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Abstract

Power transformers form ‘a vital _link between power generation, transmission -and
electricity distribution to consumers. In order to ensure high. quality and vreliability of
electricity, accurate classification of the transient phenomena in power transformers is
crucial. In this respect, conventional techniques have difficulties due to increased

complexify of modern power systems coupled with new power transformer designs.

This thesis describes the research and development of new fault diagnosis classification
techniques for power transformers based on the Wavelet Transform (WT) and Artificial
Neural Network (ANN). An integral modelling approach that integrates the model of the
power transformer with the associated CT model for the purposes of simulating the
transient phenomena in power transformer systems is firstly described; this is followed
by presentation of electromagnetic simulation studies in power transformers under

internal/external faults and inrush currents in two different power transformer systems.

To develop new alternative protection techniques for power transformers, a traditional
ANN based approach is firstly investigated’ and developed; and in particular, its
advantages and disadvantages are examined and discussed. Based on these studies, a
new feature extraction technique to analyse and identify the most significant features
within the power transformer transient phenomena is proposed by using the WT. On the
basis of latter, two new approaches for power transformer fault diagnosis particularly for
discrimination between internal faults and inrush currents/external faults are proposed.
The first technique, which is a WT-based direct decision making approach, clearly
shows that the proposed technique can more accurately discriminate between an internal
fault and an inrush current, in comparison to that based on the traditional ANN; in
particular, the technique is robust to different power transformer systems. In order to
further improve the accuracy of power transformer fault diagnosis, an integrated
approach combining WT with ANN is proposed as an alternative to the previous

technique. The results presented indicate that the proposed two approaches researched
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and developed in this work are much better suited in overcoming some of the

limitations/disadvantages of the traditional ANN based approach.
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Chapter 1 -

Introduction

1.1 Power Transformers and Their Protections

Power transformers are essential and important elements of electrical power systems;
in particular, they form a vital link between power generation and transmission lines
and/or between transmission lines and loads. However, they do suffer from many
types of transient disturbances, including internal faults, inrush currents, external
faults and over-excitation. Among these transient disturbances, internal faults must
be quickly and accurately detected and the appropriate action must be taken to isolate
the faulty transformer from the rest of the power system, so as to minimise the
damage and expedite repairs to damaged equipment, thereby keeping both outage
times and maintenance costs down. The importance of the latter has increased
significantly due to the privatisation and deregulation of the electricity supply

industry world-wide.

Many transformers, ranging from small single-phase units to extremely large, three-
phase units associated with generators and transmission lines, are in use in power-
supply networks around the world. All transformers need to be protected. The
inherent characteristics of power transformers introduce a number of unique
problems that are not present in the protection of transmission lines, generators,
motors, or other power system apparatus. In general, a transformer may be protected
by fuses, overcurrent relaying, differential relays, pressure relays, and can be

monitored for incipient problems with the help of winding temperature
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measurements, and chemical analysis of the gas above the insulating oil. Which of
these protective devices will be used in a given condition depends upon the-size,

location, voltage and connection of the power transformers.

It has been reported in reference [1] that a transformer with capacity of less than
2500 kVA is usually protected by fuses. With ratings between 2500 and 5000 kVA,
»the transfor_tﬁer may be protected with fuses, but instantaneous Aand time-delay
overcurrent relays may be ﬁore desirable from the staﬁdpoint of sensitivity. Between
5000 and 10000 kVA an induction disc overcurrent relay connected in a differential
configuration is usually applied. Above 10 MVA, harmonic restraint, percentage
differential relay is recommended. Temperature and pressure relays are also usually
applied with this size transformer to monitor incipient problems with the help of
winding temperature measurements, and chemical analysis of the gas above the

insulating oil.

In addition to the size of the transformer, the decision regarding the specific
protection application to the power transformer is significantly affected by
consideration of the importance of the transformer within the power network. If the
transformer is an integral part of the bulk power system, it will probably require
more sophisticated relays in terms of design. If it is a distribution substation step-
down transformer, a single differential relay and overcurrent backup will usually
suffice. If the transformer is near a generation source, the high X/R ratio of the fault
path will require harmonic restraint relays to accommodate the higher magnetic

inrush currents.

Moreover, the higher voltages demand the more sophisticated and costly protective
devices, due to the harmful effect of a delayed fault clearance on the system
performance, and the high cost of transformer repair; also the winding connection of
a three phase transformer, whether delta or star, will make a difference to the

protection scheme chosen.
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In the application of each protection scheme, me-protective.relaying should ensure
that if a power transformer experiences a fault, it is necessary to take the transformer
out of service as soon as possible so that damage, frequency and duration of
'unwantéd outages are minimised. Accordingly, there is a high demand impoééd on
power transformer protective relays; this includes the requirements of dependability
associated with no missing operations, security associated with no false tripping, and

op_erating speed associated with a short fault clearing time.

1.2 Existing Problems and Difficulties in Power Transformer

Differential Protection

Protection of large power transformers is one of the most challenging problems in the
power system relaying area, because of the complexity of the operating conditions of
power transformers. Table 1.1 [2] summarises a number of problems that can cause

difficulties related to protective relaying of power transformers.
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Disturbance

Inrush

Over-Excitation

External Faults

Internal Faults

Introduction

Table 1.1 Problems related to protective relaying of power transformers

Measurement

Accurate estimation of the
second and fifth harmonics
takes around one cycle. Off-
nominal frequencies create
extra measuring errors in
harmonic ratio estimation.

Measured currents display an
enormous rate of change and

are often distorted significantly.

Security"

In modem power transformers,
due to magnetic properties of
the core, the second harmonic
during inrush and the fifth
harmonic during over-excitation
may be very low, jeopardising
relay security.

External fault current, when
combined with ratio mismatch,
may generate a false differential
signal. CTs, when saturated
during external faults, may
produce an extra differential
signal.

An internal fault current may be
as low as a few percent of the
rated value. Attempts to cover
such faults jeopardise relay
security.

Dependability*

Presence of higher harmonics
does not necessarily indicate an
inrush. Harmonics may block a
relay during severe internal
faults due to saturation of CTs.

The third harmonic may be
present in internal fault currents
due to saturation of CTs and
rotor asymmetry of generators

and/or power electronic devices.

All means of preventing false
trippings during external faults
reduce the dependability of
relay.

The internal fault current may
be as low as a few percent of
rated value. Security demands
under inrush, over-excitation,
and external faults limit relay
dependability.

*Note: Dependability - no missing operation; Security - no false tripping; Speed - short fault clearing time.

Speed*

Usually takes one full cycle to
reject magnetising inrush and
stationary over-excitation
hypotheses if an internal fault is
not severe enough to be tripped
by the unrestrained element.

Means of restraining the relay
from tripping during external

faults may limit the speed of

relay operation.

Means of restraining the relay
from tripping during inrush,
over-excitation, and external
faults limit the speed of relay
operation.
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With reference to Table 1.1, these difficulties are related to the problems of

a0 - Inrush A A
When the pbwer transforme’r is energised on the primary side with the'secbndary
open-circuited, a transient magnetising inrush current may flow. This inrush
current, which appears as an internal fault to the differential relays, may be as
high as 8-30 times of the rated current, thereby causing a false operation [3]. A
significant amount of harmonics are present in the magnetising' inrush current. Of

all the harmonic components, the second harmonic is the most prominent.

o Over-Excitation
Overexcitation of a transformer may result in thermal damage to cores due to
excessively high flux in the magnetic circuits. A transformer may be subject to
over-excitation or overvoltage condition during load rejection and certain other
operation conditions. During overexcitation, the transformer flux remains
symmetric, but goes into saturation for equal periods in the positive and the
negative half periods of the waveform. There is no second harmonic present in
this waveform, but the fifth harmonic is almost as strong as the fundamental

frequency component.

o External Faults
Here external faults are defined as those that are outside the differential

protection zone of the power transformer.

a Internal Faults
Here internal faults are defined as those that are inside the differential protection

zone of the power transformer.

Among these problems, distinguishing between internal faults and inrush currents
has long been recognised as one of the challenging problems in the power

transformer protection [4-9]. Although a conventional transformer protection based
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on current differential principles offers a means of detecting infemal faults of a
power transformer, when the transformer is energised, a large magnetising inrush
current flow in the transformer windings, sometimes results in 8-30 times of the rated
current and therefore can cause mal-operation of the relay. This is not a fal-xlt"
condition, and therefore does not necessitate the operation of protection, on the

contrary the protection relay must remain stable during the inrush transient.

One of the earliest ideas to cope with the magnetising inrush current problem was to
de-sensitise the differential relay when the transformer was energised; the less
sensitive relay had a higher setting value to block the inrush current, thus avoiding a
false trip during the inrush current. However, de-sensitising the differential relay is a

poor practice, as it may cause no operation during an internal fault.

The differential relay with voltage supervision to block the relay operation for inrush
condition is another method that has been introduced. It may be expected that during
inrush conditions, the transformer voltage would be close to normal, while during
faults, the voltage would be much less. Thus, an undervoltage relay may be used to
supervise the differential relay. However, this type of voltage supervision is not
preferred, as the undervoltage relay tends to be slow, and consequently the entire
protection becomes slower. More importantly, this type of protection requires a
voltage source for the transformer relay, which is an added expense, and may not be

justifiable in many cases.

The method currently in use on large power transformers is based upon using the
harmonic characterisation of the inrush current. Since a magnetising inrush current
generally contains a large second harmonic component in comparison to an internal
fault, transformer protection systems are designed to restrain this inrush transient
phenomenon by monitoring the large second harmonic [10,11]. However, the second
harmonic component may also be generated during internal faults in a power
transformer. This may be due to CT saturation or the presence of a parallel capacitor

or due to the distributed shunt capacitance in a long EHV transmission line to which
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the transformer may be connected [5]. In certain cases, thé magnitude of the second
harmonic in an internal fault can be close to or greater than that present in the
magnetising inrush current. Moreover, the second harmonic components in the

magnetising inrush currents tend to be relatively small in' modern lérge pdwer
transformers because of improvements in the power transformer core material [12].
Consequently, the commonly employed conventional differential protection
'technique, based on the second harmonic restraint, will thus have difﬁculty in
distinguishing between an internal fault and an inrush current thereby threatening
transformer stability. Alternative, improved protection techniques for accurately and
efficiently discriminating between internal faults and inrush currents have thus to be

found.

1.3 Objectives of the Project

This research project will focus on the investigation and development of new
protection schemes for the discrimination between internal faults and inrush

currents/external faults in power transformers. The main objectives of this thesis are:

o To establish an accurate modelling approach to simulate various faults and
magnetising inrush currents under various power transformer system conditions
using the well known Electro-Magnetic Transients Program (EMTP). The effects
of CTs on a power transformer protection are taken into account, so that the
approach can be used to simulate the situation close to real-life in a power

transformer system.

a To study a traditional ANN-based technique for the purposes of investigating its
performance and limitations for power transformer fault diagnosis particularly for
distinguishing between internal faults and inrush currents/external faults, and

improving on the performances through new alternative approaches.
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o To study and develop a new signal 'feature extraction methodology for the
purposes of extracting more distinct features between internal faults and inrush
currents. The time-frequency characteristics of. faults and inrush currents are

* investigated through the Wavelet Transform (WT) technique, in order to'e){tract '
the most significant distihguishing features from each transient ‘signal for the

_purposes of developing novel protective techniques in power transformer system.

o To develop a new WT-based direct decision making approach for distinguishing
internal faults from inrush currents/external faults. The approach is extensively
tested for a whole variety of practically encountered system and fault conditions.
The generalisation of the technique is tested using different power transformer

systems.

a To further improve the accuracy for distinguishing internal faults from inrush
currents/external faults, a novel approach using combined WT and ANN is

researched and developed.

o Finally, a comparison amongst proposed techniques developed herein and the
traditional ANN-based technique is presented, in order to ascertain the

effectiveness and advantages of the proposed techniques herein.

1.4 Scope of the Thesis

Chapter 2

A literature search of current existing fault diagnosis classification techniques for
power transformers was carried out. Some of the techniques are described in this

chapter; their advantages and disadvantages are discussed.
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Chapter 3

An accurate 'r.nathematical' modelling approach for accurately modelling a power.
transformer for the purposes of simulating its transient phenomena and designing and
evaluating a new protective relay is présented in this chaptér. Based on the basic
model of the power transformer, which is provided in EMTP, the model developed
herein is a significantly modified form of the basis model, thereby the resulted model
can be used for not only simulating internal terminal faults, but also internal winding
faults. In addition, the inrush current modelling is implemented by adding
equivalently non-linear element into the basic model. The effects of CTs on
differential currents in a power transformer system are taken into account to generate

accurate and realistic transient disturbance data.
Chapter 4

Fault transients in a power transformer system are extensively simulated and
analysed by using the mathematical modelling approach described in Chapter 3; this
includes a number of fault transient events simulated in two different power
transformer systems, namely System 1 and System 2; System 1 is a three-phase and
two-winding 750MVA, 27kV/420kV, Dyll-connected, five-leg core type power
transformer in a double-end-fed power system network; and System 2 is a three-
phase and two-winding 35MVA, 11kV/I32kV, Yy0-connected, three-leg core type
power transformer in a single-end-fed power system network. The simulated cases
include (i) terminal three-phase, phase-to-phase and two-phase-to-earth as well as
single-phase-to-earth faults; (ii) winding turn-to-turn and turn-to-earth faults.
Furthermore, internal and external faults both with CT saturation are also modelled,

and the typical fault transient waveforms are illustrated.
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Chapter 5

As an adjunct to the simulation of the fault transients in Chapter 4, an extensive
simulation and analysis of inrﬁsh current transients in a pbwer. transformer system
are carried out based on the mathematical modelling approach described in Chaptef
3. Here again, magnetising inrush currents under various transient conditions in both
System 1 and System 2 are simulated. In particular, effects of the core remnant flux
level in the power transformer and switch-on angle when energising a transformer on

inrush currents are taken into consideration.
Chapter 6

The work presented in this chapter is based on applying a traditional ANN approach
to distinguish internal faults from inrush currents/external faults. It is in essence a
necessary precursor to improving on the performance through novel approaches
described later in this thesis. The performance of this technique is investigated

throughout and its limitations are discussed.
Chapter 7

In order to develop novel protective techniques for distinguishing internal faults from
magnetising inrush currents/external faults, WT technique is used to extract the best
distinguishing features between internal faults and inrush currents. In this chapter, a
given faulted current signal or inrush current signal is decomposed using the WT;
this involves representation of a signal into a series of wavelet components, each of
which is a time-domain signal that covers a specific frequency band. Studied results
presented show that particular wavelet components could be used as the features to

distinguish the internal faults from the inrush currents/external faults.

10
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Chapter 8

" In this chapter, a new WT-based direct decision making logic approach is proposed.
In the épproach, the signal features are extracted usir-lg-the WT and then quéntiﬁed.'
A decision making logic for distinguishing an internal fault from an inrush
current/external fault is made based on predefined logic criteria in conjunction with
the counting regime. To demonstrate the effectiveness of the proposed technique,
especially for application to different power transformer systems, two different 4

power transformer systems, namely System 1 and System 2, are considered.
Chapter 9

In order to investigate the possibility of further improvement of the accuracy for
distinguishing internal faults from inrush currents/external faults, over that developed
using the WT-based direct decision making logic approach proposed in Chapter 8, an
alternative approach to the classification of the transient phenomena in power
transformers using the combined WT and ANN is developed. In this approach, WT
is firstly applied to decompose the differential current signals into a series of detailed
wavelet components. The spectral energies of the selected wavelet components are
calculated and then fed into the ANN. The decision for discriminating internal faults
from magnetising inrush currents/external faults is then made in terms of the ANN
outputs in conjunction with the counting regime. Case studies indicated that the
combined WT and ANN approach is able to give a very high accuracy in the
classification rate of the transients and is robust to different power transformer

systems.

Finally, a comparison, between the traditional ANN-based technique and the two
proposed techniques herein (WT-based and combined WT and ANN-based), is also
presented in this Chapter.
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Chapter 10

Conclusions are drawn and future work in digital relaying for power transformers are

discussed in this Chapter.
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Chapter 2

'An Overview of Developments in Protection
| for Discrimination between

Internal Faults and Inrush Currents

2.1 Introduction

Any power transformer protective scheme has to take into account the effect of
magnetising inrush currents in order to prevent mal-operation of the relays under the
magnetising inrush current conditions. Accurately discriminating internal faults from
magnetising inrush currents has long been recognised as one of challenging problems
to power transformer protection researchers/engineers. This chapter reviews the
developments that have taken place in techniques for discrimination between internal
faults and inrush currents in the power transformer protection. It begins with
introducing the basic principle of the current differential schemes; and after
describing the phenomenon of inrush currents, discusses the conventional differential
protection approach, based on 2" harmonic restraint. However, the conventional
differential protection approach shows certain problems and limitations. A number of
protection techniques have been proposed to cope with the problems and limitations
[5-9, 15-19, 69-73], some are described in this chapter, and their advantages and

disadvantages are discussed.
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2.2 Conventional Transformer Differential Protection Approach

2.2.1 Basic Principle of Current Differential Schemes

The current differential schemes have been used to protect power transformers since
the early years of this century. They are now applied to all large power transformers.
Its basic principle is that the currents at both terminals of the protected transformer
are compared by means of computing and monitoring a differential (or unbalanced)
current. In theory, the non-zero value of the differential signal indicates an internal

fault. Figure 2.1 illustrates the principle of the differential relay.

Protection zone

A CT1 CT2 B
Source A A Source B
‘A F2 F 1B
Fault at FiA Al Fault at Fib
Al = 1A+ IB-0 F) re ay Al = TIA+ IB-0

Fault in the protected zone

Al = IA+ 1B

Figure 2.1 Principle of current differential scheme

In Figure 2.1, points FIA and FIB represent external faults on the power transformer

system and their differential currents are:

Al=TA+1,=0 Q2.1

It is apparent from the above that the differential relay does not operate.

14
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Point F, represents an internal fault on the powér transformer system and its

differential current is presented by:
Al=1, +I,#0 2
The differential relay thus operates for this fault condition.

However, in practice, the following important issues must be considered in order to

avoid mal-operation of the relay [3,11,13,14].

e It may not be possible to obtain the required CT ratios on the primary and the
secondary sides, which are required to satisfy the condition N;n;=N,n;,; CTs have
to be selected with standard ratios. This leads to ratio mismatch thereby causing a

small differential current to flow during normal conditions.

e The transformation errors of the two CTs on the high voltage (HV) and low
voltage (LV) side may differ from each other, thus leading to a small differential

current when there is normal load flow, or an external fault.

e If the power transformer is equipped with a tap changer, it will introduce a main
transformer ratio change when the taps are changed, thus creating an unbalanced

current when there is normal load flow, or an external fault.

The above three effects cause a differential current to flow in the relay under normal
load flows and external faults. The relay design must therefore accommodate these

small levels of differential currents without causing a trip.

Since each of these effects leads to a differential current which is proportional to the
actual current flowing in the transformer primary and secondary windings, in

practice, a percentage differential relay provides a solution to this problem. In the

15
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percentage differential relay, the detection of the internal fault is based on a
p’erceﬁtag_e differential characteristic; the differential current must exceed a fixed '
* percentage of the ‘through” curi'ent_in the transformer. The through current is defined |

as the average of the primary and the secondary currents:

. 1, 41

i =248 2.3
: @3)

where the current i; is known as the restraint or bias current, and the relay operates

when
i =1, —ig 2k-i, (2.9

where k is the slope of the percentage differential characteristic. The factor k is
generally expressed as a percent value: typically 10%, 20%, or 40%. Clearly, a relay

with a slope of 10% is far more sensitive than a relay with a slope of 40%.

Figure 2.2 shows a practical percentage differential characteristic. The relay slope
determines the trip zone. The three sources (i.e. ULTC error caused by Under Load
Tap Changer, CT error between LV and HV sides and Ratio mismatch in CTs) in
differential current during normal transformer operation are shown, as is the margin
of safety used in arriving at the slope. The relay has a small pickup current setting
Lnickup: 1.€. the relay does not operate unless the differential current is above this
pickup value. The pickup setting is usually set very low: typical values are % ampere

secondary [1].
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Margin
ULTC

CT error

Ratio mismatch

pickup

Figure 2.2 Percentage differential relay characteristic

The percentage differential relay assumes that there are relatively small values of
differential currents flowing in the relay during normal load flow conditions, or
during an external fault. However, under an inrush current condition (this gives rise
to a large differential current), the percentage differential relay will mal-operate,

unless some special precautions are taken.

2.2.2 Phenomenon of Inrush Currents in Power Transformers

When a power transformer is energised on the primary side with the secondary open-
circuited, a transient magnetising inrush current may flow in the primary side of the
power transformer, and may be as high as 8-30 times of the rated current because of
the extreme saturation of the transformer iron-core. In a mathematical form, the

transient magnetising inrush current can be described as follows:

Consider for simplicity a single-phase transformer protected by a differential relay,

(shown in Figure 2.3), and the transformer is energised by a sinusoidal voltage

17
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u=Umsin(6tf +a), where a represents the switch-on angle on the

waveform.

Single Phase
Transformer

cT Zero cT2

Open
Circuit

Zero

Zero

Figure 2.3 Mal-operation due to magnetising inrush current

voltage

Faraday’s law of induction gives the following relationship for any transformer

excited by a sinusoidal voltage:

u=N2%

dt

(2.5)

For simplicity, assume the turn of the primary winding of the power transformer

is N =1, thus

“«T=  nfitf

18
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where, ¢ is the flux of the transformer core.

Integrating equation (2.6) from time 0 to ¢ gives the following relationship:

¢=- U cos(at + ) + U cosa+¢, 2.7
1) a

or ¢ =—¢, cos(ot +a)+ ¢, cosa+¢, | ' T (29)

When the transformer is energised by a sinusoidal voltage at the instant of the

voltage passes through its zero value, ie. o = 09, cosa =1, the transformer core

flux ¢ will have a maximum value, thus, from equation 2.8, we get:
¢ =—¢,cosat+¢, +4, (2.9)

In equation (2.9), (—¢, cosat) is the steady-state flux; (-4, cosawr+g,) is the

transient flux without remnant flux at the switching instant; (- ¢,, cosawt + ¢, +@,) is

m

the transient flux with remnant flux ¢, at the switching instant.

The relationship between the power transformer core flux and magnetising current is

determined by core magnetising curve. Figure 2.4 shows a nonlinear (¢ vs i) curve
of the transformer core. In Figure 2.4, i,, represents the magnetising current

corresponding to the steady state flux (rated flux). In general, i,, is about 5% the
rated current. However, this current can be significantly large under the extreme
saturation of the transformer iron-core. It can be seen from equation (2.8) or (2.9)

that the maximum flux in a transformer primary winding can reach to two times the

steady state flux if the transformer is energised at near voltage zero (a = 0°) without
a remnant flux. Because of non-linear characteristics of the transformer core, this
doubling of the flux will lead to extreme saturation thereby causing the magnetising

inrush current to flow and this may reach several times the rated current as evident
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from in2 shown in Figure2.4. Furthermore, if there is, say, 80% remnant flux of the

rated flux in the transformer core, instead of it being zero, the peak value of the flux

will be about 2.8 times the steady state flux, and it will in turn lead to a further

increase in the inrush current, as evident from i3 shown in Figure 2.4.

Sflux )
m
magnetising current
Figure 2.4 Nonlinear vs i) curve of the transformer core

The foregoing discussion clearly indicates the reasons as to why the inrush current is

generated in a power transformer.

2.2.3 Conventional Differential Protection Approach

The magnetising inrush current phenomenon (described in 2.2.2) produces currents
in the primary winding of the transformer, while there are no currents in the
secondary side. This results in a differential current and it apparently is not
distinguishable from an internal fault current. The normal percentage differential

relay is not, therefore, effective.
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" A detailed analysis has shown that the magnetising inrush current has a DC offset
~ and numerous harmonics. Fourier analysis gives the following DC and harmonic
_contents in comparison to the fundamental component in a typical magnetising -

inrush current [10]:

DC=55%
Fundamental = 100%
2" harmonic = 63%
3" harmonic = 27%
4" harmonic = 5%
5" harmonic = 4%
6™ harmonic = 3.7%

7% harmonic = 2.4%

0O 0o 00 0 0 O

From the foregoing, it can be seen that there is a large second harmonic component
in the magnetising inrush current. While normal internal fault currents do not contain

second or other even harmonics [11].

A third harmonic is also present in the inrush current with comparable proportion to
the second harmonic. However, as a sustained third harmonic component is quite
likely to be produced by CT saturation under heavy internal fault conditions, this

means that this component cannot, therefore, be regarded as a reliable source of bias

[11].

The magnitudes of all other higher harmonics present in the inrush current are too
small to be worth considering. Therefore, conventional transformer protection
systems are designed to restrain this inrush current by monitoring the ratio between
second harmonic and fundamental. Typically such relays will restrain when the
second harmonic component exceeds 20% of the fundamental component [11].
Figure 2.5 presents a simplified flowchart of the logic of a conventional digital

differential relay for power transformers.
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Antialiasing Filters

A/D Converter

Differential & Restraining Currents

Measurements
Wait for Next Activation Mechanism
Sampling Instant
No
No nrestraim Yes
Trip?

Detection o f Inrush

Detection of Over-Excitation

Detection of External Fault
Triping Logic
XT ftp A Yes

Requested?

Trip & Wait for Reset

Figure 2.5 Logic for a conventional digital differential relay for power transformers
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In Figure 2.5, the second harmonic is used to prevent false tripping during
magnetising inrush current conditions; the fifth hérmoﬁic is commonly uséd'tt.)
restrain the differential relay during stationary over-excitation conditions,'_because '
the percentage of fifth harmonic in the transformer magnetising current increases
significantly when the transformer is éubjected to an over-excitation condition [2];
while the biased percentage characteristic is used to prevent false tripping during

external faults.

However, the conventional differential protection approach shows certain limitations;
it may not be able to deal with the problems highlighted in Table 1.1 in Chapter 1. In
order to satisfactorily deal with these problems, a number of protection techniques

have been proposed. Some are described as follows.

2.3 Differential Power Approach

One of the researched protective schemes to deal with the foregoing difficulties for
the power transformer protection is differential power method [6]; the method uses
differential active power to discriminate between internal faults and inrush currents,

instead of using the differential currents.

It is assumed in differential power method that, in the normal operation state of a
power transformer, the sum of power flowing into the transformer is very small,
because both the copper and core loss are less than 1% of the transformer capacity.
When considering instantaneous power, it flows in and out according to the magnetic
energy stored in windings. However, the average power or active power is almost
negligible. When a power transformer is energised, a large magnetising current flows
during the iron core saturation, instantaneous power is also large, but the average
power is still small though iron and copper loss as well as eddy current loss may be
increased slightly. On the other hand, when a transformer has an internal fault, large

power is consumed by the arcing discharge, the average power will be very large;
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therefore, if a threshold of average power' flowing into the fransformef is set, faults

can be detected in terms of the changes of average power.

The basic discrimination algorithm of this method can be described as follows. For

simplification, only a two-winding transformer is explained here.

The average power is calculated by the following equation:

1
W(t) = T j’“ LWL AL =RID - Rt (2.10)

where V;, I;, V,, I, are instantaneous voltage and current at the primary and
secondary winding terminal, R;I;7, Rl are copper loss at the primary and secondary
side of a power transformer. W(t) signifies the average power flowing into
transformer during one period T (=20 ms in 50Hz system frequency). The average
power is very small under an inrush current condition; but will be very large for an
internal fault as large amounts of power are consumed. If W (t) exceeds a predefined

threshold (a threshold of 0.3 is used in the paper), the relay issues a trip signal.

However, the approach reported in [6] cannot deal successfully with a condition
involving CT saturation. In practice, the CT saturation cannot be avoided under
certain system and fault conditions and therefore must be considered in the power

transformer protection.
2.4 Multisetting Overcurrent Principle

The multisetting overcurrent principle [2] classifies the differential current level into
four classes, namely A, B, C, D, and three thresholds A |, A ; and A 3 associated with
the differential current level are set. Figure 2.6 presents amplitudes of the differential
currents under the load, over-excitation, external fault, magnetising inrush, and

internal fault conditions.
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°es
on
(53

Figure 2.6 Multisetting overcurrent principle

In Figure 2.6, if the amplitude of the current is higher than the highest possible non-
internal fault, then the relay trips without further analysis (unrestrained tripping).
Thus, internal faults of class A are detected by the unrestrained overcurrent element
working with the first threshold A i, while all other faults of class B through D must
wait to be detected by the restrained element. The internal faults of class B are
detected by the restrained overcurrent element working with the second threshold A2
if the inrush current has been eliminated by the other relaying principle, such as the
second harmonic restraint; whereas the external fault and over-excitation condition
may not be checked since they are ruled out by the overcurrent element working with
the second threshold A 2. Similar reasoning applies to the faults of classes C and D.

This approach enables reduction of the operating time.
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Apparently, for such an approach, there are no recommended criteria for setting
various internal parameters of a relay; and in particular, there is no definite approach
on how to co-ordinate relay parameters for different current settings. These problems

thus need to be investigated further.

2.5 Inrush Current Detector

Another way to avoid the mal-operation of a power transformer protection due to the

magnetising inrush current phenomena is to use the inrush current detector [15].

Cycle

Zeros

Curve (a) & (b) Transformer inrush
Curve (o) Fault current

Figure 2.7 Typical internal fault and inrush current waveforms
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The operation principle of the inrush current detector is based upon an uniqué feature
of inrush current waveforms, in which zero current periods or zero gaps exist in each
cycle. During load or fault conditions, there are no zero gaps in the current waveform
(shown in Figure 2.7). Therefore, the detector will detect these zero gaps in the
inrush current waveform and initiate an output signal to block the tripping of the

relay.

However, under certain condition (such as CT saturation) the gaps may be non-

existent; thus, the effectiveness of the inrush current detector becomes questionable.

2.6 Fuzzy Logic Based Approach

In the process of decision making in a power transformer differenﬁal relay, there is
often a measure of uncertainty. As discussed previously, the differential current may,
for example, be caused by other reasons rather than internal faults; this has led to the
development of the relay by using several criteria based on “ a fuzzy set approach” to
improve the reliability of the power transformer protection. In references [16,17],
criteria signals (such as amplitude, harmonic contents, etc.) and thresholds associated
with the criteria signals were fuzzified and represented by fuzzy numbers. The fuzzy
signals (i.e., the fuzzified criteria signals) were then compared with fuzzy settings.
Several relaying criteria were used in parallel; the tripping decision was thus made
based on the results of the multi-criteria aggregation. The case studies were carried

out on a 5.86MW, 140/10.52kV three-phase two winding power transformer.

However, here again for such an approach, there are no recommended criteria for

setting various internal threshold parameters of a relay.
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2.7 ANN Based Approach

ANNSs - have the attribute of self-learning and self-organisation - of knowledge;
furthermore, they can provide the pattern recognition and are proposed by many
researchers for implementation of power transformer relaying [7,8,18,19]. In
references [7,18], ANN-based schemes for protéction of a one-phase power
transformer have been initially invéstigated,‘ while applications of the ANN for a
three-phase power transformer protection have been reported in references [8,19].
However, the ANNSs in these studies are specific to particular transformer systems,

and would have to be retrained again for other systems.

The commonly applied approaches in many ANN-based techniques to power

transformer protection assume:

e The ANN is fed by all currents either in the phase or differential-restraining co-
ordinates. The data information in a sliding window, consisting of recent and a

few historical samples of the signals, is fed into the ANN.
e Output from the ANN encodes the tripping decision.

e Training patterns exposed to the ANN usually cover inrush conditions, internal

faults and external faults.

Additional pre-processing and post-processing may be applied.

