of the a!gorithms and the computations required for

implementing the algorithms on a microprocessor.

Both versions of the algorithms were tested using the same test data.
Also, the relay settings while testing the algorithms were the same. There-

fore, it is reasonabie to compare the results and draw conclusions.

The test results from Version-I and Version-II of the aigorithms for a
single-phase transformer are presented in Sections 5.4.3 and 6.4.1 respectively.
The results show that in both versions, the trip indices remain well below
the threshold for magnetizing inrush and external fault éonditions. For in-
ternal faults, Version-I issued a trip command in about 8 ms to 14 ms

whereas Version-II took about 8 ms to 21 ms.

The test results from Version-l- and Version-II of the algorithms for a
three-phase wye-wye transformer are summarized in Tables 5.4 and 5.5, and
6.1 and 6.2 respectively. These tables show that in both versions, all trip
indices remain well below the threshold for magnetizing inrush, overexcitation
and external faults. For internal faults, Version-I issued a trip command in

about 8 ms to 15 ms whereas Version-II took about 8 ms to 23 ms.

The test results from Version-l1 and Version-II of the algorithms for a
three-phase delta-wye transformer are summarized in Tables 5.6 and 5.7, and
6.3 and 6.4 respectively. These tables indicate that for both versions, all
trip indices remain well below the threshold for magnetizing inrush, over-

excitation and external faults. For internal faults, Version-I issued a trip
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commmand in about 8 ms to 14 ms whereas Version-II took about 8 ms to 24

ms.

The performance of both versions is comparable for magnetizing inrush,
overexcitation, external fault and heavy internal faults. For low-level internal -

faults, Version-II of the algorithms took more time than Version-I..

The number of additions/subtractions and multiplications required to
implement Version-I and Version-II of the algorithms are listed in Table 6.5.
This does not include the -number of arithmetic operations required to form
the trip index/ indices and the computations required by the decision-logic
module which are identical in both versions. Table 6.5 shows that Version-II
' requires fewer computations compared to Version-I for protecting single-phase
and three-phase transformers. However, if the algorithms are implementéd
on a faster microprocesor, such as TMS32025, the larger number of
additions/subtractions and multiplications in Version-I of the aigorithms will
not significantly increase the computation time compared to the time which

the computations will take if Version-II is implemented.

6.6. Summary

This chapter presents Version-II of the algorithms that can detect wind-
ing faults in single-phase and three-phase transformers. These algorithms are
conceptually similar to those of Version-I except that the resistances of the
transformer wiﬁdings are neglected while developing these algorithms. Also,

the rectangular rule is used to perform numerical integrations.

The a.lgorithms were teéted using the data used to test Version-I. The
test results are presented in the chapter. The results show that the al-
gorithms do not issue trip commands during magnetizing inrush, overexcita-
tion and external faults. However, the algorithms issue trip commands for

internal faults in about 8 ms to 23 ms depending on the type and severity
of the fault.
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Table 6.5: Number of arithmetic operations required to impiement
Version-I and Version-I1 of the algorithms.

Algorithm for No. of add/subtract " No. of multiply

protection of operations for ~ operations for
Versibn—l Version-II Version-1 ‘ Version-11

Single-phase 7 ‘ 5 8 6

transformer '

Three-phase :

wye-wye 21 15 24 - 18

transformey '

Three-phase : -

delta-wye 42 30 48 36

transformer '

A comparison of Version-I and Version-II of the algorithms shows that
their performﬁnces are comparable for magnetizing inrush, overexcitation, ex-
ternal- faults and heavy internal faults. However, for low-level faults Version-
11 takes more time than Version-l. The computation requirements of
Version-1 are more than the requirements of Version-II. - However, if the al-
gorithms are implemented on a faster microprocessor, the computation time

requirements of both versions will be approximately equal.
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7. DESIGN, IMPLEMENTATION AND
TESTING OF THE PROTECTION
AND MONITORING SYSTEM

Microprocessor relays for protecting transformers previously reported in
the literature are briefly described in Chapter 3. A digital overcurrent relay-
ing algorithm -[42, 43] is proposed in Chapter 4. It is demonstrated that the
algorithm correctly e.mula.tes the time-current characteristics of inverse-time
overcurrent relays. Digital algorithms for protecting windings of transformers

[46, 47, 50] are proposed in Chapters 5 and 6.

In this work, the proposed algorithms were implemented on a
microprocessor-based system for protecting transformers. This chapter
describes the design, implementation and testing of the microprocessor-based
system for protecting and monitoring single-pha;se and three-phase trans- -
formers [51, 52, 53]. The system includes facilities for detecting winding
faults in power transformers and emulates overcurrent relays to protect the
transformer in cases of sustained external faults, The system also has spare
input channels that can be used to monitor transformer parameters. The
performance of the system was tested in the laboratory. Some test results

are included in this chapter.

The design requirements of the proposed systern are first identified.
The design of the hardware and software that meets the specified require-
ments is then presented. This is followed by a description of implemen-

tation and testing procedures.
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7.1. Design Requirements
The following design requirements for the system were identified.

1. The system should be suitable for protecting single-phase as well
as three-phase transformers without major hardware modification.

2. The hardware shouid be suitable for implementing the selected al-
gorithms for overcurrent and winding protection of smgle-pha.se
and three-phase transformers.

3. The system should include a man-machine interface (MMI} for
- modifying the software and for -changing relay settings.

4. The system hardware should be isolated and protected from power
system transients. '

5. The hardware should be modular permitting replacement of a
faulty module in the event of a failure.

7.2, Design Of tﬁe System Hardware

The system hardware was designed keeping in mind the requirements
outlined in the previous section. Figure 7.1 shows the block diagram of the
proposed hardware. It consists of the following three functional blocks.

o Isolation and analog scaling block
e Data acquisition block

e Microcomputer

The isolation and a..nalog scaling block consists of six identical modules for
processing voltages and six identical modules for processing currents. A
module for processing voltage accepts a signal from an analog type potential
transducer. It electrically isolates the éyst.em from the power system and
scales down the voltage to a level suitable for use in the data acquisition
block.. A module for processing current accepts a signal from an analog type
current transducer. It electrically isolates the system from the power system

and scales down the current signal. These modules also convert currents to
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Figure 7.1:
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equivalent voltages of levels suitable for use in the data acquisition block be-

cause this block accepts voltage inputs only.

The data acquisition block of the system consists of hardware that
samples and quantizes signals at a specified rate. This block consists of four
identical modules. Each module samples and digitizes four signals; two
representing voltages and two representing currents. For three phase trans-
formers, the system is required to sample and digitize six voltages and six
currénts; therefore, three data acquisition modules are used. The fourth
module is spare and, if needed, can be used té monitor. transformer
parameters, such as, zero sequence current, tap settings, oil level, oil tempra-

ture etc.

The microcomputer block of the system consists of a microprocessor
board, MS-DOS personal computer, an input/output port and a clock. “The
input/output port in association with a clock is used to control the data ac-
quisition prdcess. - The microprocessor board i:hplements the digital algorithm
by processing the acquired signals to determine the condition of the protected
transformer. The microprocessor board is interfaced to an MS-DOS personal

computer which provides the user interface facility,

This section describes the design of the isolation and analog scaling,

data acquisition and microcomputer blocks of the system.

7.2.1. Isolation and analog scaling

Figure 7.2 shows the schematic diagram of a voltage module of the
isolation and analog scaling block (I &AS). The hardware includes an
auxiliary - transformer which performs two functions; it reduces the level of
the voltage signal provided by the potential transformer and electrically iso-
lates the hardware from the high voltage power system. The auxiliary trans-
former used is manufactured by Hammond {54] and can be mounted on a

printed circuit board. The transformer can be used for connecting the
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primary windings to either 115V or 230V. The output of the transformer is - -

12.6V. This voltage is further reduced by a potentiometer which is adjusted
to provide 3V rms when the iﬁput is equal to the rated voltage. A metal
oxide varistor (MOV). provided at the input of the suxiliary transformer
protects the system hardware from transients in the voltage signals. The
MOV (product no. SIOV-S20K250) used in this design is manufactured by
Siemens [55]. The varistor has a maximum allowable operating voltage of
250V and a cut-off voltage of 300V. These ratings are compatible with the

ratings of the auxiliary transformer.

Auxiliary PT

Potentiometer

Voltage

Signal /T

Mov/
_/

o . -

To Data Acquisition
System

Figure 7.2: The isolation and analog si:aling circuit for an- input volt-
age signal.

