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ABSTRACT

A power transformer i®ne of the most importanind expensive components in any power
system. Power transformers can be exposed to a wide variety of abnormal conditions and faults.
Internal turnto-turn faults are the most difficult types of faults to detect within the power
transformer. The IEEE Stadards documentsave revealed that there is no one standard way to
protect all power transformers against minor internal faulth as turiio-turn faultsand at the

same time to satisfy basic protection requirements: sensitivity, selectivity, and speed.

This thesis presents a new, simple and efficient protection technique which is based on negative
sequence currents. Using this protection technigjiepossible to detect minor internal tetos

turn faults in power transformers. Also, it adifferentiatebetween internal and external faults.

The discrimination is achieved by comparing the phase shift between two phadotal of
negative sequence currenifThe newprotectiontechnique is being studied via an extensive
simulation study usindSCAD® E MT D Edbftware in a threphase power system and is

also being compared with a traditional differential algorithm.

Relay performance under different nunmbef shorted turns of thpowertransformer, different
connections of the transformetifferent values of the fault resistances)d different valus of

the system parametergasinvestigated. The results indicate that the new technique can provide
a fast and sensitive approach for identifying minor internal -tostarn faults in power

transforners.

1PSCAD®/EMTDC™ : Trademark of the Manitoba HVDC Research Centre.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to the power transformer

One of the most important and complex systénat has been built by human civilizatias the
power system The dectric power system plays a key ratemodern society. One of the most

important components of any power system is the power transformer.

The development of the first power transformeigrsficantly changed transmission and
distribution systems. Before thpwwertransformer was inventeid 1885 by William Stanley,
power was produced and distributed as direct current (DC) at low voltdgeuse of electricity
wasonly limited to urban eeas because of voltage drop in the lines. Also, the use of DC voltage
would require the supply voltage to be the same as the supply voltage required by all electrical
equipment connected to the power system. However, it is quite difficult to transforpoWer

to a lower current and higépltage form efficiently. The alternating current (AC) system is able
to overcome the limitation of thBC system and distributes electricity efficiently over long
distances to consumers. The use of the AC systemsattmwise of enulti-voltage level energy
delivery system. Th&C power, generated at a low voltage, can be stepped up by using the
power transformer for the transmission purpose to higher voltage and lower current. Thus,

voltage drops and transmissiameegy losses can be reduced.

The transformer is the link between the generator of the power system and the transmission lines.
A power transformer islefined in reference [1] asa static piece of apparatus with two or more
windings which by electromagtic induction, transforms a system of alternating voltage and
current into another system of voltage and current usually of different values and at the same

frequency for the purpose tvnsmitting electrical power.



The powertransformer makes it psible to transmit the power from the generating station to the

customersat adistance Thepowertransformer is the most important and critical component of

the power system that transfers electrical energy from one circuit to another throyghvére

tr ansf or méowerdansfoariers are able to transfer 99.5% of their input power as their

output power.

The life-span of thepowertransformer is about 30 years in service. Transformers are divided
into threegroups[2]:

1) Small power transforme&007 7500 kVA.

2) Medium power transformers 758YA i 100MVA.

3) Large power transformers 100 MVA and above.

However, the power transformer can sometimes fail due to different factors. One of the major
factors that can cause the power transformer toigaihcreasing the power consumption.
Increasing the power consumption every year leads the load on the power transformer to grow.
When the load on the power transformer increases, the operating stresses increase as well.
According to the report on anals of transformer failures presentedrdérnational Association

of Engineering Insurer86™ Annual Conferencén Stockholm in 2003 by William H. Bartley,

the largest transformer loss occurred at a power plant in 2000 and the total damage loss of this
power transformer was 86 milliodS dollars[3]. The continuity of the power transformer
operation is very important in maintaining the reliability of the power supply. Any unscheduled
repair work such as replacement of the faulty transformer is vepgnekwe and time

consuming.

1.1.1 Principles of the power transformer

The operation of a power transformer is based on two principles:

1. Electric current produces the magnetic field.



The primary winding of the transformer is connectedatsource ofsinusoidal voltage of
frequencyf Hz and draws amall excitation current, from the source. This excitation current

sets up the mutwual fa.ux in the transformeros

2. A change in the magnetic field within a coil of wire induces a voltage acrossdseof the

coil (electromagnetic induction).

Changing the current in the primary coil changes the magnitude of the applied magnetic field.
The changing magnetic flux extends to the secondary coil where a voltage is induced across its
ends. Therefoe, the primary and secondary windings of the transformer are not connected
electrically, but magneticallj2]. Electric energy is transferred between two circuitbout the

use of moving partsThe ideal power transformer is depicted in Figure 1.1.
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Figure 1.11 The ideal transformer

For the ideal power transformer, it is assumed that resistance of the primary and the secondary
windings equakera Since the resistance zerq there is no voltage drop in theansformer
winding, so the voltage at th@ower transformetermnals equals the induced voltage in the
winding (V, = Ep).

The secondaryoltage Vs, induced in the secondary winding proportional to the primary
voltageV,, and is given by the ratio of the number of tukgsn the secondary winding to the
number ofturnsN, in the primary windingZ]. The voltage induced in the secondary coil is


http://en.wikipedia.org/wiki/File:Transformer_under_load.svg

o o2 (1.1)

Where Ns- thenumber of turns in the secondary coil,

0 -themagnetic flux through one turn of the coil.

The same magnetic flux passes through the primary and the secondary coilspofvtre

transformercawsingthe instantaneous voltage across the primary wintdibg equal to:
, » u
w 0 — (1.2)

Where N, - the number of turns in the primary coil,

0 - the magnetic flux through one turn of the coil.

The waveforms of the flux and the voltage are sinusoidal. The instantaneous value of the flux is:

i R (1.3)
Then the induced voltage is:
o 02 10 &g o (1.4)
Where - the maximum value of the flux
1 ¢* "Qangular frequency.
The RMS value of thinduced voltage is:
0  ="Q0 Ng “ "QU (1.5)

n

Sincethe voltage drop in theimding resistance is neglectadd then induced voltage equals the
terminal voltage. Then if a sinusoidal voltage is applied to the winding, sinusoidally varying
flux has to be established with the maximum value and satisfy the requirements that

induced voltage equals tiRMS value of the terminal voltage.



_ (1.6)

As can be seen, the core flux depeod the applied voltage, the number of turns in the winding,
andthefrequency. The core flux is fixed by the applied voltage and also by the required exciting
current which is determined by the magnetic properties of the core.

1.1.2 Types of transfomer failures

Damages tothe power transformer can be caused bijfferent stresses, which are due to
overheating, open circuits and short circuit§. [ The major focusof power transformer
protection is short circuits because open circuits do not pragmanticular hazardShort circuit

protection includes internal and external faults.

External faults occur outsidbe protection zonef the transformeand include:

1. Over voltage stresesthe insulation beyondstwithstand capacities artlerefoe causing
breakdown of the transformer.

2. Overloads lead to overheating df r a n s f insulatienrarsd have the potential to cause
permanent damage

3. Under frequencyi caused by a system disturbance that causes an imbalance between
generation and loadThe exciting current increases at low frequencies causing overfluxing
of the transformer iron coreOverfluxing may gradually lead to insulation breakdown of

the magnetic circuit.

Internal faults occur within the transformer protection zone. The intéaulis can be divided
into twogroups [3]- [6]:
1. Incipient faults develop slowly anday develop into major faults such plsaseto-ground
faults or three phase faults if the cause is not detected and corrected. Incipient faults can be

divided into thre groups:



1 Overheatingi caused by loss of coolanthich is due to leakageoor internal
connection in the electrior magnetic circuitsand loss of fangvhich haveto provide
cooling.

1 Over fluxingT may lead to insulation breakdown of thegnetic cirait insulating
materials

1 Overpressuré occurs due to release of gases from the transformer

2. Active faultsi caused bythe breakdown in insulation which creates a sudden strése
active fault occurs when the current flows from one phase conductandther such as
phaseto-phase and phage-ground. These faultsnay occur suddenly and they require fast
action by protective relaysActive faults

1 Turnto-turn short circuits.

1 Phaseo-phase short circuits.
1 Phaseo-ground short circuits.
1 Tank fauts.

1 Core faults.

One of the most challenging problems in power transformer protection is detecting internal turn
to-turn faults The reason why it is difficult to detect minor internal faults within the power

transformer is explained in the following seas.

1.2 Transformer internal turn -to-turn faults

According tothe IEEE Standar@37.92200Q which gives failure statistics of transformers for
different time periods, more than 50% of the total numbers of failures are winding féres
Winding failures are due to insulation between turns which can break down due to

electromagnetic and mechanical forces on the winding

A singlephase, two winding transformer with an internal #tovturn faultis depicted in Figure

1.2 to explain the theomgboutturn-to-turn faults. A turn-to-turn short circuit is a short circuit of
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a few turngn the transformer windingsFigure 1.2 shows that a tuto-turn fault has occurred

in the secondary windings and involMdsturns.
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Figure 1.2° Thesingle-phasetwo winding transformer

Where |, Is- theprimary and secondary current
Np, Ns - number of turns on the primary and secondary sfdee power transformer,

N, - number of shortetlrns

I« is the additional current componewnthich is caused by the induced vol&agn the short
circuited turns This current component is not measured by the differential relay toatecul
through the shorted turns. h&additional current componeniill be lagging the voltage by 90
degreesbecausethe impedance of the shorted circuit is inductivEhe Ampereturn-balance
principle for the coilswhich arelocated on the same magnetic core has to be fulfilled,
irrespective of the existence of a tdmturn fault. In order to fulfill this requirement, two

measured currents will give a certain angle shiftigure 1.3).

1Ny

|pr (Ns' Nx)ls

Figure 1.3' Theampereturn-balanceprinciple



The componentlNy is seen by the differential relay as the différ@ncurrent. When turto-
turn faults occur within the power transformer and only a few turns are shorted, then the

differential current magnitude can be very small and might not be within the tripping region.