However, as the network size increases, the training time becomes longer. This is a
critical limitation in the application of ANNs. As the convergence of ANNs can be
significantly influenced by the feature of training data, more effort is still required to
develop sophisticated techniques for preparation of training data that can result in
fast learning performance. In order to do this, a better and more effective feature

extraction technique needs to be developed. Moreover, there is no definite way of
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choosing the optimum architecture, and there is no clear physical meaning of the
ANN parameters, such as weights and biases. All the above issues need to be further

studied.
2.8 Summary

The developments that have taken place in power transformer protective techniques
for distinguishing internal faults from inrush currents are reviewed. These techniques
include the power differential approach; multisetting overcurrent principle; inrush
current detector based on the waveform gap identification; fuzzy logic based
approach and ANN based approach. The issues and limitations regarding the
practical application of each developed technique are also briefly discussed in this

chapter.
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'Chaptér 3

Mathematical Models of a Power Transformer

and Instrument Current Transformer

3.1 Introduction

An accurate digital simulation of a power transformer system provides a good
supplementary tool to new relay design and relay performance evaluation. This
chapter describes a technique for accurately modelling a power transformer for the
purposes of simulating its transient phenorhena under both fault and magnetising
inrush current conditions using EMTP software. This chapter also presents a model
of a current transformer (CT), which is used for providing correct operating currents
to a protective relay system; in the latter case, the effect of CT saturation on the

protective devices has been taken into consideration.

3.2 Mathematical Models of Power Transformers

Realistic modelling of power transformers under various conditions, in particular
transient, is never an easy task. The widely-used EMTP provides several possibilities
for simulating the main characteristics of a power transformer [20-23]. This involves
several subprograms such as XFORMER, TRELEG and BCTRAN. XFORMER can
be used for single-phase transformers. BCTRAN are used for single- or three-phase
transformers. TRELEG has been replaced by BCTRAN because of ill-conditioning
problems in the TRELEG. However, all these programs do not have the ability to
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model winding faults, and do not have an ability of integrally modelling and
simulating a power transformer differential protection system. Therefore, as
mentioned before, it is vitally important to be able to accurately model the fault
transient phenomena in a transformer, for example, for the purposes of designing a
protection technique. It was against this background that the technique presented

herein was developed, and is somewhat based on that in references [20-24].

3.2.1 Modelling of Power Transformers

A power transformer model is built up based on the mutual coupling concept. With
this approach, any multi-winding transformer consisting of n coupled coils can be
electrically modelled in terms of the terminal voltage J5 and current i,, as well as

total flux linkage A,, of the zth coil as follows [25,26]:

I
+
l

Vs (3-D

where i=[,2,3,...,n. Such a transformer can be represented schematically as shown in

Figure 3.1.

M1n

M12 M2n

V2 L2 Vn

Figure 3.1 A schematic representation of /i-winding transformer
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When magnetic saturation is taken into consideration, A; become .a non-linear

function of the n-winding currents, that is:
Ap = A (,0,00050,) . (2
Thus, for the ith coil, equation (3.1) can be expanded using the chain rule as follows:

Ay diy FBydy B d

V,=Ri+ :
di, dt i, dt i, dt

(3.3)

The partial derivatives of the flux linkage A; with respect to a winding current i

(k=1,2, ...,n), are self inductances L; and mutual inductances My, given as:

L i (3.4)

" ai '
2,

My =— (i#) (3.5)
oi,

Thus, if the power transformer is a three-phase two-winding comprising of six
windings, then the mathematical models for such a transformer can be represented by

the following matrix relationship:

[V]=[R][i]+[L][%] 3.6)

or

[%}[L]"[V]—[L]"[R][i] 37
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where

O 0 0 0 o-
0 - 0 0 0 0
1= o 0 ., 0 0 0 (3.8)
0 0 0 0 0
0 0 0 0 .. 0
O 0 0 o0 0
L M\2 M3 M4 M5 MI6
M 2\ L. M 23 o240 M oas oMo 26
[£]= M 3, M 32 4 M 34 M 35 M J6 (3.9)
A*4, M &2 M 43 L4 Moy
M s, M 52 M 3 M 54 L5 M 56
M 62 M 63 M M M s L* .
[v)=[v,v,v,v,v,vj (3.10)
(3.11)
. ~ds *A * .
di dix di™ df di4 df i+ (3.12)

dt dt dt dt dt dt

and (Vi, V2 .. mVf) are the terminal voltages on the primary and secondary windings
respectively; (/, ... 19) are the currents on the primary and secondary windings
respectively; (Rj, R> . . . 7<) are the resistances on the primary and secondary
windings respectively; (Lj, L2 . . . Lf) are the self-inductances on the primary and
secondary windings respectively; My are the mutual-indutances between windings i

and j respectively(7=7,2,...,6;j=1,2,...,6; i¥%j).

The foregoing transformer model is then embedded into the basic transmission

network model using the EMTP software.
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3.2.2 Modelling of Internal Winding Faults

The principle used to model a fault between a coil turn and earth or between turn and

turn hinges upon dividing the faulted coil, as shown in Figures 3.2 (a) and (b).

phase a 1 -2 V vy phase a

hi

4 phase b 3 2 v 4 phase b

6 phase ¢ 5 < 6 phase ¢

(@) (b)

Figure 3.2 Internal winding fault modelling

(a) turn-to-earth fault (b) turn-to-turn fault

When the power transformer winding has no fault, matrices /R] and [L] for a three-
phase two-winding transformer are of order 6 as given in equation (3.8) and equation
(3.9) respectively. When a turn-to-earth fault occurs on the a-phase winding on high
voltage (HV) side as shown in Figure 3.2 (a), the transformer can be described by

two 7x7 matrices [R]x7 and [Z]zx7 respectively. They are described by:
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0 . 0 0 0 0
o .0 0 0 0 0
0 o oz 0 0 0 O
[*177= © 0 0o .. 0O 0 o (3.13)
o o 0 0 . 0 0
o o 0 0 0 , 0
o . 0 0 0 0 .
L M xx M xy M a AT 4 m 15 m 16
M xl L x M xy M X3 M X4 m X5  m X6
M orx M yx Ly M y3 My, My, Moy,
M n Mo 3X M M 34 M » m 36
Mooal M ax Moy A4 m A6
M5\ M 5X M 5Y M » m 54 Ls m  S6
M el M 6X Mer 263 MM m. 65 Re

The position of the fault point is expressed by nx and n¥where:
nx = number of turns o f‘sub-coil’ x
nY=number of turns of ‘sub-coil’ y

and the additional elements in the matrix [R]7x7 in equation (3.13) are defined by:

Ry - ks (3.15)

where :: is given by the original 6x6 matrix ,z; given in equation (3.8). The

additional elements in the matrix [T]zx7 in equation (3.14) are given by:

L = h (3.16)
(/KD +(2fir~/K) +\
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u

(3.17)
K2+2Kyll-(Txr +1
L2~ 1-<uXxy (3.18)
Mxy K+1/ K+2yl-(rXy
MXI=(K/(K +1))M3 ; (3.19)
MY=(1/(1 +K))M2A (3.20)
K= (3.21)

where K is the voltage ratio between sub-coils x and y| gxy is a leakage factor. In
reference [24], a very simple method is proposed to evaluate the leakage factor
(herein, cjxy=0.016); L> and M2 are given by the original 6x6 matrices given by

equation (3.9).

As described above, for a turn-to-turn fault on the a-phase winding on HV side as
shown in Figure 3.2 (b), the dimensions of the aforementioned /R/ and [L] matrices

are increased to 8x8. They are described as follows:

0 0 0 0 0 0 0
o Rx o 0 0 0 0 0
0 0 Ry 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 ‘3 0 0 0
0 0 0 0 0 .y 0 0
0 0 0 0 0 0 0
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A Mu

Mxi 5  Mry

Mn MyX A

MZ yzx Mz
M ix

Ki Mix M,,
M5  MiXx M,

M ,x M,y

where,

Kz

Ma
Myy
Lz

M 3Z
Mtz
M 5z

nx = number of turns of ‘sub-coil’ x
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and R, and My; are given by the original 6x6 matrices presented by equations (3.8)
and (3.9) respectively.

Thus in summary, the basic steps involved for simulating the internal winding fault

are as follows:

Step 1: use the BCTRAN routine to obtain original linear matrices [R] and [L] of the
power transformer, under healthy conditions (as shown in equations (3.8)
and (3.9));

Step 2: modify the above matrices [R] and [L] according to the internal winding fault
type and obtain the new internal winding fault matrices, [R];and [L]s; for a
turn-to-earth fault; or [R]s.s and [L]s.s for a turn-to-turn fault;

Step 3: simulate the internal winding fault using the modified internal winding fault

matrices [R]77 and [L]77 or [R]ss and [L]sxs via the EMTP software.
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323 Modeiling of Inrush Currents

An accurate modelling of inrush currents is an important prerequisite for digital
protection qf power transformers, a number of studies on the area have been'carried
out [27-32]. In Chapter 2, the phenomenon of inrush currents in power transformers
has been described, it is thus apparent from the foregoing that modelling inrush

current must take into account the core saturation of a power transformer.

As mentioned in section 3.2.1 of this Chapter, 4; is a non-linear function of the n-
winding currents, it is related to the non-linearity of the power transformer core,
which in turn is dictated by the non-linear magnetising curve of the core. This
problem of simulating this non-linearity is overcome herein by adding equivalently

non-linear element (¢ —i curve) to the matrix [L] shown in equation (3.9).
3.3 Mathematical Models of Current Transformers

A CT is an integral part of any power system, essentially for measurement and
protection. The purpose of measuring CT is to measure the system parameters under
normal conditions, not exceeding maximum expected full load current, whereas the
protective CT has to correctly reproduce fault current so that the protective relays
operate satisfactorily. In modern HV and EHV power systems more and more
emphasis is placed on the ability of CTs to provide correct operating current to
protective relay systems [33-38]. In this study, CT models are intended for the
protective relay transient performance analysis, and this includes studying the effects
of CT saturation on relays. CT models developed herein are essentially based on
those outlined in reference [39]. This model comprises of an equivalent circuit built
around an ideal transformer as shown in Figure 3.3. The magnetising branch is

represented as a non-linear inductor, and it is represented by a A-i hysteresis loop.
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Tr. Rs Ls

BURDEN

Figure 3.3 EMTP-based CT model

In Figure 3.3, Rp represents primary winding resistance; Lp represents primary
winding leakage inductance; Rs represents secondary winding resistance; Ls

represents secondary winding leakage inductance; Tr represents an ideal transformer.

3.4 Summary

A modelling approach for accurately modelling a power transformer for the purposes
of simulating its transient phenomena and designing and evaluating a new protective
relay is presented in this chapter. Based on the basic model of the power transformer,
which is provided in EMTP, the model developed herein is a significantly modified
form of the basis model, thereby the resulted model can be used for not only
simulating internal terminal faults, but also internal winding faults. In additional, the
inrush current modelling is implemented by adding equivalently non-linear element
into the basic model. Furthermore, CT modelling is also presented; this includes
consideration of CT saturation essentially for the purposes of studying the effect of

CT saturation on relay performance outlined in a later section.
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Electromagnetic Simulation Study of

Power Transformer Faults

4.1 Introduction

Based on the models described in Chapter 3, transient phenomena of a power
transformer system under internal and external faults with/without CT saturation
were simulated in two different power transformer systems, namely System 1 and
System 2 (as described later in this chapter), using EMTP software. The purpose of
the simulation is to generate accurate and realistic fault data, essentially to develop
alternative techniques for satisfactorily protecting a power transformer under a whole
variety of practically encountered faults, concomitant with its ability to distinguish

internal faults from magnetising inrush currents.
4.2 Winding Connections in Power Transformer Systems

The variation of winding connections in the power transformer will influence the
transient performances of faults and inrush currents, and this in turn will make a
difference to the protection scheme chosen; it is therefore important to consider the
various winding connections in power transformer systems [10,11,13]. Unlike a
three-phase generator, where the input and output currents are in phase as well as

equal in magnitude under normal steady state operation, in a transformer, these
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currents are different. Four types of winding connections of power transformer

systems with the corresponding phasor diagrams are shown in Figures 4.1 to 4.4.

CT1

A A A A M A A

CT2

_WW\

RELAY

(a) Connections ofDyl transformer system

a

(b) Current phasor diagrams on CT primary side

r

as

(c¢) Current phasor diagrams on CT secondary side

Figure 4.1 Winding connections ofD yl transformer system and phasor diagrams
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CT1

CT2

y\A A A A AAA

VWA

RELAY
cp

r =( -1_)/n
bs '(bs 6) 2

(a) Connections of Dyll transformer system

(b) Current phasor diagrams on CT primary side

(¢) Current phasor diagrams on CT secondary side

Figure 4.2 Winding connections of D yll transformer system and phasor diagrams
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CT1 CcT2
M A/V AA/VY
AA
MA/V_ J\A M 1 WL
RELAY
r = -LJ/n,
r =1 -1 )mn
bs bs as 2

(a) Connections of YyO transformer system

(b) Current phasor diagrams on CT primary side

(¢) Current phasor diagrams on CT secondary side

Figure 4.3 Windings connections of YyO transformer system and phasor diagrams
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cT1 CT2

AA/V.  JA M

¢ AWL JAM

r =(i_-1_)/m,

(a) Connections of Yy6 transformer system

(b) Current phasor diagrams on CT primary side

ap

bp bs

(¢) Current phasor diagrams on CT secondary side

Figure 4.4 Winding connections of Yy6 transformer system and phasor diagrams
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As a general rule, the CTs on the star side of transformers must be. connected in -
delta, and the CTs on the delta side must be connected in star. This is for (1)
compensating phase-angle shift; (2) blocking the zero .sequence current from the
différential circuit under extemél ground faults. Moreover, the CT turns ratio (hi '
corresponds to CT1, n; corresponds to CT2) should also be properly chosen for
amplitude balance 50 to ensure that the relay does not operate on normal load flow or

for an external fault.
4.3 Simulated Power Transformer Systems

As mentioned before, to generate accurate and realistic fault data, essentially to
develop alternative techniques for satisfactorily protecting a power transformer under
a whole variety of practically encountered faults, concomitant with its ability to
distinguish internal faults from magnetising inrush currents, two different power
transformer systems are selected as the studied systems in this research work. It is
expected that simulation results will be employed to explore new protection

techniques that can be able to be used for different power transformer systems.
4.3.1 System 1: A Double-End-Fed Power Transformer System

System 1 consists of a 750MVA, 27/420kV power transformer connected between a
25kV source at the sending end and a 400kV transmission line connected to an
infinite bus power system at the receiving end. The simulated power transformer

system for case studies is shown in Figure 4.5.
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750MVA,27/420kV,Dyl 1

Transformer Bus2 Bus3

Transmission line
A Power

system

Source
CT1 CT2

Figure 4.5 A double-end-fed power transformer system

4.3.2 System 2: A Single-End-Fed Power Transformer System

System 2 consists of a 35MVA, llI/132kV power transformer connected between an
IlkV source and an 132 kV transmission line. Figure 4.6 shows the simulated power

transformer system for case studies.

35MVA, 11/132 kV, YyO

Transformer
Busl Bus 2 Bus 3
Transmission Line
\ _AA_
KV)
A A
CT1 CT2

Figure 4.6 A single-end-fed power transformer system

4.3.3 Simulated Fault Types

In order to generate accurate and realistic fault data, for the purposes of developing
alternative techniques for satisfactorily protecting a power transformer under a whole
variety of practically encountered faults, various power transformer fault transients
have been simulated in System 1 and System 2, and some typical fault cases are

summarised in Table 4.1.
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Simulated Case

Internal terminal

phase-to-phase faults

Internal terminal

phase-to-earth faults

Internal winding

tum-to-tum faults

Internal winding

turn-to-earth faults

External faults

Table 4.1 List of simulated fault cases

Type

Three-phase short circuit fault on LV/ HV sides
a-b two phase short circuit on LV/ HV sides

a-c two phase short circuit on LV/ HV sides

b-c two phase short circuit on LV/ HV sides

Three-phase-to-earth fault on LV/ HV sides
a-b two phase to earth on LV/ HV sides

a-c two phase to earth on LV/ HV sides

b-c two phase to earth on LV/ HV sides
a-phase to earth on LV/ HV sides

b-phase to earth on LV/ HYV sides

c-phase to earth on LV/ HV sides

a-phase 5% tum-to-tum, at mid-point of winding on LV/ HV sides
b-phase 5% tum-to-tum, at mid-point of winding on LV/ HV sides
c-phase 5% tum-to-tum, at mid-point of winding on LV/ HYV sides
a-phase 15% tum-to-tum, at mid-point of winding on LV/ HV sides

b-phase 15% tum-to-tum, at mid-point of winding on LV/ HV sides

c-phase 15% tum-to-tum, at mid-point of winding on LV/ HV sides

a-phase-to-earth at mid-point of winding on LV/ HV sides
b-phase-to-earth at mid-point of winding on LV/ HV sides
c-phase-to-earth at mid-point of winding on LV/ HV sides
a-phase-to-earth at 70% of winding from neutral point on LV/ HV sides
b-phase-to-earth at 70% of winding from neutral point on LV/ HV sides

c-phase-to-earth at 70% of winding from neutral point on LV/ HV sides

External faults with CT saturation
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4.4 Electromagnetic Simulation Studies of Power Transformer

Faults in System 1

An extensive simulation of power transformer faults is firstly carried out on System

1. The some typical fault studies in System 1 are depicted in Figure 4.7.

cT Transformer cT2
ap as
bp
cp cs

uT

Figure 4.7 Simulation of typical faults in System 1

where, ® stands for a-b two-phase-to-earth terminal fault on high voltage (HV) side;
(2) stands for b-phase-to-earth terminal fault on low voltage (LV) side; ® stands for c-
phase 5% tum-to-turn winding fault at mid-point of winding on LV side; ® stands
for a-phase turn-to earth winding fault at mid-point of winding on HV side; © stands
for an internal three-phase short circuit on LV side; © stands for an external three-
phase short circuit on HV side. Hereafter, the nomenclature of subscripts is that ap,
bp, cp refer to a, b and c three phases on primary side of the power transformer (LV
side), as, bs, cs refer to a, b and ¢ three phases on secondary side of the power

transformer (HV side), ad, bd, cd refer to a, b and c three-phase differential signals

through the CT secondary sides.
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The simulation results, which correspond to the faults typified in Figure 4.7, will be

given in the following sections.

4.4.1 Simulation of Internal Faults without CT Saturation

Internal fault simulation studies of power transformers without CT saturation are

firstly carried out, and some typical results are presented and analysed respectively.

4.4.1.1 Terminal Two-Phase-to-Earth Faults

First of all considering an a-b two-phase earth fault on the high voltage side of the
transformer (Figure 4.7 (D), it is apparent from Figure 4.8 (a) and (b) that there is
more high frequency (HF) distortion on the current waveforms on the high voltage
(HV) side compared to that experienced on the low voltage (LV) side. This would be
somewhat expected by virtue of the fact that the magnitudes of currents are
significantly higher on LV side and are predominantly power frequency which
completely swamp over any high frequency distortion. In contrast, the magnitudes of
the power frequency currents on HV side are relatively much smaller. Moreover, the
HYV side is directly connected to the transmission line and the travelling wave effect

generated on the transmission line also has some bearing on the distortion observed

on HYV side.
100,000
a o,
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(a) currents on LV side
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(¢) differential currents through CT secondary side
Figure 4.8 Current waveforms of an a-b two-phase-to-earth fault on HV side

4.4.1.2 Terminal Single-Phase-to-Earth Fault

Fault transient phenomenon similar to the foregoing (particularly in terms of
waveform distortion) is observed for a b-phase-to-earth fault on LV side of the
transformer (Figure 4.7 ©). Here of course, the a and ¢ phase currents on LV shown
in Figure 4.9 (a) are very small compared to the faulted b-phase and this is also the

case when observing the differential currents through the CT secondary as shown in

Figure 4.9 (c).
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Figure 4.9 Current waveforms of a b-phase to earth fault on LV side
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4.4.1.3 Winding Turn-to-Turn Fault

A c-phase 5% tum-to-tum fault at mid-point of the winding on LV side of the
transformer is shown in Figure 4.7 (D. A short circuit of a few turns of the winding
will give rise to heavy fault current in the short circuited loop, but the terminal
currents both on HV and LV sides are quite small. It is evident from Figure 4.10 (a)-
(c) that the currents on either HV side or LV side during the period of the tum-to-
turn fault are only slightly different from the normal load current and as a direct
consequence of this, the differential currents generated are much smaller compared

to those caused by other types of faults.
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(c) differential currents through CT secondary side

Figure 4.10 Current waveforms of a c-phase 5% turn-to-turn fault at mid-point

of winding on LV side

4.4.1.4 Winding Turn-to-Earth Fault

Figure 4.7 @ shows the transformer currents for an a-phase-to-earth fault at the mid-
point of the winding on HV side. Here again, the terminal currents are little different
from the normal load currents. From Figure 4.11 (c), it can be seen that the

differential currents are again very small.
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Figure 4.11 Current waveforms of an a-phase turn-to-earth fault at mid-point of

winding on HV side

It is thus apparent from the foregoing that there is a wide variation both in the

magnitude and distortion in the fault current waveforms, depending upon the type of

fault and its location. Importantly, any new protection technique must be capable of

dealing with this wide diversity of fault data.
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* 4.4.2 Simulation of Internal Faults with CT Saturation

It is well known that CT saturation can cause a severe distortion in CT secondary
currents thereby render'ing. them to be totally different from the CT primary
waveforms. This in turn can lead to a large second harmonic to be generated during
internal faults, thereby resulting in the cohventiohai differential protection, Based on
the second harmonic restraint, to block the operation of the protection.under certain -
internal faults. It is thus vitally important to be able to simulate CT saturation under
internal faults; this has been accomplished herein by (i) variation in the fault

inception angles, (ii) through different levels of CT remnant flux.
4.4.2.1 Effect of Fault Inception Angle on Fault Current

Since the D.C. component of the fault current is the dominant factor in causing CT
saturation and it is influenced by the fault inception angle o, two typical case studies
are presented, which involve a three-phase short circuit occurring on LV of the
power transformer (shown in Figure 4.7 ®) when the fault inception angles are a=0°
and a=90°, respectively, under a condition that there is an initial remnant flux (50%
rated flux) in a, b and c three-phase CT core on LV side respectively, and a zero
remnant flux in a, b and ¢ three-phase CT core on HV side respectively. For
simplification, only a-phase current result is depicted in Figures 4.12 and 4.13. Note
that in these Figures, @ stands for the desired CT secondary current, and @ stands for

the actual CT secondary current.
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Figure 4.12 Current waveforms of an internal three-phase short circuit on LV

side under fault inception angle a=0°
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From Figure 4.12, which corresponds to faulf inception angle o=0°, it ¢an be seen
that the D.C. component in a-phase current on LV is large in the initial period
following. a fault, together with the initial remnant flux in a-phase core, and as a
consequence, the a-phase CT on LV side saturates, resulting in a marked difference
between the CT primary current (referred to secondary) and the CT secondary
current shown in Figure 4.12 (a); whereas, the a-phase CT on HV side does not
saturate due to the less D.C offset at the fault inception and the zero remnant flux in
the CT cbre, thé a-phase current is therefore faifhfully reproduced on HV side shown
in Figure 4.12 (b); Figure 4.12 (c) shows the a-phase differential current, as expected,

a-phase differential current is distorted, as evident from Figure 4.12 (c)

In sharp contrast, when the fault inception angle is «=90°, i.e. the maximum voltage
point of the a-phase voltage, there is no D.C. offset in a-phase current on LV, even
there is the initial remnant flux in the a-phase core, the a-phase current is still
faithfully reproduced, as evident from Figure 4.13 (a); similar as foregoing, the a-
phase CT on HV side does not saturates due to the less D.C offset at the fault
inception and the zero remnant flux in the CT core, the a-phase current on HV is
therefore faithfully reproduced shown in Figure 4.13 (b); as therefore expected, a-

phase differential current does not distort, as evident from Figure 4.13 (c).
4.4.2.2 Effect of Remnant Flux Level in CT Core on Fault Current

In practice, there are many conditions (such as line auto-reclosure after a transient
fault clearance) that may leave a remnant flux in the core of the CT; this can have a
significant bearing on the CT secondary current. Comparing Figure 4.12 and Figure
4.14, which are for the same fault inception angle, except that there is a higher
remnant flux (70% remnant flux compared to 50%) in the case shown in Figure 4.14,
it is apparent that the remnant flux level has a significantly higher influence in the
CT secondary current in that there is more severe distortion on the CT secondary

current as clearly evident from comparing Figure 4.12 (a), (c) and Figure 4.14 (a),

(©).
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4.4.3 Simulation of External Faults with CT Saturation ‘

A differential relay is designed to restraint under normal load flows and for external
faults. However, external short circuits can in fact result in very large differential
currents, if the CT saturates. It is thus crucial to be able to ascertain CT saturation
effects on the measure currents under external faults. Figufe 4.15 shows the
simulated waveforms ’for an external three-phase short circuit, which occurs on Bus 2
(shown in Figure 4.7 ®) under a condition that there is an initial remnant flux (50%
rated flux) in a, b and c three-phase CT cores on LV side, and a zero remnant flux in
ai, b and c three-phase CT cores on HV side. From Figure 4.15 (a), it can be seen that,
as expected, there is some distortion in the a-phase CT secondary current on LV side.
The CT secondary current waveforms on the high voltage side are, on the other hand,
distortion free as shown by Figure. 4.15 (b). This imbalance (due to distortion on the
low voltage side) manifests itself into generating a significant differential current as
evident from Figure 4.15 (c), and this can lead to relay instability in the conventional

current differential protection.
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Generally, the degree of CT saturation relies on the DC components in the primary
current and the CT parameters. Figure 4.16 therefore shows the effects on the a-
phase differential current with the different levels of initial CT remnant flux for the
same fault condition as the case shown in Figure 4.15. From Figure 4.16 it is
apparent that as the initial CT remnant flux progressively increases from 0% to 35%,
50%, 60% rated flux, the magnitude of differential current also gradually increases
and under certain conditions can exceed the setting level of the differential current

protection thereby resulting in mal-operation of the power transformer protection.

0.05

Time(S) 0

Figure 4.16 Differential currents with respect to different remnant flux levels in CTs
under an external fault condition (1) no remnant flux; (2) 35% rated flux of remnant

flux; (3) 50% rated flux of remnant flux;(4) 60% rated flux of remnant flux
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4.5 Electromagnetic Simulation Studies of Power Transformer

Faults in System 2

Similar to the case studies carried out on System 1, the fault transient phenomena are

also studied on System 2 shown in Figure 4.6. Some typical fault studies in System 2

are depicted in Figure 4.17.

T Transformer cT2
ap as
bp
op (VY

Figure 4.17 Simulation of typical faults in System 2

where, (D stands for an internal three-phase-to-earth short circuit on LV side; ©
stands for an internal a-phase-to-earth terminal fault on LV side; © stands for an
internal a-c two-phase short circuit on HV side; (D stands for an internal a-phase
turn-to-earth winding fault at mid-point of the winding on HV side; © stands for an

internal a-phase-to-earth fault on HV side; © stands for an external three-phase short

circuit on HYV side.
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The simulation results, which correspond to the faults typified in Figure 4.17, will be
given in the following sections. For simplicity, only differential current waveforms

of each case study are presented hereafter.

4.5.1 Simulation of Internal Faults without CT Saturation

Figure 4.18 presents a typical simulation result for a three-phase-to-earth short circuit
on LV side of the power transformer (Figure 4.17(D). It can be seen from Figure 4.18
that the differential currents reach to the very high magnitude level due to the severe
three-phase short circuit fault, and differential current waveforms observed through
the CT secondary side are still normal sinusoidal waveforms without distortion; this

is so because CTs do not saturate.

150

50

-100

150 00 02 .04 .06 .08 01

time (s)
Figure 4.18 Differential current waveforms of a terminal three-phase-to-earth

short circuit on LV side

Figure 4.19 presents another typical simulation result for a terminal a-phase-to-earth
fault on LV side (Figure 4.17(D). It is apparent that the differential currents are much
smaller under such a single-phase fault than an internal three-phase fault shown in
Figure 4.18. It can be also seen that although the fault type is an a-phase-to-earth
fault, there are significant large differential currents in both a and c phases due to the

effect of the protection connection on CTs.
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Figure 4.19 Differential current waveforms of a terminal a-phase-to-earth fault

on LV side

Figures 4.20 and 4.21 respectively present simulation results for (1) a terminal a-c
two-phase short circuit fault on HV side (Figure 4.17®); and (2) a turn-to-earth fault
at mid-point of a-phase winding on HV side (Figure 4.17®). It is apparent that the
differential currents generated under a tum-to-earth fault (Figure 4.21) are much
smaller compared with the terminal internal fault shown in Figure 4.20. Here again,
differential current waveforms observed through the CT secondary are normal

sinusoidal waveforms without distortion; this is so because CTs do not saturate.

30

10

0.0 .02 .04 .06 .08 0.1
time (s)

Figure 4.20 Differential current waveforms of a terminal a-c two-phase short

circuit fault on HV side
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-1.5

0.0 .02 .04 .06 .08
time (s)

Figure 4.21 Differential current waveforms of a turn-to-earth fault at mid-point

of a-phase winding on HV side

4.5.2 Simulation of Internal Faults with CT Saturation

The impacts of the CT saturation on differential currents are also studied on System
2 (shown in Figure 4.6). Similar to the case studies carried on System 1, CT
saturation under various fault and system conditions, including the variations in the
fault inception angles, remnant flux levels in CTs, and CT secondary burdens, are

studied. Some of typical results are presented in the following sections.

4.5.2.1 Effect of Fault Inception Angle on Fault Current

Figure 4.22 presents an a-phase differential current waveform for a-phase-to-earth
fault on HV side (Figure 4.17(D) when the fault inception angles are oc=0° and a=90°
respectively, under a conditions that there is 70% rated flux of remnant flux in a-
phase CTs on both LV and HV sides. Figure 4.22 (a) presents a-phase differential
current under the fault inception angle a=0°; and Figure 4.22 (b) presents a-phase

differential current under the fault inception angle a=90°.

From Figure 4.22 (a) it can be seen that due to CT saturation, the a-phase differential

current observed through the CT secondary is distorted. A difference between
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distorted/actual secondary currents and prospective secondary currents is clearly
illustrated in this figure. It can be seen from Figure 4.22 (b) that although the fault
and remnant flux conditions are the same as Figure 4.22 (a), the fault inception angle
is changed from a=0° to a=90°, the a-phase differential current observed through the

CT secondary is faithfully reproduced as evident form Figure 4.22 (b).

40 prospective secondary current
< 30 / actual secondary current

20
u
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(a) a-phase differential current under fault inception angle a=0°

30
prospective is eqaul to actual

10

adle

10 -20

30 0.0 .02 .04 .06 .08 0.1
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(b) a-phase differential current under fault inception angle a=90°

Figure 4.22 An a-phase differential current for an a-phase-to-earth fault on HV

side with fault inception angles a=0° and a=90°, respectively
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4.5.2.2 Effect of Remnant Flux Level in CT Core on Fault Current

The effects of the remnant flux of CTs on differential currents are also studied on
System 2. Figure 4.23 presents an a-phase differential current waveform when there
are the same fault and system condition as Figure 4.22 (a) except there are no
remnant flux on a-phase CTs on both LV and HV sides. Comparing Figure 4.22(a)
and Figure 4.23, it can be seen that in Figure 4.23, a-phase differential current
observed from the CT secondary does not distort, as there is no remnant flux on a-

phase CT.