Figure 7.3 shows the circuit diagram of a module used for processing a
current signal. During abnormal operating conditions; a current tra.nsformer‘-
(ct) can experience primary currents up to 40 times the nOmiﬁal rating. For
5A ct’s, the secondary current could be 200A which corresponds to a peak
value of 500A including a full de¢ offset. Auxiliary ct’s with a ratio 100/1
are used. The maximum output of the auxiliary ct is, therefore, 5A. The
secondary winding of the auxiliary ct is connected to a one ohm resistor that
converts the current signal to an equivalent voltage. A metal oxide varistor

connected across the resist.c}r prevents high energy transients from entering
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' the data acquisition system. The MOV (product no. SIOV-S07K14) used in
this design is also manufactured by Siemens [55] and has a maximum allow-
able operating voltage of 14 volts and a cut-off voltage of 22 volis. These
ratings are suitable for protecting the data acquisition system which can
withstand up to 15V.

: Auxiliary CT
o, . : . " —
' To Data Acquisition
Current MoV . System :
Signal :
% ‘ ‘ Resistor
0

Figure 7.3: The isolation, analog scaling and conversion circuit for an
input current signal.

' 7.2.2. Data acquisition system

The data acquisition system (DAS) is designed as four identical
modules. Each module has four input channels for sampling analog signals
and converting them to equivalent numbers. The functional blocks of a
module of the data acquisition system are shown in Figure 7.4. It consists
of four identical channels; each channel has- a buffer, an analog filter and a
sample and hold amplifier, a multiplexer, another buffer and an analog to
digital converter. The four buffers match the impedﬁnces of the isolation
and analog scaling, and data acquisition blocks. The analog filters attenuate
the high frequency components in the inputs. The sample and hold (S/H)
amplifiers. simultaneously sample the signals. The multiplexer selects under

program control the output from one channel at a time and routes it to the
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analog to digital (A/D) converter for quantization. The module uses com-
mercially available integrated circuits. This section describes the components
used in a module. The control signals required to control the functioning of

the data acquisition system are -also identified.

The buffer (ﬁroduct no. HA 5033) used in the design is a unity gain
buffer manufactured by Harris Corporation [56]. It has an input resistance
of 1.5 M2 and an output resistance of only 5.0 f1. The filters are National
Semiconductor’s switched capacitor type (product No. MF10) [57]. Thlese' fil-

ters do not require external capacitors and inductors. Also, it is possible to
| select the type of filter (i.e. Butterworth, Bessel, Chevychev etc.) by changing
| the values of the external resistors. The cut-off frequency of the filters can -
be set with an accuracy of 3% by changing the frequency of an external
clock. Mounts are provided on the board to change the external resistors.
The sample and hold unit (S/H) (product No. HA 5320) used in the design
is manufactured by Harris Corporation [56]. The unit has a meximum drift
rate of 0.5 pV/us and a maximum acquisition time of 1.5 us. The drift
rate is important Because the signals must be held for the maximum time
required to sequentially convert several signals. A short acquisition f.ime and
drift rate is selected to ensure that a signal does not change ﬁpprecia.bly

during acquisition.

The selected analog multiplexer (product NO. HI 508L) is also manufac-
tured by Harris Corporation [56]. The multiplexer can be controlled to route
a selected input to the A/D converter. A unity gain buffer (HAS5033) is
‘placed between the output of the multiplexer and the input of the A/D con-
verter. This matches the impedances and, thus, avoids the output of the
S/H amplifier from collapsing. The A/D converter is of the successive ap-
proximation type (product No. HI 774A) manufactured by the Harris Cor-
poration [56]. It provides 12-bit resolution and has a maximum conversion
time of 6 us. It also has the capability of latching the converter output un-
til it is read. This feature is important because the outputs of a number of

A/D converters are read into the microcomputer through a single input port.
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The components described above were connected together to form a
module of the data acquisition system. A circuit diagram showing the con- ’
nections of the components in a channel of the module are shown in Figure
7.5. The connections of the multiplexer and the A/D converter of a module

of the data acquisition system are shown in Figure 7.6.

The components used in the data acquisition system are controlled by
'sen&ing signals from an output port of the microprocessor. Also, the status
of the A/D converter of each module and the digitized output can be read
via an-input port. The signals for controlling a module of the data acquisi-
tion system are indicated in Figure 7.4. The operation of the S/H amplifiers
. of a module is controlled by one bit of the output port. This makes sure
that all the signals of the module are sampled simultancously. The mul-
tiplexer of a module routes one of the four input signals to the A/D con-
verter, therefore, two bits of the output port are required to select the
desired input. The contrdl of the selected A/D converter also requires two
bits of the output port; one for starting the analog to digital conversion and

the other for enabling the transfer of the quantized data to the input port.

The data acquisition system has four modules and, therefore, sixteen
S/H amplifiers, four multiplexers and four A/D converters are to be con-
trolled. All the S/H amplifiers are controlled by one bit of the 6utput port.
_This makes sure that all the signals are sampled simultaneously. Two bits
of the output port aré_ used to control the four multiplexers.  The control of
A/D converters requires eight. bits of the output port, two' bits for each. A /D
converter. This was necessary so that the outputs of the A/D converters
can be read sequentially via the input port. Twelve lines of the input port
are required to read the digitized data into the microprocessor memory. One -
line is required to monitor the status of an A/D converter. Since there are
four A/D converters in the data acquisition system, four lines of the input
port are needed to monitor the A/D converters. The I/O signals require-

ments of the data acquisition system are summarized in Table 7.1. These
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requirements indicate that it is possible to control the data acquisition sys-

tem using a 16-bit input/output port.

Table 7.1: A list of the Input/Output signals for the data acquisition

system. .
Control signal - Component : ' Number of bits
Signals S/H Amplifiers 1
from the Multiplexers 2
output port . A/D converters 2x4 -
Signals A/D converter output 12
to the A/D converter status 1x4

input port

7.2.83. Microcomputer

A DSP-16 microcomputer board [58] based on .the Texas Instruments
digital signal processor, TMS32025, [59] was selected for use in this design.
In addition to its digital signal processing capabilities, the DSP-16 provides
the following facilities.

s A program development system
o 16 K-words of zero wait state program/data memory |

e A 16-bit ﬁrogrammable timer

Also, the control and dé.ta buses of the DSP-16 are accessible for interfacing
other peripherals to the board. In this work, a piggy back input/output.
(I/0) board was designed for interfacing the DSP-18 board with the data ac-
quisition system and the power system. Appendix E gives a circuit diagram
of the 1/O board and details of its interconnection with the DSP-16 board
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‘and the data acquasltlon system. The output port of the I/O board controls
the operatlon of the data acquisition system and outputs the trip s:gnal
generated by the relay. The input port is used to bring the A /D converter
outputs into the memory of the DSP-16 board. A 16-bit programmable
timer provided in the DSP-16 is used to control the sampling of the input
signals. The DSP-16 board is interfaced to the expansion port of an MS-
DOS personal computer. This provides

1 controi of the operation of the DSP-16 board from the persona.l
computer

2. access to the program development system of the DSP-16 board
through the personal computer and

3. a man-machine interface to the system for modifying the software,

providing relay settings and uploading the relay signals for further
analysis.

7.8. The System Software

The software used in the system is divided into two parts, na.ine_ly the
user-interface software and the relaying software. The user interface software
is written in the Lattice-C programming language. It runs on an MS-DOS
personal computer to which the DSP-16 board is interfaced. The user-

interface

1. controls the operation of the DSP-16 board by placing appropriate
signals on the expansion port of the personal computer.

2. downloads the relaying software and relay settings _into the
memory of the DSP-16 microcomputer and :

3. uploads data (results of the computations by the relaying
. software) from the memory of the DSP-16 board to the memory
of the personal computer for further analysis.

The relaying software is written in the assembly language of the TMS32025
digital signal processor. This software is divided into two parts; data ac-
quisition software and application software. This section describes the func-

tions performed by the data acquisition and application software.
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7.3.1. Data acquisition software

The data acquisition software controls the operation of the data ‘acquisi-

tion system which samples and quantizes voltage and current signals at a
| prespecified rate. When the system is used to protect a single-phase trans-
former, the data acqui_sition system acquires only four signals; two voltages
and two currents. However, for three-phase transformers, it acquires twelve
signals; six voltages and six currents. The data acquisition software is in
two packages. The first package is used to acquire signals when Version-I of
the algorithms is used for winding protection of transformers. The second
package is used if Version-I1 of the algorithms is used. The first package
performs the following functions.

1. Enable the software interrupt capability of the TMS32025 timer.

2. Load the timer with a number to produce interrupts at specified
intervals of time.

3. Wait for the timer to generate an interrupt. Proceed to step 4
on the generation of an interrupt.

4. Send a signal to the S/H amplifiers to hold their input signals.

5. Wait for about 5 us to allow settling of the charge on the
capacitors of the S/H a.mphfiers

6. Send a control 51gnal to the multiplexers to select the first chan-
nel for providing inputs to the A/D converters.

7. Start A/D conversion by sending a start pulse to the A/D con-
verters.

8. Poll the A/D converters to which start pulse was given to deter-
‘mine if they have completed the conversions.

9. If they have, proceed to step 10, otherwise revert to step 8.

10. Enable the outputs of the A/D converter of the first module,
Read and store the digital output in the memory of the DSP-16
board. Proceed to step 11.