According to the analysis of power transfer failures, 94 power transformeisled for the

period of 1997 through 2001 [3]. The total loss of 94 power transformers was $ 286,628,811 US
dollars. According to the Annual Report presente@6tAnnual Conference in Stockholin

2003, the largesnumbers of transformer failures occur in the Utility Substation sector and the
cause of power transformer failures is insulation failure. For all different types of power
transformer failuresinsulation failure has the highest risk to fail [8The caise of developing
turn-to-turn faults is the degradation of the insulation system. The insulation system of the
transformer consists of paper and oil. The paper and oil can be subject tondgamgisdefined

as the change in the properties of an eleadtinsulation system. Degradation is the process of
reducing insulation qualitywhich causes a breakdown in the insulation and leads to
development of turto-turn faults. The degradation of the insulation system can be due to the
mechanical, electal, and thermal stresseand moisure. When failure of the power
transformer happens, immediate detection of the failure is necessary in order to protect the entire
power system and minimize the damage and repair dbshe turnto-turn fault has nobeen
quickly detected and cleared, then this #tatturn fault can develop into a more serious and
costly to repair fault such aphaseto-ground fault

For detecting internal tufto-turn faults in thepower transformer thre characteristics can be
used. These three characteristics g8¢.0]:

1) Gas formation which is caused by the fault arc.

2) Anincrease in the phase currents.

3) Anincrease in the differential current.

When internal faut occur within the power transformemmediate detection dhesefaultsis
necessary in order to protect the enpiosversystem and minimize the damage and repair cost.

Usually three types of protection can be used to protect the transformer from the internal faults:



1. Suddenpressurerelay

The suddenpressurerelay operates on a rate of rise of gas in the transfd0¢r [12]. This
relay does not operate on pressure changes or static pressure which resuttee fnonmal
operatingcondition of the transformer.

2. Over current relay

Over current relayare seldom used because of their vulnerability to false opeif&ior12].

The false operation of over current relays mightdaesed by mismatch errors ofirrent
transformers @ T § saturation errors, and magnetizing inrush current when the tramsfaagm
energized. The over current relay responds to the magnitude of the input andeperats

when thismagnitude exceeds the gget leveli pickup current. Then thever currentrelay
contacts will close to energize the circuit breaker trip cdhe contact of the relay will remain
open if the magnitude of the input current is less than the pickup current. Over current relays are
used as primary protection where differential protection is not used. If the differential protection
is used, thenhe over current relay is used as back up protection. Typidafigs are used as
primary protection for transformers rated below 10 MVA. For transformers rated above 10

MVA, differential relays are used as primary protection and over current relagslasp.

3. The percentage differential relay

Differential relaying is ae of the most effectivand reliablemethods of providing protection
againstinternal faults in power transformers The rcentage differential relay is depicted in
Figure 1.4.

=] | breaker breaker |

R R

Figure 1.4i Percentageélifferential relay



Differential relayng treats thepower transformer as a unit, taking measurements at all of the
transformer terminalsThis method is very convenient because the power transformer terminals
are located at theame terminal. As it can been seen from the Figure 1lHe differential
protectionprincipleis based on comparing current magnitudes which €éh)eaind leav€l,) the
protected zoneThe protected zone is the zone between two current transforiiedgr normal
conditions, the current; would be equal to the curreht Therefore, during normal system
operation and during external faults (faults outside of the protection zone) the differential relay
operating current is very small or near zerb.the fault occurs between the two ends of the
protected zonghe magnitudes dhe current; andl, are no longer equalThen he presence of

the fault can be detect¢tl?].

It can be observed from Figure 1.4 that tleecpntage differential relay iavo types of coils:
the restraining coil (RCand the operating coil(OC) [9]. The percentage differential relay
operats when the differential current between currents émjeand leavinghe protected zone
exceed a preetermined percentage of the thgbucurrent before tripping can occur. This
through currenis referred to as the restrainingrrent. Operationf the differential relaypccurs

when the operating current excediaks restraining current

The major component of the differential protentschemes the current transformer (CT). The
current transformer is connected in series with plosver transformer windings witlthe
secondary currents circuilagy between them. The relay is connected across the midpoint where
the voltage is theoretitlg nil. Therefore, no current passes through the redag hence no
operation for faults outside the protected zone. Under internal fault condii®nslay operates

and bothCT secondary currents add up and pass through the rélasypercentage diérential

relay can be instantaneous in operation as it does not have to coordinate with any other relay on

the network.

In order to correctly apply the differential protectitwo requirements have to be satisfied [13]:
1. The current magnitude differeaes on different sides of the protected transformer have to be
compensated by correct selection of interposing CT ratios. It is necessary to properly

compensate the phase shift between the windings by correct selections of interposing CT
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winding connectins. Some differential relays might internally accommodate the phase shift
of the transformer.
2. It is important to compensate for zero sequence current by using the interposing CT

connection, which makes it possible to remove zero sequence current.

Pecentage differential rel@ymust be tolerant of worstase ddition of the mismatch errors.
Percentage differential relays allow larger percentage mismatches up to 70% during heavy
through currents9. Percentage differential relays can be affectedabyumber of factors,

which are explained belaw

Magnetizing inrush current

Magnetizinginrushcurrent is the current which may flow when the transformer is first energized
[14] - [15]. The inrush current may reach the instantaneous peaks of 8 to 3@h#nés fulk

load currentand then decays rapidly during the first few cycles before decaying slowly. The
magnitude of the inrush current is affected by the following factors: type of the magnetic
material in the core, residual flux in the power transfer before switching on, and the size of

the power transformerSince the differential relay might see the inrush current as an internal
fault, some methods should be presenth as a harmonic restraifar distinguishing between

faults and inrush ewent[16] - [17]. The nrush current haa second harmonic.This second
harmonic can be used testraint or blocka relay during energization and avoid undesired
tripping. The second harmonic blocking can respond to magnitudes and phase angles of the
second harmonic and the fundamental frequency currents. The differential element can correctly

distinguish betweethe poweltransformer energization and faults.

Transformer tap-change operation

Transformer tap change operation makes a large contmbticcurrent mismatciil5]. A

typical load tap changer range of 10% in voltage gives a 10% variation in current. When on load
tap-changer moves from one position to another, amplitude mismatch between the transformer
windings will result in a false diffeential current. This is a significant mismatch for which the

relay must not operate.
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Current transformer (CT) saturation

Fault currents can leaw CT saturation[15]. Current transformer saturatianight cause the

relay operating current to flodueto thedistortion of the saturated current. Current transformer
saturation reduces the secondary output currents from the current transformer and causes a false
differential current to appear to the relay. To minimize probldue to the saturation, tl@ T 6 s

ratios have to be selected properly.

Over excitation

Transformers are designed to operate below the flux saturatior{18yelAn increase from the
maximum voltage level will lead to saturation of the core andncrea® in the excitation
currentdrawn by the transformer. When a transformer core is ouged, the core will operate
in a nonlinear magnetic region. This will create harmonic components in ttigngxcurrent.
There is a significant amount of current at the fifth harmonic ihatharacteristic of over

excitation.

30° phase angle shift introduced by transformelY -eeconnection
The connection of the power transformer windings produces a phase displacement from the

primary currents and voltages to the secondary currents and voltages.

Besides detecting the fault, percentage differential relay also has to béveetosall of the

above mentioned factors which can cause misoperation of the relay.

1.3 Literature review

Internal faults involve a magnitude of fault curremhich is low relative to the power
transformer base currentThis indicates a need fordti speed and high sensitivity to ensure
good protection. According to the IEEE Standard documents, ih@® one standard way to
protect all power transformers against minor internal faults and at the same time to satisfy basic

protection requirementsensitivity, selectivity, and speéd|.
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The most difficult internal turto-turn fault is the fault which initially involves only a few turns.

The IEEE StandardC37.922000 indicates that as much as 10% of the transformer winding
might be shorted tcausea detectable change in the terminal current. Therefore, when fewer
numbers of turns are shorted, it will result in an undetectable amount of current. There is no

limit to the maximum internal fault that can flow, other than the protection systpaiiity [7].

According to the IEEE Committee Report [7], the main and most commonly used protection
provided for internal faults for power transformers of approximately 10 MVA {phese is the
percentage differential relay. Although the percentdifferential relay is the most commonly
used protection, it is not thoroughly efficient for detecting minor internattastarn faults in
power transformers. tlis difficult to detet minor internal turrto-turn faults using the
percentagalifferentialr e | ay because the changes in the tr
quite small because the ratio of transformation between the whole winding and the short
circuited turns is quite smallThe raditional transformer differentiglercentag@rotectionis not
sensitive enough to detect minor internal windiagjts. Low-level turnto-turn faults cannot be
detected with overall sensitivity represented by téstraint characteristiof the percentage
differential relay For examplejf the restraint chacteristicof the percentage differential relay
has been set to 20% and a mimernal faultcauses a differential current of 10%hus an
internal faultcannot be detected unthis faultevolves into a more severe fault with a higher
differential curent. And for this reason, the conventiorércentagaifferential protection is

not sensitive enough to determine Kmwvel turnto-turn faults.

Alternatively, minor turao-turn faults can be detected by the sudden pressure relay. However,
the sudderpressure relay is slow to operate unless the internal fault is severe. The sudden
pressure relay can detect internal faults with a delay of typically0OBOms that often causes the

fault to become more serious. Reference [6] gives a real case sttrdpsformer failure due to
shorted turns. Failure of transformer by shorted turns is depicted in Figure 1.5. -tA-tumm

fault was developed in a 30 year old power transformer as a result of severe winding conductor
insulation aging. The power transier was tripped on sudden pressure relay. After the fault
was cleared, fault diagnosis showed extensive loss of conductors and conductor insulations in the

faulted phase, which was unlikely to be economically repairable. As it can be seen fron this rea
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case study, the internal tuto-turn fault was detected but with a time delay that caused severe

damage of the faulted winding.

Figure 1571 Failure of transformer by shorted turfneproduce from reference [@jith

permission

The previousmethodswhich have been proposed towards improving the differential relay and
detecting internal turto-turn faults within the power transformer are outlined in the paragraphs

below.