30 irospective is equal to actual

0.0 .02 .04 .06 .08 0.1
time (s)

Figure 4.23 An a-phase differential current for an a-phase-to-earth fault on HV

side without remnant flux in a-phase CTs on both LV and HV sides

4.5.2.3 Effect of CT Secondary Burden on Fault Current

It is well known that the burden type of CT secondary can affect the CT
performance. A purely resistive burden of the CT can cause more severe saturation
than a resistive inductive burden or a purely inductive burden. The effects of the CT
secondary burden on differential currents are also studied on System 2. Figure 4.24
presents an a-phase differential current waveform when there is the same fault and
remnant flux conditions as Figure 4.22 (a), but a-phase CTs on both LV and HV

sides are with purely resistive burden. Comparing Figure 4.24 and Figure 4.22 (a) it
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can be seen that the CT in Figure 4.24 is driven into saturation much earlier, i.e. in
the first half cycle compared to Figure 4.22(a). As a consequence, a high distortion in

the secondary current of the CT occurs in this case.

prospective secondary current
Z'/actual secondary current'

0.0 .02 .04 .06 .08 0.1
time (s)
Figure 4.24 An a-phase differential current for an a-phase-to-earth fault on HV

side with purely resistive burden in CTs

4.5.3 Simulation of External Faults with CT Saturation

The effect of CT saturation on differential currents under an external fault condition
is also studied on System 2. Figures 4.25 and 4.26 respectively present the simulation
results for (1) an external three-phase short circuit on HV side (Figure 4.17©) with a-
phase CT saturation on both LV and HV sides (Figure 4.25), and (2) an external
three-phase short circuit on HV side (Figure 4.17©) with a-phase CT saturation on
LV side only (Figure 4.26). The simulation results indicate that CT saturation will
produce significant differential currents under an external fault condition, and this
situation may happen with CT saturation on one side (LV or HV) only, or on both

LV and HV sides simultaneously.
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Figure 4.25 Current waveforms of an external three-phase short circuit with

a-phase CT saturation on both LV and HYV sides
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Figure 4.26 Current waveforms of an external three-phase short circuit with

a-phase CT saturation on LV side only
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4.6 Summary

It is vitally important to simulate a power transformer system as accurate as possible
in order to develop novel protection techniques. In this chapter, the simulation and
analysis of two power transformer systems under a whole variety of practically
encountered fault conditions have been implemented based on the developed
modelling approach presented in Chapter 3 by using EMTP software; in particular,

the effects of CT saturation on differential currents are included in the simulation.
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Chapter 5

Electromagnetic'S'imulation Study of

Power Transformer Inrush Currents

5.1 Introduction

When a power transformer is energised on the primary side with the secondary open-
" circuited, the current flowing in the primary side is the magnetising current. Normal
steady-state magnetising currents of power transformers are about 2-5% (or even
less) of the rated current. However, under transient conditions (i.e. a short period
following energisation) the maximum initial-magnetising current may be as high as
8-30 times of the rated current. During the transient period, the magnitudes of the
inrush current slowly decay to the normal steady-state values. The slow decay time is
as a direct consequence of the loop resistance of the power supply circuit being
small. The time constant of the inrush current decay varies from about 10 cycles to as

long as 1 min in highly inductive circuits [3].

In order to clearly distinguish internal faults from the magnetising inrush currents, an
investigation into the magnetising inrush current phenomenon in a power transformer
is crucial. Based on the models described in Chapter 3, in this chapter, an extensive
digital simulation study of the magnetising inrush phenomenon is presented with
reference to the foregoing System 1 and System 2. The effects of the different
remnant flux levels in the transformer core, different power supply switch-on angles,
coupled with CT saturation on magnetising inrush current transients, have been taken

into consideration.
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5.2 Types of Magnetising Inrush Currents

In general, a magnetising inrush current can occur under three conditions, which are
namely described as (1) initial magnetising inrush current; (2) recovery magnetising

inrush current; and (3) sympathetic magnetising inrush current [3].
5.2.1 Initial Magnetising Inrush Current

An initial magnetising inrush current may occur when energising the transformer.
This inrush has the possibility of producing the maximum value. It therefore will be
considered as the basis for the case studies in this thesis. An extensive digital
simulation of magnetising inrush phenomenon carried out on System 1 and System 2

will be given in the following sections.
5.2.2 Recovery Magnetising Inrush Current

After an external fault is cleared, an inrush may occur because the voltage returns to
normal as shown in Figure 5.1. This is called the recovery magnetising inrush
current. The worst case for the recovery inrush may occur when there is a solid three-
phase external fault near the transformer. In such a case, the voltage is firstly reduced
to nearly zero on the transformer. However, when the external fault is cleared, the
voltage suddenly returns to an essentially normal value. This sudden change in the
voltage may produce a magnetising inrush in the transformer. The recovery inrush is

always less than the initial inrush because the transformer is only partially energised.
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Transformer

Source

Inrush After Breaker C

Tripped and Voltage Recovers External Fanlt

Trip Breaker C

Figure 5.1 Recovery inrush after clearing an external fault

5.2.3 Sympathetic Magnetising Inrush Current

A magnetising inrush current can also occur in an energised transformer when a
nearby transformer is energised. This is called sympathetic magnetising inrush
current. A common situation may occur when paralleling a second transformer with a
transformer already in operation as shown in Figure 5.2. In such a case, the dc
component of the inrush current in transformer 2 can also saturate the energised
transformer 1, resulting in a sympathetic magnetising inrush in the energised
transformer 1. Again, the sympathetic inrush in the transformer 1 will always be less

than the initial inrush.

Transformer 1

B —
H U - -Q -
Closed Closed
Source
Transformer 2
A __
H U - -D -
Closing Open

Figure 5.2 Sympathetic inrush when paralleling a second transformer with an

energised transformer
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5.3 Power Transformer System Diagrams for Inrush Current

Simulation Studies

750MVA, 27/420kV, Dyl1

TRANSFORMER
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Figure 5.3 Diagram of System 1 for inrush case studies
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Figure 5.4 Diagram of System 2 for inrush case studies
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As mentioned above, the initial magnetising inrush will be investigated in detail in
this research work. Figures 5.3 and 5.4 show the diagrams of the two simulated
power transformer systems for inrush current studies, where the secondary side of
each power transformer is open, and the primary side of each power transformer is
energised. The modelling techniques associated with the inrush current phenomenon

have already been described in Chapter 3.

5.4 Electromagnetic Simulation Studies of Inrush Currents in

System 1

5.4.1 Magnetising Current under Steady-State Condition

Figure 5.5 shows the simulated results of the steady state magnetising current, which
will occur when the transformer had been energised at or near maximum positive
voltage; or after the transient inrush current has decayed to the steady state

magnetising current.
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Figure 5.5 Magnetising current under steady-state condition

From Figure 5.5, it can be seen that the magnetising currents lam Ibm and Iem which

correspond to a, b and c three-phase currents in the magnetic branch of the
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transformer, are very small compared with the rated current of the power

transformer. This is evident from the following calculations.

The rated current is given by:

750MVA

= 20V 16(kA),
=ed 3 x 27KV (kA)

and the magnetising current in steady state shown in Figure 5.5 is:
Imagnctising=24 (A)

Thus, the ratio between the rated current and the steady state magnetising current is:

| S
magnetising _ 24 x100% =0.15%
1., 16000

It can be seen that the steady state magnetising current is only 0.15% of rated current
in this case study. However, the maximum initial magnetising current may be as high
as 8-30 times the rated current under the transient condition, particularly when the
transformer is energised. The following sections will give the simulation results of

the magnetising inrush current phenomenon under transient conditions.

5.4.2 Magnetising Inrush Current under Transient Conditions

5.4.2.1 Effect of Core Remnant Flux Level on Inrush Current

Detailed analyses presented in Chapter 2 shows that the magnetising inrush currents
are produced due to the severe saturation of the transformer core. In a three-phase

circuit, inrush currents will always occur in one or two phases and generally all three

phases, with the voltages phase angle 120° apart. Figure 5.6 (a) shows typical
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magnetising inrush current waveforms (Iam Ibm and Iecm) when a transformer is
energised at voltage Va(a=0°), where a is the switch-on angle. Figure 5.6 (b) shows

the corresponding transient fluxes * <hand <., in which there is no remnant flux in

the transformer core.
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(a) magnetising inrush current
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(b) transient flux

Figure 5.6 Simulation of inrush currents without remnant flux in transformer core

From Figure 5.6 (a), it can be seen that the inrush currents occur in all three phases,
and the a-phase inrush current is larger than the corresponding b-phase and c-phase
inrush currents. This is so because during transient period following energisation, the

a-phase flux level doubles the rated flux, the rated flux being 121.45Wb for the
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simulated power transformer given in Table A42in Appendix; the increase in b-
phase and c-phase transient fluxes is less compared to the a-phase (evident from
Fi_gure 5.6 (b)). This results in a a-phase transformer coré to be more severely
saturated than the b-phase and c_-bhase transformer’ corés. Furthérmore, it has also -
been found that the inrush current decays slowly; this is by virtue of the fact that in
this study, the transformer is cldse to the source, and the resistance of the source-
transformer loop is thus very small, resulting in a relatively large decay time constant

of the inrush current.

If a transformer has been energised previously, there is a high probability that on de-
energisation some remnant flux would have been left in the iron; this flux can be
positive or negative, which may either add to or subtract from the total flux upon re-

energisation, thereby increasing or decreasing the inrush current.

To demonstrate this scenario, it has been assumed that there are a remnant flux of
+72.9Wb (70% rated flux) in a-phase core, -36.5Wb (-35% rated flux) in both b-
phase and c-phase, respectively. The magnetising inrush currents with respect to
these initial remnant flux conditions are depicted in Figure 5.7 (a); while Figure 5.7
(b) shows the transient flux under these initial remnant flux conditions. As can be
seen, the presence of the remnant flux significantly increases the magnitude of the
magnetising inrush current. This is evident from a comparison between Figure 5.6 (a)
and Figure 5.7 (a); the maximum value of the a-phase magnetising inrush current in
Figure 5.6 (a) is 35kA, while the maximum value of a-phase magnetising inrush

current in Figure 5.7 (a) is 65kA.

g1



Chapter 5 Electromagnetic Simulation Study o fPower Transformer Inrush Currents

80,000
60,000
40.000

20.000

0 A A A \A A

I K \
220,000 JV \

1 . L—pm g

-40,000
0.0 .01 .02 .03 .04 .05 .06 .07 .08 .09 0.1
time (s)

(a) magnetising inrush current

0.0 .01 .02 .03 .04 .05 .06 .07 .08 .09 0.1
time (s)

(b) transient flux

Figure 5.7 Simulation of inrush currents with remnant flux in transformer core

5.4.2.2 Effect of Switch-On Angle on Inrush Current

A transformer may not always be energised at voltage Va(a=0°), where a is the
switch-on angle. Various switch-on angles will result in various peak values of the
inrush current. To demonstrate the effects of switch-on angles on the inrush current,
the inrush currents are simulated under a different switch-on angle a=60° as shown

in Figure 5.8.
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Figure 5.8 Simulation of inrush currents at switch-on angle a=60°

Comparing Figure 5.8 with Figure 5.7 (a), which are with the same initial remnant
flux condition except that in Figure 5.7 (a) the power transformer is energised at
Va(a=00), it is clearly evident that the a-phase magnetising inrush current at the
switch-on angle a = 0° shown as Figure 5.7 (a) is significantly larger (approximately
5 times rated current) than the magnetising inrush current at the corresponding
switch-on angle a = 60° shown as Figure 5.8 (this is approximately 1.3 times rated
current). This result demonstrates the significant effect of the power supply switch-

on angle on inrush currents.

To further illustrate the foregoing phenomenon, Figure 5.9 presents the changes in
the a-phase inrush current corresponding to switch-on angles a=300, 900, 150“, 2100,
300°, respectively; this simply displays the marked effect of re-energisation angle on

the magnitude of the peak value of the inrush current.

83



Electromagnetic Simulation Study ofPower Transformer Inrush Currents

Chapter 5
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Figure 5.9 A-phase magnetising inrush currents with respect to different switch-on

angles a (1) a=30°; (2) a=90°; (3) ot=150°; (4) a=210°; (5) a=300°

5.5 Electromagnetic Simulation Studies of Inrush Currents in

System 2

Similar to the case studies carried out on System 1, the magnetising inrush current

phenomenon is also studied on System 2 shown in Figure 5.4. Some typical

simulation results are presented in the following sections.

5.5.1 Effect of Core Remnant Flux Level on Inrush Current

Figures 5.10 (a) and (b) present the results of the magnetising inrush currents for a

condition associated with the transformer being energised at voltage Va(a=0°), with:
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(i) no remnant flux in the transformer core (Figure 5.10 (a)), and (ii) 50% remnant
flux in the transformer core (Figure 5.10 (b)). From these figures it can be seen that
there are very similar features of the magnetising inrush currents compared with the

case study results associated with System 1, as shown in Figure 5.6 (a) and Figure

5.7(a).
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Figure 5.10 Inrush currents with different remnant flux in transformer core
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5.5.2 Effect of Switch-On Angle on Inrush Current

Figure 5.11 presents the simulation results of the inrush currents under a condition
that there is the same initial remnant flux as Figure 5.10(b) except that in Figure 5.11
the power transformer is energised at voltage Va(a=240°). It is apparent that the a-
phase inrush current energised at a=0° shown in Figure 5.10(b) is larger than the
inrush current energised at a=240°, this indicates the significant effect of the switch-

on angle on inrush currents.
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Figure 5.11 Inrush currents when transformer is energised at voltage Va(a=240°)

5.5.3 Effect of CT Saturation on Inrush Current

Figures 5.12 and 5.13 illustrate the effect of CT saturation on the inrush current
waveforms. In these figures, Figure 5.12 shows the result when the a-phase CT on
LV side is saturated only; while the Figure 5.13 shows result when both a-phase and
b-phase CT on LV side are saturated. From Figure 5.12(b), it can be seen that the a-
phase inrush current on CT secondary side is severely distorted due to the a-phase
CT saturation; while from Figure 5.13(b), it can be seen that both the a-phase and b-
phase inrush currents on CT secondary side are severely distorted due to both a-

phase and b-phase CT saturation. An interesting point to note here is that typically,
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the inrush current waveform should have a number of gaps where the current
magnitude is zero; however, these gaps observed through CT secondary side, are lost
due to CT saturation, as apparent from Figures 5.12(b) and 5.13(b). A direct
consequence of this effect is that it will make practical protection schemes, which

rely on gaps features to distinguish inrush currents from internal faults described in

Chapter 2, have a difficulty.
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Figure 5.12 Simulation of inrush currents with a-phase CT saturation on LV side

87



Chapter 5 Electromagnetic Simulation Study o fPower Transformer Inrush Currents

15,000
g 10,000 am
a
t- 5,000
V]
C
o
D
3
(1] -5,000
k1
¢ -10,000
-15,000
0.0 .02 .03 .04 .05 .06 .07 .08 .09
time (s)
(a) inrush current on CT primary side
30
<
> Z) am
<
o
=
=]
o
2
o)
8
=
2
g -10
o
G
= bm
-30
0.0 .01 .02 .03 .04 .05 .06 .07 .08 .09 0.1

time (s)

(b) inrush current on CT secondary side

Figure 5.13 Simulation of inrush currents with both a-phase and b-phase CT
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5.6 Summary

In this chapter, an extensive digital simulation study of the magnetising inrush
- phenomenon has been performed on both Syéte_m 1 and Systeih 2. It has been found
that the factors controlling the duration and magnitude of the magnetising inrush are:
(i) size and location of the transformer; (2) resistance of the loop from the source to
the transformer; (3) prior history, i.e. remnant flux level, of the transformer; and (4)
transformer energisation angle. The simulation results obtained will be used to
develop novel protective schemes for power transformer fault diagnosis especially
for distinguishing between internal faults and inrush currents, which will be

described in the following chapters.
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Chapter 6

Traditional ANN-Based Technique for

Power Transformer Fault Diagnosis

6.1 Introduction

As discussed previously, there have been a number of techniques researched and
developed to distinguish between internal faults and magnetising inrush currents in a
power transformer. Some of these are based on conventional methods and a few on
Al, and all the techniques developed hitherto have advantages and disadvantages.
The work presented in this chapter is based on applying a traditional ANN to solve
the aforementioned problem, and is in essence a necessary precursor to improving on

the performance through a novel approach described later in this thesis.

6.2 Motivation for Using ANNSs for Power System Engineers

An artificial neural network is an intelligent system motivated by research into the
human brain. The human brain is the most complex computing device, and its
powerful thinking, remembering and problem-solving capabilities have motivated
scientists to investigate how a machine can implement the thought and action of

human beings.

Modern power systems are required to generate and supply high quality electric

energy to consumers. In order to achieve this requirement, computers are applied to
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power system operation, planning, monitoring and control; power system application |
programs for analysing system behaviour are stored in computers. For example, at
the planning stage of a power system network, system analysis progranis are
executed repeatedly; engineers adjuét and modify the input daté to tilese programs
according to their experience and knowledge about the systerﬁ until satisfactory plans
have been determined. However, the computer programs developed are based on
mathematical models and are implemented using languages sﬁitable for numeric
computation only. Although methods based on mathematical model have been -
- successful for solving a number of problems in the power system area, there remain a
number of problems where methods based on mathematical model lead to less than
satisfactory solutions; for example, a model of the relevant part of a system cannot be
easily identified, posing difficulty in the system modelling. In this respect, an ANN
provides an attractive alternative computation concept to the conventional approach,
the latter being based on a programmed instruction sequence and prescribed rules.
The main advantages of the ANNs are [40-45]:

o ANNs are adaptive in nature. They can take data and learn from it. Thus ANNs
bridge the gap between individual examples and general relationships. This
ability differs from standard software techniques because it does not depend on
the programmer’s prior knowledge of rules. ANNs can reduce development time
by learning underlying relationships even if they are difficult to find and

describe. They can also solve problems that lack existing solution.

o ANNSs can generalise: they can handle incomplete data, provide an ability to fault
tolerance. Generalisation is useful in practical applications because real world

data is noisy.

@ ANNSs are non-linear: they can capture complex interaction amongst the input
variables in a system. In a linear system, changing a single input produces a
proportional change in the output, and the input’s effect depends only on its own

value. In a non-linear system, the effect depends on the values of other inputs,
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and the relationship is a higher-order function. In this respect, systems in the real

world are often non-linear.

o ANNs are highly parallel: their numerous identical, independent ‘operations can

‘be executed simultaneously.

The advantages of ANNs have encouraged various power system engineers and
researchers to apply them to solve various power system problems such as load

forecasting, security assessment, fault diagnosis, etc. -
6.3 ANN Model

A model of ANN is determined according to network architecture, activation
function and learning algorithm. The network architecture specifies the way the
neurons are connected. The activation function specifies how the neural network
with a given set of weights calculates the output vector y for any input vector x. The
learning algorithm specifies how the neural network adapts its weights for all given

training vectors X.
6.3.1 Multilayer Feedforward Network

There are many types of ANNs, but the most commonly used is the Multilayer
Feedforward Network (MFN) [46-53]. In theory, a three-layer network can form
arbitrarily complex shapes, and is capable of separating any classes. A typical layout

of such a network is shown in Figure 6.1. It is a three-layer (input, hidden, and
output) feedforward ANN, where the subscripts i,j and k refer to any unit in the

input layer, hidden layer and output layer, respectively.
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Threshold, Q  Activation

(bias) function
Inputs
Hidden X y
X Outputs

Input Layer Surmming
Layer W J on

A A

weights
inputs outputs

Figure 6.1 A three-layer feedforward ANN

In Figure 6.1, the nodes are the processing units (neurons). Mathematically, the

function of a neuron can be modelled as:

Wipc, 6.
1=1
y=f(z)=f 1 wyr,-0, (62)
-1
where, [*/, 2 xn| represents the input signals, /Wji Wj: ...., wjn] is the connection

weights from input signals to neuron j in the hidden layer, z is weighted summation
of input signals, y is the neuron output, and / (z) is the nonlinear activation function

with threshold 6 ¢(bias).

93



Chapter 6 Traditional ANN-based Techniquefor Power Transformer Fault diagnosis

6.3.2 Activation Function

The activation function is one of important elements in the neuron model. It defines
the output of a neuron in terms of the activity level of its input. There are three basic
types of activation functions: Step function, Sigmoid function, and Hyperbolic

tangent function; the commonly used sigmoid function is defined by:

m =14l (6-3>

m =-z it (6-4)

Hyperbolic tangent function is just a bipolar version of the sigmoid function. It
should be noted that the sigmoid function is a smooth version of a {0,1} step
function, whereas the hyperbolic tangent function is a smooth version of {-1,1} step
function. Figure 6.2 shows the characteristics of the sigmoid and the hyperbolic

tangent transfer functions.

sigmoid function
hyperbolic tangent
function

Figure 6.2 Characteristics of Sigmoid and Hyperbolic tangent functions.
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6.3.3 Back-Propagation Learning Algorithm

The learning élgorithm of MFN is called the ‘back-propagation algorithm’. The main

objective of the learning algorithm'is to minimise the error between the desired and-

actual outputs through adjusting the weights by back-propagating the error from the

output to input layer through the hidden layer. It is based on an iterative gradient

algorithm and is outlined below.

Step 1

Step 2

Step 3

Step 4

Initialise weights and thresholds

set all weight and node thresholds to small random values.

Present input and desired outputs

Present a continuously valued input vector space X to the input layer

neurons, and desired output vector d.

Calculate actual output

Use equation (6.2) to propagate the network input vectors through the
hidden layer neurons to the output layer neurons, and calculate actual

output.

Adapt weights

The process of adapting weights is usually called the learning or

training process. It starts from the output layer, and works backwards

to the input layer. In the training process, the connection weights w

and w,; between neurons are determined by minimising the following

error function:
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E=2 362 | (65)

where ¢, is the desi‘red'output of neuron k;
'y, is the actual output of neuron £ ..
The weights w; and w,; are adjusted to minimise the error function

E for.the set of training patterns by a straightforward application of
gradient descent. The whole iteration algorithm to adjust the

connection weights can be summarised as follows[43]:

For neuron & in the output layer, the weight w,; is adjusted as follow

wy, (¢ +1) = wy; (1) + 4w, (1) (6.6)
Aw,(t)=nd,y; + PAw, (1 -1) 6.7)
S =~y Ivi(—-y,) (6.8)

where , t is the iteration number;

n is the learning coefficient;
6, is the error on the output neuron

f is the momentum.

For neuron j in the hidden layer, the weights w; can be updated

using similar equations, i.e.,
wt+1)=w; @)+ 4w, (1) (6.9)

Aw, () =18 ,y, + fAw (= 1) (6.10)
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8, =y,(1=;) D6, w, o - (6.11)
- |

Step 5 Iteration

Iterate the computation by presenting new epochs of training
examples to the network until the free parameters of the network
stabilise their value and the average squared error computed over the

entire training set is at a minimum or acceptably small value

6.4 ANN Based Scheme

The function and objective of protective relaying to be developed here is to
distinguish accurately between internal faults and other conditions (pattern
recognition) and, consequently, to issue or block tripping signals (decision making).
This brings into focus the application of ANN-based methods (the subject of this

section) as an alternative to the existing protection relaying functions.

It is well known that ANNs have the ability to learn the desired inputs/outputs
mapping based on training examples, without looking for an exact mathematical
model. Once an appropriate ANN has been trained, the interconnections or links of
the ANN will contain a representation of non-linearity of desired mapping between
inputs and outputs. Figure 6.3 shows an ANN-based relay for the power transformer
protection, where the input signals of the ANN are three-phase differential currents,
which directly come from the CTs in the power transformer system. A 2™ order
Butterworth filter with a cutoff frequency of approximately half sampling frequency
of 500Hz is firstly employed to avoid any errors due to signal aliasing. The three-
phase differential currents are then passed through an anologue-digital (A/D)
converter and fed into the ANN. The decision logic unit issues a trip or block signal

depending on the ANN outputs.
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Antialiasing AID Decision Tripping

CTs Filters Converter Logic Signal

ANN

Figure 6.3 Basic configuration of ANN-based relay for power transformer

6.5 ANN Architecture for Power Transformer Fault Diagnosis

The block diagram shown in Figure 6.3 typifies an ANN-based protection scheme.
One of the difficult tasks in applying ANN technique to solve a particular protection
problem is to chose the right ANN topology in terms of the input vector, the number
of hidden layers and the number of neurons in each layers, and finally the number of

outputs.
6.5.1 Input Selection

The inputs of an ANN should be representative of the whole of the feature space
signifying the relationship between the input/output patterns. In this respect, the two
commonly applied approaches of selecting the most significant input features are: (i)
a sampled time domain moving window and (ii) features based on frequency
decomposition of a time domain window. The approach presented herein is based on
the former of the two and was arrived at after an extensive series of studies.
Furthermore, in the case of the power transformer fault diagnosis, the chosen input
samples are differential currents through CT secondary side, which are readily
available in a practical protection system of a power transformer. However, the data

window length and sampling rate for the ANN are parameters that are chosen,
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depend upon a pafticular application. In the technique presénted herein, the data
window length chosen is 1 cycle and therefore, for each input differential current,
~ there are 10 samples at a sampling ﬁequency of 500Hz. Thus, for a three-phase
transformer, 30 conﬁnuOus differential cufrent samples'.in eéch window are taken as’
ANN inputs. | »

6.5.2 Output Selection

Only two classes of disturbance are relevant in the power transformer fault diagnosis
problem described herein, viz. internal faults and other conditions, and the ANN is
expected to operate for all types of internal faults but inhibit relay operation under
other conditions such as inrush currents and external faults. This means that the ANN
operating as a protection relay is required to respond with two distinct values to
indicate whether the input signals represent internal faults or other conditions. Thus,
there is only one ANN output; a value of 1 signifies an internal fault, and 0 is used to

indicate an inrush current or external fault.
6.5.3 Determination of Number of Hidden Layers

Having defined the inputs and outputs, the next task is to determine the best structure
of the MFN for the given training data, since the number of hidden layers and the
number of hidden neurons directly affect convergence performance during training

and its generalisation ability.

As mentioned before, a three-layer network (input layer, one hidden layer, and an
output layer) can form arbitrarily complex shapes, and is capable of separating any
classes, and is therefore the most commonly used architecture for solving power

system applications. Herein also, a three-layer network is chosen.
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6.5.4 Determination of Number of Hidden Neurons

Having determined the number of hidden layers, the next task is to ascertain the
number of hidden neurons. As is well known, the MFN classification time, i.e., the
required time to produce an output from an input, depends on the number of neurons
in the network, and so it is vitally important to have the lowest number of neurons
but without jeopardising the accuracy of the classification. Through a series of tests
and modifications, 6 hidden neurons produced a satisfactory performance. Moreover,
it was found that the ANN converged in a shorter time with a simpler structure when
the hyperbolic tangent activation function rather than the commonly used sigmoid
function, was employed. The near optimal ANN architecture best suited to solving

the power transformer fault diagnosis problem is shown in Figure 6.4.

Input
Layer

Hidden
Layer

Output
Layer

Figure 6.4 ANN architecture for power transformer fault diagnosis
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6.6 Generation of Training and Test Data

In order to set up the training/test data for the ANN, the digital simulations were
carried out using the EMTP software for two power transformer systems, i.e., System
1 and System 2, which are illustrated in Figures 4.5 and 4.6, respectively, presented
in Chapter 4. The simulation results were obtained under a whole variety of
practically encountered system and fault conditions, which are described in detail in
Chapters 4 and S respectively. The distribution of training and test cases for both

Systems 1 and 2 are shown in Table 6.1.

With reference to Table 6.1, amongst 245 cases generated from System 1, 145 cases
were used to train the ANN and 100 cases were used to test performance of the
ANN; there were 120 cases generated from System 2, and these were used to further

test the performance of the ANN without retraining it for System 2.

Table 6.1 List of training and testing cases

AM\!Simulated systems System 1 System 2

Type of case (Test cases)

Training cases Test cases

No-fault situation 3 2 5
Inrush current 36 12 12
External fault 20 10 20
Internal fault 86 76 83

Total cases 145 100 120

6.7 Data Window

The training and test data are a series of differential current samples, and the method

of inputting data into the ANN is based on the moving data window concept, as
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illustrated in Figure 6.5. A window of 30 samples (representing three phases
differential currents) is moved sample by sample covering 120ms (6 cycles) for each
differential current for a particular training case during ANN training. Thus, there are

50 patterns associated with each training case.

Window 3 Moving data window
Window 2 \
Wndow 1V

Current waveform

Figure 6.5 Moving data window for ANN input

6.8 ANN Training and Testing

The training and test data are firstly generated from the simulations performed on
System 1. Once the ANN has been trained, it is then tested with data that is different
from that used for training. Since the quality of generalisation is very important in
any ANN application, the trained ANN is further tested with the data that is
generated through the simulations of System 2 to test the robustness and

generalisation of the trained ANN.
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6.8.1 Scaling of Input Data

~ For an effective tréining of the ANN , scaling of the input values is required. Scaling
'refers to the desired range of values required at the input of the ANN. Tﬁe range into
‘which the values must be scaled are primarily defined by the activation function in
the nodes. If the input value to a neuron is larger than the output of the node as
defined by the activation function, it will be in a range of the function where the

output is almost saturated. This means that the ANN is unable to learn.

A linear scaling which for a variable X in the range of [Xyin, Xmax] Will assign the
value 4 in the range of [Amin Amae) 1S adopted to linearly scale the inputs to the
network. This scaling is suitable for the activation function. Thus the general

equation to scale the inputs is given by:

A

[ Amax B Amin
Xmax - Xmin

](X - Xmin) + Amin (612)

where Xpa and X, represent the maximum and minimum values of the original
input signal, respectively; X represents the original input signal; A represents the
scaled input signal; and Amq and Amin represent the maximum and minimum values
of the input signal after scaling. In this work, the chosen values are: 4,,=1, Amir=-1.

Note that the same scaling method must be used for both training and input test data.
6.8.2 ANN Training

The training data consist of 145 cases (7250 patterns), which include (a) no-fault
situation (2%); (b) external faults with and without CTs saturation (14%); (c) inrush
current cases (24%); (d) internal fault cases (60%). The network was trained by
randomly processing the training patterns using the back-propagation learning
algorithm. The learning coefficient that controls the rate of convergence and stability,

which was described in the formula (6.7), was initially chosen to be 0.5 and was
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gradually reduced during the ANN training. The momentum factor that is added to
speed up the training and avoid local minima, which was also described in the
formula (6.7), was initially chosen to be 0.4 and was gradually reduced as the
learning coefficient. The 245 cases (12250 patterns) on System 1 were firstly
prepared to evaluate the performance of the ANN. Roughly, 60 % of these cases
were used for the ANN training, and the other 40% were used for the subsequent
testing. The training cases were then all mixed together and the foregoing training
process was repeated until the root mean square (RMS) error between the actual
output and the desired output reached an acceptable value of 0.05 (RMS error
criteria). The learning performance is shown in Figure 6.6. It can be seen that the

ANN reached the requisite RMS of 0.05 in approximately 55,000 learning iterations.

RMS Error
1.2

1
0.8
0.6
0.4

0.2

10000 20000 30000 40000 50000 60000
Number of iterations

Figure 6.6 Performance of ANN training

It was also found that the convergence performance of the ANN was adversely
affected by certain types of inputs during the training process. For example, if the
training data included a very low level fault current case, in which the magnitudes of
differential currents generated are much smaller compared to those caused by other

types of faults, the learning performance of the ANN becomes significantly slower
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and less accurate. An example of this is that for a c-phase 5% turn—to-tﬁrn fault at
mid-point of winding on LV side of the transformer; the differential currents
generated in this case (approximately 4A through CT secondary side) are much
émaller compared to those céused by other types of faults (approkiniately 100A
through CT secondary side for an internal three-phase to earth fault on LV side).
Thus, if a low level fault case (evén one case) is included in the training set of the
ANN, the ANN only manages to reach a value 0.1 of the RMS in approximately
100,000 learhing iterations,A i.e., both the convérgence speed and accuracy of the

'ANN are impaired due to the impact of this fault case.

6.8.3 Test Results for System 1

In order to test the effectiveness of the ANN, the data used for testing is different and
‘unseen’ from that used for training as shown in Table 6.1. During the testing, a
target tolerance of 0.15 was used; this effectively means that the network produced a
response of 0.85 or greater then thus signified internal faults and 0.15 or less for
other conditions (i.e. inrush currents, no-fault situations or external faults with and
without CT saturation). The relay is expected to assert a trip signal when the ANN
output is > 0.85, and block when the ANN output is < 0.15.