11. Enable the outputs of the A/D converter of the second and third
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modules reépectively. Read the digital outputs and store the
numbers in the memory of the DSP-16 board.

12. Select the second channel of the multiplexers for input to the
A/D converters and repeat steps 7 to 11.

13. Perform the operations listed in step 12 using Vthe third and then
the fourth channel of the multiplexers.

14. Send a signal to the S/H amplifiers to track their input signals.

15. Revert to step 3.

In this manner, the data acquisition software acquires signals at a specified
rate and stores them in specified memory locations of the DSP-16 board for

use by the application software.

Version-Il of the algorithms requires that the voltages and currents
should be sampled in such a way that their sampling instants are offset from
each other by one half sampling interval. The second package of the data

acquisition software performs the following functions to achieve this.

1. Enable the software interrupt capability of the TMS32025 timer.

2. Load the timer with a number to get interrupts at intervals equal
to one half of intersampling time.

3. Set the value of a variable, FLAG to bne.’

4. Wait for the timer to generate an interrupt. Proceed to step 5
- on the generation of an interrupt.

‘5. Send a signal to the S/H amplifiers to hold their input signals.

6. Wait for about 5 us to allow the éignals held by S/H amplifiers
to settle.

7. Check if FLAG is one; if it is, proceed to step 8, otherwise
proceed to step 17. .

8. Send a control signal to the multiplexers to select the first cha.n-
nel for providing inputs to the A/D converters.
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11.

12,
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Start A/D conversion by sending a start pulse to the A/D con-
verters. '

Poll the A/D converters to determine if they have completed the
conversions.

If they have, proceed to step 12, otherwise revert to step 10.

Enable the outputs of the A/D converter of the first module.

. Read and store the digital output in the memory of the DSP-16

13.

14.

15.
16.

17,
18.
19,
20.
21.

22.

23.

24,

board. Proceed to step 13.

Enable the outputs of the A/D converter of the second and third.

modules respectively. Read the digital outputs and store the
numbers in the memory of the DSP-16 board.

Select the third channel of the multiplexers for input to the A/D.
converters and repeat steps 9 to 13.

Send a signal to the S/H amplifiers to track their input signals.
Reset the variable, FLAG to zero and revert to step 4.

Send a control signal to the multiplexers to select the second

g:hannel for providing inputs to the A/D converters.

Start A/D conversion by sending a start pulse to the A/D con-
verters.

Poll the A/D converters to determme if they have completed the
conversions.

If they have, proceed to step 21, otherwise revert to step 19.
Enable the outputs of the A/D converter of the first module.
Read and store the digital output in the memory of the DSP-16
board. Proceed to step 22.

Enable the outputs of the A/D converter of the second and third
modules respectively. Read the digital outputs and store the
numbers in the memory of the DSP-16 board.

Select the fourth channel of the multiplexers for input to the A/D
converters and repeat steps 18 to 22.

Send a signal to the S/H amplifiers to track their input signals.
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25. Set the variable, FLAG to one and revert to step 4.

In this manner, the data acquisition software acquires signals at a
specified rate and stores them in specified memory locations of the DSP-16

board for use by the application software.

7.3.2. Application software

The application software includes two packages. The first package is
the overcurrent relaying softwafe that implements the overcurrent relay algo-
rithm of Chapter 4 and protects the transformer in cases of external faults.
The second is the transformer winding protection software that implements
the digital algorithms described in Chapters .5 and 6 for detecting winding
faults in power transformers. The software uses quantized samples of vol-
tages and currents acquired by the data acquisition system. The description
and functions performed by the overcurreni: relaying software and the trans-

former winding protection software are given in this section.

7.8.2.1. Overcurrent relaying software

This software implements the overcurrent relaying algorithm  described
in Chapter 4. The software consists of two programs. The first program
performs off-line functions listed in Section 4.4.4.1 and the second program
performs on-line functions listed in Section 4.4.4.2.

The program that performs off-line functions calculates the operating -
time, ¢, of the selected relay at a specified time dial setting and - different
current multiples by using Equation 4.1 and the information stored in the
microprocessor memory. The stored information includes the modelling coef-
ficients of the selected relay and the time dial settings. The modelling coef-
ficients and time dial setting are stored as equivalent integers by mﬁltiplying
ay by 1024, a;, by 4096, a, by 32768, a, by 262144, a, by 1048576, a; by
2007152 and time dial setting by 2. Therefore, Equation 4.1 was imple-
mented by modifying it to '
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t, = ay+(1/8)TDS{a,+(1/16)TDS[ay+(1/16)TDS{a,

+(1/8)TDSla,+(1/4)TDS(ag)| )} | (7.1)

The prbgr,a.m calculates ﬁhe operating time by evaluating Equation 4.1
backwards. This means that value of a;xTDS is first computed and the
result is divided by 4. The resultant value is added to a,. This procedure
is continued until the operating time is obtained. The procedure avoids the
division by large numbers. After calculations of the operating time, the
program computes the values of KAT/t, and stores them in a look-up table
for use by the program that performs on-line computations. The values of
K and AT used in this work were 70,562,000 and 1/1200 s respectively.

The program that performs on-line computations has two packages.
The first package is used for protection of single-phase transformers. It uses
the look-up table of K A-T/t , values, the user-specified value of the piék-up
current and the guantized samples of the primary current. It performs steps -
1 to 12 described in Section 4.4.4.2. The second package is applicable for
protection of three-phase transformers. It contains three modules. The first
module uses the look-up table of KAT/t values and the quantized samples
of the primary current of phase A. It performs steps 1 to 12 described in
Section 4.4.4.2. The second and third modules use line currents of phases B
and C and perform functions similar to those performed by the first comput-

ing module.
7.3.2.2. Winding proteétiqn software

- This software implements the proposed digifa.l algorithms for protecting
power transformers. The details of the algorithmns are provided in Chapters
5 and 6. The software uses quantized samples of voltages and currents ac-
qu&ed by the data acquisition system. The software contains three p#ckages,
one each for protecting single-phase, three-phase wye-wye and three-phase
delta-wye tra.nsformers. ' '
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The software for the protection of a single-phase transformer performs
the steps listed in Section 5.2.1. The software for protecting a three-phase’
wye-wye connected transformer performs the steps listed in Section 5.3.1.1.
The or'ganiza.tion_ of the software for protecting a three-phase delta-wye trans-
former is shown in Figure 7.7. It consists of four modules, the first, secbnd
and third computing modules and a decision-logic module. Each module per-

forms the steps described in Section 5.3.2.1.

- First | Second Third
Computing ' Computing - | Computing
Module | Module - Module
"A" Reference |"B" Reference “C" Reference

| TRIPA2.], |, TRIPC2 |
A \ YVY WV
TRIPB1 \y Y TRIPC] TRIPA3[ | TRIPB3

Decision Logic

v

, Trip Signal
Figure 7.7: Organization of the application software.

7.4. Testing the Protection System

The proposed microprocessor-based system was implemented and tested
in the laboratory. The isolation and analog scaling and data 'a.cqﬁisition sys-
tern were implemented on printed circuit boards. Isolation and analog scal-
ing and data acquisition blocks, and the microcomputer were connected
together to form the system. The isolation and analog scaling block and the

- data acquisition block of the relay were calibrated and their transformation

ratios were determined. For a voltage channel, a voltage signal of known
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magnitude was applied to the voltage processing module of the isolation ‘and
analog scaling block and its output was measured to verify that the voltage
processing module functions properly. This output signal was applied to the
corresponding channel of the data acquisition systemm and a test program con-
verted it to an equivalent digital number and recorded it. This procedure

was repeated to calibrate all voltage channels of the relay.

For a current channel, a current signal of 100A obtained from F1 Test
System manufactured by the Doble Engineering Company [60] was injected
into the current proéessing module of the isolation and analog scaling block
and its output was measured to verify that the current processing module
functions properly. - This output signal was then applied to the corresponding
channel of the data acquisition system and a test program converted it to an
equivalent digital number and recorded it. This procedure was repeated to
calibrate all current channels of the relay. Table 7.2 lists the calibration

results for the voltage and current channels of the relay.

In the software, the digital numbers répresenting voltages and currents -
- are brought to a common level by using the primary voltage of phase A as
the base value, the information from Table 7.2 and the turns ratio. of the
protected transformer. The resulting numbers are also multiplied by 100 to -
reduce the effect of truncation errors. This means that 1V is represented by
1048 in the software. The functioning of the hardware and software, and

their coordination was checked by using the program development system of
the DSP-16 board.