Sachdev, Sidhu and Wood presented a digital relaying algorithm for detéctmgjormer

winding faults [19]. This principle is based on checking whether the differential equation
combined from the equations at the primary and secondary windings is valid. The- electro
magnetic equations of a transformer are differential equatbrsarrents,voltages and mutual

flux linkages. The differential equations are valid during normal operating conditions,
magnetizing inrush and external faults. However, they are not valid during internal faults. If the
power transformer is connected Y-Y, the fault can be detected directly because the winding

current is available. However, if the power transformer is connectedan Y t hen each o

three equations contains the unavailabl e a& wi
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the winding currents into nowgirculating and circulating currents. According to the results
presented in this paper, the proposed technique was effective for 5% of shorted turns of the

winding.

Kang, Lee and et al described a transformer protection basdtieoincrement of the flux

linkages [20]. The ratio of the increments of the primary and the secondary winding flux
linkages is equal to the turn ratio during normal operating conditagnetizing inrush current

and overexcitation. During internal wndi ng fault s, it wi || di f f
However, the ratio of the increments of the flux linkages is not always equal to the turn ratio
because the increments of the flux linkages of the primary and secondary windings are
instantaneous valseand consequently pass through zero. According to the presented result, the
proposed technique is effectively limited to a ttwrturn fault involving more than 10% of the

winding.

Jiang, Bo and et al proposed power transformer protection basednsremt detection using
Discrete Wavelet Transform (DWT) [21]. The protection technique in this paper focuses on the
features of fault transient currents instead of the fault under fundamental frequency. To detect
the transformer fault, onlthe dominanttransient within the certain bands plays the important
role. The average and differential currents between the primary and the secondary currents are
derived from the DWT outputs. To obtain the restraining and operating current, the spectral
energies ofhe average and differential currents are calculated using the moving average process.
To determine whether the fault is internal or external to the transfotineerelay compares the

levels of the operating and restraining current.

Ngaopitakkul andKunakorn presented an algorithm based on a combination of Discrete Wavelet
Transform and neural networks for detecting and classification of internal faults in two winding
three phase transformer [22]. According to this method, the current waveformdraotee to

several scales with the Wavelet transform, and the coefficients of the first scale from the Wavelet
transformer are investigated. The comparison of the coefficients was performed and used as

inputs for the training process of the neural neksor
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Khorashadizadeh andLi presented a sensitive artificial neural network (ANN) based
differential relay for fault identification in power transformer protecti@g].[ In this proposed
algorithm, different transient states are considered as diffpagt@rns. These different patterns
are recognized by an artificial neural network. Inputs to an artificial neural network are the
harmonics of the positive sequence of differential current. In this method the inputs afe the 1
2" and %" harmonic omponents of the positive sequence differential current. The drawback of
using methods based on neural networkbas these methodequire a large number of training
patterns which are produced by simulation of various cases and this method is reltzgeht

be applied to different power transformers.

In 2005, Gajic, BrncicHillstrom and et al from ABB (Sweden) in a conference paper discussed
about a new differential protection method based on negative sequence currelgedioyg
turn-to-turn faults within the power transformgR4]. According to the new method, the relay

will look into the phase angle shift between negative sequence current components from
different sides of the transformer and will make decisiorsetbeon this phase angléifs.
According to reference2fl], the new sensitive method can be used for deteatingr internal
turn-to-turn faults in the poweransformer. Studies presented in this paper were very lifhited

it dealt with one particular configuration and one sgstcondition. The results given in this
paper were also not convincing because of limited studies performed for only one set of system

parameterand no detailed investigations.

Past researchers faced problems while using negative sequence currdetsciimg minor turn

to-turn faults within the power transformer. According to reference [25], the changes in
impedance of the total phase circuit for a shorted turn is very difficult to calculate because of the
power transformer actions. In accordandéhwheir estimations when the impedance in the
faulted phase changes by 3%, the negative and zero sequence awuittards be sufficiently

large enough and will be less than 1%. Their rational is as follows: the magnitudes of the
currents largely depeénon the total reactor impedance as the source impedance is relatively low
compared to the reactor impedance. Also, it is worth noting that removing the ground from the

unit will not affect the magnitudes of the positive and negative sequence curraifisasity,
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but it will eliminate the zero sequence currents because there will not be a path for the zero

sequence currents to flow through.

The literature review discussed in previous paragraphseshibnat detecting minor internal turn
to-turn fauts within the power transformer is a very difficult problem. Some special schemes or

relays have to be designed and can be used as customized application.

The thesis focus work isn developing a negative sequence protection scheme for detecting
interral turnto-turn faults within the power transformer for various operating conditions and
different configurations of the power transformer. The main motivation of this research was to
verify if this proposednethod is able to perform better than the tradal differential protection
method.

1.4 Objectives of the research

As described above, the primary objective of this thesis isviestigatethe pssibility of using

the protection techniquewhichis based on negative sequence currents, foctiggeminor turn

to-turn faults in transformers in order to improve the performance of the traditional transformer
differential protection. The second objective is to verify how accurately internal-tostoirn

faults can be detected within the power sfarmer using this nevprotection technique. The
final objective is tanvestigate the performance of thew protectionmethodbased on negative
sequence currentsinder different numbserof shorted turns of the transformedifferent
connections of thepowertransformer, differentalues of the fault resistancestferent value of

the system parameters, athating the CT saturation.

1.5 Outline of the thesis

This thesis is organized six Chapters and two Appendices. A brief introduction to theepo

transformers and a brief overview about existing transformer protection schemes, which are
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currently used for protection of power transformers, is described in the first chaphber.

problem with detecting minor internal faults within the power tramsér is stated. Objectives

of the research are drawn from the literature review on transformer protection against internal

turnto-turn faults. The organization of the thesis is discussed as well.

In Chapter 2, a detailed description about symmetdoatponents and sequence networks for

various types of common faults and an internal -torturn fault in power transformers is

presented.

The newprotection method is presented in Chapter 3. Also, logic optbposed technique

based on negative s@ence currents is introduced in this chapter.

Chapter 4 discusses simulation of the power system. Furthermodet#ileddescriptionof the
model of theproposed techniqubéase& on negative sequence currents dhd traditional

differential protectionmodelare presented in this chapter.

Chapter 5 shows the studies of the performance of the traditional diffefgotiettionand the
proposed techniqubased on negative sequence currents. The perfornwnite proposed
techniqueunder different comections of the powetransformey different numbes of shorted
turns of thepower transformerdifferent valus of the fault resistaneg different valus of the
system parameterduring theCT saturationand the inrush currerd investigated, as wells the

performance of thiaditionaldifferential protection

Chapter 6 summarizes the research work described in the thesis and presents

conclusions.

Data and parameters of the modelled power syaterpresented in Appendix A.

Performanceof the proposednethodfor the power transformer connectadgdyY is given in

Appendix B.
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CAHPTER 2
UNSYMMETRICAL FAULTS

2.1 Symmetrical components

This research introduces the protectitgchnique which can improve differential relay
sensitivity for minor internal turto-turn faults. Thistechniqueis bagd on the theory of
symmetrical components, more exawt,negative sequence currentdc cor di ng t o For
theorem, three unbalanced phasors of a three phase system can be resolved into three balanced

systems of phasorg§] - [29]. The unbalancesket of current phasors is depicted in Figure 2.1

le

Ib

Figure 2.1i Unbalanceaurrentphasors

The balanced sets of components are (FeRu2- 2.4):

1. Positive sequence components
This sequence consists of three phasors which are equal intmaggrdisplaced from each

other by 120 degrees in phase, and have the same phase sequence as tHg,griginal

Icl

120°

la1

lb1
Figure 2.21 Positivesequenceomponents
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2. Negative sequence components

This sequence consists of three phasors which are eqoagnitude, displaced from each
other by 120 degrees in phase, and have the phase seduendsch is opposite to the
original phasors.

Lo 12¢ .o

IcZ

Figure 2.3 Negativesequenceomponents

3. Zero sequence components
This sequence consists of three phasors which are equal in magnitude and with zero phase

displacement from ea other.

Figure 2.4i Zerosequenceomponents

This method converts three unbalanced phases into three independent sources.

For example, a vector for three phase currents can be written as:

0
0 0 (2.1)
o

Where l4 - the current in phase A,
I - the current in phase B,

I - the currentn phase C.

The three symmetrical components can be written as:
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o
0 0 (2.2)
o

Where |, -thezero sequence component,
| 1 - thepositive sequence component,

| » - thenegative sequence component.
Phases are rotated forward by 120 degrees. A phase rotation opesatdefined to rotate a

phasor vetor. Using thea operator, the double subscript notation which was used in Figures 2.2

- 2.4 can be eliminated. This can be done by expressing each phasor in terms of phase A phasor.

O  ®gO
120°
O ©°
0 & ¢0

Figure 2.5 Positivesequence&omponentexpressed iterms ofphase Aguantities

‘0 OFO 120°

‘0 O

Figure 2.6/ Negativesequenceomponentexpressed iterms ofphase Aquantties

lac=lo

lbo=lo

2%

Figure 2.7i Zerosequenceomponentexpressed inerms ofphase Aguantities
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The symmetrical components have to satisfy the constraint which states that the vector sum of
symmetrical components equals the original set of unbalancedrpHa6l. The sum of the

sequence components is depicted in Figure 2.8.

Figure 2.8 Sum ofsequence&omponents

The unbalanced currents can be expressed as the sum of their components:

O 0 0 O (2.3)
0D 0 GO0 &0 (2.4)
0 0 &O OO (2.5)

A matrix A can be defined using thisperator to transform the phase vect&B(C) into

symmetrical component§12).

p P
o O (2.6)

o
© OO

Thephase currents generated by the sequence components can be written as:

0
0 2.7)
o

oNeXe)

P P
®w e

© OO



Conversely, the sequence components which are generated from the phase currents can be

written as:
@ @
® =6 AQ (2.8)
© Q
Where 0 -the inverse matrix
P P P
0 - p O O (29)
P ® ©
Then equation (8) can be written as:
O p p p O
O - p & & -0 (2.10
O p O w ©
Thenequation 2.10 can be written as:
© -0 0 0 (211
O -0 w0 wo0 (212
O -0 w0 wo (213

In a three phase system, the sum of the line currépts,(Ic) is equal to the currenf, in the
return path through the neutral [27R9]:

D 0 0 O (2.14)

As it can be seen from Equation 2.11:
‘© 00 (2.15

If there is no path through the neutral of a three phase system, then thelguiser@ro and the

line currents contain no zeromponents.