Figures 6.7-6.9 typify some of the responses of the ANN under a variety of
commonly encountered faults: (i) internal single-phase to earth fault cases as shown
in Figure 6.7; (ii) internal two-phase to earth fault cases as shown in Figure 6.8; (iii)
internal three-phase short circuit cases as shown in Figure 6.9. It is apparent from the
results that the ANN gives the correct classification results by virtue of its output

being greater than 0.85; in practice ANN-based relay would issue a trip signal.
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single-phase to earth faults

Hho.s
o 0.6
Z
< N

04 fault inception

0.2

p. ] 40 0 S0 100 0
time (ms)

Figure 6.7 ANN outputs for a moving data window for a set of single-phase to

earth faults
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Figure 6.8 ANN outputs for a moving data window for a set of two-phase to

earth faults
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Figure 6.9 ANN outputs for a moving data window for a set of three-phase short

circuit faults
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Figure 6.10 gives the responses of the ANN to a set of internal faults with CT
saturation. It is clearly evident that after the fault inception time, some outputs of the
ANN for such cases take much longer time to converge to the requisite output for the
correct classification of the faults, in comparison with that associated with internal
faults without CT saturation as shown in Figures 6.7-6.9. This is so by virtue of the
fact that the signal waveform is more severely distorted in the first two cycles due to
CT saturation, which was evident from the simulation results presented in Figure
4.12 in section 4.4.2.1 of Chapter 4. However, the outputs of the ANN become
consistently greater than the expected output value 0.85 after two cycles from the
fault inception time. Of course in practice, this erratic behaviour of the ANN during
the initial period could be easily overcome by incorporating, within the relay
algorithm, a decision logic based on a counting regime (as outlined in section 6.8.4).
This effectively means that the response speed of the ANN will become slow due to

CT saturation.

internal faults with CT saturation

RO.S

0 0.6
Z
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0
2 40 0 80 10 7.1
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Figure 6.10 ANN outputs for a moving data window for a set of internal faults

with CT saturation

As described in section 4.4.3, the power transformer protection is designed to restrain
under normal load flows and external faults. A number of typical cases under such

conditions were tested for the trained ANN; the results indicated that the
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performance of the ANN was satisfactory in view of the fact that the ANN gave the
outputs of less than 0.15, the ANN thus correctly inhibiting relay operation. This is
so because the differential currents under such conditions are very small, in
comparison to those under internal fault conditions, so that there are good separation

of classes amongst them.

However, the external faults can in fact result in very large differential currents if CT
saturation ensues. It is vitally important to verify if the protection relay under such a
condition is stable i.e., still inhibits circuit breaker operation. The effect of external
faults with CT saturation under various system conditions on the accuracy attained is
thus examined. Figures 6.11 typifies responses of the ANN to a set of external faults
with CT saturation. It is clearly evident that the performance of the ANN-based relay

is satisfactory.

12
external faults with CT saturation
Dﬁs
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fault 80% remnant flux
inception 70% remnant flux
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Figure 6.11 ANN outputs for a moving data window for a set of external faults with CT

saturation

Figures 6.12 illustrates some typical responses of the ANN to a set of inrush current
cases. Here again, it can be seen that the ANN gives the correct classification by

virtue of its outputs being less than 0.15.
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inrush current cases
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Figure 6.12 ANN outputs for a moving data window for a set of inrush currents

However, as mentioned at the training stage of the ANN, for some low-level internal
fault currents, such as turn-to-tum or tum-to-earth faults, the learning rate of the
ANN becomes slower and its performance is less accurate. Here again, at the testing
stage, the ANN for such cases gives poor classification. Figure 6.13 represents the
responses of the ANN to a set of low level internal fault currents. From this figure, it
can be seen that although the expected outputs of the ANN should be 0.85 or greater,
the ANN gives a value of less than 0.85 in some cases. This is due to the fact that the
magnitudes of differential currents for such cases are much smaller than other

internal fault cases thereby having a detrimental affect on the ANN performance.

low level faults
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Figure 6.13 ANN outputs for a moving data window for a set of low level faults
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6.8.4 Decision Logic Unit

As mentioned before, in order to increase the ANN-based relay security and
dependability, a decision logic based on a counting regime is required to confirm the
ANN output state; One very effective approach, for example, is that based on a
strategy whereby a counter is incremented if the ANN output is > 0.85 and
decremented otherwise (without allowing it to go negative); the relay is set to give a
trip signal once the counter reaches a certain preset level; with this approach,
although the relay response would be slower with the onset of any CT saturation as
shown in Figure 6.10, it would nonetheless ensure correct relay response for internal
faults with and without CT saturation. Figure 6.14 typifies the decision logic based

on a counting regime.

ANN Output

Yes No
ANN output >= (0.85 ?

Counter

Yes

Counter” Counter + 1 Counter = Counter - 1

Next No

. Counter > Preset ?
window

Yes

Tripping signal

Figure 6.14 Decision logic based on a counting regime
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To measure the performance of the trained ANN, two measuring indices are defined

as follows:
Misclassification rate( MR ) - % x100% 6.1 3)
Ny N
and
o Nr—Npg . .
Correct classification rate (CR) = x100% (6.14)
T

where Nr represents the total number of test cases, and Nr represents the total
number of misclassified cases during testing. The number of misclassified cases
during testing are based on those cases during which the outputs of the ANN are less
than 0.85 when internal fault signals are fed into the ANN, or the outputs of the ANN
are greater than 0.15 when inrush current or external fault signals are fed into the
ANN.

For all the test cases evaluated on System 1, the total results show that when the
ANN was tested with System 1, the designed ANN relay was able to distinguish
internal faults from inrush currents or external faults with less 5% misclassification

rate.

6.8.5 Test Results for System 2

The ANN that was trained and tested for System 1 was also directly tested by data
generated from System 2, without actually training the ANN for this system. The
results are shown in Figures 6.15-6.19. From these figures, it is clearly evident that
without retraining the ANN, there is little robustness in that, although in some cases,
the ANN gives correct classification results, but in the majority of cases, the
classification is very poor. For example, the outputs of the ANN shown in Figures
6.15-6.18 are expected to be of a value 0.85 or greater when internal fault data are

fed into ANN, but unfortunately, this is not the case herein. Likewise although the
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outputs of the ANN shown in Figure 6.19 are expected to be at a value 0.15 or less
when inrush current data are fed into the ANN, however, as shown in Figure 6.19, in
many cases, the ANN will issue an unwanted trip signal due to its output being
greater than 0.15 in many cases. It should be mentioned that the previously described
trip logic would overcome this problem to a certain extent, but it would be dangerous

to rely solely on this logic when employing the ANN-based relay on System 2.
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Figure 6.15 ANN outputs for a moving data window for a set of single-phase to earth
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Figure 6.16 ANN outputs for a moving data window for a set of two-phase faults
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Figure 6.17 ANN outputs for a moving data window for a set of three-phase short

circuit faults
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Figure 6.18 ANN outputs for a moving data window for a set of low level faults
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Figure 6.19 ANN outputs for a moving data window for a set of inrush currents
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The case studies carried out on System 2 have clearly demonstrated that the: ANN
trained for System 1 cannot be directly used in another power transformer system at
all. Without retraining the ANN for new system data, a very poor classification rate
will be produced. This effectively means that once an ANN has been trained and
tested to give a satisfactory performance for a particular power transformer system
using feature extraction based on the time-domain window approach, its performance
. is very adversely affected if it is then employed for the fault diagnosis on another
trahsformer system with different .speciﬁcations, without aétually retraining the
ANN. An alternative approach of feature extraction methodology and/or alternative
fault diagnosis techniques must thus be investigated and developed in order to

overcome the problem of robustness.

6.9 Summary

In this Chapter, an ANN model and its advantages to solve the problems are
presented. A preliminary investigation of the ANN-based power transformer fault
diagnosis technique has been carried out through case studies, in which time-domain
signals are directly fed into an ANN to implement the power transformer fault
diagnosis. The study has shown that an ANN can be very useful in the field of power
transformer fault diagnosis. Case study results have shown that by directly
employing time-domain current signals as a signal feature representation, the trained
ANN can give a correct classification rate of greater than 95%. However, if the
trained ANN is directly used for a different power transformer system without
retraining, the ANN-based technique will give a very poor classification rate.
Moreover, the training was also tried with two systems together and it was found that
the ANN could not converge. This is so because the feature extraction methodology
adopted is not representative of a feature space wide enough to cope with a different
transformer system. This understanding has led to an investigation and development
of a new feature extraction methodology as well as fault diagnosis technique for

power transformer protection, the subject of the following Chapters.
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Chapter 7

Electromagnetic Trénsient‘Analysis of Power

Transformers Using Wavelet Transform

7.1 Introduction

An accurate and efficient means to distinguish internal faults from magnetising
inrush currents has been the subject of considerable research effort in recent years. In
order to achieve this, an effective feature extraction methodology radically different
from that described in the previous chapter, is crucial to implement reliable
classification. In this chapter, a new method to analyse the power transformer
transient phenomena is proposed by using the Wavelet Transform (WT) technique.
The WT is a powerful tool in the analysis of the power transformer transient
phenomenon because of its ability to extract information from the transient signals
simultaneously in both the time and frequency domain, rather than employing the
conventional Fourier Transform (FT) which can only give information in the

frequency domain.

The potential benefits of applying WT for analysing the power system transients
have been well recognised in recent years [54-58]. Several relevant papers have been
presented for power system analyses using the WTs [59-65]. These application
studies cover the detection and analysis of power system transient signals [59-62]
and the transient power quality problem [63-64] as well as the fault detection of

power transformers during impulse testing [65], etc.
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In this chapter, application of the WT for an‘alysiog the fault and magnetising inrush
current transient phenomena in-power transformers is presented. The proposed
method i is based on the fact that a given faulted current signal or mrush current 31gnal
is firstly decomposed using WT; the signal is thus realised into a serles of wavelet
components, each of which is a time-domain signal that covers a specific frequency
band. These components can then be employed as specific and significant features to

effect a fault classification technique.
7.2 Wavelet Transform and Its Implementation
7.2.1 Time-Domain Signals

It is well known that most of the signals in a power system, such as current and
voltage signals, are time-domain signals commonly known as a time-amplitude
representation of the signal, as shown Figure 7.1 (a). However, this is not always the
best representation of the signals. In many cases, the most significant information is
hidden in the signals. Therefore mathematical transformations are applied to signals
to obtain further information, such as FT, Short-Time Fourier Transform (STFT) as
well as WT.

7.2.2 Fourier Transform

FT that realises a signal into constituent sinusoids of different frequencies is the most
widely employed transform technique being used in Electrical Engineering.
Basically, it is a mathematical technique for transforming a signal from a time
domain one to a frequency domain one. To implement a FT on a digital processor
with discrete (sampled) and finite-length (time-limited) signals, the Discrete Fourier
Transform (DFT) is used.

For many signals, Fourier analysis is extremely useful because the signal’s frequency

content is very important, and FT gives what frequency components (spectral
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éo.mpon_ents) exist in the signal, as shown in Figure 7.1 (b). However, FT -does not
indicate when in time these frequency components exist, and this means that time
information of the signal is lost. When considering the FT of a signal, it is impossible
to ascertain when a particular fault took place, whereas these are very irﬁportant
| characteristics for analysing transient signals, such as those present in the faults and
inrush currents in a power transformer. Thus, FT is not the best technique to analyse

a non-stationary signal.
7.2.3 Short-Time Fourier Transform

In an effort to correct the aforementioned deficiency, a method called the STFT was
proposed. The STFT adapts the FT to analyse only a small section of the signal by
means of dividing the signal into small segments by small windows, and these
segments are then assumed to be stationary. The STFT represents a sort of
compromise between the time and frequency-based views of a signal. It provides
some information about when in time these frequency components exist as shown in
Figure 7.1 (c). However, this method can only give the time-frequency information
with limited precision, and that precision is determined by the size of the window.
While the STFT’s compromise between time and frequency information can be
useful, the drawback is that once a particular size for the time window is chosen, that

window is the same for all frequencies.
7.2.4 Wavelet Transform

Compared with STFT, WT analysis represents a windowing technique with variable-
sized regions. It allows the use of long time intervals if requiring more precise low
frequency information and shorter regions if requiring more precise high frequency

information. These can be clearly shown in Figure 7.1 (d).
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Figure 7.1 Different representations of transient signals

WT provides a multiple resolution of the transient signal both in time and frequency
[54,55]. Unlike FT which uses one basis function (sine waves or cosine waves), WT

relies on wavelets of a rather wide functional form. The basis wavelet is termed as a
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mother wavelet. WT can decompose a given signal into a series of wavelet
components, each of which represents a time-domain signal that covers a specific
frequency band, and it allows the detection of the time of occurrence of abrupt
disturbances, subh as detection of fault transients in power transformer systems. Thus
the WT is more suitable to the study of the signal,- which has low frequency

components with discontinuities and sharp spikes.
7.2.5 Continuous Wavelet Transform

Similar to the relationship between a continuous FT and a discrete FT, there is a
Continuous Wavelet Transform (CWT) and a Discrete Wavelet Transform (DWT).
The CWT is not employed as often as the DWT. The CWT is primarily employed to
derive properties; whereas DWT is sufficient for most practical applications (in
particular those employing digital technology); the DWT provides enough

information and significantly reduces the computation time.

Mathematically, the CWT of a given function x(t), with respect to a mother wavelet
g(t), is defined as [54,55]:

CWTx(a,b) = —}? f:x(r)g(¥)dr 7.1
CWTx(a,b) = % f:x(t)g(%)dt

where a is a scale parameter, b is a translation parameter, and g(?) is the mother
wavelet function. It is apparent from equation (7.1) that through CWT the original
one dimensional time-domain signal x(?) is mapped to a new two-dimensional
function space across scale a and translation b by the wavelet transform. A wavelet
transform coefficient, CWTx(a,b), at a particular scale and translation represents how
well the original signal x(?), and scaled and translated mother wavelet match. Thus,
the set of all wavelet coefficients, CWTx(a, b), are the wavelet representation of the

original signal x(?) with respect to the mother wavelet g(2).
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7.2.6 Discrete Waveiet Transform

Sinée the CWT is cqmputed_ by changing the scale of the analysis window, shifting
the window in time, multiplying by the signal, and integrating over all tirﬁes, .it
generates substantial redundant information. Therefore, instead of continuous scale
and translation, the mother wavelet may be scaled and translated discretely by

making ‘a’ and ‘b’ discretised. DWT is given by:

1 k —nbyal
DWTx(m,k) = Zx(n)g(AJ (7.2)
Jag n ag

The above equation is generally expressed as DWT of x(n). The g(n) is the mother

wavelet; ag' is the scale parameter; nbgag is the translation parameter. The simplest

choice of a, and byare a; =2 and by =1. The result is geometric scaling i.e. J,

172, 1/4, 1/8, - , and translation by 0, n, 2n, - . This choice completely removes
information redundancy amongst the decomposed signals. With this, the WT is

called a dyadic-orthogonal wavelet transform.
7.2.7 Implementation of DWT

By simple rearrangement of the DWT equation (7.2), the following equation can be

obtained:

1
DWTx(m,k) = Zx(n) g(a5 "k — bon) (7.3)
Vo

n

Upon closer observation of this equation, it is noted that it is similar to the equation

for digital FIR filters.
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ylk]=~X x(n)Kk ~n) (7.4)
Cn

By comparing equations (7.3) and (7.4), the impulse response of the filter in the
DWT equation is g(aOmk - b Ori) . By selecting aQ=2 (aOn~ 1,1/2,1/4, 1/8,...... )

and b0 =1, the DWT could be implemented by using a multi-stage filter with the
mother wavelet as the low-pass filter and its dual as the high-pass filter, as shown in
Figure 7.2. Down-sampling the output of the low-pass filter by a factor of 2 (J<2)

would scale the wavelet by a factor of 2 for the next stage, thereby simplifying the

process of dilation.

detail 1
h(n
() detail 2
x(n) h
detail 3
g(n) h(n) \~ ® "
g(njl— approximation 3
g(n)

Figure 7.2 Implementation of DWT

Note that in Figure 7.2, x(n) is the original signal, g(n) and h(n) are low-pass and
high-pass filters, respectively. At the first stage, an original signal is divided into two
halves of the frequency bandwidth, and sent to both high-pass filter and low-pass
filter. Then the output of low-pass filter is further cut in half of the frequency
bandwidth, and sent to the second stage. The same procedure is performed until the

signal is decomposed to a pre-defined certain level. Finally a bunch of signals, which
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actually represent the same original signal but all corresponding to different
frequency bands can be obtained. The output of the filter bank could be viewed as
shown in Figure 7.3, in which the DWT output is represented in a two dimensional
grid similar to that of the STFT, but with a very different division in time and
frequency. The rectangles shown in Figure 7.3 have equal area to maintain a constant

time-bandwidth product.

It is worth pointing out that the frequency band of each detail of the DWT is directly
related to the sampling rate of the original signal. Figure 7.3 also presents the time-

frequency relationship of DWT.

A Frequency

Fs/2

Fs/4

Fs /8

Fs/16
Fs/32

Time

Figure 7.3 Time-frequency relationship of DWT

As indicated in Figure 7.3, if the original signal is being sampled at Fs Hz, the
highest frequency that the signal could contain, from Nyquisfs theorem, would be
Fs2 Hz. This frequency would be seen at the output of the high frequency filter,
which is the first detail. Thus the band of frequencies between F¢2 and Fs4 would be
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captured in detail 1; similarly, the band of frequencies between Fs/4 and Fs/8 would

be captured in detail 2, and so on.

7.2.8 Selection of Mother Wavelet

There are many types of mother wavelets [56,57], such as Harr, Daubichies, Coiflet
and Symmlet wavelets. The choice of the mother wavelet plays a significant role in
detecting and localising different types of fault transients. In addition to this, the
choice also depends on a particular application. In the study of power transformer
transients, we are particularly interested in detecting and analysing low amplitude,
short duration, fast decaying and oscillating type of high frequency current signals.
One of the most popular mother wavelets suitable for a wide range of application
used is Daubichies's wavelet. In the work presented herein, D4 wavelet is used, and

this is shown in Figure 7.4.

0.5

Figure 7.4 D4 mother wavelet

7.3 Wavelet Analysis of Transient Phenomena in System 1

In order to investigate the effectiveness of the WT to detect and analyse the power

transformer transients, particularly fault and inrush current transients, various
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internal faults and inrush cutrents are simulated in Systems 1 and 2, and these have
been presented in detail in Chapter 4 and Chapter 5 respectively; the corresponding
differential current signals are evaluated and realised using the WT technique [57].
-As mentioned beforé, the D4 wavelet is used in DWT in the foliowing stﬁdies., .For |
illustrétivé purposes, some typiéal DWT analysis results are presented m detail in the

following section.

7.3.1 Wavelet Analysis of Inrush Currents

As mentioned in the previous chapters, the magnetising inrush currents may be very
large under transient conditions because of the extreme saturation of the iron-core in
the power transformer. Figure 7.5(a) shows typical magnetising inrush current
waveforms, which correspond to a, b and c three phase differential currents through
the CT secondary sides. As can be seen, the current waveforms are distorted quite
significantly; gaps appear over the times of the inrush currents. At the edges of the
gaps, the current magnitude changes from near zero to a significant value or from a
significant value to near zero; this would be expected by virtue of the fact that
sudden changes from one state to other different states produce little ripples, which
very often are not visible from the fundamental frequency signals as apparent in
Figure 7.5 (a). However, this can be discerned and clearly demonstrated by the WT.
For brevity, only the DWT of the a-phase differential current is shown herein.

Note that in implementing the DWT, the original inrush current signal has been
sampled at 25kHz and passed through a DWT, with the structure of Figure 7.2. The
frequency space is divided as indicated in Figure 7.3. Thus, 5-detailed signals that
contain a frequency band of 12.5kHz ~ 6.25kHz at detail 1, 6.25kHz ~ 3.125kHz at
detail 2, 3.125kHz ~ 1.562kHz at detail 3, 1.562kHz ~ 781Hz at detail 4 and 781Hz ~
390 Hz at detail 5 as well as one approximate signal in the frequency band 390Hz ~
DC level, are shown in Figure 7.5(b)-(g). From these figures, it can be clearly seen
that there are very useful features in the decomposed magnetising inrush current

signals. A certain high frequency component can be located better in time than a low
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frequency component. In contrast, a low frequency component can be located better
in the frequency domain than the high frequency component, and this effectively
means that all of the features for a particular signal are obtained. In this study, we are
interested in those components that are located better in time, so that, detail 1-3 is

considered for the further feature analysis.

It should be mentioned that the technique presented is based on employing the high
frequency phenomenon associated with transformer transients. It is therefore
necessary to use the high sampling rate of 25 kHz. Furthermore, in practice this high
sampling rate should not pose much difficulty in the hardware implementation of the
technique in view of the fact that modem digital processors are well equipped to

cater for very high sampling rates in excess of 200 kHz.
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approximation 5
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Figure 7.5 5-successive details and an approximation for an inrush current in System 1

From Figures 7.5(b)-(d), which correspond to details 1-3, it can be seen that there are
a number of sharp spikes during the shown period of the inrush current transient.
From the foregoing analysis, a number of these arise at edges of gaps at which the
inrush current suddenly changes from one state to other different states; others are
produced because the primary windings of the power transformer are connected as
delta, so that the a-phase differential current is in fact the difference between the a-
phase magnetising inrush current and c-phase magnetising inrush current. This gives
rise to the non-smooth points in the current waveforms, which in turn cause sharp

spikes to appear in the DWT of the current waveforms.

7.3.2 Wavelet Analysis of Internal Fault Currents

Figure 7.6(a) shows typical internal fault current waveforms, which correspond to a,
b and c three-phase differential currents through the CT secondary sides, under an a-
b two-phase earth fault on the high voltage side of the power transformer. It is
apparent that there are high frequency distortions in the current waveforms. This is as
a direct consequence of the effects of the distributed inductance and capacitance of
the transmission line. This can lead to a significant second harmonic in the internal
fault, thereby posing difficulty in an accurate discrimination between magnetising

inrush and internal fault currents by the conventional protection method.
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For brevity, only the DWT of the a-phase differential current is presented here as
shown in Figures 7.6(b)-(g). From Figures 7.6(b)-(d), which correspond to the details
1-3 of the DWT, we can see that there are several sharp spikes appearing from the
inception time of the internal fault. However, in marked contrast to the inrush current
case, these sharp spikes rapidly decay to near zero within one cycle, whereas those
sharp spikes under inrush current case suffer from little attenuation during the entire
inrush transient period, which can last from about 10 cycles for small transformers to
1 min for large units. It is apparent that this difference can be effectively used as one

of the key features to distinguish the internal fault from the inrush current.
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Figure 7.6 5-successive details and an approximation for an ab-phase to earth
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7.3.3 Wavelet Analysis of External Fault Currents with CT Saturation

A power transformer differential current protection is designed to restraint under
normal load flows and for external faults. However, external short circuits can in fact
result in very large differential currents, if the CTs saturate. It is thus crucial to be
able to ascertain CT saturation effects on the measured currents under external faults.
The severity of CT saturation is accentuated by the presence of remnant flux in the
CT core. Figure 7.7 (a) shows the simulated differential currents through the CT
secondary sides under the conditions that an external three-phase short circuit occurs
on HV side, and there is an initial remnant flux (65% rated flux) in the a-phase CT
core on LV side, and a zero remnant flux in a-phase CT core on HV side. From
Figure 7.7(a), it can be seen that, as expected, there is a significant imbalance current

appearing in a-phase differential current.
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Figure 7.7 5-successive details and an approximation for an external fault

under CT saturation condition in System 1

Figures 7.7 (b)-(d) present the DWT results of a-phase differential current given in
Figure 7.7 (a). From Figures 7.7(b)-(d), which correspond to the details 1-3 of the
DWT, it can be seen that there are several sharp spikes that last during the entire
period of the saturation transient, which depends on the D.C component and the
remnant flux of CT core. However, unlike the case for the internal fault, these spikes
suffer from little attenuation during the saturation transient. Here again, It is the
apparent unique features that can be used to distinguish between an internal fault and

an external fault under CT saturation.

7.4 Wavelet Analysis of Transient Phenomena in System 2

Similar to the DWT analysis carried out on System 1, the transient phenomena of the
magnetising inrush currents and internal fault currents are also studied through DWT

analysis as applied to System 2. Some typical results are presented in the following

section.
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7.4.1 Wavelet Transform of Inrush Currents

Figure 7.8 (a) shows typical magnetising inrush current waveforms for System 2,
which correspond to a, b and c three-phase differential currents through the CT
secondary sides. Figures 7.8 (b)-(g) present the DWT results of a-phase differential
current given in Figure 7.8 (a). From Figures 7.8 (b)-(g), which correspond to the
details 1-5 and approximation 5 of the DWT for a-phase differential current, it can be
clearly seen that wavelet signals in System 2 have analogous features compared with
the wavelet signals presented in Figures 7.5 (b)-(g) in System 1, and they were

analysed and described in some detail in section 7.3.1.
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7.4.2 Wavelet Transform of Internal Fault Currents

Figure 7.9 (a) shows typical internal fault current waveforms, which correspond to a,
b and c three-phase differential currents through the CT secondary sides, under a-b
two-phase short-circuit on the high voltage side of the power transformer in System
2; while Figures 7.9 (b)-(g) present the corresponding DWT for a-phase differential
current. Here again, there are similar features in DWT results presented in Figures

7.9 (b)-(g), in comparison with those analysed in System 1 presented in section 7.3.2.
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7.5 Summory

An effective feature extraction methodology for pow'er' transformer fault diagnosis is
crucial. In this chapter, a new method to analyse power transformer transient
phenomena is proposed by using WT technique. This method offers important
advantages over other methods such as the conventional FT due to good time and
frequency localisation characteristics;_Analysis results presented clearly show that
particular wavelet components can be used as the features to distinguish internal
faults from inrush currents/external faults. This attribute is now used in the design of
novel protection techniques for the power transformer fault diagnosis, as outlined in

the next chapter.
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Chapter 8

Power Transformer Fault Diagnosis by Direct Decision

MakingApproach Based on Wavelet Transform

8.1 Introduction

In Chapter 7, a new method to analyse power transformer transient phenomena using
the WT is proposed. It has shown that the signal features extracted and represented
by WT have a more distinct property than that extracted by FT due to the good time
and frequency localisation characteristics of the WT. Based on the developed feature
extraction method, this chapter describes a WT-based power transformer fault
diagnosis approach, especially for distinguishing internal faults from inrush currents.
The approach is based on the analysis of signals described previously in Chapter 7;
the selected wavelet components are employed as specific and significant features to

effect a fault classification technique.

In the developed approach, the WT technique is firstly applied to decompose the
differential current signals into a series of wavelet components; then by processing
selected wavelet components, a decision for distinguishing an internal fault from an

inrush current is directly made through pre-defined decision making logic criteria.

138



Chapter 8 Power Transformer Fault Diagnosis by Direct Decision Making Approach
Based on Wavelet Transform

8.2 WT-Based Direct Decision Making Approach

The WT-based direct decision making approach for power transformer fault
diagnosis is shown in Figure 8.1. The technique comprises of an anti-aliasing filter,
analogue-digital converter, feature extraction, feature selection, quantification of

feature and logic criteria units.

Trippin cer e
pping Logic Criteria Quantification Feature

Signal of Feature Selection

Figure 8.1 WT-based direct decision making approach

8.2.1 Anti-Aliasing Filter and Analogue-Digital Converter

In Figure 8.1, the measured signals from CTs (i.e., three-phase differential current
signals) are passed through an anti-aliasing filter, which is a 2ndorder Butterworth
filter with a cutoff frequency of approximately half the digital sampling frequency of
25kHz (the same as that used in the DWT implementation described in section
7.3.1), and is used to avoid any errors arising caused by signal aliasing. The signals

then are fed into a 12-bit analogue-digital converter [66,67].
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8.2.2 Feature Extraction and Feature Selection

The feature extraction is implemented by DWT, the mathematical concepts of Which
were presented in Chapter 7. The role of feature selection is to retain information that
is important for class | diséﬁmination and discard that which is irrelevant thereby
leading to a classifier with better generalisation properties. As analysed in Chapter 7,
wavelet details 1-3 of the differential currents have more distinct features as they are
located better in time; thus, any one of these wavelet details 1-3 can be employed as
the selected features. In this work, wavelet detail 1 signals of three-phase differential
currents are taken as the selected signal features to effect the power transformer fault

diagnosis technique, which will be described in the following section.

8.2.3 Quantification of Feature
The decision for discriminating between internal faults and inrush currents is made

based on the quantification of the feature, which is presented by a ratio obtained from

the selected wavelet components, and is given by the following equations:

Ik

—det ail 1,max
Ia—ralio = I (81)
a-det ail 1, max
Ik
b—detail 1,max
Ih—ralio = I (82)
b-det ail 1,max
Ik
c—det ail 1,max
Ic-ralio = I (83)
c—det ail 1,max
where

I a—-detail 1,max > I b—det ail 1,max * I c—det ail 1,max > reSpeCthC].y, represent the maximum peak

values of a-phase, b-phase, c-phase wavelet at detail 1 in the first window;
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T eraitvmars Lhdetait\max> 1 o detail Lmax> Tespectively, represent the maximum peak
values of a-phase, b-phase, c-phase wavelet at detail 1 in the k™ subsequent moving

windows after the first window.

Note that [

a-ratio > Ib and I

c-ratio >

—ratio respectively, represent the ratios of the
maximum peak value in the k™ subsequent moving window (after the first window)
with respect to the maximum peak vélue in the first window. The window length in
this work is 2 cycle (10 ms at 50Hz), and the moving window is then moved by Va

cycle, i.e., the data in the previous % cycles is discarded.
8.2.4 Logic Criteria
Having quantification of the selected feature, the decision for discriminating between

internal faults and inrush currents can be made through the pre-defined logic criteria.

The logic criteria are defined as follows:

IF (I, .. >€0r I, i, >€0rI_,,. >€)THEN
it is an inrush current or external fault
OTHERWISE

it is an internal fault.

END

where, ¢ represents the predefined threshold, and it is determined in terms of the
ratio values of the quantified features between internal faults and inrush currents or
external faults. After careful testing and examining to all cases studied, in this work,

&=0.4.
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8.3 Relay Structure

A simpliﬁed flow. chart of the relay structure for the lﬁroposed approach is-shown in
Figure 8.2, where block (1) signifies that the relay is activated if any one of three-
phase differential currents is above a pickup setting level (typical value is ¥4 ampere)
in terms of the percentage differential characteristic that was previously described in
section 2.2.1 of Chapter 2; block (2) impléments the DWT to the windowed
differential currents; block (3) carries out the calculation of equations (8.1)-(8.3);
finally the decision is made by block (4) where the decision logic criteria in
conjunction with the counting regime are employed to distinguish internal faults
from inrush currents/external fault currents. If an internal fault is detected, the relay
will issue a tripping signal; otherwise, the relay will be restrained and go on to the

next moving window signal.
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No
Next Window Restrain Relay

Tripping
Signal

Figure 8.2 Flow chart of relay structure
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8.4 Performance of Relay for System 1

In order to demonstrate the effectiveness of the develdped approach, the cases
studied under a whole variety of practically encountered system and fault conditions -
described in detail in Chapters 4 and 5, are considered. The distribution of the cases
“employed herein is the same as that shown in Table 6.1 presented in Chapter 6, in
which 245 cases generated from System 1 are used for testing the performance of the.

relay for System 1.

The test results indicate that the developed approach is able to distinguish between
internal faults and inrush currents with a very high classification rate. Importantly,
the approach gives correct classification for all low-level internal faults, which posed
certain difficulties for the ANN-based approach studied in Chapter 6. This is so by
virtue of the good separation of classes provided by the feature extraction

methodology, coupled with good selection of logic criteria.

In order to demonstrate the classification process of the relay, Figures 8.3-8.6 typify
the response of the relay for the typical cases. Note that in each figure, (a) represents
the three-phase differential currents through CT secondary side; (b)-(d) represent

corresponding DWTs at detail 1; (€) represents the response of the relay.