The microprocessor-based system was tested in the laboratory. The
performance of the system for 'providing overcurrent and winding protection
was checked. The test procedure and results are described in the following

sections.
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Table 7.2: Calibration of the isolation and analog scaling, and data
acquisition blocks.

Channei Value of Output of . Output of
description input signal I & AS block DAS block
PHASE A: :

Pri. Voltage 120.2V 3.07V 1258

Current 100.0A 0.239V 98

Sec. Voltage 242.0V 3.04V 1245

Current 100.0A 0.990V 405
PHASE B:

Pri. Voltage 119.8V - 3.00V 1229

Current 100.0A 0.245V 100

Sec. Voltage 2410V 3.08V 1261

Current 100.0A 0.961V 394
PHASE C:

Pri. Voltage 120.0V 3.05V 1249

Current 100.0A - 0.245V 100

Sec. Voltage 241.0V 3.01V 1232

Current 100.0A 0.941V 385

7.4.1. Testing overcurrent relays

The ability of the system to correctly emulate the cha.racteristicﬁ of the
Westinghouse CO-7 and CO-9 relays weas tested in the laboratory. The test-
ing involved determining the operating times provided by the system and
comparing them with the published times. The operating times were deter-
mined for six current multiples and different time dial settings. The current

multiples were selected to cover the entire range of the relay characteristics.

In this work, F1 Test System manufactured by the Doble Engineering

Company [60] was used. This system can provide a maximum of 160A rms
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current. The maximum current for which the characteristic of a Westin-
ghouse CO-7 or CO-9 relay is specified is 20 times the pick-up current. The
pick-up current was, therefore, set at 8A. The module designated to input
the secondarjr current of phese A was used for applying current to the relay.
The output of the DAS was 33 for the current equal to the pick-up value.
This number was further maultiplied by 32 to reduce the effects of trun-

cations in the relay software.

The relay type, time dial setting and value of the target number, K
were input through the user-interface. In the first test, CO-7 relay type, 0.5
time dial éetting and a target number 70562000 were selected. A 20A rms
current (2.5 times the pick-up value) was applied to the system. The data
acquisition software quantized the input at 1200 Hz. The software program
used this information to perform on-line functions of the algorithm. The
program e_-,mulated the selected relay characteristics and issued a trip com- |
mand after a delay of several sampling intervals after the application of the
current. This program recorded the number of sampling intervals which was
converted to time by dividing by 1206. The procedure was repeated to
" determine the operating times for currents of 4.0, 7.0, 10.0, 15.0 and 20.0
times the pick-up value. The operating times were also determined for time
dial settings of 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 10.0 and 11.0. The

entire procedure was repeated for the Westinghouse CO-9 relay.

The relay operating times obtained from the tests were compared with
" the corresponding values read from the published curves and their absolute
differences fvere computed. Tables 7.3, 7.4 and 7.5 list the published operat-
ing timé, the operating time of the microprocessor-based system, their ab-
solute differences in cycles of 60 Hz and differences as a percentage of the
published operating times for the Westinghouse CO-7 relay.  Similarly,
Tables 7.6, 7.7 and 7.8 list the the published operating time, the operating
time of the microprocessor-based system, their absolute differences in cycles .

of 60 Hz and the differences as a percentage of the published operating time
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for the Westinghouse CO-9 overcurrent relay. An analysis of Tables 7.3 to
7.8 indicates that the operating times provided by the designed system are
either within two cycles of 60 Hz or within five percent of the corresponding
time read from the published curves. This - demonstrates that the
microprocessor-based‘ overcurrent relays correctly emulate the selected time-

current curves.

7.4.2. Testihg the transformer protection scheme

The performance of ,i:he transformer protection scheme was tested in the
laboratory by using a 15 kVA, delta-wye connected 240/480V three-phase
transformer. The system used the software developed for protecting three-
phase delta-wye transformers. The values of resistances and inductances of
the transformer windings were determined experimentally. The procedure
and the values are given in Appendix F. The winding resistances are com-
parable to their inductive reactances and, therefore, can not be neglected. It
was, therefore, decided to use the software that implements Version-I of the
algorithm for protecting a delta-wye transformer. Also, the analog filters of
the data acquisition system were by-passed because it was observed that vol-
tages and currents do not contain significant amounts of high frequency com-
ponents. However, in actual practice, .a.nalog filters will be used to avoid

problems due to aliasing.

The designed system sampled the primary and secondary currents and
voltages at 4800 Hz. This was done for twenty-three operating conditions"
that included magnetizing inrush, external fault, internal fault and simul-
taneous magnetizing inrush and internal fault conditions. Table 7.9 lists the
description of each case. The acquired data were converted to data at 1200
Hz by taking every fourth sample. This data was processed by the software.
The values of THRES, SLOPE and BNDRY were set at 18340, 0.03 and
52400 respectively. The threshold for the trip indices was set at 20.

Figures 7.8 and 7.9 show the primary line currents, and primary and
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‘Table 7.3: The published operating times, emulated operating
and their differences for

times

the Westinghouse CO-7 relay
when the relay current is 2.5 and 4.0 times the pick-up

value,
Time Operating times and differences Operating times and differences
dial for a current multiple of 2.5 for a current multiple of 4.0
setting : : '

. PUBT EMUT DIFFC DIFFP PUBT EMUT DIFFC DIFFP
05 0300 0310 060 3.33 0.200 0.211 0.66 5.50
1.0 0590 0.592 0.12 0.34 0.395 0.386 0.54 2.28
20 1100 1.152 3.12 4.73 0.750 0.753 0.18 0.40
30 1625 1676 306 314 1095 1138 258  3.93
40 2,180 2.212 1.92 1.47 1500 1.527 1.62 1.80
50 2720 2.785 2.70 1.65 1.876 1.888 0.78 0.69
6.0 3.260 3.340 4.80 245  2.250 2.267 1.02 0.76
70 3850 3.941 5.46 2.36 2.630 2.654 1.44 0.91
80 4510 4,574 3.84 142 3.020 3.080 2.40 1.32
90 5.100 b5.236 8.16 2.67 3.430 3.500 4.20 2.04
100 5815 5.929 6.84 1.96 3.950 3.968 1.08 0.46

11.0 6.500 6.646 8.76 2.25 4.450 6.12

4.552

2.29

PUBT - Published operating time in seconds.
EMUT - Emulated operating time in seconds.

DIFFC - Absolute difference between PUBT and EMUT in cycles of 60 Hz.
DIFFP - Absolute difference between PUBT and EMUT in %age of PUBT.
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Table 7.4: The published operating times, emulated operating times
the Westinghouse CO-7 relay
when the relay current is 7.0 and 10.0 times the pick-up

and their differences for

value.

Time Operating times and differences  Operating times and differences
dial for a current multiple of 7.0 for a current multiple of 10.0
setting _ -
PUBT EMUT DIFFC DIFFP PUBT EMUT DIFFC DIFFP

0.5 0.165 0.162 0.18 1.82 0.145 0.144 0.06 0.69
1.0 0.300 0.312 0.72 4.00 0.260 0.268 0.48  3.08
20 0.580 0.574 0.36 1.03 0400 0483 = 0.42 1.43
30 '0.826 0.832 042 085 0.700 . 0.703 0.18 0.43
40 1070 1108 198 3.08 0.900 0.931 1.86 3.44
50 1.370 1373 - 0.18 0.22 1.180 1.177 0.18 0.25
60 1670 1.690 1.20 1.20 1430 1.442 0.72 0.84
70 1950 1.956 0.36 0.31 1.695 1.697 0.12 0.12
8.0 2250 2.241 0.54 0.40 1.920 1.933 0.78 0.68
9.0 2530 2.529 @ 0.08 0.04 2180 2175 030 0.23
100 2.850 2.833 1.02 0.59 2.460 2.440 1.20 0.81
11.0 3.225 3.202 1.38 0.71 2800 2.774 1.56 093

PUBT - Published operating time in seconds.

EMUT - Emulated operating time in seconds.

DIFFC - Absolute difference between PUBT and EMUT in cycles of 60 Hz.
DIFFP - Absolute difference between PUBT and EMUT in %age of PUBT.
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Table 7.5: The published operating times, emula.ted operating
and their differences for

times

the Westinghouse CO-7 relay
when the relay current is 15.0 and 20.0 times the plck-up
value.