23



2.2 Sequence impedances for the power transformer

When positivesequence currents are present, the impedance is called the positive sequence

impedance. When negative sequence currents are present, the impedance is called the negative

sequene impedance. And when only zero sequence currents are present, then the impedance is

called the zero sequence impedance {289].

For all power transformers, the positive, negative, and zero sequence impedances are the same.

IR (2.16)

Where Z; - the positive sequence impedance,
Z,- the negative sequence impedance,
Z,- the zero sequence impedance,

Z - the leakage impedance.

The sequence impedance of the power transformer is the total leakage impedance of the

transformer.

The primary and the secongtawindingsof the power transformeran be connected in either
delta (&) or wye (Y) configurations. -d,her e
&Y, Y- Y-Y.

When a system has a transformer vegly connection, the effect dhe eeY transformer phase

shift on fault currerst has to be considered.h@positive quantities on the high voltage side of

the transformer wilbe 30 degrees greater thtue positive quantities on the low voltage side of

the transformef27] - [29]. The negative sequence quantities are the rewfréee positive
sequence quantities. In other words, the negative sequence quantities on the high voltage side of
the transformer will lead the negative sequence quantities on the low voltage side of the

transformer by30 degrees.
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The equivalent circuifor the zero sequence impedance depends on the power transformer
winding connections. As it is known, zero sequence currents will flow only if there is a return

path through which a completed circuit is provided Pf&9].

All possible ombinations bthe transformer winding connections are discussed in the following

paragraphs.

If the power transformer is connected inYYand both neutrals are grounded, then there is a path
for zero sequence current to flow in both windings of the transformer. eGbiwalent zero

sequence circuit for this connection is depicted in Figure 2.9.

Zy

Y

&)}
QO
Ou

g

Figure 2.9 The equivalent zero sequence circuit fal’onnections with both neutrals

grounded

If the power transformer is connected inYYwith the primary neutral grounded and the
secondary neutral isolated, then the zero sequence current in the secondary winding is zero.
Consequently, the zero sequence current in the primary winding will be zero. The equivalent
zero sequence circuitifohis connection is depicted in Figure 2.10.

Zy

Y

g

Figure 2.10° The equivalent zero sequence circuit felYconnections with the primary neutral

grounded and the secondary neutral isolated
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If the power transformer is connedta aeae then the zero sequence current will circulate in the
aeconnected windings, but no current can leaveatiierminals. The equivalent zero sequence

circuit for this connection is depicted in Figure 2.11.

a Zo a

Y

Qu

Figure 2.11" The equivalent zero sequence circuitdessconnections

If the power transformer is connected ira¥and neutral is grounded, then the primary currents

can flow because there is zero sequence circulating current in the secondary winding connected
i n neea ground return path for the primary winding connected in Y. For these connections,
there is isolation between the primary and the secondary windings because zero sequence current
cannot leave thee terminals. The equivalent zero sequence circuittfidg connection is

depicted in Figure 2.12.

Y

g

Figure 2.12 The equivalent zero sequence circuit feedtonnections with neutral grounded

If the power transformer is connected inaand neutral is isolated, then the zeexquence
current cannot flow and the equivalent circuit reflects infinite impedance. The equivalent zero

sequence circuit for this connection is depicted in Figure 2.13.
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QD
N

QD

Ou

Figure 2.13 The equivalent zero sequence citdar Y-aeconnections with neutral isolated

2.3 Sequence network connections and symmetrical components for various

types of common faults

Before the faulbccurs, the system operates under stesaiye conditions. The pfault system

is balanced and the zemmositive, and negative sequence networks are uncolZigd[29].

The sequence componemgsl, are equal to zero before the fault occurs. During unsymmetrical
faults, sequence networlsarrying the currentdo, I; and I, are interconnected at tHeult
locationto present various unbalanced fault conditioihe presence of the negative and zero

sequence components is an indication of abnormal conditions (faults).

Since the new method is based on negative sequence curremsgdtise sequeecurrent for

different types of faulhas to be observed

Unbalanced faults such as phasghase, phasw®-ground, and phas®-phaseto-ground
produce negative sequence current. From the negative sequence current standpoitt; phase
phase fault ishe most severe fault. The readonthis can be seen from the sequence network

diagrams.

The sequence network diagrams for three different fault conditions (plrpbkase, phasw-
ground, phas#o-phaseto-ground faults) are depicted in Figaz14 - 2.16.
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1. Phaseto-ground fault

The negative sequence current resulting from phageound fault is limited by the positive
(Z2), negative Z,), zero Zo) sequence impedances and the fault impedafite Iq case of the
bolted fault, the fault imp#ance equals zero.

—
lo
b
Z +
Vo
—
7 \
7, + 3z
Vi
Vi
—
.
Z *
V,

Figure 2147 Thesequenceonnection fophaseto-groundfault

The sequenceomponents of thault currents are:

© 0 O
(2.17)
Where V; - the pre fault voltage.

The sequence fault currents can be transformed to the phase domain usiog @juat

2. Phaseto-phasefault

The negative sequence current which results from the jibgese fault is limited only by the
positive ¢;), negative Z,) sequence impedances, and the fault impedafce (
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Zl + + 22

Figure 2.57 Thesequence&onnrection forphaseto-phasefault

The sequence faults current are:

o O
(2.19)

The negative sequence current resulting from the piogsease fault will be higher than the
negative sequence current resulting from phasground fault.

3. Phaseto-phaseto-ground fault

For the phas¢o-phaseto-ground fault, the sequence connection shows that the positive
negative and zero sequenegs connected in parallat the fault terminal This connection will

result in higher posite sequence current. However because the current split between the
negative and zero network sequences, the resulting negative sequence current is usually less than

thatfor the phase¢o-phase fault.

Figure 2.57 Thesequaceconnection fophaseto-phaseto-groundfault

The positive sequence fault current is:
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0o — (2.19)

Using current division ifrigure 216, the negative sequence fault current is:

o 00— (2.20

The zero sequence fault current is:

o 00— (2.22)

2.4 Sequence netwik connections and gmmetrical components for turn-to-

turn faults in power transformers

A turn toturn faultis a short circuit of a few turns in the power transformer winding. When a
few turns are shorted in one phase, then the impedance of the gitasedis not equal to the
impedances of the other two pha$2§], [29]. According to reference [25], the impedance
change in one phase can be represented as a shunt unbalance as shown in Fifarea2.17
grounded transformerFigure 2.18 depicts theomresponding sequence network for a {ton

turn fault.

Figure 2.17 Shunt unbalance with a shorted turn in phase A

30



Vi 4@
Z Zy
Z Zy
Z, Zy+3Z, W @

Figure 2.18 Sequence network for a tuta-turn fault in phase A

As it was mentioned before in Chapter 1, tifaglitional differential relays not sensitive enough
to detect minor internal tusto-turn faults in the power transformer because the changes in the
phasecurrent are quite small.

The newprotectiontechnique for turrio-turn fault is based on the gative sequence currents.
Negative sequence currents superimpose-fawie quantities. Negative sequence currents have

the advantage over the zero sequence currents. It is known that removing the ground from the
unit will eliminate zero sequence compots. However, negative sequence currents are

produced even when the fault does not include earth.
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Figures 2.19 2.21 show phase currerflsc andlse) andnegative sequence currefflgs_pand
Ins s) on both sides of the transfornduring the stadystate condition and during the fault when
5%, 3% and 1% of turns are shorted on the secondary side of the power trangfiqoimese C

70 mNSP =NS_S =5C1 =SC2

o4 Isea \_L‘/Iscz

5.0 4 \—\ 1

1

|

4.0 4

304

Magnitude, A

204

J,NS P ’NS N
1.0 - \ / -

Du _L—-
00 10 20 30 40 50
Time, s
4 »

Figure 2.19° Phasecurrentsand negative sequence currents during the ststady condition

and during théault for 5% shorted turns

mNS_P =NS_S = [5C =52
70+ ==
—] 604 ISCI / sc2
<< | 501 |
- —
() i
2| 40
E {
.E 304
®
20
= Ins p Ins s
1.0 \J /
0.0 +—
00 10 20 30 40 50
Time, s

4 »

Figure 2.20° Phasecurrentsand negative sequence currents during the ststady condition
and during the fault foB% shorted turns
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Figure 2.21i Phase currentsnd negative sequence currents during the ststadgcondition
and during the fault for 1% shorted turns

Magnitude, A

In the figures:
Isa - secondaryhasecurrentproduced by Con the primary side oFR in phase C,
Ise - secondary phase current produced byo@The secondary side ©R in phase G
Ins_p- Negative sequence current on the primary sideRo$caled down using GT

Ins s negative sequence current on the secondary sifiR e€aled down using CT

As it can be seen from Figures 2-19.21, the changes in magrdes of the negative sequence
currents on both sides of the power transformer during the fault compared to the steady state
value of thephasecurrents are greater than the change in magnitude gfhtdsecurrents for a

turn-to-turn fault.
The changg in magnitudes of thphasecurrens and negative sequence currents during the

steady state condition and during an internal-tofturn fault wherb%, 3% and 1% of turns are

shorted on the secondary side of the power transformer are shown in Tal#2e32.1

33



Table 2.1 Magnitudes of thehasecurrentsand negative sequence currents during stasatg

condition and during an internal tuto-turn fault for5% shorted turns

Sequence components Steadystate A Fault, A Change, %
Isa 462 454 1.76
Ise 462 5.29 12.6
Ins_p 0.0014 0.26 99.46
Ins s 0.0014 0.57 99.75