Figures 8.3-8.4 présent the classification process of the relay for: (i) an inrush current
as shown in Figure 8.3; and (ii) an internal fault under ab-phase to earth on HV side
as shown in Figure 8.4. From Figures 8.3 (e)-8.4(e), it can be seen that the relay
gives the correct classification results by satisfying the criteria (as outlined in section
8.2.4), i.e., giving an output value of greater than 0.4 for the inrush current case, and

an output value of less than 0.4 for the internal fault case.
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Figure 8.3 Classification process of relay for inrush currents in System 1
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Figure 8.5 demonstrates the classification process of the relay for a low-level internal
fault case, i.e., an a-phase 5% tum-to-tum fault at mid-point of winding on LV side,
in which the traditional ANN-based approach gave an incorrect classification result.
From Figure 8.5 (e), it can clearly see that the relay gives the correct classification

result by giving an output value of less than 0.4 for such a low-level fault.
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Figure 8.5 Classification process of relay for an a-phase 5% turn-to-turn fault at

mid-point of winding on LV side in System 1

Case studies carried out on System 1 indicate that although the WT-based direct
decision making approach has demonstrated a much improved performance
compared with the traditional ANN-based approach studied in Chapter 6, however,
there is still a special case, in which the relay gives an unstable response amongst the

total 245 cases studied.

Figure 8.6 illustrates the classification process of the relay for such a case, which is
an external three-phase short circuit on HV side together with a-phase CT saturation
on LV side. Note that in this special case, there are no b-phase and c-phase DWTs
presented here; this is so because only a-phase differential current is greater than the
setting level due to a-phase CT saturation, and the decision is thus made only

according to the selected a-phase wavelet feature.

10

original
-10
(a)
-20 a
-30
0.008 0.016 0.024 0.032 0.04

time (s)

148



Chapter 8 Power Transformer Fault Diagnosis by Direct Decision Making Approach
Based on Wavelet Transform

a-pnaep WT at detail

0.05

-0.05 -

moving window

-0.15
0.008 0.01600 0.02400 0.032 0.04

time (s)

1.2

0.2 predefined tJ-ireshpld__

(1]
(0] 0.008 0.016 0.024 0.032 0.04
time (8)

Figure 8.6 Classification process of relay for an external three-phase short circuit on

HYV side together with an a-phase CT saturation on LV side in System 1

From the above example, it can be seen that for such an external three-phase short
circuit fault, the expected output value of the relay should be greater than 0.4,
thereby inhibiting the relay from asserting a trip signal for the power transformer.
However, as shown in Figure 8.6 (c), the behaviour of the relay is somewhat erratic,
i.e., it has a convergence problem in that its output does not consistently stay above

the requisite level of 0.4.

The reason for producing such an unstable response is that for this special case, a-
phase CT saturation leads to an a-phase differential current, and thus the a-phase
signal becomes the only information for classification. From Figure 8.6 (b), it can be
seen that the gap (or the period of the near zero value) between the second and third
peak values is much longer under such a case, and this results in the output value of
the relay being less than 0.4; the relay thus sees this an internal fault during that time
period. It should be mentioned that the counting regime as shown in Figure 8.2

would overcome this problem to a certain extent.
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8.5 Performance of Relay for System 2

Similar with the case studies carried out on System 1, the technique developéd was
also tested on System 2 by using the same pre-defined decision logic criteria and
threshold value setting as used for System-1. The objectives of this testing are to
_ examine the robustness and generalisation of the approach, particularly its ability for
the application to different powér transforme;r systems. The cases employed for
testing herein for System 2 are the same as that shown in Table 6.1 presented in
Chapter 6, in which 120 test cases generated from System 2 were employed for

assessing the performance of the approach.

For all 120 cases studied, the results clearly indicate that the approach is also very
effective in distinguishing between internal faults and inrush currents with a very
satisfactory classification result for System 2. This is by virtue of the fact that the
feature extraction methodology adopted in the approach is representative of a feature
space wide enough to cope with a different transformer system; it therefore
overcomes the problem of the robustness, which posed difficulties for the traditional

ANN-based approach studied in Chapter 6.

Figure 8.7 and Figure 8.8 demonstrate the classification process of the relay for two
typical cases of: (i) an inrush current and (ii) an internal ab-phase short circuit on HV
side. Figure 8.7 (a) and Figure 8.8 (a) show three-phase differential currents through
CT secondary sides; Figures 8.7 (b), (c) and (d) as well as Figures 8.8 (b), (c), and
(d) present corresponding DWTs at detail 1, respectively; Figure 8.7 (e) and Figure
8.8 (e) respectively present the response of the relay. From Figures 8.7 (¢) and 8.8 ()
it can clearly see that the relay gives the correct classification results by giving an
output value of greater than 0.4 for the inrush current case, and an output value of

less than 0.4 for the internal fault case.
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The ability of the approach in dealing with low-level internal fault cases was also
examined. Here again, the relay gave the correct classification results for such type |
- of faults.

8.6 Response Evaluation

The overall performance evaluation of the relay for various system and fault cases
generated from Systems 1 and 2, has indicated that the misclassification rate of the
relay is 1.4% within the tested 365 cases (i.e. correct classification rate > 98.6%).
This is a significant improvement over the traditional ANN-based approach. More
importantly, the results clearly demonstrate the robustness and generalisation of the
WT-based technique in its ability to deal satisfactorily with two different power

transformer systems (Systems 1 and 2).

8.7 Summary

In this chapter, a WT based direct decision making approach for discrimination
between internal faults and inrush currents for power transformer fault diagnosis is
proposed. In the technique developed, the WT is firstly applied to decompose the
differential current signals (attained through the CTs secondary side) into the wavelet
components. Thus, more distinct signal features that respectively represent internal
faults and inrush currents are extracted due to the good time and frequency
localisation characteristics of the WT. As a consequence, by processing the extracted
features, a decision for distinguishing an internal fault from an inrush current or
external fault in different power transformer systems can be directly made using the
pre-defined decision making logic criteria. The extensive simulation results
presented show that the proposed technique can more accurately discriminate
between an internal fault and an inrush current; in particular, the technique is able to

give correct classification result for low-level fault cases and is robust to different
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power transformer systems, as compared to the traditional ANN-based approach

presented in Chapter 6.
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Chapter 9

Power Transformer Fault Diagnosis

Based on Combined WT and ANN

9.1 Introduction

A traditional ANN-based approach studied in Chapter 6 shows that an ANN
overcomes a number of problems/limitations experienced with conventional
techniques when applied to power transformer fault diagnosis. However, an ANN
trained for a particular power transformer system cannot be directly used in another
power transformer system with different specifications, without actually retraining
the ANN. In order to overcome the problem of robustness, a WT-based direct
decision making approach for power transformer fault diagnosis was proposed in
Chapter 8. The extensive simulation results presented show that the WT-based direct
decision making approach can more accurately discriminate between an internal fault
and an inrush current/external fault; in particular, the approach is robust to different
power transformer systems in comparison to the traditional ANN-based approach.
However, there were still some problems experienced such as those associated with
CT saturation, etc. This chapter brings these two strands together and proposes a
novel approach for the power transformer fault diagnosis using combined WT and
ANN. The rationale behind this investigation was to ascertain whether some further
improvements could be made in accuracy when diagnosing power transformer

transient phenomena in comparison to the previous two approaches.
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In the combined WT and ANN based approach, the WT is firstly applied to
decompose the differential current signals of the power transformer into a series of
wavelet components; the spectral energies of the selected wavelet components are
then calculated and employed to train an ANN to implement the discrimination

between internal faults and inrush currents/external faults.

9.2 The Combined WT and ANN Based Approach

Figure 9.1 shows the block diagram of the combined WT and ANN based approach
for a power transformer fault diagnosis. It comprises of an anti-aliasing filter,
analogue-digital converter, feature extraction, feature selection, spectral energy
calculation and ANN-based decision making units. Herein, the feature extraction,
feature selection, spectral energy calculation and ANN-based decision making units
will be described in some detail except for the anti-aliasing filter and analogue-

digital converter units as they are the same as those described in section 8.2.1 of

Chapter 8.
Measured_ Anti - Aliasing Analogue- Feature
Signal Filter Digital Convertor Extraction
Tripping ANN-based Spectral Energy Feature
Signal Decision Making Calculation Selection

Figure 9.1 Combined WT and ANN based fault diagnosis approach

156



Chapter 9 Power Transformer Fault Diagnosis Based on Combined WT and ANN

9.2.1 Feature Extraction and Feature Selection

In Figure 9.1, the feature extraction is implemented by DWT, which was described in
Chapter 7. The feature selection is based on the wavelet components of the
decomposed differential current signals. As analysed in Chapter 7, wavelet details 1-
3 have more distinét features, as they are locéted better in time. In this work, the
wavelet details 1-3 are taken simultaneously as the selected features to increase the

accuracy and reliability of fault diagnosis.
9.2.2 Spectral Energy Calculation

The spectral energies of the selected wavelet signals are chosen herein as the ANN
inputs (shown in Figure 9.1), rather than directly using the wavelet signals. This was
because if the wavelet signals are directly used as the inputs to the ANN, it will result
in rather a large number of inputs (i.e., increase the complexity of the ANN
architecture) thereby posing difficulty in ANN convergence in terms of the speed and
accuracy. The employment of spectral energy components overcomes this drawback;
it not only reduces ANN size, but also retains important features of the wavelet

signals.

The spectral energies of the wavelet details 1-3 are calculated by the following

equations:
Pa-detail,i = 2 I:—detail,i( k )At ’ (l=1’2’3) (91)
k=1
Py terairi = zllf—detail,i(k)At ; (i=1,2,3) 9.2)
k=1
Pc—detail,i = le—detail,i(k )At > (l=1’2!3) (9'3)

k=1
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where P, i 00 Pyseraiti» Po-deran;  TESPECtively represent the spectral energies of
wavelet signals in a, b and ¢ phases; I, ;1 p-geraitis L c-deran; T€SPECtively represent
the wavelet signals in a, b and ¢ phases; the subscript detail,i represents the wavelet

details 1, 2 and 3 (i=1,2,3); At= time step length; n represents the sample number in

a window.

9.2.3 ANN-Based Decision Making

With reference to Figure 9.1, the ANN-based decision making unit is used to issue a
trip signal under an internal fault condition, and inhibit relay operation for an inrush
current or external fault. The inputs fed into the ANN are based on the

aforementioned features of spectral energies of the selected wavelet signals.

9.3 Relay Structure

A flow chart of the relay structure for combined WT and ANN based approach is
shown in Figure 9.2. The relay is activated if any one of the three-phase differential

currents (i.e., I orI, orI,) exceeds a pickup setting level in terms of the

percentage differential characteristic that was previously described in section 2.2.1 of
Chapter 2. The DWT is then applied to the windowed differential currents

Iy, L4, I4. These in turn are used to evaluate the a, b and c three-phase wavelet
signals, i.e.,l, s> Lageranzr Jageans @t details  1-3  for a  phase,
Ly deraits Lb-detainzs Lp-gers @t details 1-3 for b phase and Iy 0115 Leogerainas Lemgerans @t

details 1-3 for ¢ phase. Then, the spectral energies of the wavelet details 1-3 are
calculated according to equations (9.1), (9.2) and (9.3) respectively. The resultant
spectral energies are then fed into the ANN. The decision for discrimination between
an internal fault and an inrush current/external fault is then made in terms of the
ANN output in conjunction with the counting regime. If the internal fault is

detected, a trip signal will be issued; otherwise, the relay will be restrained.
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Inrush current or external fault trip signal
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Figure 9.2 Flow chart of combined WT and ANN based approach
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9.4 ANN Architecture and Training

The ANN-based decision making unit as shown in Figure 9.1 plays a significant role
in the combined WT and ANN based approach for the accurate fault diagnosis of
power transformers. The near optimal ANN topology is determined based on input
vector, the number of hidden layers and the number of neurons in each layer, and the

number of outputs.

9.4.1 ANN Input

As described in section 6.5.1 of Chapter 6, the method of inputting data into the
ANN herein is again based on the moving data window concept. The window length
is half a cycle (10ms at SOHz frequency), and the moving window is then moved by
Y4 cycle, i.e., the data in the previous % cycles is discarded. Each data window is
further divided into 3 equal time periods to calculate the spectral energy, therefore, 9
samples are obtained from details 1-3 for each phase. Thus, there are total 27

samples fed into the ANN for a, b and c three phase signals.

In order to illustrate the spectral energy based input features for the ANN, Figures
9.3 and 9.4 typify two sets of training data for System 1 for the cases of (i) an inrush
current, and (ii) an ab-phase to earth fault on HV side. Comparing Figures 9.3 and
9.4, it is clearly evident that there are significant differences in the spectral energy
components attained for the two cases. For example, the spectral energy for the
inrush current as shown in Figure 9.3 suffers from little attenuation during the period
of the inrush current transient. In marked contrast, the spectral energy under the
internal fault as shown in Figure 9.4 rapidly decays to near zero following fault
inception. It is apparent from the foregoing example that the usage of the spectral
energy retains important features of the wavelet signals, and can be effectively used
to develop a technique for distinguishing an internal fault from an inrush

current/external fault.
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training patterns

Figure 9.3 A typical training data set for an inrush current for System 1

training patterns

Figure 9.4 A typical training data set for an ab-phase to earth fault on HV side
for System 1
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Figures 9.5 typifies a typical training data set for System 1 for a three-phase to earth
fault on HV side together with a-phase CT saturation on LV side. Here, it can be
seen that the spectral energy gradually decays after fault inception. Although the
decay speed under such a case is slightly slower than that presented in Figures 9.4,
there is nonetheless a significant difference in the spectral energy components

between such an internal fault and an inrush current.

1.2

0.2 input into ANN

training patterns

Figure 9.5 A typical training data set for a three-phase to earth fault on HV side
together with a-phase CT saturation on LV side for System 1

The features of the ANN training data set are also examined for System 2. Figures
9.6 and 9.7 typify two sets of training data for System 2 for the cases of (i) an inrush
current, and (ii) a three-phase short circuit on HV side. From these figures it is
apparent that there are differences in the features between the internal fault and the

inrush current, which are similar in comparison to those presented for System 1.
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0.8

input into ANN

training patterns

Figure 9.6 A typical training data set under an inrush current for System 2

training pattern

Figure 9.7 A typical training data set under a three-phase short circuit on HV

side for System 2
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9.4.2 ANN Architecture

As described in Chapter 6, a three-layer network has been again employed herein.
With the 27 input samples, the target output of the ANN is set in such a way that a
value of unity represents an internal fault; and a value of zero represents an inrush
current or an external fault. Through a series of tests and modifications, 6 hidden
neurons produced a satisfactory performance. Moreover, the common sigmoid
function was employed herein. Figure 9.8 shows the ANN architecture chosen in this

work.

Input
Layer

Hidden
Layer

Output
Layer

Figure 9.8 ANN architecture for combined WT and ANN based approach

9.4.3 ANN Training

The data employed herein for training and testing the ANN is the same as that shown

in Table 6.1 of Chapter 6. A total of 245 cases relating to System 1 were firstly

simulated to train and evaluate the performance of the ANN. As discussed
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previously, the training methodology adopted was: roughly, 60 % of these cases were
used for the ANN training, and the other 40% were used for the subsequent testing.
The training process was repeated until the root mean square (RMS) error between
the actual output and the desired output reached an acceptable value of 0.01 (RMS
error criteria). The learning performance is shown in Figure 9.9. Comparing Figure
9.9 with Figure 6.6 presented in Chapter 6, it is evident that the ANN based on inputs
comprising of spectral energy components reaches the requisite RMS of 0.01 in
approximately 3000 learning iterations, rather than a relatively very large number
55000 learning iterations when the inputs into ANN are directly based on differential
current signals. This clearly demonstrates the far superior performance of the
combined WT and ANN based approach over the traditional ANN-based approach

both in the accuracy and training speed.

RMS Error

0.8
0.6
0.4

0.2

500 1000 1500 2000 2500 3000
Number of iterations

Figure 9.9 Performance of ANN training

Importantly, it should be stressed that during the training process, the convergence
performance of the ANN is no longer affected by those low-level faults, which
adversely affected the performance of the ANN when employed in a traditional
ANN-based approach, this can be directly attributed to a near optimal feature

extraction methodology coupled with more effective selection of the ANN inputs.
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9.5 Performance of Relay for System 1

In order to examine the effectiveness of the combined WT and ANN based approach,
the data used for testing is different and ‘unseen’ from that used for training; the data
used is the same as shown in Table 6.1 of Chapter 6. Figures 9.10-9.13 depict the
responses of the ANN for some typical cases. Note that in each figure, (a) represents
the differential currents through CT secondary side, and (b) represents the response
of the ANN. It is clearly evident from the results that although the ANN gives a high
accuracy, there are small fluctuations in the actual ANN outputs around ‘1* and ‘O;
since in practice this cannot be avoided, a target tolerance of 0.15 was used in order
to minimise the degree of uncertainty; this effectively means that the relay is set to
issue a trip signal when the ANN output is > 0.85, and block when the ANN output is
<0.15.

Figure 9.10 gives the response of the ANN for an inrush current. It is apparent that
the ANN produces the correct classification result by virtue of its output being less

than 0.15.
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Figure 9.10 Response of ANN for an inrush current in System 1
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Figures 9.11-9.12 illustrate the responses of the ANN for the cases of (i) an ab-phase
to earth fault on HV side (Figure 9.11); (ii) a three-phase to earth fault on HV side
together with a-phase CT saturation on LV side (Figure 9.12).
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Figure 9.11 Response of ANN for an ab-phase to earth fault on HV side in System 1
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Figure 9.12 Response of ANN for an internal three-phase to earth fault on HV side
together with a-phase CT saturation on LV side in System 1
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It is apparent from the results that the ANN produces correct classification by virtue
of its output being greater than 0.85, and in practice, the relay would issue a trip
signal in both the cases. It is interesting to note that the response speed of the ANN
in case (ii) becomes slower and this can be attributed due to the presence of CT

saturation.

Figure 9.13 gives the response of the ANN for an a-phase 5% tum-to-tum fault at
mid-point of the winding on LV side (low-level fault). Here again, as expected the
ANN produces the correct classification result by virtue of its output being greater

than 0.85.
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Figure 9.13 Response of ANN for an a-phase 5% turn-to-turn fault at mid-point
of winding on LV side in System 1

An extensive series of the test results have indicated that the combined WT and ANN
based approach is able to distinguish between internal faults and inrush
currents/external faults with a very high classification rate. Importantly, the approach

gives correct classification for all low-level faults, which posed certain difficulties
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for the traditional ANN-based approach. This is so by virtue of the good separation
of classes provided by the feature extraction methodology, coupled with the good
selection of the ANN input, i.e., employment of spectral energies of signal

components.

In the real world, the information dealt with is likely to be noisy or incomplete. In
order to examine and verify if the designed relay can still give the correct
classification results under such input conditions, a series of tests were carried out
under conditions that in some ANN input patterns, the parts of data were manually
taken out from original input patterns to simulate the situations that the parts of

measured data are missing; in practice, this constitutes the presence of the noise.

Figure 9.14 shows the response of the ANN for an inrush current with the missing
data. The area marked with a circle in Figure 9.14 (a) means that the sharp spikes
appearing at this area, which was implemented by DWT and described in detail in

section 7.3.1 of Chapter 7, was assumed to be zero value instead of the sharp spikes.
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Figure 9.14 Response of ANN for an inrush current with the missing data
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The studied results indicated that the designed relay still successfully gives the
correct classification results. This can be directly attributed to the fact that the ANN

can deal with incomplete or noisy input data, and has an ability to be fault tolerant.

It should be mentioned that the previously dcsc;ribed WT-based approach might
produce an unstable response under the forégoing situation that the parts of measured
data are missing. This effectively means that the combined WT and ANN approach
thus has the attribute of dealing with the presence of extraneous noise in signals than

the technique solely based on the WT.

9.6 Performance of Relay for System 2

The ANN trained for System 1 was also directly tested by data generated from
System 2, without actually training the ANN. The objective of this test was to
examine the robustness and generalisation of the ANN, particularly its ability to deal
with the different power transformer systems comprising of different transformer
design and specification. The cases employed for testing for System 2 are the same
as those shown in Table 6.1 of Chapter 6; there are 120 test cases generated from
System 2 and these were employed for assessing the performance of the proposed

approach.

For all 120 cases studied, the results clearly indicate that the combined WT and ANN
based approach is also very effective in distinguishing between internal faults and
inrush currents through very high classification rate. This is so by virtue of the fact
that the feature extraction methodology adopted in the approach herein is
representative of a feature space wide enough to cope with a different transformer
system,; it therefore overcomes the problem of robustness, which posed difficulties

for the traditional ANN-based approach (as discussed in Chapter 6).

Figure 9.15 and Figure 9.16 typify the responses of the ANN for the cases of (i) an

inrush current, and (ii) an ab-phase short circuit fault on HV side. Again, in each
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figure, (a) represents the differential currents through CT secondary side; (b)
represents the response of the ANN. From the figures it can be seen that the relay
gives the correct classification results by virtue of its output being less than 0.15 for

the inrush current, and greater than 0.85 for the internal fault.
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Figure 9.16 Response of ANN for an ab-phase short circuit on HV side in System 2
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9.7 Response Evaluation

A total of 365 various system and fault cases relating to Systems 1and 2 were tested.
The results illustrates the misclassification rate of the relay is only 0.5 % within the
tested 365 cases (i.e. correct classification rate > 99.5%). More importantly, the
results clearly demonstrate the robustness and generalisation of the combined WT
and ANN based approach in its ability to deal satisfactorily with two different power

transformer systems (Systems 1 and 2).

9.8 A Performance Comparison among Three Different Approaches

In this thesis, three different approaches for power transformer fault diagnosis
(shown in Figure 9.17) have been described; these are respectively described and

their performances discussed in Chapters 6, 8 and this Chapter.

Power Transformer Fault Diagnosis
Approaches Particularly for Distinguishing
between Internal Faults and Inrush Currents

Fault Diagnosis by Fault Diagnosis by WT Fault Diagnosis by
Traditional ANN Based Direct Decision Combined WT and
Based Approach Making Approach ANN Approach

Figure 9.17 Three approaches for power transformer fault diagnosis
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To clearly understand the advantages and disadvantages of each approach, a
performance comparison amongst the three approaches was carried out. The
comparison results are summarised in Table 9.1. From this table, it can be clearly
seen that the WT based direct decision making approach and the combined WT and
ANN based approach have a significant improvement over the traditional ANN
based approach, as they give highef cénecf classification rates; in particular, they are
robust to the different power transformer systems. It is apparent from performance
evaluation that the approach based combined WT and ANN gives the most

satisfactory performance.
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Table 9.1: A performance comparison among three different approaches

Fault diagnosis approaches

Performance

Comparison Traditional ANN  WT based direct Combined WT and
based approach decision making ANN based approach

approach

Input signal Three-phase Wavelet signal Spectral energies
differential currents  at detail 1 at details 1-3

Window length 20 ms 10ms 10ms

Training Required Not required Required

requirement

Convergence Convergence in . Convergence in

performance 55000 iterations 3000 iterations

Requisite RMS ~ 0.05 0.01

Correct

classification >95% > 98.6% > 99.5%

rate

Tripping time <40ms <20 ms <20 ms
Only for a For different power  For different power

Generalisation ~ particular power transformer systems  transformer systems
transformer system

Ability against

input signal Strong Weak Strong

noise
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9.9 Summary

This Chapter has described a novel approach for the power transformer fault
diagnosis, particularly for distinguishing between internal faults and inrush
currents/external faults based on combined WT and ANN technique. The proposed
approaéh is robust to different power transformer systems; this is a significant
advantage and can be directly attributed to the fact that WT technique effectively
extracts the very crucial time-frequency features from different power transformer
system transient waveform, common to all large practical transformers. Case studies
presented indicate that the combined WT and ANN approach is able to give a very
high accuracy in the classification rate of the transients. A performance comparison
amongst traditional ANN based and the other two approaches, viz. WT-based and
combined WT and ANN based, developed in this work clearly shows that the latter
two approaches are very effective in overcoming the disadvantages and improving
the accuracy over the traditional ANN based approach, and they can thus be used as

attractive and effective alternatives to the protection schemes of power transformers.
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Chapter 10

Conclusions and Future Work

10.1 Introduction

A power transformer forms a vital link between generation, transmission and
distribution in any electric power supply network. However, improved and more
efficient designs of modern power transformers coupled with increasing complexity
of modern power systems is posing difficulty for conventional protection, in
particular in accurately distinguishing between the magnetising inrush current
phenomenon for which the protection should block operation of circuit breakers, and
transformer internal faults for which the protection should isolate the transformer
from the rest of the power system. There has thus been an upsurge in investigating
new improved protection techniques for modern power transformers by a number of
researches. This thesis is devoted to the research and development of alternative
power transformer fault diagnosis techniques for accurately discriminating internal
faults from inrush currents/external faults. In this thesis, two novel fault diagnosis
classification approaches, one based on the WT and another employing a combined
WT and an ANN, are proposed, and performance evaluation clearly show that the
proposed approaches are very effective in overcoming the disadvantages and
improving the accuracy over traditional approaches, including those solely based on
ANNSs developed more recently by a number of researchers. This chapter briefly
reviews the previous work in the field of power transformer fault diagnosis, outlines
major achievements and contributions in this research project and discusses further

directions.
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10.2 Previous Work

A number of approaches have been proposed and the methodologies published in the
open literature to distinguish between internal faults and magnetising inrush currents
in a power transformer. Some of these are based on advanced numerical methods and
a few on Al, and all the techniques develdpéd hitherto have advantages and

disadvantages.
10.2.1 Advanced Numerical Methods

Differential Power Method. This relaying principle uses differential active power to
discriminate between internal faults and inrush currents. It can discriminate an
internal fault from an inrush current independent of the harmonics in differential
current. However, the approach cannot deal successfully with a condition involving
CT saturation. In practise, the CT saturation cannot be avoided under certain system
and fault conditions and therefore must be considered in the power transformer

protection [6].

Multisetting Overcurrent Principle. This relay principle classifies the differential
current level into four classes, namely A, B, C, D, and three thresholds associated
with the differential current level are set. The approach improves the dependability of
the conventional differential relay by speeding up the operation. However, for such
an approach, there are no recommended criteria for setting various internal
parameters of a relay; in particular, there is no definite approach on how to co-
ordinate relay parameters for different current settings; these problems thus need to

be investigated further [2].

Inrush Current Detection. The inrush current detector is based on the detection of
the inrush current waveform feature; it assumes that a gap or zero value period in the
inrush current waveform exists, so that the gaps can be employed to detect inrush

currents from internal faults. However, under certain conditions (such as CT
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saturation) the gaps may be non-existent; thus, the effectiveness of the inrush current

detector becomes questionable [15].

10.2.2 Artificial Intelligence

Fuzzy Logic Applications. In the fuzzy logic based approach, the criteria signals
(such as amplitude, harmonic contents, etc.) and thresholds associated with the
criteria signals are fuzzified and represented by fuzzy numbers. The fuzzy signals
(i.e., the fuzzified criteria signals) are then compared with fuzzy settings. Several
relaying criteria are used in parallel; the tripping decision is made based on the
results of the criteria aggregation. However, here again for such an approach, there
are no recommended criteria for setting various internal threshold parameters of a
relay [17].

ANN Applications. Since ANN can provide excellent pattern recognition, they are
proposed by many researchers for the power transformer fault diagnosis. Due to
highly non-linear nature of power transformer systems, different types of solution
may be required. In this respect, ANNs have shown an encouraging prospect to
discriminate between internal faults and inrush currents; this is so by virtue of its
ability in dealing with non-linearity and parallelism in processing information
[7,8,18,19]. However, the ANNs in these existing studies are specific to particular

transformer systems, and would have to be retrained again for other systems.

10.3 Major Achievements in This Research Project

On the basis of some previous investigations into power transformer fault diagnosis,
the work described in this thesis represents three years research in the development
of novel approaches to improve upon the performance of existing power transformer
fault diagnosis techniques relating to three important aspects, viz. dependability,
security and robustness. The following sections give an outline of the major

achievements.
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10.3.1 Integrated Modelling and Simulation in Power Transformer Systems

As a starting point, an integrated modelling approach for simulating the transient
phenomena in power transformer systems, and followed by the development of the
novel protection techniques are presehtcd. Based on a rudimentary model of the
power transformer provided within the EMTP software, the model developed herein
is a significantly modified form of the basic model, capable of not only simulating
internal terminal faults, but also internal winding faults. Importantly, the modelling
approach developed integrates the power transformer model with the associated CT
model which takes into account CT saturation thereby allowing the effect of the latter
on transformer protection performance to be studied. In addition, the power
transformer model developed is also capable of simulating the highly complex and

non-linear inrush current phenomenon.

Based on the integrated models developed, the fault and inrush current transient
behaviours of power transformer systems were thoroughly studied and simulated in

two different (but practical) power transformer systems.
10.3.2 Study of the Traditional ANN-Based Approach

A study of the traditional ANN-based approach for the power transformer fault
diagnosis is a necessary precursor to improving on the performance through
alternative approaches. In this work, a traditional ANN-based fault diagnosis
technique as applied to a power transformer was firstly investigated; and in
particular, its advantages and disadvantages were examined and discussed. The
performance obtained showed that an ANN can be very effective in the field of
power transformer fault diagnosis; the trained ANN can give a correct classification
rate of over 95%. However, if the trained ANN is then directly applied to a different
power transformer system without actually retraining it, the ANN-based technique
will give a very poor classification rate. This is so because the feature extraction

methodology adopted is not representative of a feature space wide enough to cope
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with a different transformer system. This understanding and the drawback then led to
an investigation and development of a new feature extraction methodology as well as
a novel fault diagnosis technique (the subject of this work) to improve the

performance of the existing power transformer protection techniques.
10.3.3 Feature Extraction Methodology Based on WT

In the course of this work, an investigation and study of the traditional ANN-based
approach have shown that an effective feature extraction methodology is crucial for
accurate power transformer fault diagnosis. A new method to analyse and identify
power transformer transient phenomena was thus investigated and effected using the
WT technique. In this respect, case studies carried out on two different transformers
have clearly shown that realisation of the signals through the WT gives features
which show very distinct (almost unique) differences between internal faults and the
inrush current phenomenon. Extraction of such unique features combined with a
decision logic methodology then formed the basis of an alternative approach in this
work for distinguishing between internal faults and the magnetising inrush current

phenomenon.
10.3.4 WT-Based Direct Decision Making Approach

Based on the developed feature extraction methodology, a new WT-based direct
decision making approach for distinguishing internal faults from inrush currents was
investigated and effected. In this approach, the WT technique is firstly applied to
decompose the differential current signals into a series of wavelet components; then
by processing the selected wavelet components, a decision for distinguishing an
internal fault from an inrush current is directly made based on pre-defined decision
making logic criterion. The results presented show that the proposed approach can
more accurately discriminate between an internal fault and an inrush current; in

particular, the approach is able to give a correct classification result for low-level
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fault cases and is robust to different power transformer systems, in comparison to the

traditional ANN-based approach presented in Chapter 6.
10.3.5 Combined WT and ANN Based Approach

A novel approach based on integrating a WT with ANN for distinguishing between
internal faults and inrush currents is then proposed in this work to further improve
the accuracy of power transformer fault diagnosis. As expected, the results presented
show that the combined WT and ANN approach is able to give a very high accuracy
in the classification of the transients and is robust to different power transformer
systems in comparison to the traditional ANN-based approach. This is a significant
advantage and this is largely so by virtue of the fact that WT technique effectively
extracts the very crucial time-frequency features from different power transformer
systems, common to all large practical transformers. Importantly, the combined WT
and ANN approach shows greater immunity to input signal noise compared to the
previous technique based on WT-based approach alone. Furthermore, the approach is

also able to give correct classification result for low-level fault cases.
10.3.6 Performance Evaluation

A performance comparison amongst the traditional ANN based and the two
approaches developed were given in the performance criteria presented in the table,

the following inferences can be explicitly drawn:

= The performances of the proposed approaches under Aa whole variety of
practically encountered system and fault conditions have the correct classification
rate of 98.6 % for WT based direct decision making approach, and 99.5% for the
combined WT and ANN based approach. This clearly shows that the proposed
approaches have effectively improved the accuracy of power transformer fault
diagnosis over traditional ANN based approach, which has the correct

classification rate 95%.
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= It is also shown that the proposed approaches are robust to different power

transformer systems compared with the traditional ANN-based approach.

= It is clearly shown that the proposed approaches are able to give correct
classification results for the low-level faults that poses difficulties for the

traditional ANN-based approach.