Operating times and differences

Time Operating times and differences
dial for a current multiple of 15.0  for a current multiple of 20.0
setting : )

PUBT EMUT DIFFC DIFFP PUBT EMUT DIFFC DIFFP

05 0110 0.110  0.00 0.00 0.100 0.105 030 5.00
1.0 0200 0.205 0.30 2.50 0.200 0.205 0.30 2.50

20 0400 0.403 0.18 0.75 0.395 0.393 0.12 0.51
.30 0595 0598 018 050 0560 0579 114 - 3.39
40 0.790 0.803 0.78 1.65 0.746 0.776 1.80 4.02
50 1.000 1.027 1.62 2.70 0.950 0.983 198 - 347
60 1250 1236 0.84 1.12 1120 1172 3.12 4.64
7.0 1430 1432 0.12 0.21  1.285 1.333 2.88 3.74
80 1650 1668 1.08 1.09 1405 1.503 0.50 0.56
00 1875 1.853 1.32 1.17 1680 1.778 4.88 4.17
10.0 2120 2,090 1.80 1.42 1.925 1983 3.48 3.01
11.0 2425 2382  2.58 1.97 2.175 2.271 576 441

PUBT - Published operating time in seconds.
EMUT - Emulated operating time in seconds.

DIFFC - Absolute difference between PUBT and EMUT in cycles of 60 Hz.
DIFFP - Absolute difference between PUBT and EMUT in %age of PUBT.
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Table 7.6: The published operating times, emulated operating times
the Westinghouse CO-9 relay
when the relay current is 2.5 and 4.0 times the pick-up
value.

and their differences for

Time

Operating times and differences  Operating times and differences

dial for a current multiple of 2.5 for a current multiple of 4.0
setting ‘
PUBT EMUT DIFFC DIFFP PUBT EMUT DIFFC DIFFP
05 0370 0333 @ 2.22 10.0 0165 0.193 1.68 169
10 0840 0.883  2.58 5.15 0.330 0.317 0.78 3.94
20 1600 1.610 0.60 0.63 0660 0.664 0.24 0.61
3.0 2400  2.382 1.08 0.75 1.000 1.014. 0.84 1.40
40 3300 3.221 4.75 2.39 1.360 1.377 1.00 1.23
5.0 4200 4.100 5.46 2.17 1.710 . L.750  2.40 2.34
6.0 5150 .5.168 1.05 0.35 2.100 2.008 0.12 0.09
70 6.150 8.183 2.00 0.54 2490 2.483 045  0.30
80 7.000 7.124 7.44 1.77 2.850 2.897 2.80 1.64
0,0 HeEx  mwEed  wxadk kERE 3300 3349 294 148
10,0  *EE#x dkkkd *hex e 3.800 3.823 1.35 0.59
110  **%%x  wkkkx wxkk wkex 4950 4323 435 171
PUBT - Published operating time in seconds.
EMUT - Emulated operating time in seconds.

- DIFFC - Absolute difference between PUBT and EMUT in cycles of 60 Hz.
DIFFP - Absolute difference between PUBT and EMUT in %age of PUBT.
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Table 7.7: The published operating times, emulated .opera.ting times
and their differences for the Westinghouse CO-9 relay

when the relay current is 7.0 and 10.0 times the pick-up
value. '

Time Operating times and differences Operating times and differences
dial for a current multiple of 7.0.  for a current multiple of 10.0
setting . _ - :
PUBT EMUT DIFFC DIFFP PUBT EMUT DIFFC DIFFP

0.5 0000 0.102 0.72 133 0.056 0.058 0.12 3.57
1.0 0180 0.218 2.25 20.8 0.120 0.116 0.24 3.33
20 0340 0.345 0.30 1.47 0250 0.244 0.36 1.67
30 0.500 - 0.513 0.80 2.60 0.400 0.396 0.24 1.00
40 0690 0.697 0.42 1.01 0.550 0.551 0.06 0.18
50 0.880 0.892 0.72 1.36 0.710 0.702 0.48 1.27
80 1075 1.092 1.02 1.58 0.860 0.851 0.54 1.05
70 1200 1313 1.38 1.78 1.010 1.018 0.36 0.59
80 1500 1.519 1.14 1.27 1.160 1.183 1.38 1.98
90 1750 1.746 0.24 0.23 1.350 1.354 024 029
100 1950 1.928 1.32 1.13 1.530 1.578 2.88 3.14
110 2.200 2.131 4.14 3.14 1.726  1.773 2.88  2.78

PUBT - Published operating time in seconds.

EMUT - Emulated operating time in seconds. - -

DIFFC - Absolute difference between PUBT and EMUT in cycles of 60 Hz.
DIFFP - Absolute difference between PUBT and EMUT in %age of PUBT. "
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Table 7.8: The published operating times, emulated operating times
and their differences for the Westinghouse CO-9 relay
when the relay current is 15.0 and 20,0 times the pick-up
value.

Time Operating times and differences = Operating times and differences
dial  for a current multiple of 150  for a current multiple of 20.0
setting . _ _
PUBT EMUT DIFFC DIFFP PUBT EMUT DIFFC DIFFP

0.5 0.049 0.058 0.54 18.4 0.048 0.050 0.12 4.17
1.0 0.007 0.002 0.30 5.156 0.0904 0.0901 0.18 3.19
20 0210 0.203 042  3.33 0.196 = 0.198 0.12 1.02
30 0330 0333 0.18 081 0300 0.319 114 633
4.0 0470 0.467 0.18 0.64 0430 0.445 0.90 3.49
50 0600 0.596 0.24 0.67 0.540 - 0572 - 1.92 5.93
6.0 0720 0.718 0.12 0.28 0650 0.693 258  6.62
70 0.850 0.844 0.36 0.71 0.770 0.818 2.88 6.23
8.0 0975 0.976 0.06 0.10 0.900 0.942 2.52 4.67
.90 - 1100 1.117 1.02 1.55 1.000 1.048 2.85 4.75

- 10.0 1270 1.264 0.36 047 1.150 1.167 1.02 1.48
110 1400 1.437 222 264 1.290 1.302 0.72 0.93

PUBT - Published operating time in seconds.
EMUT - Emulated operating time in seconds.
DIFFC - Absolute difference between PUBT and EMUT in cycles of 60 Hz.
DIFFP - Absolute difference between PUBT and EMUT in %age of PUBT.
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former winding protection system. ~

Table 7.9: A list of conditions used to test the performa.nce of trans-

Case Description Test Result
No. (Figure No.)
1-6 Magnetizing inrush, ' 1.10,G.1-G.5
7.  Intemal fault on sec. side that short-cucmtsphases
A and C through a resistance of approx. 1.2 ochms. 714
8. Internal fault on sec. side that short-circuits phase
B through a resistance of approx. 1.2 ohms. 7.18
9. Intemnal fault on sec, side that short-circuits phases -
" A, B and C through a resistance of approx. 1.2 ohms. G.6
10. Transformer switched on with an internal fault on |
- sec. side that short-circuits phase A and B through a
resistance of approx. 1.2 chms. G7
11. Transformer switched on with an internal fault on
sec. side that short-circuits phase C through a
: resistance of approx. 1.2 ohms. 717
12. Transformer switched on with an internal fault on
sec. side that short-circuits phases A, B and C
: through a resistance of approx. 1.2 chms. G.8
13. Intemal faunlt on pri. side that short-circuits
phase A through a resistance of approx. 1.2 ohms. - G9
14. Internal fault on pri. side that short-circuits
phase A and C through a resistance of approx. 1.2 ohms. G.10
-15. Transformer switched on with an internal fault ,
on pri. side that short-circuits phases A and B :
through a resistance of approx. 1.2 ohms. G.11
16. Internal fault on pri. side that short-circuits
phases A and B through a resistance of app. 1.2 chms. G.12
17. Intemnal fault on sec. side that short-circuits \
phases B and C through a resistance of app. 1.2 ohms. G.13
18. Internal fault on sec. side that short-circuits
phase A through a resistance of approx. 1.2 ohms. G.14
19. External fault that involves phases A and C. 7.11
20. Extemal fault that involves phase A and ground. G.15
21. Three phase external fanit. G.16
22. Transformer switched on with an exwernal fault that
involves phases A and B. G.17
23. Transformer switched on with an external fauit that -
involves phase Cand ground. G.18
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. secondary voltages recorded by the system during a magnetizing inrush con-
dition. Figure 7.10 shows the performance of the system for this condition.
ngures 7.10(a), 7.10(b) and 7.10(c) show the errors and the corresponding
trip indices when phase A, B or C is used as the “Reference Phase’ respec-
tively. The trip indices do not e.iceed the threshold and, therefore, the relay

does not issue a trip command.

Figure 7.11 demonstrates the performance of the relay for an external -
fault involving phases A and C. Figures 7.11(a), 7.11(b) and 7.11(c) show
the errors and trip indices when phase A, B or C is used as the “Reference
Phase” respectivély. All trip indices remain less than the threshold value

and, therefore, no trip command is issued.