Table 2.2 Magnitudes of thephasecurrentsand negativesequence currents duristpadystate

condition and during an internal tuto-turn fault for3% shorted turns

Sequene components Steadystate A Fault, A Change, %
lsa 4.63 455 1.75
Ise 4.63 511 9.39
Ins_p 0.004 0.24 99.41
Ins s 0.004 0.0 99.72

Table 2.3° Magnitudes of thehasecurrentsand negative sequencerents duringteadystate

condition andduring an internal turto-turn fault for 1% shorted turns

Sequence components Steadystate A Fault, A Change, %
lsa 4.62 4.60 0.43
s 4.62 4.85 4.75
Ins P 0.0014 0.23 99.39
Ins s 0.0014 042 99.66
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2.5 Summary

This chapteintroduces the&oncept of the symmetrical components technique. The symmetrical
components technique is very important in the analysis and design of gpllasee power
system. The symmetrical components method is a very important tool for unsymmetrical short
circuit dudies. A linear transformation from phase compone®8C to symmetrical
components(12) is shown. The sequence networks and symmetrical components for different

types of common faults and an internal ttwrturn fault in the power transformer are ggated.
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CHAPTER 3
SENSETIVE TURN-TO-TURN FAULT DETECTION USING
NEGATIVE SEQUENCE CURRENTS

3.1 Introduction to the new transformer protection method

The «istence of negative sequence currdrggond the normal or tolerable unbalaniseproof

of a faultin the power transformer winding®Negative sequence currents do not exist during the
symmetrical three phase faulfThey do exist during unsymmetrical faults long enough for the
relay to make the proper decision. Negative sequenentshave an advantage compared to
zero sequence currents because ttay provide coverage for phatephase and turto-turn

faults as well as for ground faults

The algorithimfor the newturn-to-turn fault detection is basexh negative sequencerrentsand

derived fromthe theory of symmetrical componemtgplained in Chapter [29].

It is known from the theory of symmetrical components that:
1. Negative sequence currents can distribute through the negative sequence network.
2. The urce of negatie sequence currents at the point of the faulOs: 0 ¢
3. Negative sequence currents obey Kirchhoff o
electrical circuit, the sum of currents flowing towards that point is equaletsum of
curreris flowing away from that point.

The following sections describe flow of negative sequence currents for the power transformer

external and internal faults.

36



3.1.1 Flow of the negative sequence currents for transformer external faults

If the fault is externato the power transformer, then the source of the negative sequence fault
currents will be outside of the protected zone as shown in Figure 3.1. For the external faults in
the transformer, negative sequence curréds (P will enter thehealthy transformer on the
faulty side and negative sequence currédNS( R will leave on the other side as shown in
Figure 3.1. Then, negative sequence currents on the respadegeof the powetransformer

will have opposite direction. This meathat the phase shift between these two phasors will be

equal to 180 °.

«— YIY D —>
Ins_s1 INS_P> 5 INS_P INS_S Zns_2
[ e S N || S
1 f \ Ol C \ Sﬁ:
- \ ; ; =
Ins F>T Insp l T " Ens
| Negative sequenamirrent |

relay logic

Figure 3.1' Flow of negativesequenceurrents fortransformeexternalfault

In Figures 3.&nd 3.2

Zns s12ns_g - the negativesequence impedances for the equivalent sodicasdS,,
Ens- fictitious negative sequence source
INS_P, INS_Sthe negative sequence curieon the primary and secondary side of, TR
INS_P> the negative sequencarrenttransformed from the fault side to the
other side of TR
Ins_ B Ins s - the negative sequence curnieon the primary and secondary side of TR

scaled down using GT
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3.1.2 Flow of the negative sequence currents for transformer internal faults

If the fault is internako the power transformer, then the source of the negative sequence fault
currents will be inside of the protected zone as shown in Figure 3.2. Fordimairfaults in the
transformer, negative sequence curredft$S(P and INS_$ will flow out of the faulty
transformer on both sides as shown in Figure 3.2. Then negative sequence currents on the
respectivesides of the powetransformer will have the sandirection. This means that the

phase shift between these two phasors will be equal to 0 °.

N YIY —
Zns s1 INS_P 5 INS_S Zns g
A D g e
] | S ¢ —5 7
= JT; é =
Ins p T ; Ens TINS_S
Negative sequence

current relay logic

Figure 3.2° Flow of negativesequenceurrents fortransformeinternalfault

3.2 The description of the newnegative sequence current based protection

method

For this method to be successful, the negative sequence components on the two sides of the
protectedpower transformerhave to be significant The new protection techniqueperats
depending on the relative positiohtao phasors. In other words, thpsotectionschemewill

compare the phase anglift between the negative sequence curcenthe primaryside of the

transformer and the negative sequence cuaoenihe secondarside.

However, the comparison beterethe negative sequence curreatsthe primary and secondary
sides of the power transformisrvalid for nonzero phase displacement transformers and turns

ratio equal to 1. In other wordihis comparison is valifbr the seaeor Y-Y connection of the
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transformer windings, and for the turn ratio equal to If.the phase displacement of the
transformer differs from zero degrees and the turn ratio differs from 1, then the phase shift and
turns ratio of the transformdrave b be compensated in order to ubkes method The eeY
connectionof three phase power transformers introduces a 30 degree phase shift between the
primary and the secondary windings. A 30 degree phase shift between the primary and the
secondary winding ofhe power transformer can be compensated by the correct selection of
interposing current transformers windings connections. The correct selection of interposing
current transformers ratio allows compensating for current magnitude differences on different

sides of the power transformer.

The logic of theprotection methodbased on negative sequence currémtsletecting annternal

turn-to-turn faultwithin the power transformer ghown in Figure 3.3.

Primarycurrents Secondary currents
Isas Ises Isc1 Isaz Isea Isc2
\4 A\ 4
[ FFT J [ FFT }
X A
[ Negative sequence currdit_p ] { Negatie sequence currehis s }

Ins_ P> Imin  NO No  Ins P> Imin

Yes

No
Phase shifE 0

Yes

Trip signal

Figure 3.3 Negative sequence current based logic
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As it can be seen from the Figure 3tBe logic of theprotection methodased omegative

sequenceurre ntshas two steps:

1. Firstly it checls for the magnitude of negative sequence current coems on both sides of
the power transformer.

2. The second step is to check for the phase aftufebetween these two phasors.

The logical steps arexplained in detail below:

1. All individual instantaneous currents on the primary sldg,(Isss, Isc) and on the

secondary sidddp, Isp, Ise) of the power transformer have to be measured.

2. Using the Fast Fourier Transform (FFT) block determitlee fundamental harmonic

magnitude and phase of the input signal as a function of time.

3. Calculate negativesequenceurrents on the primary sidéy§ 9 and on the secondary side
(Ins_g of the power transformdi.e. magnitude and phase components of the fundamental

harmonig.

4. Checkthe magnitudes of negative sequence currents from both sides wansformer and
compares them with a peet level. The magnitudes of negative sequence currents from both
sides of the power transformer have to be above thegirémit in order to check the
relative position (phase angle) between these two phadde minimum praet level has to
be above values which can be measured during normal operation of the power system. The
limit value has to be setither ange within 1% to 20% of the
current. The differential protecio6 s base current i's the power
side rated currentThe reason for this condition is to exclude the negative sequence currents
which can be introduced due to the famalt asymmetries of the power system (tolerable

imbalances).
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If the contribution of negative sequence currents from both sides of the power transformer is
less than a preet level, then a directional comparigemotdone to avoid the possibility of

making a wrong decision and the refaylogicwill block.

But if the contribution of negative sequence currents from biokbssof the transformer is
more than a preset level, then a directional comparison can be done and a phase angle

between two phasors of negative sequence currents can be found.

5. If the phaseshift between two phasors oégative sequence currents ts then an internal

faultis indicated and a trip command issued.

3.3 Summary

This chapter gives an overview tre new transformer fierential protection method. Thedic

of negative sequee currents baseprotection methods described. In order to apply this
method for detecting internal faults within the power transfortherphase shift and tusmatio

have to be compensateéccording to the new method, théfdrential relay will lbok into the

phase angle shift between negative sequence current components from different sides of the

power transformer and will make decisions depending on the relative position of two phasors.
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CHAPTER 4
PSCAD/EMTDC MODELING OPF THE POWER
TRANSFORMER AND THE DIFFETENTIAL RELAY

4.1Tools required to model the power system and differential relays

The PSCADEMTDC E software(version 4.2.1has been used to model the power system and
to design the traditional differential relay model and the diffgal relay based on negative
sequence currents modelBSCADEMTDC is the simulation tool for analyzing power system
transient developed by Manitoba HVDC Research Cenfie [Bhe PSCADEMTDC software

gives a complete library with the typical elememguired to model the typical power system.

4.2The modded power system

The system under study is a two machine power systemected through a three phase power
transformer A three phase transformer bank was constructed using three single phase
trangormers, each of 33.3 MVA, 23/132 kVThesimulated power system modsldepicted in
Figure 4.1.To validate the model,the steady state operation and the transient behaviour during

faults werecompared witttheoretical calculatias

S Ch CT S
( ) BiK /_Vl § ‘ ‘ % fﬂ EI:K
L Relay ]

Figure4.1i Simulated power system model
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Thesimulated power system modetludes:

T

T
)l
)l

VoltagesourcedqS; andS,).
Circuit breakerg BRK).
Currenttransformerg¢CT; andCT,).

A power tansformemodel that can simulataternal turnto-turn faults.

4.2.1Voltage sources

Two sourceqS, and $) have been used in simulatiohe voltage source component model

which has been used to model a three phase voltage source is depicted in Figure 4.2.

O

Figure 4.20 The voltage source component model

The soure impedance type can be chosen as resistive, inductive or capacitive. The parameters

can be specified behind the source impedance or at the terminal. This component has an option

of external control of voltage and frequency. Monitorihg source can beontrolled through

internal parameters or fixed parameters or variable external signals. The external inputs are:

1 V-line-to-ground, peak voltage magnitude, kV

1 f-frequency, Hz.

The parameters of two sources are given in BaBlé- A.2 in AppendixA.