It is clearly evident that the proposed approaches are very effective in overcoming
the disadvantages and improving the accuracy over the traditional ANN based
approach, and they can thus be used as attractive and effective approaches for

alternative protection schemes for power transformers.

It is also worth pointing out that although the approaches developed in this work are
based on the Computer Aided Design (CAD), they take into account the practical
limitations associated with hardware errors such as anti-aliasing filters and A/D
converters so that the performance attained is close to that which would be expected

from a hardware model under service conditions.

10.4 Future Work

Power transformer fault diagnosis is a very broad subject. The work presented in this
thesis deals mainly with the modelling and simulation of power transformer systems
as well as the study and development of new alternative techniques for power
transformer fault diagnosis particularly for distinguishing between internal faults and
inrush currents. This work could be further expanded and improved in the following

aspects:

10.4.1 Testing Proposed Approaches with Data from Real Systems

As emphasised in the thesis, the proposed approaches have been tested off-line to

evaluate their accuracy under a whole variety of practically encountered system and
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fault conditions. As a next logical step, the approaches should be tested with real
input data captured from practical power transformer systems. This is important in
view of the fact that although the approaches developed take into account the
practical limitations associated with hardware errors such as anti-aliasing filters and
A/D converters and it is expected that it should retain the high degree of accuracy in
power transformer fault diagnosis, in practice there is always some environmental
noise present in the measured signals and this can have some detrimental effect on
the performance achievable in practice. Furthermore, testing a techique with real data
or under serious conditions and attaining a performance close to that obtained with
simulated data gives confidence in the CAD of the technique. It also highlights any
refinements that need to be carried out on the algorithm and /or hardware design in

order to maintain its expected performance under practical conditions.

10.4.2 Performance Evaluation under Other Inrush Conditions

As mentioned in section 5.2 of Chapter 5, inrush conditions occur not only when
switching a transformer on, which are considered as the basis of case studies in this
work, but also when clearing a close-up external fault and energising one of two
parallel transformers. Although their severity and frequency of occurrences are less
common, the performance of the internal fault/inrush discriminator presented herein

under such conditions should also be considered as part of the further work.

10.4.3 Application of the Techniques under More Complex System Conditions

Although the proposed approaches have been tested on two different power
transformer systems, in which a 7S50MVA power transformer is connected between a
25kV source at the sending end and a single 400kV transmission line connected to an
infinite bus power system at the receiving end (System 1), and a 3SMVA power
transformer is connected between an 11kV source and a single 110kV transmission

line connected to a load (System 2), the performances of the approaches under more
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complex system conditions still need to be investigated. These include the power

transformer linked with

double circuit lines: Because of the mutual inductive and capacitive coupling
between the two lines, when calculating the equivalent series impedance and
shunt admittance matrices for the lines, these couplings should not be neglected.
If the power transformer is connected into such double circuit lines, its transient
behaviour may be affected by the contribution of the mutual coupling of the
double circuit lines; the performance of the proposed approaches for such

systems should therefore be investigated as part of the future work.

three-terminal line circuits (teed circuits): The three-terminal line circuit is
attractive both from environmental and economical points of view. However, the
system configuration is significantly different with that studied in this work in
that, the power transformer transients may be affected by the intermediate in-feed
from the third terminal and therefore require special attention. The performance
of the proposed approaches for such multi-ended systems warrants further

investigation.

series-compensated lines: Series capacitor compensation in long distance EHV
transmission lines is a widely accepted method to solve the problem of stability,
increase power transmission capabilities, improve voltage control, etc [68]. The
capacitors connected in series with the transmission line result in the reduction of
the total equivalent line impedance by virtue of their associated impedance being
negative; moreover, an additional transient could be introduced due to the
capacitor being taken out of the system by its own overvoltage protection. The
transient behaviours of the power transformer linked with such a system
configuration may be affected. Thus, the application of the proposed approaches
for such a system configuration should also be investigated as part of the future

work.
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Appendix

Power Transformer System Parameters

This Appendix gives the parameters of the two power transformer systems, which
were employed in the research and development of the novel fault diagnosis

techniques described herein.

A.l Power Transformer System Parameters Employed in System 1

A.1.1 [R] and [L] Matrices

System 11is a three-phase and two-winding 750 MVA, 27kV/420kV, Dy 11-connected,
five-leg, core-type power transformer in a double-end-fed power system network.
The transformer neutral terminal on HV side is grounded. The power transformer
basic parameters are obtained from reference [23], which are provided by the

transformer manufacturer, and are shown in Tables A.1.1, A. 1.2 and A. 1.3.

Table A.1.1 Power and voltage ratings in System 1

Rated Power (MVA) 750
Rated Voltage (kV) 27 420
(line-line value) (low-voltage side)  (high-voltage side)
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Table A.1.2 Short circuit test data in System 1

Test Type Positive Sequence Zero Sequence
Value — Short Circuit Test ~ Short Circuit Test
Short-circuit losses (kW) 1425 158.3
Short-circuit current (A) 1031 343.7
Short-circuit voltage (kV) 68.46 13.205

Table A.1.3 Excitation test data in System 1

Test Type Positive Sequence Zero Sequence
Value Excitation Test Excitation Test
Excitation losses (kW) 311 311
Excitation current (A) 21.16 21.16
Excitation voltage (kV) 27 -

Based on the parameters given in Tables A.1.1, A.1.2 and A.1.3, the supporting
routine BCTRAN in the EMTP is used to derive [R] and [L] representation for the

transformer, they are shown as follows:

0 0 0 0 0
0 % 0 0 0 0
0 0 %3 0 0 0
0 0 0 % 0 0
0 0 0 0 0
0 0 0 0 0 «
22346375
0.0 10027702
0.0 00 22346375
0.0 0.0 0.0 0027702
0.0 0.0 0.0 0.0 22346375
0.0 0.0 0.0 0.0 0.0
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L APMa ME MUMU
o M

A L Mt

Mt MnMn U M4 M6

M IMMS M Z

My MaMa Am MU Z,

187741.18742585
20898.873837545 2326.8849221184

0.0 0.0 187741.18742585

0.0 0.0 20898.873837545 2326.8849221184

0.0 0.0 0.0 0.0 187741.18742585

0.0 0.0 0.0 0.0 20898.873837545 2326.8849221184

Note that as the [R] and [L] matrices are symmetric, the elements below the diagonal

are only specified.

A.1.2 Flux-Current Curve (0 -1) for Inrush Current Simulation

When the core saturation is taken into consideration in the power transformer

simulation, a flux-current curve (¢&—=z curve) of the power transformer core must be

supplied. Although it is generally not directly available, it can be calculated from the

data (VRwS versus IRMS) given by manufactures.

Table A.1.4 shows Vrms - Irms data obtained from the reference [23], which is
provided by manufacture. Based on the parameters given in Table A.1.4, the

auxiliary program CONVERT in the EMTP is used to derive 0 - i data, which is
shown in Table A. 1.5.
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Table A.1.4 v rus -1rms data of power transformer core in System 1

VRMVS (pu) IRVB (pu)
0.8430 0.3942 E-3
0.8996 0.6113 E-3
0.9496 0.8888 E-3

1.000 1.253 E-3
1.019 1.480 E-3
1.054 1.920 E-3
1.078 2333 E3
1.204 5.011 E-3

Table A.1.5 (f)-i data of power transformer core in System 1

1(A) 0(Vs)
5.16 102.46
12.34 109.34
17.51 115.42

24.80 121.54
31.63 123.79
38.88 128.16
50.24 131.00
97.02 146.30

68097.02 316.00
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A.1.3 CTs Parameters

The CT data chosen are shown in Table A. 1.6

Table A.1.6 CT data in System 1

CTs CT1* CT2 *
Ratio 18000/5 2000/5
Accuracy Class C800 C800
Burden (VA) 200 200
Burden (£2) 8 8
Power factor 0.5 0.5

* CT1 and CT2 refer to the CTs on LV and HV sides of the power

transformer, respectively.

In order to simulate the effects of CT saturation on the relay performance, the V-I
curve of CT core has to be taken into consideration. However this data that should be
provided by manufactures, in practice, is not often available. In this work, the V-I
curve for CTs was obtained from reference [39]. According to the V-I curve, the
EMTP auxiliary program HYSDAT generates X-i hysteresis loop, which is then
embedded into the basic system model using the EMTP software to implement the

simulation of the power transformer coupled with the CTs.

A.2 Power Transformer System Parameters Employed in System 2

A.2.1 [R] and [L] Matrices

System 2 is a three-phase and two-winding 35MVA, llkV/132kV, YyO-connected,
three-leg, core-type power transformer in a single-end-fed power system. The
transformer neutral terminal on both LV and HV side is grounded. The power

transformer basic parameters are provided from EMTP Rule Book [20], which were
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obtained by standard measurements on this transformer (at 50 Hz). The parameters

are shown in Table A.2.1, A.2.2 and A.2.3.

Table A.2.1 Power and voltage ratings in System 2

Rated Power (MVA) 35
Rated Voltage (kV) 11 132
(line-line value) (low-voltage side)  (high-voltage side)

Table A.2.2 Short circuit test data in System 2

Test Type Positive Sequence Zero Sequence
Value — Short Circuit Test Short Circuit Test
Short-circuit losses (kW) 192.53 8.825
Short-circuit current (A) 153.1 70
Short-circuit voltage (kV) 35213 2.86

Table A.2.3 Excitation test data in System 2

Test Type Positive Sequence Zero Sequence
Value Excitation Test Excitation Test
Excitation losses (kW) 18.112 115.325
Excitation current (A) 2.39 500
Excitation voltage (kV) 11.01 1.183

Here again, based on the parameters given in Tables A.2.1, A.2.2 and A.2.3, the
supporting routine BCTRAN is used to derive a [R]-[L] representation for the

transformer, they are shown as follows.
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(=R}
(=]

IR] =

o o o o o®™
©c o oo o
oooa
o ® o
°oF o oo o
o o o © o

.00959610
0.0 1.36923346
0.0 0.0 .00959610
0.0 0.0 0.0 1.36923346
0.0 0.0 0.0 0.0 00959610
0.0 0.0 0.0 0.0 0.0 1.36923346

"k M2 OA3 Mx MI6
ult p M3 M2 M3
B M2 MM M3 Affj
#4, K M3
Mu Ms2 MS k

1936.00837538

23125.89314854  276371.46702413

-964.38735758  -11519.74302843 1936.00837538

-11519.74302843 -137608.3908058  23125.89314854  276371.46702413

- 964.38735758  -11519.74302843  -964.38735758  -11519.74302843  1936.00837538
-11519.74302843 -137608.3908058 -11519.74302843 -137608.3908058 23125.89314854 276371.46702413

A.2.2 Flux-Current Curve (0 - 0 for Inrush Current Simulation

The 0 - i data of the power transformer in System 2 are not available, instead, only a
steady state working point is provided in the EMTP Rule Book [20], which is | =
3.37A, ()= 28.6Vs. The <J)-i curve was therefore expanded based on available data

information and the experience, as shown in Table A.2.4:
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Table A.2.4 @- i data of power transformer core in System 2

i(A) 0(Vs)
0.34 1.8
0.67 7.15

1.01 10.73
3.37 28.6
4.04 30.38
4.72 32.18
5.39 33.96
6.06 35.75
218 37.53

A.2.3 CTs Parameters

The CT data chosen in System 2 are shown in Table A.2.5

Table A.2.5 CT data in System 2

CTs CT1* CT2*
Ratio 2000/5 200/5
Accuracy Class C800 C400
Burden (VA) 200 100
Burden (£2) 8 4
Power factor 0.5 0.5

* CT1 and CT2 refer to the CTs on LV and HV sides of the power

transformer, respectively.

The V-I curve for CT in System 2 was obtained from the reference [39]. According
to the V-I curve, the EMTP auxiliary program HYSDAT generates X-i hysteresis
loop, which is then embedded into the basic system model using the EMTP software

to implement the simulation of the power transformer system coupled with the CTs.
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Digital simulation of the transient phenomena
in high voltage power transformers with particular reference to
accurate fault detection

R. K Aggarwal PhD FIEE,

P Mao BSc

Department of Electronic and Electrical Engineering,
University of Bath, Bath BA2 7AY

Abstract: This paper presents a technique developed
to accurately model a power transformer for the
purposes of simulating its transient phenomena both
under faults and due to magnetising inrush, under a
whole variety of different system and fault conditions.
The transient characteristics of magnetising inrush
currents and internal faults, including symmetrical and
asymmetrical faults as well as the winding tum-to-
tum and tum-to-ground faults of the power
transformer are studied in details. The simulation also
includes a model of a current transformer(CT) used
for measuring current flowing through the power
transformer under faults; in the latter case, the effect
of CT saturation on the measured current is also
modelled. The purpose of the simulation is to develop
alternative techniques for satisfactorily protecting the
power transformer under a whole variety of
practically encountered faults and at the same time
being able to distinguish internal faults from
magnetising inrush current.

Keywords: Power transformer, current transformer,
transient fault simulation, transformer protection,
magnetising inrush current

Introduction

Power transformers are essential and important
elements of electrical power systems; in particular,
they form a vital link between power generation
and transmission lines. However, they do suffer
from internal winding faults principally due to
insulation failure; these faults must be quickly and
accurately detected and the appropriate action
taken to isolate the faulty transformer from the rest
of the power system, essentially to minimise
damage and expedite repairs to damaged
equipment thereby keeping both outage times and
maintenance costs down. The importance of the
latter has increased significantly due to the
privatisation and deregulation of the electricity
supply industry world-wide.

Conventional transformer protection based on
current differential principles offers an adequate
means of detecting internal winding faults.
However, when transformers are energised, a large
magnetising inrush current flows in the transformer
windings, setting up a differential current in the
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protection relays. This is not a fault condition, and
therefore does not necessitate the operation of
protection, which on the contrary must remain
stable during the inrush transient. Since this current
has a large second harmonic component in
comparison to an internal fault, transformer
protection systems are designed to restrain during
this inrush transient phenomenon by sensing the
large second harmonic.

Due to an increase in demand for electricity, power
transmission systems are steadily becoming larger
both in capacity and voltage levels and
transmission lines, which are normally composed
of multi-conductors, are becoming longer. A direct
consequence of the latter is an increase in line
capacitance to ground and a widespread usage of
underground cable sections also contributes to an
increase in the line capacitance. This inevitably
results in an increase in the level of lower
harmonics (in particular the second harmonic)
present in the transformer windings due to a fault,
arising as a result of the interaction of the line
inductance with capacitance; in certain cases its
magnitude can be close to or greater than that
present in the magnetising inrush current. The
problem is accentuated by the employment of
special iron-cored materials in modem large
transformers; their magnetising characteristics have
shown that the increased residual flux can lead to
transformer saturation on energisation and a
reduction in the second harmonic component
present in the inrush current, consequently.
Conventional protection techniques will thus have
difficulty in distinguishing between an internal
fault and an inrush transient. Alternative, improved
protection techniques have thus to be found, and in
order to achieve this, it is vitally important to be
able to accurately model a transformer and simulate
its transient phenomena.

This paper presents a technique developed to
accurately model a power transformer (and CT) for
the purposes of simulating its transient phenomena
both under faults and due to magnetising inrush,
under a whole variety of different system and fault
conditions. The developed technique can accurately
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simulate the effects of saturation of power
transformers and CTs, and simulations were
implemented in a typical 11kV/132 kV power
transformer connected between an 1IkV generator
and a 132KV transmission line.

Mathematical Models

The mathematical models presented in this paper
are developed based on the electromagnetic
transients program (EMTP) functions; these
transformer models are then incorporated into a
power system model developed using EMTP.

1) Power transformer modelling

The power transformer models are built up based
on the mutual coupling concept. By this method,
any multi-winding transformer consisting of n
coupling coils can be electrically modelled in terms
of the terminal voltage V,, and current as well as
total flux linkage A-, of the ith coil as followsIlkt

d\
(0

where i=12,3,...,n. Such a transformer can be
represented schematically. Figure 1. shows an
example of a transformer with six windings.

M6
MR M26

Vi

Fig. 1a schematic representation ofa multi-winding
transformer

When magnetic saturation is taken into
consideration, Aj becomes a non-linear function of

the n-winding currents. That is
A, =A(i1,72,00,!,,)

For the zth coil, equation (1) can be expanded using
the chain rule as follows:

11 dii dr di2 dt din dt 2>

The partial derivatives of the flux linkage A, with
respect to a winding current ik(k=1,2,...,n), are the
incremental inductance, L, and Mik that is

<A
&)

dkt
dik

Mik (i*k) @

Thus, if the power transformer is a three-phase-
two-winding transformer, which consists of the six
windings, then the mathematical models for such a
transformer can be clearly represented by the
following matrix relationship:

K] 5)

or
Ay[L]-UVI-[LVI[RIfi] (6)
where
7 0 0 0 0 0
0 R2 o 0 0 O
_0 0 0 0 0 7
=0 0 0”0 o @
0 0 0 r50
0 0 0 Or6

vk MB "vons s v
h 23 "4 "5 26
AL n3p 34 "35 "36 ®)
=
ME gy was s e
M w55 w53 wsa ko vse

"6l "62 "63 64 "65 Kk

M=MV\VN\)

[ =[5 >72° 354 = 35,561 7"
oy U @2 di & dy d6
VS e & & & & a.

and Vj ,V2,V3,V4 ,V5 and V6 are the terminal
voltages of the primary and secondary windings
respectively; ij, i2, i3, i4, is and i6 are the currents
of the primary and secondary windings
respectively; Rj R2, R3, R4, R5 and R6 are the
resistances of the primary and secondary windings
respectively; L; ,L2,L3,L4 ,L5 and are the self
inductances of the primary and secondary windings
respectively; Mg  are the mutual indutances
between windings i and j respectively (i=/,2,...,6;
Jj=04,2,...,6; i%j).

It should be emphasised that since A, is a non-linear
function of the 6-winding currents, it is related to
the nonlinearity of the power transformer core,
which in turn is decided by the non-linear
magnetising curve of the power transformer core.
In a practical simulation, when saturation effects of
the power transformer core are taken into account,
the transient characteristic of the power transformer
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can be simulated equivalently using the mutual
coupling models, in which the matrix /L] is linear,
together with a non-linear magnetising branch
added to the winding closest to the core through the
EMTP software.

2) Modelling of an internal winding fault

The principle used to model a fault between a coil
turn and earth or between turn and turn is to divide
the faulty coilHl as shown in Figures 2(a) and 2(b)
respectively.

PHASE

PHASE B PHASE B

PHASE C

(@) (b)

Fig. 2 Internalfault Modelling in a power transformer
(a) tum-to-earth fault(b) tum-to-tumfault

When the power transformer is without an internal
winding fault, matrices [R] and [L] for a three
phase transformer with two windings are of ¢
order. When a tum-to-earth fault occurs, the
transformer can be described with two 7x7 matrices
[R] A7 and [L]7%7 Similarly, two 8x8 matrices are
required to describe the tum-to-tum fault. For
example, when a tum-to-earth fault occurs at point
F of the secondary winding 2, the 7x7 matrices
[R] A7and [L]Z7W\W be determined as follows:

v, 0 0 0 0 0 O0°
0 rRx O 0O 0 0 0
0 0 Rry O 0 0 0
1%¥17%7 = 0O 0 0 =3 0 0 0
0 0 0 0 rs4 0 O
0 0 0 0 0 Rrs O
0 0 0 0 0 =
' Mix Mir Mn M 14 Mis Mit
MX1  px MXy MX3 Mxi MXs Mxs
Mytv Myx Ly  Myi Mya Mys Mys
127%7 = W31 Mix  Myy h Mia  Mis Mi6
Max  M4X May Mal U Mas — M46
Msx M35X M5y Mu M4 Ls M56
Méx M6X MOY w6 Mu  mes  Ls .

The position of the fault point is expressed by
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nx = number of turns of “sub-coil” X
nY= number of turns of “sub-coil” y
and the parameters in the above matrices [R] and

[L] are defined by the following equations:

— R2 >

n2

Rx ~ 82; RY

«2

ny ’
where K is the voltage ratio between coils X and ¥,

and

1= 9
11 JK)+1
r - h
K2+ 2Kjl-aw +1
AR A2 e

MX=(K/(K+D))M2ZJ Mn=(l/a+K))M25
L2and M2 are given by the original 6x6 matrix. For
tum-to-tum faults shown in Fig.2(b), the &8
matrices /RJsxs and /L /" will be required, and the
calculation method is given in reference [4] .

The method used for simulating the internal
winding faults is based on the BCTRAN routine of
EMTP. Basic steps are as follows:

Step 1: use the BCTRAN routine to obtain the linear
matrices /R]/ and /L] of the power transformer,
which is without considering the internal winding
faults.

Step 2: modify the above matrices /R/ and /L]
according to the internal winding fault type and
obtain the new internal winding fault matrices
[R]*and [L]*\

Step 3: carry out the internal winding fault
simulation using the modified internal winding
fault matrices /R/* and [L]* by the EMTP software

3) CT modelling

CT models developed are based on those outlined
in reference BL This model comprises of an
equivalent circuit built around an ideal transformer
as shown in Fig.3. The magnetising branch is
represented as a non-linear inductor: it is presented
by A-i hysteresis loop.

ke

Fig.3 EMTP-based CT Models (Rp- primary winding
resistance;, Lp- primary winding leakage inductance;
Rs- secondary winding resistance; Ls- secondary
winding leakage inductance; Tr- ideal transformer)
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A Description of the Simulated System

The power transformer transient phenomenon is
simulated in a system comprising of a typical
1IkV/132kV ~ power transformer connected
between an 1lkV generator and a 132kV
transmission line, as shown in Figure 4.

Fig.4 System configuration simulatedfor Case Studies

In order to fully investigate the effects of fault
transients and inrush currents, on say, the
differential protection of a power transformer, the
various power transformer inrushes and internal
faults are simulated using the foregoing
transformer models based on EMTP functions,
which are capable of representing transformers,
transmission lines, various types of switches,
electrical machines, and control system dynamics,
etc.

Since the variation of winding connections in the
power transformer will influence the transient
performances of faults and inrush currents, and will
make a difference to the protection scheme chosen,
the transient performances of various power
transformer connections, including the Y-4, A4-Y,
and Yo-Yo connections, are also simulated in this
paper. For simplicity, Figure 5 only shows a
connection of the differential protection for a Y0-Y0
connected power transformer.

Fig. 5 A typical power transformer differential
protection scheme

Moreover, since the transient performance of
power transformers are related to a power system
load demands, the variation in load demands has
been taken into consideration in simulation for
each power transformer connection.

Case Studies and Simulation Results

In order to demonstrate the effectiveness of the
developed power transformer and CT models as
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fully as possible, some typical simulation results
are given in this section.

(1) Simulation of power transformer under
internal faults

Figs 6-9 typify transient response results of the
power transformer for (i) three phase short-circuit
fault on secondary side (Fig 6) , (ii) A-phase 5%
winding fault on secondary side (Fig 7), (iii) A-
phase to ground fault on mid-point of winding at
secondary side (Fig 8), and (iv) Energisation with
A-phase to ground fault on secondary side of the
power transformer (Fig 9). It is apparent from these
results that there is a wide variation in the fault
current waveforms depending upon the type of
fault and its location. Importantly, any new
protection technique must be capable of
satisfactorily dealing with such diversity of fault
data.
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)
(a) primary current of transformer
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we
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(b) secondary current of transformer
60

(c) differential current of transformer

Fig.6 Three phase short-circuitfault on transformer
secondary side
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(a) primary current of transformer
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(b) secondary current of transformer
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(c) current in the tum-to-tum short-circuited loop
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(d) differential current of transformer

Fig. 7A-phase 5% windingfault on transformers
secondary side
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(c) differential current of transformer
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Fig.8 A-phase to groundfault on mid-point ofwinding
on transformer’s secondary side
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(a) primary current of transformer
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(b) differential current of transformer

Fig. 9 Energisation with A-phase to groundfault on
transformer’s secondary side

(2) Simulation of power transformer internal
faults with CT effects included

The effects of CT saturation on internal fault
transient characteristics of the power transformer
are simulated under such conditions as: (i) different
fault inception angles, (ii) different levels of CT
remnant fluxes and (iii) different type of CT
secondary burdens.

(i) Effect of fault inception angle on measured CT
currents

Since the D.C. component of the fault current is the
dominant factor in causing CT saturation and it is
influenced by the fault inception angle, two case
studies involving an ‘A’-earth fault on the
secondary side of the power transformer near V A(°
and V A90°, respectively were simulated; the results
are depicted in Fig. 10. From Fig. 10 (b) we can see
that for the fault inception angle near voltage zero,
the D.C. component is very large and as a
consequence, the CT core flux exceeds the
saturation point value of the 4.0 Wb as evident
from Fig10(a); this manifests itself into distorting
the measured current signal through the CT
secondary as apparent from Fig10(b). In sharp
contrast, when a fault occurs near voltage
maximum, there is little D.C. offset, as expected,
the CT core flux stays below the saturation level
and the measured CT secondary current is
faithfully reproduced, as evident from Figs. 10(c)-
10(d).
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(a) flux with 70% remnant flux for V Ao° fault
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(b) A-phase differential current for V AQ) fault
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(d) A-phase differential current for V A90° fault
Fig. 10 Simulation with differentfault inception angles
(ii) Effect on CT output due to remnant flux

In practice, there are many conditions (such as line
auto-reclosure after a transient fault clearance) that
may leave remnant flux on the core of the CT; this
can have a significant bearing on the CT secondary
current measured. Comparing Figs 10(a)-(b) with
Fig 11(which are for the same fault condition
except that in the case of the former there is a 70%
remnant flux on the CT core right at the outset), it
is apparent that in the absence of remnant flux, the
CT core remain devoid of saturation inspite of D.C.
offset and hence the measured CT fault current is

faithfully reproduced as evident from the
waveforms shown in Fig 11.
2
1
(¢
0
7 ¥ ()
(a) flux without remnant flux for V. 0 fault

207

prospective is equal to actual
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(b) A-phase differential current for V A(° fault
Fig. 11 Effect of remnantflux on CT core

(iii) CT Simulation with different secondary
burdens

It is well known that a purely resistive burden can
cause more saturation than a resistive inductive
burden or a purely inductive burden. In order to
investigate the effect of the CT’s secondary burden
on CT saturation, two cases were simulated, and
their results are shown in Fig.12. As shown in
Fig. 12(b), the CT is driven into saturation much
earlier on, i.e. in the first half-cycle compared to
Fig.12(a); as a consequence, a distortion in the
secondary current of the CT occurs.

40
57 prospective secondary current

3

/ actual secondary current

thsosi

tinf()
(a) A-phase differential current with
resistive inductive burden

prospective secondary current

/actual secondary current'

(b) A-phase differential current with
purely resistive burden

Fig. 12 Simulation with different
burdens

CT secondary

(3) Simulation of magnetising inrush currents

The magnetising inrush currents of the power
transformer were simulated in detail under
(i)different  energisation angles, (n)different
remnant fluxes on the iron-core of the power
transformer, and (iiijdifferent three-phase winding
connections of the power transformer.

(i) effects of different transformer energisation
angles
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When a power transformer is energised with
secondary open circuited at different points-on-
wave from an open-circuited position, the inrush
current waveforms with respect to zero remnant
flux are depicted in Fig. 13. First of all considering
the switch-on at voltage maximum-point-on wave
with respect to the ‘A’-phase, Fig. 13(a) typifies the
value of the inrush current waveforms; their
magnitudes are relatively small (which gradually
die down due to losses) and the inrush current is
virtually non-existent in the °‘A’-phase. This is
expected by virtual of the fact that the flux change
in the transformer core is small. However, when
the transformer is energised near voltage zero, the
magnitudes of the inrush current increase and this
current now also appears on the °‘A’-phase as
evident from Fig 13(b). Again, this is expected due
to the fact that for this switch-on condition the
change in core flux is nearly twice that in the

previous case of energisation near voltage
maximum.
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(a) primary current of transformer under V A9(°
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(b) primary current of transformer under V A(®
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Fig. 13 Effect oftransformer energisation angles on
inrush current

(ii) effects of remnant flux on inrush current

The presence of remnant (or residual) flux in the
core can further increase the magnetising inrush
current. This is evident from a comparison of Fig
14 and Fig 13(b), the former being the inrush
current when there is a initial remnant flux of 30%
on the transformer core. As can be seen, the
presence of the residual flux very significantly
increases the magnitudes of the magnetising inrush
current on all the three phase. In practice, this
phenomenon can further accentuate the problems
of instability with transformer protection systems.
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primary current of transformer with 30%
remnant flux
current with initial

Fig. 14 magnetising inrush

remnantflux on core

(iii) effect of different winding connections on
inrush current

The electrical connections of a transformer has an
affect on the inrush current flowing in the phases.
In order to ascertain the effect of different electrical
connections of a transformer on inrush current, two
cases were simulated, and their results are shown in
Fig. 15. In Fig.15(a), the transformer is energised
from its Y-side with no-load condition, i.e. the
terminals of A-connected secondary are
disconnected. In this case, the A winding acts as a
trap for some of the harmonics associated with the
inrush current when the transformer is energised. In
Fig. 15(b), when the transformer is energised from
its A-connected primary side, the inrush current
phenomena is simpler in comparison to the Y-4
case, as there is no auxiliary source present in 4- Y
connection. Again, the A winding acts as a trap for
the inrush current thereby lowering its magnitude.
In conclusion, the inrush current under Y-A4
connection is much greater than when energised
under A4- Y connection by virtual of the A winding
acting as a trap for the inrush current.
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(a) primary current of transformer with Y-A
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current of transformer with A-Y

(b) primary
connection

Fig. 15 magnetising inrush current with different
transformer winding connections
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(4) Simulation of power transformer external
faults with CT effects included

It is well known that when fault currents are large
for certain external faults, it is possible for the CTs
to saturate. In order to investigate the effect of the
CT saturation on the differential protection under
an external fault condition, two cases were
simulated, and their results are shown in Fig. 16 and
Fig. 17, respectively. As shown in Fig.16, the
resulting current waveforms of the CT secondary
winding on both sides of the transformer distort to
a different degree; the differential current is the
difference between the two saturated -current
waveforms. In Fig. 17, the differential current is the
difference between the unsaturated current
waveform and the saturated current waveform. In
this case, the differential current is larger than in

Fig.16. In conclusion, when the CTs saturation
characteristics of the primary side of the
transformer are not in agreement with the

secondary side of the transformer, the transient
imbalance current is sufficiently large, and this can
lead to the mal-operation of the differential
protection.

0 e
SN % O\ 0

& &

()
differential current of transformer

Fig 16 three-phase short-circuit with saturation of
both CTs on low and high voltage sides o ftransformer

differential current of transformer

Fig. 17 three-phase short-circuit with saturation of
only CT on low voltage side oftransformer

Conclusions

In this paper, a model and methodology for
accurately simulating the transient behaviour of
three phase power transformers and the CTs have
been presented. The transient behaviour of a power
transformer under magnetising inrush currents and
internal faults, including symmetrical and
asymmetrical faults as well as the winding tum-to-
tum and tum-to-ground faults under various system
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conditions have been simulated and examined in
detail. CT saturation and its effects on the
differential currents in various situations have also
been studied in detail. Results clearly indicate that
the power transformer magnetising inrush current
phenomenon, and particularly the effects of CT
saturation, can lead to the mal-operation of
conventional differential protection of power
transformers. It is now hoped that this technique of
accurately modelling the transient phenomenon in
transformers has laid the basis for developing new

improved protection systems for  power
transformers.
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A NOVEL TECHNIQUE TO DISTINGUISH BETWEEN MAGNETIC
INRUSH AND FAULT TRANSIENTS IN POWER TRANSFORMER USING
ARTIFICIAL NEURAL NETWORK

P L Mao, R K Aggarwal, Z Q Bo

University of Bath, UK

ABSTRACT

This paper presents a novel technique for discrimination between magnetising inrush and internal fault currents
based on the detection of switching operations and faults generated high frequency transients using the neural
network. The detector, tuned to a band of high frequencies, is connected to the power transformer through current
transformers(CTs) which is used to capture the high frequency transient current signals. The captured signals are
then employed to train a neural network. Simulation results presented clearly show that the proposed neural
network based technique is able to accurately distinguish a magnetising inrush from an internal fault current and
therefore can be used as an alternative and effective method to discriminate between the magnetising inrush and
internal faults in power transformer protections, thereby enhancing protection performance.