Figures 7.12 and 7.13 show the primary and secondary voltages, and
primary line currents for an internal fault on the secondary side that short-
circuits phases A and C through a resistance of 1.2 ochms. An examination
of the figures show that the secondary voltages of phases A and C drop as
soon as the fault is applied. "Figure 7.14 shows the performance of the relay
for this operating condition. Figures 7.14(a), 7.14(b) and 7.14(c) show the
errors and the corresponding trip indices when phase A, B or C is used as
the “Reference Phase”. The decision-logic module of the relay issued a trip

command in about 12 ms after the inception of the fault as shown in Figure
7.14(d). |

Figures 7.15 and 7.16 show the primary and secondary voltages, and
primary line currents respectively when the transformer is switched on with
an internal fault on the secondary side that short-circuits phase C through a
resistance of 1.2 ohms. These figures show that primary currents of phases
A and C include the fault and magnetizing inrush currents. waever, the
primary current of phase B has magnetizing inrush current omly. Figure
7.17 shows the performance of the relay for this operating condition. Figures
7.17(a), 7.17(b) and 7.17(c) show the errors and the corresponding trip in-
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dices when phase A, B or C is used as the ‘“Reference Phgse”. ' Thé' |
decision-logic module of the relay issued a trip command in about 20 ms
after the occurrence. of the fault as shown in Figure 7.17(d). This case
demonstrates that the system is able to issue trip commands when the tra.ns-‘

former is switched on and an internal fault exists.

Figure 7.18 shows the performance of the relay for an internal fault
that short circuits the secondary ‘winding of phase B thfough a resistance of
approximately 1.2 ohms. Figures 7.18(a), 7.18(b) and 7.18(c) show the errors
and the corresponding trip indices when phase A, B or C is used. .as the
“Reference Phase””. The decision-logic module of the relay issued a trip
command in about 20 ms after the occurrence of the fault as shown in
Figure 7.18(d). '

The figures showing the errors, the trip indices and the trip commands
for the remaining cases of Table 7.9 are included in Appendix G. An
.analysis of these figures indicates ‘that all trip -indices remain leés than the
threshold value for magnetizing inrush and external faults. However, for in-
ternal faults, some trip indices exceed the threshold value and the software
issues trip commands in all cases. The results also demonstrate that the
.microprocessor-based system also détects faults correctly when internal faults
-and magnetizing inrush are experienced Simultaneously. The average trip
time for internal faults varies from about 10 ms to 20 ms depending on the
type and severity of the fault, | |

7.5. Summary

This chapter describes the design, implementation and testing of a
microprocessor-based system that detects winding faults in power transformers
and emulates overcurrent relays for protecting a transformer from external
faults. The transformer winding protection scheme uses digital algorithms
that are based on non-linear models of the transformer. It provides fast and

accurate detection of internal transformer faults and is suitable for situations
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in which it is not possible to measure phase currents in delia connected

windings.

Some results obtained from the laboratory testing of the proposed sys-
- tem are presented in this chapter. The results obtained from the testing of
the overcurrent protection scheme indicate that the system correctly emulates
the Westinghouse CO-7 and CO-9 relays. The winding protection scheme
successfully blocks tripping during magnetizing inrush and external faults. It,
however, issues a trip command on the occurrence of an internal fault. The .
trip time for an internal fault varies from 10 to 20 ms depending. on the.
severity and type of the fault. |
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8. SUMMARY AND CONCLUSIONS

8.1. Summary and Conclusions

A power system occasionally experiences fauits and abnormai operating
conditions. This can cause extensive damage to the equipment in a power -
~ system and can result in system instability resulting in major outages to cus-
‘tomers. To minimize these effects, t.lie equipment of a power system must
be monitoréd and protected adequately. The first chapter of the thesis has
described power system protection concepts and developments leading up to
and including the use of microprocessors for monitoring and protection of
power system elemenfs. . The developments in the area of transformer
monitoring and protection using microprocessors has been discussed. Major
objectives of the work reported in this thesis were to design, iinplemént and
test a microprocessor-based system for the protection of single-phase and

three-phase transformers.

Faults affecting transformers are reviewed in Chapter 2. Relays used
to detect these faults have also been described. The phenomenor of magnetiz-
ing inrush is also described to illustrate the significance of including a
restraint feature in a transformer protection relay to avoid trippings during
mé.gnetizing inrush conditions. The instruments génerally used for measuring
and monitoring transformer parameters have also been described in Chapter
2. The present practice of the utilities is to use differential, overcurrent and
ground fault relays for protecting transformers. These relays are of either
the electro-mechanical or solid-state type. For monitoring transformer

parameters, the utilities use electro-mechanical type instruments.
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Reseg.rchers and designers have made progress _in applying microproceé—- |
sors for protecting and monitoring transformers. A number of digital al-
gorithms for differential, overcurrent and ground fault protection of irans-
formers have been suggested in the past. These algorithms and their limita-
tions are reviewed in Chapter 3. Three microprocessor-based relays for
protecting transformers and & recent development in the application of
- microprocessors  for monitoring transformer parameters have also been

reviewed in that chapter.

The initial designs of digital algorithms for differential protection of
transformers were conceptually similar to that of conventional relays. They
used the harmonic components of differential currents to block ‘trippin'gs-
during magnetizing inrush. The operating voltages of power systems and
lengths of transmission lines have increased during the last thirty years. Be-
cause of these factors, the differential. currents can contain large harmonic
components even during internal faults. Therefore, algorithms using har-
monic restraint may, in some cases, block trippings during internal fauits.
Also, if a ,transformer is energised with an internal fault, the fault currents
and magnetizing inrush currents are experienced simultaneously. The har-
monic components of the inrush currents can prevent trippings until the in-
,fush currents decay sufficiently. This reduces the speed of the relay in these
situations. Major concerns regﬁrding the performance of these algorithms
are, therefore, their secufity and speed.

Recently, some algorithms have been presented that do not rely on the
presence of harmonic components in the differential cufrents to avoid trip-
pings during magnetizing inrush conditions. However, their use requires that
the winding currents be known. These currents can ,ﬁot be measured in
some situations, for example, in delta connected windings of a three phase
transformer where the terminals of the phase windings are not broughtr out
of the tank. Also, some of these algorithms use data of the B-H curve
which, generally, are not available and, therefore, must be determined ex-

perimentally.
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Three algorithms for overcurrent prbteétion have been described in
Chapter 3. These algorithms are conceptually similar to each other,
however, they use different techniques to model the relay characteristics and
to determine the rms value of the fundamental frequency component of the
relay current. " The implementation of these algorithms on a microprocessor

requires considerable on-line computations.

‘An iinproved technique for modelling of overcurrent relay cha.facterist.ics
has been proposed and described in Chapter 4. The technique is simple and
requires only a modest amount of computer memory. The proposed tech-
nique was evaluated. It is demonstrated that the technique accurately
models the relay characteristics and is suitable for use in a digital algorithm.
The proposed technique has been used to develop an overcurrent digital
relaying algorithm which has also been described in Chapter 4. The perfor-
mance of the proposed algorithm was evaluated using simulations. Some
results have been reported in this thesis. = The results show that the
' proposed algorithm accurately emulates the selected relay characteristics.

The fifth chapter of the thesis Las described digital algorith:hsr that can
detect winding faults in single-phase and three-phase transformers. These al-‘
gorithms use a2 non-linear model of a transformer, instead of using the har-
monic components of the differential currents, to avoid trippings during mag-
netizing inrush conditions. The algorithms take the non-linearity and hys-
teresis of the transformer into account but they do not become part of the
algorithms. The algorithms are also suitable for protecting transformers
whose winding currents can not be measured from their terminals. The per-
formance of the algorithms were studied for a variety of operating conditions.
These were simulated on a digital computer using the EMTP. Some test
results have been presented in Chapter 5. The studies presented in that
chapter show that the proposed algorithms block trippings during magnetiz-
ing inrush conditions and do not issue trip commands for overexcitation and
external faults. The algorithms detect internal faults and issue trip com-
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mands, The trip times. vary from about 8 ms to 15 ms depending on the
type and the severity of the fault.

Version-HI of the digital algorithms for detecting winding faults in trans-
formers has been presented in the sixth chapter. These algorithms are con-
ceptually similar to. those of Chapter 5 except that the resistances of the
transformer windings are neglected and integrations are performed using the
rectangular rule. The algorithms were tested using the data used for testing
Version-I of the algorithms. Test results have also been i-eport.ed in this
chapter. The results indicate that the proposed algorithms do not issue trip
commands for magnetizing inrush, overexcitation and external faults.
However, trip commands are issued for internal faults. The trip times vﬁry

from about 8 ms to 23 ms depending on the type and severity of the fault.

The performance of Version-I and Version-II of the algorithms has been
compared in Chapter 6. The comparison shows that the performance of
both versions is similar for magnetizing inrush, overexcitation, external faults
and heavy internal faults. However, for low-level internal faults, ‘Version-II
of the algorithms takes more time to issue a trip command as coﬁpued to
Version-1 of the algorithms.