4.2.2 Circuit breakers

The circuit breaker component model is depicted in Figure %8s component simulates the

operation of the three phase circuit breaker. This component has an option to specify the ON
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(closed) and OFF (open) resistance @f ineaker. The circuit breaker is controlled by the input
signal (default i8RK).

The logic of the circuit breaker is:

1 OFF( Open)-1
1 ON/(Closed)- 0.

Figure 4.31 The circuit breaker component model

4.2.3 Current transformers

As it can be seefiom Figure 4.1, tiferential relay is connected to the CTs secondary windings
Current transformers (CTs) are usedthe fiedd to reduce the value of primary currents for
convenience of measuremenatonaximum value dbA and provide electrical isation from the

power system.This allowspersonnel to work in a safer environment.

To select current transformers (CTs), rated {fndld) currents at both voltage levels have to be
calculated using the formula:
0 — (4.1)

Where S-the maximum load,

V - the ratedroltage.
The CTé ratios are chosen based the values of the fulbad currents. The parameters of

current transformers are given in Tabla.3 - A.4 in Appendix A. The current transformer

component model is depicted in Figure 4.4.
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Figure 4.4i The current transformer component model

Input parameters of thecurrent transformerare primary and secondary turns, secondary

resistance and inductance, and burden resistance and burden inductance.

4.2.4 Power transformer model for simulating internal turn -to-turn faults

The distribution of thenagnetic flux is fundamentally alteréor the transformer with an internal
turn-to-turn fault. To produce the magnetic flux in the cottee excitingcurrent is required. The
exciting current flows in the primarwinding where it establishes an alterinfjlux in the
magnetic circuit. When an internalurn-to-turn fault occurs, the situation is more compleko

model a turrto-turn fault, the corresponding winding is divided into three sub éodsi b 6 a n d

fi cad it can be seen in Figure 43&] - [34].

Figure 45 depicts asingle phase transformer with turn-to-turn fault. The turfto-turn fault
happened on the secondamnding, causingthe secondary windingp be divided into three

parts:

1) Top part- sub coil a.
2) Shorted part sub coil b.
3) The botom part- sub coil c.

o
5y

m
(@]

Primary winding Secondary winding

Figure 4571 A singlephasetransformer witha urn-to-turn fault onsecondarywinding
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Essentially, the shouircuit impedancewhich is mainly the leakage inductance wibitally
changefor a midwinding fault. A single phase transformer can be described ¥ matrix

representingL].

0 0 0 0
. 0 0 0 0
R T (4.2)
0 0 0 0

Where L; - selfinductance in the primary winding
La, Ly, Lc - selFinductance of subcoifa 6, fib,d0 and fAco
Mia, M1, M1c - mutual nductance between primary winding and sub coils

Mab , Mac, Mpe - mutual inductance between sub coils.

The PSCAD/EMTDC packagehas a standard three phase power transformer component in the
library. But todetect and diagnose the internal ttwrturn faults in transformers, a model of the

transformemith an internal tursto-turn faultsis requirel.

PSCAD/EMTDC software allows the designing of a new component. Components in
PSCAD/EMTDC are a graphic representation of the model which allowsplgung input
parameters and performing praelculation on input data. A new component can be created in
PSCAD/EMTDCusing theComponent Wizard The new component is represented by an icon in
graphical interfacd®SCAD/EMTDGC an internal code in FORTRANNd dialog boxes. The
function of the internal code is to process the inputs and retrieves outputs. The dialog boxes of the
PSCAD/EMTDC component allow setting values to parameters of the internal code of the new
component. The new component can intewattt other components IRSCAD/EMTDC

Figure4.6 shows a new created compongért single phase power transformer with internal<turn

to-turn faults which has been used to model the power system and to simuldtettumfaults.
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Al C1
A2| 4 wdg T2
1 Phase
B1| D1
B2| D2

Figure 4.6i A graphic representation of a single phase transformer mighnialturn-to-turn

faults

Where A;-A; - primary winding of the transformer
B;-B; - top partof the secondary wiing of the transformer
C;-C; - shorted parbf the secondary winding of the transformer

D;-D;- the bottom parof the secondary winding of the transformer.

Input parameters of thower transformer are:

1) System frequency
2) TransbrmerMVA.
3) Nominal voltage of each sub toi

4) Leakage reactance of each sub coil.

4.2.4.1 The calculation of the leakage reactance of the power transformer

The load currentlows into the winding results inhe magnetic field around the winding. This
field is the leakage flux field which exists in the spaces occupied by the windings and in the
spaces between windings. The leakage flux results in the impedance between windings. This

impedance is termed as leakage reactance.

The inductance of thwinding can be defined as:

0 = (4.3)
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Where N - number of turns of the winding,
| - themean length of the magnetic circuit,
€o- the permeability
Ag- crosssectional area of core.

The leakage reactance is:
W (44
Where f - the signafrequency
L - the inductance.

The magnitude of the leakage reactance depends on the number of turns of the winding, the
leakage field, the current in the winding, and the geometry of the winding and core. The load
current through the leaga reactance results in voltage drop. Leakage reactance is termed as
percent leakage reactance. It is the ratio of the reactance voltage drop to the winding voltage
multiplied by 100%.

To calculate the leakage reactance, first the inductance hasctaicoated. Inductances for a
single phase power transformer with the internal-torturn fault were obtained using thenite
Element Analysi$41] - [42]. The parameters of a single phase transformer are given in Table A.5
in Appendix A. The calclation of the leakage reactance afsingle phaseransformerfor
different percentages of shorted turns on the primary and secondaryngsind specified in
Tables A.6- A.7 in Appendix A.

4.3 Modeling differential relaysin PSCAD

To protect three Ipase power transformers against internal teimturn faults, the traditional
transformer differentiaprotectionandthe proposed methdohsed on negativeeguence currents

are used. Models dfoth protection methods are described below
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4.3.1Traditio nal differential protection method

To detect internal turto-turn faults the traditionaprotectionrelay can be usedThe three phase
differential relays have three single phase differential relays for each phase. Each differential

relay hasa differential component which has 2 elements

1 The restraint windings. Currents in the restraint windings tend to prevent tripping.

1 The operating winding.

4.3.11 The percentage differential slope

In the percentage differential relay, the differentiarent must exceed a fixed percentage of the
through current in the transformer. The through current is reftorasithe restratrcurrent and

is defined as the average of the primary and the secondary cu8jents [
© O 0 v (4.5)
WhereK- a compensation factor, generally equals 0.5 or 1.
The relay will operate whethe differentialcurrent(ly) is greaterthan therestrainng current(l,):
"0 Y0 @0 (4.6)
Where |, - restraint current
"Y0 Othe slope of the percentage differential characteiistienerally expressed as a
percent value: typically 10%, 20%, and 40%.
A percentage slop8LP of differential relayhasbeen selectecand adjusted to make the rgl®

be insensitive to mmatch between CT currents and relay tap settiifigrences in accuracy of
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the CTs on eitler side of the transformer bawkiring faults, and to transformeapt changing

(TTC). The slope of the percentage differential relay detess the trip zone.

The procedure of selecting the percentage differential $8Ip8 is [25]:

1. To calculate the rated currents at both voltage levels.

2. To select current transformers. For increased sensitivity, current transformer ratios have to
beclose to theated current values a®ssible.

3. To calculate the current transformer secondary currents.

4. To calculate relay currents.

5. Select the relay taps that have a ratio as close as possible to the relay current ratio. Select
T andTy,

6. To calcdate the percentage tfe currents mismatchto ensure that the relay taps selected
have an adequate safety margin.

3
0 20 zpmhr 4.7

Wherl_ Iy - relay input currents at the same kVA base for low and high voltage
sides respeately.

T. Ty - relay tap settings for low and high voltage sides respectively.

S - smaller ofthetwo terms— or —.

7. To calcul ate a diff er either €de of the teagstomerdanky o f t

To select the proper percentage slope for the relay charactenisén theinformation on
unequal CT errors is not available, then an appropriate assumption can belihmdeasonable

to assume that the errorstime two CTs will notbe more than 10% under all fault conditions.
Therefore, the percentage differential sldpethe relay can be selected including about 5% of

safetymargin.
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432Description of t he negati ve sequerl

component

The new differential protection methaebrks if the protectegowertransbrmer is connected to
some loadso that currents can flow on both sides of the protepteder transformer. The
proposednethodbased on negative sequence cur@mésthe negative equencecurrentsfault

detection component

The first step is to extragnagntudes of negative currents. To extract these magnittite$;ast
Fourier TransformKFT) block can beused. The FFT can determine the harmonic magnitude
and phase of the inpsgignal as a function of timeThe FFT is a process of multiplying a signal

by a sinusoid in order to determine frequency components of a signal. First the input signal is
sampled beford is decomposed into harmonic constituenfEhe FFT provides theoption of

using one, two or three input$n the case of three inputie FFT block cantake a three phase

input and calculates theFT output through a sequencer whose outputs @ositive (Mag+),
negative(Mag-), and zerdMag0) sequencenagnitude components and positivéfi+), negative

(Ph), and zeroRh0 sequence phase components as shown in Figure 4.9

NS P
a1y e ;/E\k
FFT

Isal @) Jlrr
- o INSP
Isb1 @ J-
=60, PhO
Iso—lgc 1 F=60.0[HZ )
hea oo o

(a) Primary side FFT block

51



Isa2
By

Ish2 @)

o F=600[H7 F(’g;’
hea s

(a) Secondary side FFT block

Figure 481 Magnitudes and phase angles of sequence components produeedidgcks

Wherelsay, Isgs Isa - secondarphasec ur r ent s produced begfTRERTOS on
in phase A, B, and @spectively
Isaz Isea Isco- secondarphasec ur r ent s produced bideofGHRO6s on

in phase A, B, and @spectively

Ins_p - magnitude of the negative sequence current on the primary side of TR
scaled down using GT

Ins_s magnitude of the negative sequence current on the secondary side of TR
scaled down using CT,

Ins p ph- phase anglef the negative sequence current on the primary side pf TR

Ins s_ph- phase anglef the negative sequence current on the secondary side of TR

The second step is to cheitle magnitudes dhe negative sequence currents from both sides of
the transformerAs it was mentioned in l&apter 3, iemagnitudes of negative sequence currents
(Ins_pandlnss) on both sides of the power transfornmave to be higher than a pset level.