I. INTRODUCTION

Accurate discrimination between magnetising
inrush and internal fault currents is of importance
to the correct operation of the differential

protection of the power transformer. However,
under the magnetising inrush condition, a very
large differential current that is in fact not an
internal fault current, will be produced in the
differential protection; this can lead to protection
relay maloperation. To avoid undesired tripping
due to inrush currents, the conventional methods
hinge upon either implementation of delays in the
protection devices or restraining the relay operation
according to the second harmonic content of the
measured current. The latter is based on the
assumption that the second harmonic component of
the magnetising inrush is considerably larger than
an internal fault current.

However, it has been found that in certain cases,
particularly when the power transmission systems
are longer and composed of multi-conductors, there
will be an increase in the capacitance from line to
line and from line to ground. This inevitably results
in an increase in the level of lower harmonics (in
particular the second harmonic) presented in the
transformer windings due to a fault, and the second
harmonic component of the internal fault can be
close to or greater than that present in the
magnetising inrush current. On the other hand, the
second harmonic component in magnetising inrush
currents is comparatively smaller in power
transformers with new built-in transformer cores
which operate at higher magnetic field density.
This effectively means that the relays can no longer
be relied upon for protecting power transformers.
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Thus, it becomes increasingly difficult to perform
an accurate discrimination between magnetising
inrush and internal fault currents.

Successful applications of neural networks in the
area of power engineering have demonstrated that
they can be employed as an alternative method for
solving certain long standing problems, where
conventional techniques have  experienced
difficulties. In the context of protection, neural
networks have been applied to the power
transformer protection to discriminate the
magnetising inrush from the internal faults1I23l,
transient identification and directional
discrimination for protection for EHV transmission
lines, etc.

The method presented in the paper is different from
conventional schemes, which are based on using
the power frequency or second harmonic signals; it
detects the high frequency components in a current
transient signal to classify the patterns in the
waveforms, thereby discriminating between the
two disturbances. Particular emphasis is placed on
the design of a neural network. Simulation results
presented clearly show that the proposed neural
network has the potential to accurately distinguish
the magnetising inrush from internal faults.

II. DIGITAL SIMULATION OF
POWER TRANSFORMER TRANSIENTS

The digital simulations of the power transformer
magnetising inrush and faults are implemented in a
typical 11IkV/132kV power transformer connected
between an 1lkV generator and a 132kV
transmission line using the electromagnetic
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transients program (EMTP). The CT model and its
saturation effect to differential currents have also
been taken into consideration. To evaluate the high

frequency  behaviour of the transformer,
particularly under fault conditions, the shunt
capacitances were added to the transformer

model[4). The simulated power transformer system
is shown in Figure 1.

TWAL

Figure 1 The studied power transformer system

A. Simulation of internal fault

Figures 2 and 3 show two typical results of
simulations of (i)a three-phase-to-ground internal
fault occurring on the high voltage side of the
power transformer, and (u)a-phase 5% winding
fault on the high voltage side of the power
transformer. For each fault case, three phase
differential currents are given in each Figure.
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Figure 2 Three-phase-to-ground fault on high
voltage side

time ()
Figure 3 A-phase 5% winding fault on high voltage
side

It is apparent that fault generated high frequency
components current are presented in the current
signals. This is as a direct consequence of the
effects of the coupled winding inductance and
capacitance of the power transformer, together with
the distributed inductance and capacitance of the
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transmission line, that is, when a fault occurs, the
current is interrupted, and the energy originally
stored in the inductance is transferred back and
forth between the inductance and the capacitance
until the stored energy is finally dissipated by the
system resistance.

ti. Simulation of magnetising inrush

The various magnetising inrush current conditions
have been simulated, including the effects of
different transformer energisation angles. Figure 4
typifies a simulation result of the magnetising
inrush currents of the power transformer.
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Figure 4 three-phase differential current
waveshapes under the magnetising inrush
condition

III. DETECTION OF FAULT GENERATED
HIGH FREQUENCY CURRENT TRANSIENT

In general, when a fault occurs on a power
transformer, DC offset, fundamental frequency and
non-fundamental frequency components are
produced. It has been shown that non-fundamental
frequency components change as the power
transformer operating conditions, such as various
magnetising inrush and fault conditions change.
This can be clearly seen by the spectrum analysis
of the differential current signals.

A. Behaviour of high frequency electromagnetic
transients

Figure S presents the spectra of the differential
currents corresponding to Fig.3 and Fig.4.
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Figure 5 Spectra of differential currents

It is important to note that there is a much larger
non-fundamental frequency that is around
approximate 700 Hz for the internal fault case than
the magnetising inrush case, but decays more
rapidly than the magnetising inrush case. This
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demonstrates the fact that the high frequency signal
features between the magnetising inrush and
internal fault currents are different and these can be
used as the basis to distinguish the magnetising
inrush from internal fault currents through pattern
recognition techniques such as neural network.

B. Detection of high frequency current signals
The switching operations and fault generated high
frequency current signals are captured through a
specially designed relay hardware/software, which
is utilised to distinguish the magnetising inrush
from internal faults to the protected transformer by
the artificial neural network. Fig.6 shows the basic
arrangement of this technique.
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Stas bi anert pp mafeng
Figure 6 ANN block diagram of the
protection scheme
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Figure 7 high frequency differential currents

under internal faults and a magnetising inrush
current
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As shown in Fig 6, the differential current signals
1,18 and 1c are captured from each end of the CTs.
The multi-channel filter unit which consists of the
main part of the relay is then used to extract high
frequency differential current signals Iaj, , 1sn, and
Ich (700Hz centre frequency). Fig.7 shows the filter
outputs corresponding to Fig.2, Fig.3 and Fig.4.

IV. ARTIFICIAL NEURAL NETWORK
BASED PROTECTION SCHEME

A. Input selection of the neural network

Since an ANN has multi-input parallel processing
ability, the moving data window length is a major
factor which needs to be considered carefully.
Theoretically, a long data window can produce
more selective frequency response characteristics,
but in general, a fast trip signal is needed, and it
follows that a short data window which reduces the
size of the ANN is required. The appropriate data
window length must meet both of these
requirements. In this study, the high frequency
differential signals are extracted by the moving
data window process to form the ANN
training/testing data set where the length of a
moving window of the waveform is 1.43ms, and
there are 6 samples in one window (this
corresponds to 4.2 kHz sampling frequency). Thus,
the three-phase differential currents comprising of
18 samples are used as the input signals to ANN,
and each moving window takes three new samples
in.

The training and test patterns are generated by
sampling the simulation data attained from the
EMTP. In order to cover the typical scenario of
interest, various power transformer system
operating conditions are simulated, which include
the effects of variations in source parameters, fault
location, fault inception angle, fault resistance, and
fault types such as symmetrical and asymmetrical
faults as well as winding tum-to-tum faults. Some
of the generated sampling patterns are used for
training and some for testing and performance
evaluation.

B. Network structure and training

A total of 18 sampled high frequency differential
current signals are employed as inputs to the neural
network. The target output of the ANN was built in
such way that the network was trained to produce a
0 output when the presented signals were the
magnetising inrush or/and an external fault; and an
1 output for the internal faults.

The selection of the number of hidden layers and
hidden neurons in ANN is quite important. As
known, there are open issues and have to be
consequently determined by experimentation
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involving training and testing various network
configurations. The process is terminated when a
suitable network with a satisfactory performance is
established. In this study, one hidden layer with 14
neurons produced an acceptable performance; the
ANN output converged in a shortest time when a
sigmoid function was used. The complete structure
of the ANN employed is shown in Figure 8.

Layer

Hidden Layer

Inputs

Output Layer

Figure 8 ANN structure
V. PERFORMANCE EVALUATION

The ANN was extensively tested and was then
embedded into the power transformer system
shown in Fig 1 to evaluate the performance and
ability of the decision making. In practice, a target
tolerance of 0.1 was used, meaning that the
network was trained to produce a response of 0.9 or
greater to represent one class and 0.1 or less to
represent the other class.

Figures 9(a) to (d) respectively give the responses
of the ANN-based protection scheme.

thra0

Figure 9 The responses of the ANN based power
transformer differential protection, (a) an internal
three-phase-to-ground fault occurring on the high
voltage side; (b) a-phase 5% internal winding fault
occurring on the high voltage side; (c) the
transformer is energised when A-phase switch-on
angle of a power supply is zero (d) external fault
occurring on the high voltage side; tf=fault
inception time; tswitchor=transformer energising
time.
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From these results it can be clearly seen that the
ANN- based protection scheme gives correct
responses to internal faults, and effectively blocks
the protection operation in the cases of the
magnetising inrush and external fault.

VI. CONCLUSIONS

This paper presents novel technique for
discrimination between the magnetising inrush and
internal faults based on the detection of the
switching operations and faults generated high
frequency transient current signals using a neural
network. Results presented clearly show that the
proposed neural network is able to accurately
distinguish the magnetising inrush from internal
fault currents and therefore can be used as an
alternative and effective method to discriminate
between magnetising inrush and internal faults in
power transformer protection, effectively
increasing the reliability and dependability of the
power transformer protection system.

a
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An ANN Based Electromagnetic Transients Identification Technique
for Power Transformer Systems

P L Mao, R K Aggarwal, Z Q Bo

Department of Electronic and Electrical Engineering, University of Bath, Claverton Down, Bath BA2,7AY

Abstract - Power transformers are subject to
transient overvoltages/overcurrents which
invariably accompany any disturbance such as a
switching operation, internal/external fault, etc. It
is imperative to be able to accurately distinguish
the various types of disturbances both for correct
transformer design (in terms of insulation level
specification) and the associated protection
technique design. Conventional techniques based
on power frequency signals have limitations in
distinguishing correctly the different types of
disturbances. This paper addresses the problem
through the use of an artificial neural network
(ANN), which has the ability to map highly
complex non-linear input/output patterns and is
capable of very effectively dealing with the high
frequency transient phenomena associated with
any disturbance. The results presented show that
the proposed technique is able to not only capture
the high frequency current transient signals inside
but
identification of the cause and nature of the

a transformer, also fast and accurate

transients.
Keywords: Power transformer, High frequency
signal,  Artificial neural network, Transient
identification

I. INTRODUCTION

Power transformers are subject to many types
of electromagnetic transient disturbances, which
result in abnormal voltages and currents. For
example, physical phenomena such as fault and
lightning may generate transient overcurrents
and/or overvoltages. On the other hand, normal
operating procedures, such as breaker closing and
switching of equipment cause electromagnetic
transients. Overcurrents may damage the power
transformer due to excessive heat dissipation and
the high dynamic mechanical stress. Overvoltages
may result in flashovers or insulation deterioration,
and eventual breakdown of the power transformer.

Electromagnetic transient analysis of the power
transformer plays an important role in the design
and operation of the power transformer. It is widely
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accepted that measurement of transient-induced
quantities and determination of the nature of
transients would be invaluable. It would not only
provide useful information in terms of optimal
design and functionality of the power transformer,
but also provide information for designing new
protection schemes. The signals generated by
switching are high frequency transients in nature, a
genuine fault on the transformer will also generate
high frequency noise signals. They cannot be
detected by conventional techniques, which are
mainly based on the measurement at power
frequency signals. In this respect, recent
developments in  transient detection and
identification techniques*il make it possible the on-
line measurement of switching transients and fault
transients. However, distinguishing between the
signals generated by the two events cannot be
accomplished using the more traditional
techniques. In this respect, the advent of ANNs,
with their ability to map complex and highly non-
linear input/output patterns, provides an attractive
solution to the problem of transient identification in
the power transformer system.

In recent years, a few studies which investigate
the feasibility of using ANNs for transformer
protection have been reportedi234l. The work
reported in this paper is concerned with designing a
novel technique for transient identification in the
power transformer system using neural networks. A
specially designed transient detector unit is firstly
applied to capture the various transient signals. The
spectral energies of these captured signals are
extracted, and then used to train a neural network
in order to determine the source and nature of the
transient in terms of the changes in spectral
energies. The neural network takes into
consideration the various transient events. The
results presented demonstrate the feasibility of the
new technique. It can be an attractive alternative
for distinguishing the magnetising inrush from
internal faults in the field of power transformer
protection.

II. ELECTROMAGNETIC TRANSIENTS
SIMULATION IN POWER TRANSFORMER
2.1 Studied System
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Transient simulations in a power transformer
are implemented wusing the electromagnetic
transients program (EMTP) in a typical 11 kV/132
kV three-phase power transformer connected
between an 1lkV generator and a 132kV
transmission line, which is shown in Figure 1. The
current transformer (CT) model and its saturation
have also been taken into consideration in the
simulations. To evaluate the high frequency
transient behaviour of the transformer, particularly
under switching operation and internal fault
conditions, the winding shunt capacitances were
added to the transformer model 5L

AAAA— JW W

load

Transient Identification Block

*IcVK,
Figure I: The studied power transformer system
2.2 Simulated Transient Event Types
In this paper, the following electromagnetic
transient events of the power transformer have been

taken into consideration

(a) internal fault transients, these include:

(i) terminalthree-phase faultswithout CT
saturation and with CT saturation,
respectively;

(ii) terminal two-phase short-circuits without CT
saturation and with CT saturation,
respectively;

(iii) terminal single-phase-to-earth faults without
CT saturation and with CT saturation,
respectively;

(iv) internal winding tum-to-earth faults without
CT saturation and with CT saturation,
respectively;

(v) internal winding tum-to-tum faults without
CT saturation and with CT saturation,
respectively.

(b) switch operating transients, such as when the
transformer is energised at no-load condition.
(c) external faults with extreme CT saturation.

All the above transient events are simulated via
electromagnetic transients program (EMTP). Some
typical results of the simulation are given in detail
here.
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2.3 Transient Simulations ofInternal Faults

Figure 2, Figure 3 and Figure 4 respectively
show some typical simulation results under
different fault conditions. They are (i) terminal
two-phase (b and c¢ phase) short-circuit occurring
on the high voltage side of the transformer as
shown in Figure 2; (7i")a’-phase tum-to-earth fault
occurring at mid-point of winding on the high
voltage side of the transformer as shown in Figure
3; and (iii)) an ‘a’-phase 5% tum-to-tum fault
occurring on the high voltage side of the
transformer at 50% of voltage winding from the
neutral point as shown in Figure 4. For each fault
case, the primary currents in CTs on the high
voltage side of the transformer as well as the three
phase differential currents are given respectively in
each figure.

terminal two phase fault

J -100

terminal two phase fault

time (*)
Figure 2: terminal two-phase (b and c¢) short-circuit
fault on the high voltage side of the transformer

winding turn-to-earth fault

015 .02

tim« (*)

025 .03 04

winding turn-to-earth fault

01 015 02

tim« (*)
Figure 3: ‘a’-phase tum-to-earth fault at mid-point of
winding on the high voltage side of the transformer

025 .03 035 04
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winding turn-to-turn fault

£ 2100
0.0 005 01 015 .02 .025 .03 .035 .04
timo (s)
winding turn-to-turn fault
2
31
* 0
£
Ly
I*

time (t)

Figure 4: ‘a’-phase 5% tum-to-tum fault on the high
voltage side of the transformer at 50% of voltage
winding from the neutral point

From the above figures it can be clearly seen
that the fault generated high frequency current is
present in the period at the start of the fault in the
current signals. It is a direct result of the interaction
between the coupled winding inductance and
capacitance of the power transformer and the
distributed inductance and capacitance of the
transmission line.

2.4 Transient Simulations o fSwitching Operations

The various types of switching operation
transients were also simulated. Figure 5 illustrates a
typical simulation result of the switching operation
condition (magnetising inrush case). It is observed
that under such a condition, a large differential
current is produced.

inrush current

time (*)

inrush current

0.0 006 01 015 02 026 03 036 04
time (e)

Figure 5: magnetising inrush current in the

transformer
2.5 Transient Simulations Under CT Saturation
Figure 6 shows the differential currents for an

‘a’-phase to earth fault occurring on the high
voltage side of the power transformer with CT
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saturation. For clarity, this figure has presented the
secondary currents in CTs on the high and low
voltage sides in the transformer as well as the
differential currents. It is apparent that the
differential currents are severely distorted due to
CT saturation. In practice, this may cause mal-
operation of the conventional differential protection
which is based on second harmonic restraint. This
is so because a large second harmonic also exists in
the internal fault current, and not just in the
magnetising inrush current. A spectral analysis of
this differential current has shown that there is
around 25% second harmonic component present in
the fault current under CT saturation.

Figure 7 shows the differential currents for an
external three-phase fault occurring on the high
voltage busbar connected to the high voltage side
of the power transformer under CT saturation. In
this case, the transient unbalance currents are very
large due to the saturation on one side CTs of the
power transformer.

It can be seen from Fig.c and Fig.7 that the
high frequency current transients are also present in

the current signals.

terminal single phase fault

timo (s)

terminal single phase fault

0.0 .01 02 .03 04 .05 .06 07 .08 .09 0.1
tm (+)

terminal single phase fault

0.0 .01 .02 03 04 05 06 .07 .08 .09 0.1
tim« (s)

Figure 6\ ‘a’-phase to earth fault under CT saturation

external three phase short circuit

time (e)
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5 external three phase short circuit

time (a)

external three phase short circuit

0.0 .01 02 03 04 .05 .06 .07 .08 .09 0.1
time (a)

Figur7: external three-phase short circuit with CT
saturation on low voltage side only

III. DETECTION OF HIGH FREQUENCY
CURRENT TRANSIENT SIGNALS

When a fault occurs on a power transformer, DC

offset, fundamental frequency and non-
fundamental frequency components are produced.
The non-fundamental frequency components
change according to the power transformer

operating conditions, such as variations in the
internal faults and switching operation conditions.
This can be clearly seen through the spectrum
analyses of their differential current signals.

3.1 Behaviour ofHigh Frequency Signals

In order to confirm the existence of the high
frequency current transients in the differential
currents, figure 8 presents the frequency spectra for
the differential currents under the internal fault case
shown in Figure 3 and switching operation
(magnetising inrush) case shown in Figure 5, over a
small range of frequencies. It is important to note
that in Figure 8, non-fundamental frequency
components exist under both internal fault and
magnetising inrush condition. In this paper, the
high frequency current transients with a centre
frequency around 1kHz has been captured and
employed to implement the transient identification.

internal fault

inrush current

= 10
epactra for Intarnal fault and Inruah currant(Hz)
Figure 8: Spectra of differential currents

3.2 Detection and Feature Extraction of High
Frequency Current Transient Signals
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The high frequency current signals generated
under both switching operations and internal faults
are captured through a specially designed relay
hardware/software. The spectral energies of the
captured signals are extracted and then utilised to
identify fault transients and switching operations
by using the artificial neural network. The diagram
of transient identification logic block is shown in
Figure 9. A differential current threshold is set and
a starting instruction will be issued to enable
transient identifications when the differential
current exceeds this threshold.

As shown in Figure 9, three phase differential
current signals IA, Ib and Ic are first converted into
one modal signal Inoce by the modal mixing circuit
using the following transformation:

U =2 2/t-/c¢ @)
Analog Modal 'mode
interface mixing Filter

circuit circuit

Decision

making ANN based Spec  A/D Spectral

transient convert energy

identification extraction

unit

Figure 9: Transient identification block

A 4th order Butterworth band-pass filter is then
applied to the modal signal Inode to extract the high
frequency current transient signal Ih which is
around a centre frequency of 1kHz, the sampling
frequency is 10kHz. Figures 10-15 show the filter
outputs corresponding to the typical signal waves
shown in Figures 2-7.

From these figures it is worth noting that the
features of the high frequency current transient
signals between the internal faults and switching
operations are significantly different. In the two
cases, for example, in the internal fault case
(Fig10-12) the high frequency components
generated on fault inception rapidly ring down to a
near zero value due to losses. However, in the case
of magnetising inrush current (Fig 13, resulting
from a switching operation) there are burst of high
frequency signals (these are as a direct
consequence of the transformer core and/or CT
saturation). These thus produce the different
spectral energy features between internal faults and
switching operations, and can be used as the main
signature to identify the transients between the



Related Publications

internal faults and switching operations via a neural
network.

The spectral energies of the high frequency
transient current lh in each sampled window are
extracted by the following equation

(09

where At= time step length; N = No. of samples in
the window.

terminal two-phase
short-circuit fault

-0.5
A

1B.00OS 0.01 0.015 0.02 0.025 0.03 0035 0.04
tim* (*)

Figure 10: filter output current for two phase
short circuit fault

V winding turn-to-earth fault
3

Figure 11: filter output current for winding
tum-to-earth fault

winding turn-to-turn fault

' VoOS 0.01  0.015 0.2 0025 003 0.035 0-04
lima (a)

Figure 12: filter output current for winding
tum-to-tum fault

0.4

inrush current
0.3
0.2

oi

-0.1

-0.2

time (e)

Figure 13: filter output current for inrush current

1
terminal single phase faullt

with CT saturation
0.5

o

-0.5

time (a)

Figure 14. filter output current for internal fault
with CT saturation

external fault with CT saturation

E 0.05

000506 0.01089 0.01672 002255 002838 003421  0.04
time (s)

Figure 15: filter output current for external fault
with CT saturation

IV. ARTIFICIAL NEURAL NETWORK
BASED TRANSIENT IDENTIFICATION

One of the most difficult tasks in applying
ANN technique to a particular power system
protection is to formulate the problem that needs to
be solved. The most important step to formulate the
problem is to select the best input and output
features that must correctly represent the problem.
The vast majority of studies carried out hitherto
involving ANN based power transformer protection
have been based on the fundamental power
frequency signals, which have been sampled over a
window length of one power frequency cycle234L
Furthermore, some of them have used the moving
window principle to sample the signal over a period
of several cycles. Both these approaches suffer
from drawbacks; the first approach leads to
prolonged fault detection times, the second
approach can result in very long training times.
And also, for certain fault conditions, the ANN
may not converge to the required RMS error.

The work presented herein is based on
employing the spectral energies of the high
frequency current transient signals for the
implementation of the transient identification
through using the ANN for the power transformer.
By detecting the changes of the spectral energies of
the high frequency signals in a given observation
window, the transient identifications are achieved.
The diagram of transient identification logic block
has been shown in Figure 9.

4.1 Input selection to the neural network

As shown above, the high frequency transient
signals generated by a fault and switching
operations mainly exist within a short period of
time following a fault or a switching operation; this
means that the decision about the nature of
transient must be made within this period.
Therefore, in this paper, the observation window of
the high frequency current transient signals
associated with each transient event has been
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constrained to a time window length of Vi cycle,
which in turn is divided into 10 equal time periods,
as shown in Figure 16.

r an window
(ten hkji frequency cycles, 10 ms)

3
sctwindew 10

(ere hic’i frequency cycle, 1 ms)

2
>

”»

Pspec.l  Pspec.2 Pspec,3 Rspec,9  Pspec,10

| ANN input
Figurel6: Representation of feature extraction

The waveform associated with each subwindow
is effectively sampled into ten samples (this is at

10kHz sampling frequency), and the spectral
energy of the signal in each subwindow is then
calculated by equation (2). Thus, the ten
subwindows produce the 10 integrated spectral

energies, which represent the main features of the
signals for each given case; they are then used as
input data to the ANN.

4.2 Network structure and training

A total of 10 sampled signals are employed as
inputs to the ANN. The target output of the ANN
built such way that the value [i1, o]
represents the transient caused by an internal fault;

was in
the value [0, 1] represents the transient caused by
the o, ol
represents the transients caused by the external
fault.

switching operation; and the value

The selection of the number of hidden layers
and the number of neurons required in each hidden
layer is determined by experimentation involving
training and testing various network configurations.
The process is terminated when a suitable network
with a satisfactory performance is established. In
this work, it was found that one hidden layer with ¢

hidden neurons gave a satisfactory performance.

The training and testing date sets of the ANN
consist of 120 cases, comprising of various internal
faults and switching operation transients, with and
without taking CT saturation into consideration, as
well as the external fault transients again with and
without CT saturation.

V. RESPONSE EVALUATION

The ANN was extensively tested and was then
embedded into the structure shown in Fig 1 to

evaluate the performance and ability of the

219

transient identification. The value of 0.1 is set as
the tolerate RMS error of the ANN output. Table 1
shows the performance obtained from the trained
ANN it
fault/switching operation data. It is apparent from
the results presented that the ANN-based technique

gives the correct results for all the test cases

when is subjected to ‘unseen’

presented to it.

Table 1: Performance of the ANN based

transient identification technique

Type* Desired Actual output
output
® 1 0 1.007 0.065
1 0 0.978 -0.005
Internal 1 (1} 1.006 0.003
fault 1 0 0.996 -0.010
1 0 1.005 0.025
1 (1} 0.901 -0.031
® 0 1.008 0.010
1 0 1.004 -0.058
inrush ® 9 1 -0.042 0.932
0 1 0.009 1.007
external ® 0 0 0.021 0.002
fault 2> 0 1} 0.026 -0.004
type*

Internal fault:

© ‘b’-phase tum-to-earth faults occuring on the low
voltage side of the transformer at mid-point of
winding winding.

© ‘a’-phase tum-to-tum faults occuring on the high
voltage side of the transformer at 20 % of voltage
winding from the neutral point.

©Oterminal two-phase(a and b) fault on the high
voltage side of the transformer.
©terminal two-phase(a and b) fault on the low
voltage side of the transformer.
©terminal two-phase(a and c) fault on the low
voltage side of the transformer.
©Oterminal ‘a’-phase to earth fault on the low
voltage side of the transformer.
©terminal ‘b’-phase to earth fault on the low
voltage side of the transformer.
©Oterminal ‘c’-phase to earth fault on the low

voltage side

of the transformer.

Inrush:

©; inrush when a fault inception time is at 13ms.
inrush when a fault inception time is at 15ms.

External fault:

©an external three phase fault occuring on the high

voltage busbar connected to the load.

©an external two phase fault occuring on the high

voltage busbar connected to the high voltage side

of transformers.
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VI. CONCLUSIONS

This paper presents a novel technique for
transient identification based on the detection of
changes of spectral energies of high frequency
current transient signals in the power transformer
using the artificial neural network. The various
transient events have been taken into consideration.
The results show that the proposed technique is
able not only to capture the high frequency current
transient signals inside a transformer, but also
accurately identify the cause and nature of a
transient. It is an attractive alternative method to
distinguish the magnetising inrush from internal
faults in the power transformer protection,
compared to the more traditional methods.
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ANALYSIS OF TRANSIENT PHENOMENA IN POWER TRANSFORMERS
USING WAVELET TRANSFORMS

P. L. Mao, R. K. Aggarwal

University of Bath, UK

ABSTRACT

Discrimination between an internal fault and a magnetising inrush current has long been recognised as a very

challenging protection problem in power transformers. In this paper, we have proposed a new and powerful
method capable of analysing the internal fault and the inrush current. The approach is based on a wavelet
transform to decompose a given faulted current signal or inrush current signal into a series of wavelet
components, each of which is a time-domain signal that covers a specific frequency band. Simulated results
presented show that particular wavelet components can be used as the features to distinguish the internal fault

from the inrush current.

I. INTRODUCTION

Electromagnetic transient signal analysis of a power
transformer plays a crucial role in the design and
operation of a large modem power transformer. It is
well known that most of the signals in a power
system, such as current and voltage signals, are time-
domain signals commonly known as a time-amplitude
representation of the signal; however, this is not
always the best representation of the signals. In many
cases, the most significant information is hidden in the
frequency content of the signal.

Fourier Transform (FT) is the most widely employed
transform technique being wused Electrical
Engineering. FT gives what frequency components
(spectral components) exist in the signal, but it does
not tell us when in time these frequency components
exist. However, the Ilatter is an important
characteristic for analysing transient signals, such as
those present in the fault and inrush currents in a
power transformer. Thus, FT is not the best technique
to analyse a non-stationary signal.

in

Compared with FT, the Short Term Fourier Transform
(STFT) overcomes the time location problem. It treats
a non-stationary signal as a stationary signal by means
of dividing the signal into small segments into small
windows, and these segments are then assumed to be
stationary. However, STFT can only give a fixed
resolution at all times; furthermore, wide windows
may disobey the
stationary. In this respect, Wavelet Transform (WT)
provides a multiple resolution of the transient signal
both in time and frequency [1], Unlike FT which uses
one basis function (sine waves or cosine waves),
Wavelet Transform relies on wavelets of a rather wide
functional form. The basis wavelet is termed as a
mother wavelet. Wavelet transform decomposes a
given signal into a series of wavelet components, each
of which is a time-domain signal that covers a specific
frequency band and it allows the detection of the time
of occurrence of abrupt disturbances, such as fault
transient in power transformer systems. Thus the

condition of being assumed
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Wavelet Transform is more suitable to the study of the
signal, which has low frequency components with
discontinuities and sharp spikes.

The potential benefits of applying wavelet transform
for analysing the power system transients have been
well recognised in recent years. Several relevant
papers have been presented for power system analyses
using the wavelets transforms [2-5]. These application
studies cover the detection and analysis of power
system transient signals [2-3] and the transient power
quality problem [4] as well as the fault detection of
power transformers during impulse test [5], etc.

In this paper another useful application of the wavelet
transform is presented for analysing the transient
phenomena in a power transformer under conditions
of faults and magnetising inrush currents. A 750MVA
27/420 kV power transformer system is first modelled
by the EMTP and simulated under various typical
faults and magnetising Wavelet
transform approach is then employed to decompose
these fault and magnetising inrush current signals into

inrush currents.

a series of wavelet components, which represent an
approximate and detailed version of the original
signal. Simulated results presented clearly show that
certain wavelet components the
features to discriminate between the internal fault and
the magnetising In addition, this
attribute can be used in fault classification, which is
under investigation.

can be used as

inrush current.

II. WAVELET TRANSFORM AND ITS
IMPLEMENTION

Similar to the relationship between a continuous FT
and a discrete FT, there is a continuous wavelet
transform and a discrete wavelet transform.

Mathematically, the Continuous Wavelet Transform
(CWT) of a given function x(#), with respect to a
mother wavelet g(?), is defined as [:]
)dt

CWT(a,b) =-)= px(t)g(— @
a h &
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where a is a scale parameter, b is the translation
parameter, and g(?) is the mother wavelet function. It
is apparent from eqn. (1) that the original one
dimensional time-domain signal x(z) is mapped to a
new two-dimensional function space across scale a
and translation b by the wavelet transform. A wavelet
transform coefficient, CWT(a, b), at a particular scale
and translation represents how well the original signal
X(t), and scaled and translated mother wavelet match.
Thus, the set of all wavelet coefficients, CWT(a, b),
are the wavelet representation of the original signal
X(?) with respect to the mother wavelet g(?).

There are many types of mother wavelets [1], such as
Harr, Daubichies, Coiflet and Symmlet wavelets. The
choice of mother wavelet plays a significant role in
detecting and localising different types of fault
transients. In addition to this, the choice also depends
on a particular application. In this study, we are
particularly interested in detecting and analysing low
amplitude, short duration, fast decaying and
oscillating type of high frequency current signals. One
of the most popular mother wavelets suitable for a

wide range of application used is Daubichies’
wavelet. In this paper, D4 wavelet is used, as shown
in Fig.l.

05

-05

Figure 1 D4 mother wavelet

Analogous to the relationship between Continuous
Fourier Transform and Discrete Fourier Transform,
the wavelet transform has a digitally implementable
counterpart Discrete Wavelet Transform (DWT). The
CWT is not employed as often as the DWT. The
continuous transform is primarily employed to derive
properties, whereas the discrete forms are necessary
for most computer implementations. The DWT is
defined as [1]:

n - ka™
DWT(m, n) =

X xK)s (0

(a0 a0

where g(n) is the mother wavelet; the scaling and
translation parameters @ and b of eqn. (1) are replaced

by a™ and ka™, and k and m are integer parameters.