Chapter 7 has described the design, implementation and testing of a
microprocessor-based system for protecting power tra.nsfofmers. The system
implements the digital algorithms of Chapters 4, 5 and 6 to protect the
transformers from external and internal faults respectively. The system in--
cludes a man-machine inteffa.ce for changing relay settings and relay
software. The system also has spare input channels that can be used for
monitoring transformer -para.meters. The hardware and software of the sys-
tem has been described in Chapfer 7. The implementation and testing
procedures have also been described in that chapter. The performance of the
system was checked in the laboratory ‘and some results have been presented.

The tests show that the winding protection scheme of the system successfully

—

.
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"blocks tripping during magnetizing inrush conditions and external -fauits.
Howevér, for internal faults, the system issues trip commands; the trip times
vary from 10 ms to 20 ms depending on the severity and the type of the
fault. It has also been demonstrated that the system issued trip commands
without delay for the situations where the transformer was switched on with
an internal fault. The overcurrent protection scheme of the system was also
tested in the laboratory. The test results indicate that the system correctly

emulates the characteristics of the selected relays.

The studies reported in this thesis have demonstrated that

1. the proposed technique for modelling of overcurrent relay charac-
teristics can accurately represent the characteristics in a computer.
The technique can be used to develop a digital algorithm that
performs most of the computations in an off-line mode and, there-
fore, requires very few on-line computations.

2. the. proposed digital algorithms for detecting winding faults in
single phase and three phase transformers can block trippings
during magnetizing inrush conditions without relying on the har-
monics of the differential currents. The algorithms can provide
tripping on the occurrence of winding faults in the transformers in
about 8 ms to 20 ms depending on the type and severity of the
fault. ' , ' ‘

3. the microprocessor-based system described in the thesis can be
successfully used for protecting and monitoring single phase and
three phase transformers.

8.2. Suggestions for Future Work

"It has been demonstrated in this thesis that the prop;)sed
microprocessor-based systemn is capable of protecting and monitoring single
phase and three phase transformers. The laboratory testing of the system
has provided satisfactory results. Future work would be to check the perfor-
~ mance of the system for a utility transformer. Faults in utility transformers
occur infrequently. Therefore, the sysfem software should includé facilities to

record data and other relevant information in the event of a fa.ult. This
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would fa.ﬁ:ilitate the analysis of the response of the microprocessor-based sys-
tem during faults. -

Also, utility transformers are often equipped with tap changers. The
proposed system can be modified to monitor tap positions using one of its

spare input channels. This information can then be used to dynamically ad-

just the turns ratio of the transformer in the system software. This will o

avoid errors due to ratio mismatch if a tap position changes.
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A. DETERMINATION OF MODELLING
" COEFFICIENTS

This appendix describes a procedure to compute the coefficients of the
~polynomial described by Equation 4.1. The pfocedure uses the data read
~ from the published time-current characteristics of an overcurrent relay. The
procedure is illustrated by calculating the modelling coefficients of the Wes-
tinghouse CO-7 relay at a current multiple of 5.0. The operating time of

the CO-7 relay for different time dial settings at a current multiple of 5.0 is

as follows:

Time Dial Setting Relay Operating Time
(TDS) - (in seconds)
0.5 . 0.180
1.0 0.345
2.0 0.650
3.0  0.980
4.0 1.300
5.0 , ©1.830
6.0 1.960
7.0 2.300
8.0 2.650
9.0 3.020
10.0 . 3.425

11.0 . 3.850

If the relay characteristics is modelled in the form of Equation 4.1, the first

time dial setting and operating time relationship provides
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ag + 41(0.5).+ a,(0.5)% + 44(0.5)° + 0,(0.5)* + ¢5(0.5)° = 0.18.  (4.1)
Completing the arithmetic provides
ag + 0.5a; + 0.25a, + 0.125a4 + 0.0625_414 + 0.03125a; = 0.18. (A4.2)

Similarly, the second time dial setting and operating time relationship

provides
ey + a; + ay + a3 + a, + a5 = 0.345. (4.3)

Continuing the procedure, the following equations are obtained.

1.0 050 0250 0.1250 0.06250 0.031250 ay 0.180
10 100 1000 10000 100000 1.000000 &, 0.345
1.0 200 4000 8.0000 16.0000 32.00000 a, - 0.650
1.0 300 9.000 27.000 81.0000 243.0000 a, = 0.960
1.0 400 1600 64.000 256.000 1024.000 a, - 1.300
1.0 500 2500 12500 625.000 3125000 & 1.630
10 6.00 36.00 216.00 1206.00 7776.000 1.960
1.0 700 49.00 343.00 2401.00 16807.00 2.300
1.0 800 64.00 512.00 4096.00 32768.00 2650
1.0 900 81.00 729.00 6561.00 59049.00 3.020
10 100 1000 1000.0 10000.0 100000.0 3.425
10 110 121.0 1331.0 14641.0 161051.0 3.850

which can be written as

411X] = o] - . (44

It is possible to find the values of the coefficients, [X], by using least squares

curve fitting techniques [61] as follows.

(X] = [[A)7[A] {4} T]8] - (45)

Applying the above procedure on Equation A.4 provides the value of [X]

given as




X
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0.03879516
0.28733138
0.01192646
-0.00174806
0.00012020
-0.00000139
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STIMATION OF THE RMS VALUE

oduction

ms value of the fundamental frequency component of a relay cur-

2 computed from its real and imaginary parts. This process re-
squaring functions and one square root function to be performed.
ions are computationally inefficient to implement on microproces-
gver, these calculations can be replaced by a piecewise linear ap-
[45].

tants and is more efficient than the general purpose multiplica-

This approximation requires only additions and multiplica-

tion of twe unkmowns. The error in the estimate can be made arbitrarily

small.

The method of estimation is described in this appendix.

B.2. Mathematical Background

Consi
phasor havi
plex plane.
~ that point,
points (I,

a m

b

m

Then, (a,b
As a first

P = 1

where:

er that I and I; are the real and imaginary components of a
ing magnitude, P. These com,ponents” represent a point in a com-
The amplitude of the phasor is the distance from the origin to
The amplitude is unaffected by the signs of I, and I; and

I;) and (I, I,) are equidistant from the origin. Let
az(iIL\I;}) and (B1)
in(|1|,11,1). (B.2)

} is a point in the first octant at a distance, P, from the origin.

ppproximation, let

a + yb (B.3)




217

P is the estimated peak value,

In Equation| B.3, x and y are coefficients or the multipliers and their value

can be estimated by minimizing the error (P—P).

This i
Additional

multiple regions and using different approximations in each region. However,

the case when only one approximation region is considered.

ccuracy can be obtained by subdividing the first octant into

processing time increases as the number of regions is increased. In general,
~for n regions there will be a set of values of x and v,
(z3:41)s (2209} « + - (z,.¥,)- Each set of coefficients x and y is valid for a
particular range of ratios of dfa. The values of each set of coefficients can
using least error squares fit of the data (of a particular region
for which values of x and y are being evaluated) to a linear equation of the
form of Equation B.3. If m is the number of data points used to fit the

data from the n-th region, then in matrix from it can be written as

(A = [z,lla] + [v,]0] (B.4)
{mx1) |(1x1) (mx1) (1x1) (mx1)

Values of unknowns z,, and y, can be calculated using Equation B.5. |

tn | {alP—als]8P}/(1-altiBla) |
= / (B
va | {BIP- Slala|P}/(1-Blele b))

where:

a = [[o7e]]~1[4)T and
8 = (1817l 1}

Reference [#15] lists the coefficients that were calculated considering one, two,
three, four| five, six, eight, ten and sixteen regions of approximation. The
use of these coefficients in Equation B.3 provides the estimated peak value of
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the fundamental frequency component. However, it is possible to pre-
multiply these coefficients by V2 for estimating the rms values.
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C. SIMULATION OF TRANSFORMER
CONDITIONS

lectro-Magnetic Transient Program (EMTP) [48] was developed at
ille Power Administration, Portland, Oregon. The EMTP

provides pre-programmed models of the power system elements. In this

prov1 e -the correct transformation ratio of wmdmgs 2, 3, + N

2. Each |winding has an associated leakage-impedence bra.nrch, involv-
ing résistance and inductance.

3. Saturation and magnetizing current effects are confined to a smgle
non-linear reactor in the winding 1 circuit.

4. Core losses are confined to a constant linear resistance which is in
paralle] with the saturation branch.

ormers and external faults weré simulated by closing the
switches provided at the desired fault points. For simulating the magnletiz-‘
ing inrush |conditions, the non-linear reactor in winding-1 circuit was replaced
with a type-06 hysteresis element. A partial winding fault in the trans-
former wilding was simulated by replacing the short-circuit winding with a
combination of two windings. For example, consider a winding that has a

resistance pf R,, an inductance of L, and a transformation ratio of N, with
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O A=A : AN—TH 0
INON-LINEAR (- .
WINDING 1 REACTOR D CRpag; WINDING 2
O— 'e)
IDEAL
Ry Ly

AN—FE—0

WINDING N

. — O
- IDEAL

" Figure| C.1: Model of an N-winding single-phase transformer.

respeet to

circuited.

winding 1. Also, consider that x% of this winding is short-
This winding can be replaced by a combination of two windings

as shown in Figure C.2.