The preset level was chosen to be 1%. The maximum current on the secondary side of the
current transformer is 5 ATherefore, 1% is 0.05 A. Magnitudes of negative sequence currents

were extracted from theFT blocks.

To compare magnitudes of negative sequence currents with-setplevel, a comparator has
been used. This component compares two inputs. Thetdugon the comparator is a level
output which is obtained when one signal is above the other signal. The comparison of negative

sequence currents with a gget level using the comparator is depicted in Figde 4.
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Figure 491 Comparison of negaté sequence currents with a {3t level

Second, if the contribution of negative sequence currents from both sides of the transformer is
less than a preet level, then aigkctional comparison is natone to avoid the possibility of

making a wrong desion.

But if the contribution of negative sequence currents from both sides pbwertransfamer is
morethan a preset level, then a directional comparison can be done and a phase angle between

two phasors of negative sequence currents can be.found

If outputs P, and D,) from both comparators are 1, which means that both magnitudes of
negative sequence currents are greater than -aeprevel, then a phase angle between two
negative sequence currents can be checked. Phase angle comparisen bebmghasors of

negative sequence currents is shown in Figur@ 4.1
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Figure 4.D7 Phase angle comparison between two phasors of negative sequence currents

As it is shown in Figure 4.10, two 2 input selectors have been used in phase angleésomp
The output from the selector will be A or B depending on the value of Ctrl. If the value of Ctrl is
1, then the output of the selector 1 will lpg p pn and if the value of Ctrl of the selector 2 is 1,
then the output will bdnss pn Then sing the Summing/Differencing Junctions block, the
difference between these two angles can be found. If the difference is in the range béiween 0

degrees, then an internal fault is indicated and a trip command is issued.

4.4 Summary

This chapter gives detailed description of the components of the modelled power system under
study. Also, models of the traditional different@btectionand theproposed techniquieased
on negative sequence currents are presented in this chafterPSCAD/EMTDC softwae

(version 4.2.1)s used to model the power system and design the traditional differential relay

model and the differential relay based on neg
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proposed relayased on negative sequence currents hasithggat i ve seqgquence cCL
detection component. The operation ofthe negative sequence currénfault detection

components described.
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CHAPTER 5
TEST RESULTS

5.1 Introduction

This chaptempresents théest results usmthe protection methodased on negative sequence
currentsand the traditional differentigbrotection method The purpose of these studies is to
detect minor internal turto-turn faults within the power transformer using batlethodsand

compare theiperformance for various cases.

5.2 Performance of the traditional differential protection

The purpose of this study is to investigate the performaricéhe traditional differential
protectionfor internal turnto-turn faults The transformer windindault is the most difficult

fault to detect within the power transformer. The most difficult aspect of it is providing power
transformer protection when only a few turns are shorted. As it is known, the changes in
magni tude of t he carrersrae veoyrsmed whers a limieed namberaof turns
are shorted within the power transformelEEE Standard indicates that at least 10% of the
transformer winding has to be shorted to cause detectable change in the terminal current.
Therefore, whendwer numbers of turns are shorted, it will result in an undetectable amount of

current [5].

The first step is to investigate how accurately the traditional differgmteaectioncan detect
minor internal turAo-turn faults. The internal turn-to-turn fault occurredon the secondary
winding (HV side) in phase @f the power transformeras depicted in Figuré.1. The time
taken to apply the faulsi3 seconds with duration of 0.4 secandis this study,the restraint

characteristic has been set to 20%
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Traditional
differential relay

Figure5.171 Internal turnto-turnfault on thesecondarywinding of the power tansformer

5.2.1 Differential current versus restraining current

The next sets of figures show the differential and restraining currents of the traditierahtial
protection for an internal turrto-turn fault for various percentages of shorted turns on the

secondary winding in phase C of the power transformer and trip signals from the relay.

Figures 5.2- 5.4 show that the differential currenfyfc) remains above the value of the
restraining currentHes which means that the traditional differential relay will operate for
internal turnto-turn faultswhen a higher number of turns (for example 25%, 15%, and 10% of

turns) are shorted.
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The differential and restraint currents -
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Figure 521 Traditional differential relay response wh2®so of turns are shorted
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Figure 531 Traditional differential relayasponse wheh5% of turns are shorted
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The differential and restraint currents =
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Figure 541 Traditional differential relay response whdfs of turns are shorted

Figures 5.5- 5.7 show that the restraining curremitc{c) remains above the ke of the
differential Fqitc) current which means that the traditional differential relay does not operate for
internal turnto-turn faultswhen a small number of the turns are shorted (for example 5%, 3%,
and 1% of turns are shorted on the secondangling of the power transformer). The restraint
characteristic has been set to 20% and a minor internatddunn fault when 5%, 3%, and 1%

of turns are shorted causes a differential current to be less than 20%. For this reason, the
traditional differential protectioncannot detect a turto-turn fault for these three cases with

small number of turns shorted.

The results in Figures 5:5.7 are in agreement with the IEEE Standard which states that at least

10% of turns have to be shorted in ordedatect internal turto-turn faults.
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The differential and restraint currents
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Figure 5571 Traditional differential relay response wh&¥ of turns are shorted
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Figure 561 Traditional differential relay response wh&¥b of turns are shorted

(b) Trip signal
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The differential and restraint currents -
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Figure 571 Traditional differential relay response wh&¥ of turns are shorted

The dove results show that the transformer protection requires a new sensitive method to detect

minor internal turrto-turn faults (especially when less than 10% of turns are shorted).

5.2.2Primary and secondary phase currentgluring internal turn -to-turn faults

The traditional differentiaprotectionis not sensitive enough to detect minor internal-torturn
faults within the power transformers because

quite small andhe ratio of transformationetween the whole winding and the shartuited

turns is quite small.

The next sets of figures show phase curremtsthe primary sidelf, Iy, 1) of the power
transformer and on the secondary e In2, Ic2) during the internal tudto-turn fault on the

secondary winding in phasef@ various percentages of shorted turns.
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As it can be seen from Figures 5.810,t he changes in the tinansfor
phase Glue to the internal turto-turn faultwhen 25%, 15%, and 10% afrtis are shortedn the

secondary windingare sufficiently large enough.Because hiese changes are sufficiently large
enough, the traditional differentiglrotectioncan detect the internal tuto-turn fault for these

cases.
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(b) Secondary side of the power transformer

Figure5.81 Phasecurrents orboth sides whe@5% of turns are shorted
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Currents on the primary side of the transformer
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Figure5.107 Phasecurrents orboth sides whet0% of turnsare shorted

Figures5.11-5.13showthatt he changes in the transformer te
turn-to-turn faultin phase Gn the power transformer are quite snvalfien less turns are shorted.

As it can be seen, the traasf mer t er mi nal 6s current -totarn phase
faults is almost the same as the current during normal operalibe results shown above

further demonstrateéhat it is difficult to detect minor internal tusto-turn faults using the
traditional differentiaprotection

64



Currents on the secondary side of the transformer =1

104182 -
od
<[ | 10+ =2 g
-
£ oo AN
[F]
| -
| -
=S |-10-
U 1.0 4 =jc2 y
[ I
0.0 l t I
1 |
d [ I
2.90 3.00 310 3.20 330 340 3.50 3.60
< Tirpe, s
(a) Primaryside of the power transformer
Currents on the secondary side of the transformer j
o a2 »
-1.0-
- b2 »
104
<
2 [ ANV
)]
-
| .
> |[10-
© 102 ¥
l I
i RANAAARAAARS
1 I
a0 [ !
290 3.00 3.10 3.20 3.30 340 3.50 3.60
. Tin;]e, s

(b) Secondary side of the power transformer
Figure5.117 Phasecurrents orboth sides wheb% of turnsare shorted
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5.3Performance of theproposedmethod for internal turn -to-turn fault s

The purpose of these studies is to demonstiaeeffectiveness of th@rotection technique
which is basé on negative sequence currefus detecting minotinternalturn-to-turn faults in

powertransformers

In this section the results obtained from the negative sequence currentphodseiion method
are organized under tHiellowing subsections:
a. Different number of shorted turns of the power transformer.
Different values of the fault resistances.
Different values of the system parameters.
Different connections of the power transformer.

CT saturation.

-~ o o 0o o

Inrushcurrent.

Perfamance of theproposed methodased on negative sequence currents will also be compared

with the performance of the traditional differentabtection method

5.3.1 Turn-to-turn faults on the secondary windingof the power transformer

connected in ¥Y

In this studyaninternalturn-to-turn fault occurredon the secondary winding (HV sid&) phase
C of the powertransformerconnected in YY. The time taken to apply the fault is 8cends
with duration of 0.4 econds The total number of the turnsrdhe secondary winding is 866

turns.

The negative sequence currents are going to be present on both sides of the power transformer
with different magnitudes.Figures 5.14 - 5.19 showthe magnitude ofthe negative sequence
current on the primary sidéxg 9 and the magnitude of the negative sequence current on the

secondary sidels g) for different percentages of shorted turns. The magnitude of the negative
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sequence current on the faulty sitigs ) is greater than the magnitude of the negative esszp.

current on the other sid&§ g as expected.
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Figure 5.14 Negative sequence curranagnitudesor 25% shorted turn®n secondary (YY)
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Figure 5.15 Negative sequence curranagnitudesor 15% shorted turn®n secondary (YY)
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Figure 5.16 Negative sequence curranagnitudesor 10% shorted turn®n secondary (YY)

69



Negative sequence currents -
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Figure 5.17 Negative sequence curranagnitudegor 5% shorted turn®n secondary (¥Y)
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Figure 5.18 Negative sequence curranagnitudegor 3% shorted turn®n secondaryY-Y)
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Figure 5.B 1 Negative sequence curranagnitudegor 1% shorted turn®n secondary (YY)
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Figures 5.9 - 5.25 show @oomingi n 6 theamagnitudes of the two components of the total
negative segence current for various percentages of shorted turns. Magnitudes of negative
sequence currentse compared with a preet level which is 1 % (0.05 A) of the differential

protectionds base current
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Figure 5.20° Zoomingin onnegdive sequence currentagnitudesor 25%

shorted turn®n secondaryX-Y)
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Figure 5.211 Zoomingin onnegative sequence currenagnitudesor 15%

shorted turn®n secondary (YY)
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Negsative sequence currents =
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Figure 5.22° Zoomingin onnegative squence curremhagnitudegor 10%

shorted turn®n secondary (YY)
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Figure 5.23 Zoomingin onnegative sequence curranagnitudegor 5%

shorted turn®n secondary (YY)
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Figure 5.24 Zoomingin onnegative sequence currenagnitudegor 3%
shorted turn®n secondary (YY)
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Figure 5.25 Zoomingin onnegative sequence curremhagnitudeor 1%

shorted turn®n secondary (YY)

Figures 5.26 - 5.31 showthe relative phase angle between two phasors of negative sequence

currentsduring the internal turto-turn fault,which represent the respective contribution.