In the present work the EMTP was nsed to simulate various :conditionsi

in 30 MV

parameters

A, 138/13.8kV single-phase and three-phase iransformers..” The

of the simulated transformers are shown ‘in Table C.1. The

current-flux characteristics of the model transformers are shown in Figure

C3. The

core losses of modern transformers are very small and, therefore,

were negledted in the simulations. The data obtained from simuiations were

used for t
Chapters 5

ting winding protection algorithms. Test results were reported in
and 6. -
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Ny(2/100)  Ry(zf100)  La{z/100)?

0 VNV AR —0
O
Rjf1~(z/100)]  L,[1—(z/100)]*
N,[1-(z/100)]
-0
Figure C.2: A combination of windings equivalent to a partly short-
circuited winding in the transformer model.
Table| C.1: Winding resistance and leakage inductance of &  single-
phase transformer model.
Parameter Primary ‘ Secondary
: winding winding
Resistance [{Ohms) 0.095 0.00095
Inductance| (mH) 12.63 ' 0.1263
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C.8: Current-flux characteristics of the model transformer.
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D. DESIGN OF THE LOW-PASS
DIGITAL FILTER

The transfer function, H(s), of a fourth order low-pass Bessel . type
analog filter having a cut-off frequency of w, rad/s is defined by the follow-
ing equation [62]. |

| - 5.2550" |
H(s) = - | (D.1)
2 2.2 2
(8°42.74w,8+2.0450 ) (6" +1.99w 8 +2.57w;)

The désigned digital filter should have a cut-off frequency of 200 hz. The
inter-sampling time used for the design of low pass filter is (1/24000) s.
Due to warping effect, the cut-off frequency of a digital filter is some what
diﬂ'ereﬁt than the cut-off frequency of its corresponding analog filter. The
cut-off frequency of the equivalent analog filter can be obtained as [49]

w, = 2x24000xtan(2007/24000) = 1257 radfs (D.2)

Substituting the value of w, in Equation D.1 provides the following transfer
function of the analog filter that has a cut-off frequency of 1257 rad/s.

1.3119x 1013

H(s) = ‘
(8%4-3444.2543231200.2) (s2+2501.45+4060725.9)

(D.3)

In this equation, the Laplace operator can be replaced by operator z using
Equation D.4. " ‘

o = @/ADO-Y/@Y] (D4)

Substituting (1/24000) for AT, the following equation can be obtained.
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s = 48000[(1-z"Y)/(1+271)) | S (D.5)

Substitution of Equation D.5 in Equation D.3 provides the following equa-
tion. ' '

2.1862x 1081442714627 2442734.274)

H(z) = -
1-3.75542z"145.20292—2—-3.31802340.78062 %

(D6)

The above equation provides: the transfer function of a digital filter equiv-
alent of a low-pass fourth-order Bessel-type analog filter having a cut—oﬁ‘ fre-

quency of 200 Hz.



E. CIRCUIT DIAGRAM OF I/0 BOARD

The circuit diagram of the piggy-back I/O. board is shown in' Figure
E.1. The design uses two latches (74LS374), two buffers {74LS244), an ad- -
dress decoder (745138} and an inverter (74LS04). The diagram also iden-
tifies the interconnection of the 1/O board to the DSP-16 board. The inter-
face details of the input and output ports of the piggy-back board to the
data acquisition system are provided in Tables E.1 and E.2 respectively. '
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Table E.1: Description of the interconnections between _the output port
and data acquisition system.

QOutput port Data acquisition system
(Bit no.)

0 S/H of all modules
1 : A0 of all modules
2 Al of all modules
8 : C/E of module 1
9 | C/E of module 2
10 C/E of module 3

11 ' C/E of module 4
12 : R/C of module 1
13 R/C of module 2
14 | R/C of module 3
15 R/C of module 4

Table E.2: Description of the interconnections between the input port
and data acquisition system.

Input port Data acquisition system

(Bit no.)

0 to 11 - DO to D11 of all modules
- 12 STS of module 1

13 STS of module 2

14 STS of module 3

15 STS of module 4
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F. DETERMINATION OF TRANSFORMER
WINDING PARAMETERS

The implementation of the winding protection scheme requires that the
resistances and inductances of the transformer windings be known. These
values can be calculated from the transformer design data and, therefore, are
known to the transformer manufacturers. Hovéever, in this work, these

values were determined experimentally. The procedure and the results are
| described in this appendix.

F.1. Procedure and Results

~

The secondary windings of the delta-star transformer were shorted cir-'
cuited through a resistance of approximately 1.2 ohms. The rated voltage
was applied to the primary windings and the transformer voltages and cur-
rents were sampled, digitized and recorded at 4800 'Hz by wusing
microprocessor-based system. The recorded data from the short-circuit test
were transferred to the MicroVAX 3600 digital computer. A FORTRAN
program was written to convert the digital samples to the equivalent voltages
and currents at the transformer terminals. Also, this program converted the
data to a sampling rate of 1200 Hz by taking every fourth sample. of the v
data. The resulting samples were provided to another FORTRAN program
that implements the least square filter whose coefficients are listed in Table
4.7. The least error square filter processed the samples and estimated the
steady-state value of phasors representing the transformer winding voltages
and currents. Table F.0 lists the calculated values of steady-state voltages
and currents. All the values in Table F.0 are referred to the 'prima.ry side
of the transformer. These steady-state phasors were used to estimate the
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value of winding resistances and inductive reactances. Equation F.1 provided
the value of the combined resistance, R,, of the primary and secondary
windings of phase A. '

Ry = Rel(V4=V,)/1,] - (F.1)
where:

R, - is the combined. resistance of the primary and secondary
windings of phase A,

V, - is the voltage of primary winding of phase A,

v, is the voltage. of geconda.ry winding of phase A,

f R © is the rcurrtlant in the secondafy winding of phase A and
Re | represents th;:e real pa.rt

Similarly, Equa.t.ion' F.2 provided the value of the combined inductive reac-

tance, X ,, of the primary and secondary windings of phase A.
Xy = Im{(V,—V, )/I] | ) - {F.2)
where: | |

X, . is the combined inductive reactance of the primary ahd
secondary windings of phase A and '

Im indicates the imaginary part.

The above equations provided the values of the combined resistance and -
inductive reactance of the windings of phase A. However, the implementation
of the algorithm requires the resistances and inductances of the primary and
secondary windings. These were obtained by assuming that resistances and
inductive feactances- of the primary and secondary windings are equal.
Therefore, the total resistance and inductive reactance obtained from Equa-

tions F.1 and F.2 respectively were divided by two to obtain the values for
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the primary and secondary windings of phase A. A similar procedure was

followed to obtain the value of resistances and inductances of windings of

phases B and C. Table F.1 lists the calculated values of resistances and in-

ductances of the primary and secondary windings of the transformer.

Table F.1: Transformer voltage and current phasors durmg the short-

circuit tesi.

- . Phasor Value of -
description the phasor
PHASE A:

Pri. Voltage {V) 28.8-j245.1
Sec. Voltage (V)  -28.2-j177.0

Current (A) 69.0-j281.5
PHASE B:

Pri. Voltage (V) 189.0-+j172.3

Sec. Voltage (V) 122.5+j116.0

- Current (A) 264.3+j81.4
PHASE C:

Pri. Voltage (V) -217.9+j72.9

Sec. Voltage (V) -94.4+)54.37

Current (A)

-344.17+j193.8
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Table F.2: Resistance and inductance of the primary and secondary
windings of the test transformer.

Winding Resistance Inductance
(Ohms) (H)

PHASE A:
Pri. winding 0.140 : 0.00017
Sec. winding 0.140 : 0.00017

PHASE B: : .

Pri. winding . 0.144 0.00016
Sec. winding 0.144 0.00016

PHASE C:
Pri. winding 0.144 0.00015

Sec. winding 0.144 ' 0.00015
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G. RESULTS FROM TESTING OF
THE WINDING PROTECTION SCHEME

" The test results illustrating the performance of the winding protection
scheme for some transformer operating conditions were presented in Chapter
7. Thié appendix provides the test results demoﬁstra,ting_ the performance of
the winding protection scheme for the remaining transformer conditions listed
in Table 7.9. Figures G.1 to G.5 show the errors and the trip indices for
magnetizing inrush conditions. Figures G.6 to G.14 show the errors and trip
indices for internal fault conditions. These figures also show the trip com-
mands issued by the system. Figures G.15 to G.18 show the errors and trip

indices for external faults.
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