Theoretically, the phase angle between two phasors of negative sequence currents has to be 0
degrees, but in realitthereare some other arbitrarghaseangleshft caused by the quite high

current in the shorted turng-or the modelled power system, the phasgleshift between two

phasors of negative sequence curraatset from 0 to5 degreesn order to ensure a very

sensitive turrto-turn fault detection
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Figure 5.26 Phase angle comparison between two negative sequence curr@dfor

shorted turn®n the secondary ¢Y)
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Figure 5.27 Phase angle comparison between two negative sequence curréd&for

shorted turnsn secondary (YY)
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Figure 5.28 Phase angle comparison between two negative sequence currd@@for

shorted turn®n secondary (YY)
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Figure 5.29 Phase angle comparison between two negative sequence currééts for

shorted turn®n secondary (YY)
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Figure 5.30° Phase angle comparison between two negative sequence curr&its for

shorted turn®n secondary (YY)
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Figure 5.31" Phase angle comparison between two negative sequence currédsts for
shoted turnson secondary (YY)

Figures5.32- 5.37show output signals from th@oposed techniqueased on negative sequence
currents fordifferent percentagesf shorted turns on theecondarywinding of the power
transformer It can be seen from thesgures that thegroposed methodan detect minor
internal turnto-turn faults as low a&% (8 turns) of shorted turns on the secondary winding in
phase C. A tunto-turn fault for different percentages of shorted turns was detected within one

cycle (0.16seconds).
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Figure 5.32° Trip signal from thegroposedelay for25% shorted turn®n secondary (YY)
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Figure 5.33 Trip signal from theroposedelay for15% shorted turn®n secondary (¥Y)
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Figure 5.34" Trip signal from thegroposedelay for10% shorted turn®n secondary (YY)
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Figure 5.35 Trip signal from thegroposedelay for5% shorted turn®n secondary (YY)
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Figure 5.36" Trip signal from thgroposedelay for3% shorted turn®n secondary (YY)

OouUTPUT —
- Trip Signal

Trip signal
m——

-1.00 3

3.0000 3.0025 3.0050 3.0075 3.0100 30125 3.0150 3.0175 3.0200
:I'irnc. s

Figure 5.37 Trip signal from theroposedelay for1% shorted turn®n secondary (YY)

5.3.1.1 Sensitivity analysis of th@roposed relayfor turn -to-turn faults on the

secondary winding(Y-Y)

1. Effect of the fault resistance

The fault resistance is associated with the fault impedance path. The fault resistance may affect
the performance of thproposed techniqukased on negative sequence currents and result in
unreliable response of the relay. It should be chdibat if aturn-to-turn fault involves gault
resistance, then the sensitivity of theposed techniquis going to be reducedubit should

also be noted that the fault resistance is goingawe the same effect even oriraditional

differential prdection
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Table 5.1 gives the@aluesof the negative sequence currents on the primary and secondary

windings of the power transformer for a bolted ttwriurn fault & =  0wWhjch were obtained

from simulation As it can be seen from Table 5.1, fireposed techniqubased on negative

sequence currents is sensitive in detecting attutarn fault for a bolted turto-turn fault for

all cases.

Table5.17 Turnto-turnfault onthe secondarwinding of thepower transformeconnected in

Y-Y for various percentages of shored tufRs{ 0 Y)

Shorted turns| Ins p, A Ins s A Output signal
%
Trip action Trip time, ms
25 0.708 1.883 Trip 4
15 0.415 1.058 Trip 5.24
10 0.328 0.790 Trip 6.25
0.262 0.577 Trip 9
0.242 0.496 Trip 9.30
1 0.234 0.421 Trip 9.30

Faults are seldom solid and involve a varying amount of resistance. For the purpose of testing a

protectivetechniqueit is usually assumed that a small resistance is involved. Therefore, to make

the studies more realistic, aufaresistancé; =

1Y was i

ncluded i

n

t he

st

Table 5.2 gives the measured values of the negative sequence currents on the primary and

secondary windings of the power transformer for the arcing-ttutarn fault with the fault

resi st ance canfbe seenYom TabkeZ theé densitivity of the proposed technidsie

reduced.
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Table5.21 Turnto-turnfault onthe secondarwinding of thepower transformeconnected in YY

for various percentages of shored tufiRs= 1Y)

Shorted turns Output signal
% Ing P, A Ing s A
Trip action Trip time, ms

25 0.707 1.880 Trip 4.028

15 0.413 1.054 Trip 5.26

10 0.321 0.782 Trip 6.55
0.241 0.533 Trip 9.26
0.167 0.344 Trip 9.45

1 0.030 0.050 No Trip -

2. Effect of different system parameters

The sensitivity of theproposed techniquis studied using different system parameters. A power
transformer has been installed in two different system configurations. The negative sequence
currents are gointp be present on both sides of the power transformer with different magnitudes.
The magnitude of the negative sequence current on the faulty side is greater than the magnitude of
the negative sequence current on the other side. The magnitudes ofdtreersgpuence currents
depend on the magnitudes of the negative sequence impedances of circuits on the respective sides
the power transformer. It is known that when the magnitude of the impedance increases then the

magnitude of the current will decia

The results given in Table 5.3 show the performance ofptbposed techniquasing different
system parameters on both sides of the power transformer. It can be seen from Table 5.3 that the

proposedechniqués going to operate correctly even wittiferent valueof systenparameters
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Table5.31 Results using different system parameter value¥ (vansformer, tursto-turn fault

applied on the secondary winding)

i?r?;tﬁ/g Impedance| Impedance| |yg p, A Ing s A Outpt signal
: source 1, | source 2, . . ——

Y v Trip action | Trip time, ms

25 1.6 17.95 0.290 2.51 Trip 6.24
3 52.9 0.558 1.99 Trip 4

15 1.6 17.95 0.177 1.365 Trip 10.25
3 52.9 0.328 1.130 Trip 6.25

10 1.6 17.95 0.146 1.007 Trip 10.25
3 52.9 0.257 0.846 Trip 9.25

5 1.6 17.95 0.131 0.728 Trip 10.26
3 52.9 0.208 0.627 Trip 9.25

3 1.6 17.95 0.125 0.631 Trip 10.27
3 52.9 0.191 0.542 Trip 9.24

1 1.6 17.95 0.125 0.541 Trip 10.27
3 52.9 0.181 0.466 Trip 9.26

5.3.2 Turn-to-turn faults on the primary winding of the power transformer

connected in ¥Y

In this study, annternal turmto-turn fault was applied on th@rimary winding (LV side) in

phase @f the power transformeconnected in YY. There is no current transformer saturation.

The total number of turns on the primary winding is 150 turns.

The magnitudef the negative sequence current on the primary $idey(and the magnitude of

the negative sequence current on the secondary Igiglg for different percentages of shorted
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turns on the secondary winding in phase C of the power transformer are shiéiyaras 5.38-
5.42. Since, a turto-turn fault is applied on the primary windintpe magnitude of the negative
sequence current on the primary sidgsf) is greater than the magnitude of the negative

sequence current on the secondary diges|.
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Figure 53871 Negative sequence curranagnitudegor 25% shorted turnsn primary (YY)
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Figure 53971 Negative sequence curranagnitudegor 15% shorted turnsn primary (YY)
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Figure 5.40° Negative sequence curranagnitudesor 10% shatedturnson primary (YY)
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Figure 5.4 7 Negative sequence current magnitudes3férshorted turns oprimary (Y-Y)
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Figure 5.42 Negative sequence current magnitudeslfidrshorted turns on primary €Y)
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0 Zo o mi n gnagnhitnads ofathe two components of the total negative sequence ctorent
different percentages of shorted turns is shown in Figue3- 5.47. Magnitudes of negative
sequence currentre compared with a preset level which is 1 % (0.05 A) of the differential
protectionds base current
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Figure 5.43 Zoomingin onnegative sequence curranagnitudegor 25% shorted turnsn
primary (Y-Y)
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Figure 5.44 Zoomingin onnegative sequence curranagnitudegor 15% shorted turnsn

primary (Y-Y)
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Figure 5.45 Zoomingin onnegative sequence currenagnitudesor 10% shorted turnsn

primary (Y-Y)
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Figure 5.46 Zoomingin onnegative sequence currenagnitudesor 3% shorted turnsn

primary (Y-Y)
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Figure 5.47 Zoomingin onnegative sequence curranagnitudegor 1% shorted turn®n

primary (Y-Y)
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Figures 548 - 5.52 showthe relative phase angle between two phasbreegative sequence

currents for various percentages of shorted turns on the primary winding.
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Figure 5487 Phase angle comparison between two negative sequence curr@dfshorted

turnson primary (YY)
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Figure 5.49 Phase angle comparison between two negative sequence currddfshorted
turnson primary (YY)
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Figure 5.50° Phaseangle comparison between two negative sequence curred@%oshorted

turnson primary (YY)

Figure 5.511 Phase angle comparison between two negative sequence curr&itssborted

turnson primary (YY)

Figure 5.52° Phase angle comparison beem two negative sequence currentslfér shorted
turnson primary (YY)

86