Fig.2 illustrates the implementation procedure of the
DWT, in which x[n] is the original signal, h[n] and
g[n] are low-pass and high-pass filters, respectively.
At the first stage, an original signal is divided into two
halves of the frequency bandwidth, and sent to both
high-pass filter and low-pass filter. Then the output of
low-pass filter is further cut in half of the frequency
bandwidth, and sent to the second stage. The same
procedure is performed until the signal is decomposed
to a pre-defined certain level. Finally we obtain a
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bunch of signals, which actually represent the same
original signal, but all corresponding to different
frequency bands.

detail 1
E4hh ® —

x(n) detail 2

ach,3

agproximation 3

Figure 2 Implementation of DWT

It is worth pointing out that the frequency band of
each detail of the DWT is directly related to the
sampling rate of the original signal. As indicated in
Figure 3, if the original signal is being sampled at Fs
Hz, the highest frequency that the signal could
contain, from Nyquist’s theorem, would be Fv¥2 Hz.
This frequency would be seen at the output of the high
frequency filter, which is the first detail. Thus the
band of frequencies between FJ2 and F</4 would be
captured in detail 1 ; similarly, the band of frequencies
between Fs/4 and Fs/z would be captured in detail 2,
and so on.

Frequency

Ft/8

Fi/li
Fs/32

Figure 3 Time-Frequency relationship of DWT

IILLWAVELET ANALYSIS OF TRANSIENT
PHENOMENA IN POWER TRANSFORMERS

A. Power Transformer System

In this paper the power transformer
phenomenon is simulated in a system comprising a
typical 27/420kV, 750MVA large power transformer
connected between a 1GVA generator at the sending
end and a 300kM 400kV transmission line connected
to an infinite bus power system at the receiving end,
as shown in Fig.4.

transient

T50MVA, 27/420kV, Dyll

Bust Tnuformer Bus2 B3
" BN transrission tine (3
0o - ~ 30 a
1GVA CT CT

Figure 4: Simulated system configuration

In order to investigate the effectiveness of the wavelet
transforms to detect and the
transformer transients, particularly fault and inrush

analysis power
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current transients, various internal faults and inrush
currents are simulated using EMTP software; the

corresponding  differential current signals are
evaluated and realised using wavelet transform
technique. D4 wavelet is used in DWT in the

following studies.

B. Wavelet Analysis of Inrush Current

When the power transformer is energised on the
primary side with the secondary side open-circuited, a
in the
primary side. This current may reach instantaneous

transient magnetising inrush current flows

peaks of ¢-.s times full-load current because of the
extreme saturation of the iron-core in power
transformer. Fig.5(a) shows typical magnetising

inrush current waveforms, which correspond to a, b
and c three phase differential currents through the CT
secondary sides. As the current
waveforms are distorted quite significantly; gaps
appear over the times of the inrush currents. At the

can been seen,

edges of the gaps, the current magnitude changes from
near zero to a significant value or from a significant
value to near zero; this would be expected by virtue of
the fact that sudden changes from one state to other
different states produce little ripples, which very often
are not visible from the fundamental frequency signals
as apparent Fig.5(a). However, this can be discerned
and clearly demonstrated by wavelet transform. For
brevity, only the DWT of the a-phase differential
current is shown herein.

In implementing the DWT, the original inrush current
signal has been sampled at 25kHz and passed through
a discrete wavelet transform, with the structure of
Fig.2. The frequency space is divided as indicated in
Fig.3. Thus, 5-detailed signals that contain a
frequency band of 12.5kH ~ 6.25kH at detail 1,
6.25kH ~ 3.125kH at detail 2, 3.125kH ~ 1.562kH at
detail 3, 1.562kH ~ 781Hz at detail 4 and 781Hz -
390 Hz at detail S as well as one approximate signal in
the frequency band 390Hz ~ DC level), are shown in
Figure 5(b)-(g). From these Figures we can clearly see
that there are very useful features in the decomposed
magnetising inrush signals. A certain high frequency
component can be located better in time than a low
frequency component. In contrast, a low frequency
component can be located better in the frequency
domain than the high frequency component; and this
effectively means that all
particular signal are obtained. In this study, we are
interested in those components that are located better
in time, so that, detail | and detail > are taken for the
feature analysis.

of the features for a

From Figure 5(b)-(c), which correspond to detail 1
and detail >, it can be seen that there are eight sharp
spikes during the shown period of the inrush current
transient. From the foregoing analysis, the four sharp
spikes exist at edges of gaps at which the inrush
current suddenly changes from one state to other
different states. Another sharp spikes
produced because the primary windings of the power

four are

transformer are connected as delta, so that the a-phase
differential current is in fact the difference between
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the a-phase magnetising inrush current and c-phase
magnetising inrush current. This gives rise to the non-
smooth points in the current waveforms, which in turn
cause sharp spikes appear in the DWT of the current
waveforms.

=~ 30 a original
(a) £ 20
§v lo Ve i v /
-10
20
30 0.008 0.016 0.024
tlme ===
2~ 01
< d©tail 1
0>)] I
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0.1 <0‘§24
detailm2
> 0.05 . . .
< r, 11 1 j
(C); *0.05 t T H T 1
01
-0.15
0.15 .
< o1 detail 3
<« 0.05 Ii . 1
OF 4 |t i
r 1
detail <
0.008 0016 0 024 0 032
delail 5
(0 I
o 0.006 0.016 0,024 0.032 0.04
time <D)
40 . . 5
30 approximation
il
*
() 0

-10
*20
30

Figure 5: S-successive details and approximation
for inrush current

C. Wavelet Analysis of Internal Fault Current

Fig.s (a) shows fault current, which
corresponds to a, b and c three phase differential
currents through the CT secondary sides, under an a-b
earth fault on the high voltage side of the power
transformer. It is apparent from Fig.c (a) that there is a
high frequency distortion in the current waveforms.
This is as a direct consequence of the effects of the
distributed inductance and capacitance of the

an internal
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transmission line. This can lead to a significant second
in the internal fault|s ], thereby posing
in an accurate discrimination between

harmonic
difficulty
magnetising inrush and internal fault currents by the
conventional protection method.

original

(@)
0 20
0.0
detail 1
detail 2
< 0s
L
(c) 3 -0s
0.000 0.016 0.024 0.032 0 04
1.5
' detail 3
0.5
0.5
1
1.5
detail 4
© o o5
thm« <e)
detail 5
1
(1]
o I,
-2
= O 0.008 0.016 0.024 0.032 0.04
5 40 approximation §
C 20
@ !
0 -20
-40
-00 0.008 0.016 0.024 0.032 0.04

time (=)

Figure 6: 5-successive details and approximation
for A-B two-phase to earth fault on high voltage
side

For brevity, only the DWT of the a-phase differential
current is presented here as shown in Figure ¢ (b)-(g).
From Figure s (b)-(c), which correspond to the detail 1
and detail 2 of the DWT, we can see that there are
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several sharp spikes appearing from the inception time
of the internal fault. However, in marked contrast to
the inrush current case, these sharp spikes rapidly
decay to near zero within one cycle, whereas those
sharp spikes under inrush current case suffer from
little attenuation during the entire inrush transient
period, which can last from perhaps 10 cycle for small
transformers to 1 min for large units [7]. It is apparent
that this difference can be effectively used as one of
the key features to distinguish the internal fault from
the inrush current.

IV. CONCLUSION

The wavelet transform is a powerful method capable
of analysing the internal fault and the inrush current in
power transformers. It offers important advantages
over Fourier transform. Simulated results presented
show that particular wavelet components can be used
as the features to distinguish the internal fault from
the inrush current. It can also be used in the design of
novel protection techniques of power transformer.
Furthermore, this attribute is expected to be able to be
used in fault classification in transforms and this
investigation is underway.
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A Wavelet Transform Based Decision Making Logic Method
for Discrimination between Internal Faults and Inrush Currents
in Power transformers

P L Mao, R K Aggarwal

Department of Electronic and Electrical Engineering,
University of Bath, Bath BA2, 7AY, England

Abstract-This paper describes a decision making
logic method for discrimination between internal
faults and inrush currents in power transformers
using wavelet transform based feature extraction
technique. It is shown that the features extracted
by wavelet transform have a more distinctive
property than those extracted by fast Fourier
transform due to the good time and frequency
localisation characteristics of wavelet transform.
As a result, by quantifying the extracted features,
the decision for distinguishing an internal fault
from inrush current in different power
transformer systems can be accurately made. The
extensive simulation studies have verified that the
proposed method is more reliable and simpler, and

an

is suitable for different power transformer
systems.
Keywords: Power transformer, Fault detection,

Internal fault, Inrush current, Wavelet transform,

Decision logic
1 Introduction

The power transformer protection is of critical

importance in power systems. Any power

transformer protective scheme has to take into
account the effect of magnetising inrush currents.
This is because the magnetising inrush current,
which the of the

transformer, sometimes results in 10 times full load

occurs during energisation
currents and therefore can cause mal-operation of
the relays. Accurately discriminating magnetising
inrush currents from internal faults has long been
recognised as a very challenging problem to power
transformer protection engineers.

There are many existing schemes proposed to
cope with this problem. Among them, the second
harmonic restraint principle based schemes is one
of the methods, which restrains or blocks the relay
operation under the inrush current conditions based
on the level of second harmonic content of the
measured current [1,2,3]. However, it has been
reported that in certain cases, the internal fault
current might contain considerable amount of
second harmonic [4]. On the other hand, it has
that the

content in magnetising inrush currents tends to be

been also reported second harmonic
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relatively small in modem power transformers

because of improvements in the power transformer
[5].

necessary to develop new algorithms or schemes

core material Considering these facts, it is

for accurately and efficiently discriminating
between internal faults and inrush currents.
Recently, several new protective schemes have
been proposed to deal with the foregoing problem
Most of them

have mainly focused on the applications of neural

in power transformer protection.

networks

and fuzzy logic techniques. In one
approach, neural network techniques have been
applied to distinguish internal faults from the

magnetising inrush currents[6,7,8,9,10]. However,
the ANNs in such approach might need re-training
for use in other power transformer systems if the
transformer, for example, is changed in capacity

and voltage ratings as well as iron-core
constructions and winding connections. In the
another approach, multi-criteria aggregation

technique based on fuzzy logic has been employed
[11,12]. However, for such an approach, there are
no recommended criteria for setting the internal
parameters of a relay. Moreover, since fuzzy logic
is still rule-based, the technique is not robust to
cater for many commonly encountered transient
conditions.

This paper introduces a simple decision making
logic scheme based on the wavelet transform for
distinguishing internal faults from inrush currents.
The wavelet transform technique is firstly applied
the differential
through the CTs secondary side into a series of

to decompose current signals

wavelet components, each of which is a time-
domain signal that covers a specific frequency
band. Thus, more distinctive signal features that
respectively represent internal faults and inrush
currents are extracted. As a result, by quantifying
the extracted features, a decision for distinguishing
an internal fault from an inrush current in different
power transformer systems can be accurately made
in the

features. The extensive simulation results presented

in terms of the differences quantified

show that the proposed technique needs very
simple input signals (differential currents), but can

accurately discriminate between an internal fault
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and an inrush current in different power

transformer systems.

2 Wavelet Analysis of Transient Phenomena
in Power Transformer Systems

2.1 Power Transformer Systems

To the of the
proposed scheme, two different power transformer

demonstrate effectiveness

systems, system 1 and are
studied. System 1 is a three-phase and two-
winding 750MVA, 27kV/420kV, Dyll-connected,

five-leg core type power transformer in a double-

namely system 2,

end-fed power system network; System 2 is three-
phase and two-winding 35MVA, lIkV/132kV, YyO-
connected, three-leg core type power transformer
power system. Their
in Figure 2 (a) and (b),

in a single-end-fed
connections are shown
respectively.

The simulations of these two power transformer
systems have been carried out using the well
known EMTP software.

system, the power transformer faults and system

In each simulation of the

parameters are varied, including the fault types,
fault
power

fault positions, inception angles, remnant
The CT

saturation has been taken into consideration. The

fluxes in transformer core.
CT models developed herein are essentially based
[13]. This model
comprises of an equivalent circuit built around an
The

a non-linear

on those outlined in reference

ideal transformer. magnetising branch is

represented as inductor, and is

represented by a A-i hysteresis loop.

27/420kV, 750 MVA, D yll

CB CT CT CB

Differential Current Measuring Unit

(a) System 1

1l/132kV, 35MVA, YyO

CT CT

Differential Current Measuring Unit

(b) System 2
Figure 1: Simulatedpower transformer systems

2.2 Implementation of Wavelet Transform
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In this study, the original differential current
signal has been sampled at 25kHz and passed
through a discrete wavelet transform (DWT), with
the structure of Fig.2, in which x|[n] is the original
signal, h[n] and g[n] are low-pass and high-pass
filters, respectively. At the first stage, an original
signal is divided into two halves of the frequency
bandwidth, and sent to both high-pass filter and
low-pass filter. Then the output of low-pass filter is
further cut in half of the frequency bandwidth, and
sent to the second stage. The same procedure is
performed until the signal is decomposed to a pre-
defined certain level. Finally we obtain a bunch of
signals, which actually represent the same original
signal, but all corresponding to different frequency
bands. Thus, 5-detailed signals that contain a
frequency band of 12.5kH ~ 6.25kH at detail 1,
6.25kH ~ 3.125kH at detail 2, 3.125kH ~ 1.562kH
at detail 3, 1.562kH ~ 781 Hz at detail 4 and 781 Hz
~ 390 Hz at detail 5 as well as one approximate
signal in the frequency band 390Hz ~ DC level),
are obtained.

It should be mentioned that the technique

based the high
phenomenon associated with
transformer transients. It is therefore necessary to

presented is on employing

frequency

use the high sampling rate of 25 kHz. Furthermore,
in practice this high sampling rate should not pose
much difficulty in the hardware implementation of
the technique in view of the fact that modem
digital processors are well equipped to cater for

very high sampling rates in excess 0f200 kHz.

detail 1

x(m)
de«3

»{Nh(20)*. HmJ-Qjh*'
*H g

HgQTO-* —
Figure 2 Implementation of DWT

2.3 Wavelet Transform and Feature Analysis of
Transformer Transient Signals

As mentioned before, the feature analysis and
comparisons between inrush currents and internal
faults using wavelet transform have been studied in
two different power transformer systems.

2.3.1 Inrush currents

Fig.3(a)
current waveforms (i.e., the EMTP output signal),
which correspond to a,
differential

sides in the system 1. As can be seen, the current

shows typical magnetising inrush

b and c¢ three phase

currents through the CT secondary

agproximation 3
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waveforms are distorted quite significantly; gaps
appear over the times of the inrush currents. At the
edges of the gaps, the current magnitude changes
from near zero to a significant value or from a
this
expected by virtue of the fact that sudden changes

significant value to near zero; would be
from one state to other different states produce
little ripples, which very often are not visible from
the fundamental frequency signals as apparent in
Fig.3(a). this
clearly demonstrated by wavelet transform. Since

However, can be discerned and
in this study, we are interested in the component
that is located better in time, thus, the detail
signals of the DWT of the @, b and c three phase
differential currents are considered for the feature

extractions shown in Figure 3(b)-(d).

A0
30 original
20
(a) \ 1o
-10
=20
-30
D
a -phase»at deitail 1
(b) i
b-phase at d Btail 1
i ) §
. s
(c) j
0.008 0.016 0.024 0.032 0.04
tlm . <*)
0.0e c-phase at detail 1
0.04
002
@\ 40
-0.02
-0.04
-0.06
0.008 0.016 0.024

thm * (s)

Figure 3: Magnetising inrush currents in system 1I:
(a) original a,b and c
currents; (b) a-phase DWT at detail I;(c) b-phase
DWT at detail J;(d)c-phase DWT at detail 1

From Figure 3(b)-(d), which correspond to a, b
and c three phase wavelet signals at detail 1, it can
be seen that there are spikes during the shown
period of the inrush current transient in phase a, b
and c respectively. From the foregoing analysis, in
Fig.3(b), the four sharp spikes exist at edges of
gaps at which the inrush current suddenly changes
Another
four sharp spikes are produced because the primary

from one state to other different states.

windings ofthe power transformer are connected in

three phase differential
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delta; for example the a-phase differential current
is in fact the difference between the a-phase

magnetising inrush current and c-phase

magnetising inrush current. This gives rise to the
the
which in turn cause sharp spikes to appear in the

non-smooth points in current waveforms,

DWT ofthe current waveforms.
In Fig.4(a)-(d), the magnetising inrush currents
in system 2 are presented. It has been found that

wavelet signals between system 1 and system :

have analogous features. For brevity, those

analyses have been omitted here.
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Figure 4: Magnetising inrush currents in system 2:
(a) original a,b and c¢ three phase differential
currents; (b) a-phase DWT at detail I;(c) b-phase
DWT at detail I;(d)c-phase DWT at detail 1

2.3.2 Internal Faults

Fig.5(a) shows an internal fault current, which
corresponds to a, b and c three phase differential
currents through the CT secondary sides, under an
a-b to earth fault on the high voltage side of the
power transformer in the system 1. It is apparent
from Fig.5(a) that there
distortion in the current waveforms.

is a high frequency
This is as a
direct consequence of the effects of the distributed
inductance and capacitance of the transmission
line. This can lead to a significant second harmonic
in the internal fault [4], thereby posing difficulty in

an accurate discrimination between magnetising
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fault
conventional protection method.

inrush and internal currents by the

As before, detail 1 is taken as the feature
extraction shown in Figures 5(b)-(d). From Figures
5(b)-(d), we can see that there are several sharp
spikes appearing from the inception time of the
internal fault. The maximum value of the sharp
spike appears at the beginning of the fault. It is
worth pointing out that this phenomenon exists at
least in one of all three phases for whatever the
fault type it is. Here again, the internal fault
currents in system 2 are shown in Fig.c (a)-(d), and
analogous features with the system : can be found.
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time <%)
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(b)
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Figure 5: Internal fault currents in system 1I:
(a)original a,b and c three phase differential
currents; (b) a-phase DWT at detail 1; (c) b-phase
DWT at detail I; (d) c-phase DWT at detail 1
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Figure 6: Internal fault currents in system 2:
(a) original a,b and c three phase differential
currents; (b) a-phase DWT at detail 1;(c)b-phase
DWT at detail 1;(d) c-phase DWT at detail 1

Although not should be
mentioned that a short circuit of a few turns of the

shown here, it
winding will give rise to heavy fault current in the
short circuited loop, but the terminal currents both
on HV and LV sides are quite small; this in turn
results in the differential currents generated being
much smaller compared to those caused by other
types of faults, such as the fault shown in Fig.5 (a).
However, this is of little consequence for the DWT
which, for such low-level faults, gives features
similar to those caused by severe faults.

2.4 Feature Comparisons between Internal
Faults and Inrush Currents

Extensive simulation studies have shown that
the wavelet transforms of magnetising inrush
fault have the

following different features. For internal fault cases

currents and internal currents
shown in Fig.5 and ¢, we can clearly see that there

are several sharp spikes appearing from the
inception time of the internal fault. The maximum
value ofthe sharp spike appears at the beginning of
the fault. However, in marked contrast to the inrush
current cases shown in Fig.3 and 4, these sharp
spikes rapidly decay to near zero within one cycle,
whereas those sharp spikes under inrush current
cases suffer from little attenuation during the entire
which can last from

inrush transient period,

perhaps 10 cycle for small transformers to : min
for large units [3]. It is apparent that this difference
can be used as the key feature to effectively

distinguish internal faults from inrush currents.

3 Wavelet Transform based Decision Making
Logic Method

3.1 Quantification of extracted features
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The decision for discriminating between
internal faults and inrush currents are made based
on the extracted features that are quantified by a
ratio in a certain wavelet component, which is

given by following equations.

1%
Jj a-d Lmax
a-ralio Jj v
a-d Lmax
j 1k
b-ralio J '
b-d 1LLmax
J _ I!{(/l,m ax
*c-ratio ~ v*/
c—~</LLmax

where, Ia dimax, [b.dlmax, Ic-dlmax, respectively,

represent the maximum peak values of a-phase, b-

phase, c-phase wavelet at detail 1 in the first

windO W, Ta-d\,max » Ah-dimax > Ne-dl,max »
respectively, represent the maximum peak values
of a-phase, s -phase, c-phase wavelet at detail 1 in
the k*h subsequent moving windows after the first
window.

Note that Ia.mlio, | h ratio and Ic radiorepresent
the ratios of the maximum peak value between the
the kth

window. The window length in this study is W*

first window and subsequent moving

cycle (10 ms in 50Hz), the step length of moving
window is F*cycle (S5ms in 50Hz).

3.2 Decision Making Logic

The decision for distinguishing between
internal faults and inrush currents is made in terms
of the ratio change in Ia ralio, 1h raio and [c_ratio

in each moving window, which is given as follows:

*f (La-ratio > 6 <>r Ib ratio>£ Or Ic ratio> £)
then
"This is an inrush”

else
“This is an internalfault”
endif
where, e represents the predefined threshold

(e=0.4 in this paper).

Extensive simulation and analysis have
indicated that in inrush current cases, at least one
of K-rctio > h-ratio and Icrau, will be greater than
a predefined threshold £, while in internal fault

causes, all these values will be less than e.

3.3 Relay Architecture
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A simplified flow chart of the decision making
logic is showed in Figure 7; block (1) implements
differential

the calculation of the three-phase

currents and restraint currents; the restraining
currents are only used at the stage of block (1)
and (2) to prevent false tripping due to the CT
mismatch, CT error between LV and HV side
block (2)

signifies that the relay is activated if any one of

and error caused by tap changer;
three phase differential currents is over a setting of
the differential protection; block (3) implements
the wavelet transform to the windowed differential
currents; block (4) carries out the calculation of
equations (1)-(3); finally the decision is made by
block (5) to distinguish internal faults from inrush
with CTs
saturation. If an internal fault is detected, the relay

currents and external fault currents

will issue a tripping signal; otherwise, the relay

will be restrained and go on to the next moving
window signal.

Galculation of Three Phase
Differential and Restraining Giarents

Sanpling Instat

ld1hddcJ> Setting?

Wavelet Trarsfomto Windowed  Signals
lad dbd d cd

Calculate "u-ralio>"h-ratio’ te-ratic.
by Equations (1)-G3)

ratio 1b-ratio or

> Threshold™.

withL,= L:+At

Restrain Relay

Figure 7: Flow chart ofbased decision making logic

4 Response Evaluation

of the
proposed protection scheme, 220 different power

In order to evaluate the accuracy
transformer transient events have been generated in
two different power transformer systems using the
well known EMTP. These cases cover: (a)intemal
faults, including terminal three-phase short-circuit,
terminal two-phase-to-earth fault, terminal phase-
to-phase fault, terminal single-phase-to-earth fault,

Irush Girrent or Extermal Eaidt Intermal Fadt

Tripnine Sioml
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internal winding tum-to-earth and tum-to-turn
faults; (b)various magnetising inrush currents with
different energising angles and different remnant
fluxes in core of the power transformer; such as
the inrush currents are simulated without the
remnant flux in a, b and ¢ three-phase

transformer core and with the remnant flux
under the condition that there are a remnant flux
of 70% rated flux in a-phase core, -35% rated
flux in both b-phase and c-phase core; (c)extemal
faults with extreme CT saturation. The diversity of
transient events both in the system : and system 2

is distributed as shown in Table 1.

Table 1: The distribution of different transient events

No Specification Number of Cases
1 Internal terminal faults 120
2 Internal winding faults 24
3 Inrush currents 72
4 External faults with CT 4
saturation
Total Cases 220

Fig.8(b)-9(b) present typical responses of the
relay to inrush current cases in the system 1 and
system 2 respectively, while Fig.8(a)-9(a) present
corresponding a-phase DWT of inrush currents at
detail 1. For brevity, b-phase and c-phase DWT are
not shown herein. Fig.10(b)-11(b) present typical
responses of the relay to internal faults in the
system 1 and while
Fig.10(a)-11 (a)
DWT of internal fault currents at detail 1. Here

system : respectively,

present corresponding a-phase
again, b-phase and c-phase DWT are not shown.
From these figures we can see that the proposed
scheme can correctly discriminate internal faults

from inrush currents.
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Table 2 presents the results of the relay responses
to all case studies. From this table we can see the
misclassification rate is zero within the given 220

cases.

Table 2: Statistical testing results by decision making

logic
Case Correct Incorrect Correct
number classification classification (%)
220 220 100

As the decision is made from the second moving
window, the time for making decision is at least
tdecision = =2 ¢ *1>where t2 = time instant at the
end ofthe second moving window and tj = the time
instant of the relay activation. Hence, the time for
making decision in the proposed scheme is within

20 msS.

5 Conclusions

A new decision making logic scheme based on the
wavelet transform has been proposed to distinguish
internal faults from magnetising inrush transients.
The case studies have been implemented in two
different power transformer systems. The results
indicate that the proposed scheme can not only
accurately distinguish internal faults from inrush
within studied 220

currents (correct%=100%

cases), but is also suitable for different power

transformer systems. Extensive simulation studies
have verified the suitability and effectiveness of the
proposed method. It can be therefore used as an
attractive and effective protection scheme in power
transformers.
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A Novel Approach to the Classification of the Transient Phenomena
in Power Transformers
Using Combined Wavelet Transform and Neural Network

P L Mao,

R K Aggarwal (FIEE, Sen. MIEEE)

Department of Electronic and Electrical Engineering,
University of Bath, Bath BA2, 7AY, England

Abstract - The wavelet transform is a powerful tool
in the analysis of the power transformer transient
phenomena because of its ability to extract
information from the transient  signals
simultaneously in both the time and frequency
domain. This paper presents a novel technique for
accurate discrimination between an internal fault
and a magnetising inrush current in the power
transformer by combining wavelet transforms with
neural networks. The wavelet transform is firstly
applied to decompose the differential current
signals of the power transformer into a series of
detailed wavelet components. The spectral energies
of the wavelet components are calculated and then
employed to train a neural network to discriminate
an internal fault from the magnetising inrush
current. The simulated results presented clearly
show that the proposed technique can accurately
discriminate between an internal fault and a
magnetising inrush current in power transformer
protection.

Keywords: Power transformer, Fault detection,
Magnetising inrush current, Wavelet transform,
Artificial neural network,

I. INTRODUCTION

Large power transformers are a class of very
expensive and vital components of electric power
systems. Since it is very important to minimise the
frequency and duration of unwanted outages, these
is a high demand imposed on power transformer
protective relays; this includes the requirements of
dependability associated with no mal-operations,
security associated with no false tripping, and
operating speed associated with short fault clearing
time. Protection of large power transformers is a
very challenging problem in power system relaying
[1].

Discrimination between an internal fault and a

magnetising inrush current has long been

recognised as a challenging power transformer
protection problem. Since a magnetising inrush
current generally contains a large second harmonic
component in comparison to an internal fault,
conventional transformer protection

designed during

systems are

to restrain inrush transient

phenomenon by sensing this large second harmonic

232

[2].
may also be generated during internal faults in the
This CT
saturation or the presence of a shunt capacitor or
the long EHV
transmission line to which the transformer may be

However, the second harmonic component

power transformer. may be due to

distributive capacitance in a
connected [3]. In certain cases, the magnitude of
the second harmonic in an internal fault current can
be close to or greater than that present in the
magnetising inrush current. Moreover, the second
harmonic components in the magnetising inrush
currents tend to be relatively small in modem large

power transformers because of improvements in

the power transformer core material [4].
Consequently, the commonly employed
conventional differential protection technique
based on the second harmonic restraint, will thus
have difficulty in distinguishing between an
internal fault and an inrush current thereby
threatening transformer stability. Alternative,

improved protection techniques for accurately and
efficiently discriminating between internal faults
and inrush currents have thus to be found.
Artificial Network (ANN)
techniques have been applied to power transformer
protection distinguish faults
magnetising inrush The
of the method over the
method the non-algorithmic
distributed architecture for information
In [5] [s 1,
network based schemes for protection of a one-

Recently, Neural

internal from

[5-8].

to
currents main
ANN

is

advantage
conventional
parallel
processing. references and neural
phase power transformer have been investigated,
while applications of the neural network for a
three-phase power transformer protection have
been reported in references [7] and [s]. However,
the ANNs in these existing studies are specific to
particular transformer systems, and would have to
be retrained again for other systems. Moreover, the
employed feature extraction techniques are based
on either time or frequency domain signals, and not
both time and frequency features of the signal; this
is very important for accurately distinguishing
between an internal fault and inrush current.

The wavelet transform is a relatively new and
the of the

transformer transient phenomenon because of its

powerful tool in analysis power

ability to extract information from the transient
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signals simultaneously in both the time and
frequency domain, rather than conventional Fourier
Transform which can only give the information in
the the

transforms have been applied to analyse the power

frequency domain. Recently, wavelet
system transients[9], power quality[ 10], as well as
fault problems[ll].
reference [1:2], the wavelet transform for analysing

the transient phenomena in a power transformer

location and detection In

under conditions of faults and magnetising inrush
currents was presented, and simulated results have
shown that it is possible to use certain wavelet
components to discriminate between internal faults
and magnetising inrush currents.

This paper presents a technique to discriminate
between an internal fault and a magnetising inrush
current by combining the wavelet transform with
the The
technique firstly applied decompose
differential current signals of power transformer
of detailed
components, each of which is a time-domain signal
that covers a specific frequency band. Thus, the
time and frequency domain features of the transient
signals are extracted. The spectral energies of the
components then
employed to train a neural network to discriminate
internal faults from magnetising inrush currents.

neural network. wavelet transform

is to

systems into a series wavelet

wavelet are calculated and

The effectiveness and robustness of the technique
is demonstrated by firstly training and testing a
750MVA, 27/420 kV transformer connected to a
power system, and secondly, by testing its
performance for a 35MVA, 11/132 kV transformer
system. The simulated results presented clearly
show that the proposed technique can accurately
fault

in different power

between internal and a

inrush

discriminate an

magnetising current

transform systems.

II. SIMULATION OF
POWER TRANSFORMER TRANSIENTS

An extensive series of simulation studies have

been carried out to obtain various power

signals subsequent
analysis. Two different power transformer systems,

transformer transient for
i.e., system 1 and system :, are considered in this
study. In system 1, a typical 750MVA, 27/420 kV,
D yll power transformer is connected between a 25
kV at the end and a 400kV

transmission line connected to an

source sending
infinite bus
power system at the receiving end. The system 1
and its

configuration three-phase connection

diagrams are shown in Figures 1 (a) and (b),

respectively. In Fig. 1(b), Tad>Ibd >I @re”er 0 a> "

and c three phase differential currents through the

CT secondary sides; n,and n 2are the number of
turns on the low voltage (LV) and high voltage

(HV) sides, respectively. System 2 is the second

233

system considered, comprising of a 35MVA, 11/132
kV, YyO power transformer.

The simulations of these two power transformer
systems have been carried out using the well
known EMTP software. In each
system, the power transformer faults and system

simulation of the

parameters are varied, including the fault types,
fault positions, fault inception angles,
fluxes in power transformer core. The effect of CT

remnant

saturation is also studied.

1
O .

Source

T50MVA, 27/4201V, Dyll

Transformer Bus2 Bus3

CT CT

(a) system configuration

(b)

three-phase connection
Figure 1: Simulated power transformer system
I11.

WAVELET ANALYSIS OF TRANSIENT
PHENOMENA

A. Implementation of Wavelet Transform

There are many types of mother wavelets, such
as Coiflet
wavelets. The choice of mother wavelet plays a

Harr, Daubichies, and Symmlet
significant role in detecting and localising different
types of fault transients. In addition to this, the
choice also depends on a particular application. In
this
detecting and
duration, fast decaying and oscillating type of high

study, we are particularly interested in

analysing low amplitude, short

frequency current signals. One of the most popular

mother wavelets suitable for a wide range of

applications used is Daubichies's wavelet. In this
paper, D4 wavelet is used.

Figure 2 illustrates the implementation
procedure of a Discrete Wavelet Transform

(DWT), in which x[n] is the original signal, h[n]
and g[n] are and high-pass filters,
respectively. At the first stage, an original signal is

divided into of the

low-pass

two halves frequency
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bandwidth, and sent to both high-pass filter and
low-pass filter. Then the output of low-pass filter is
further cut in half of the frequency bandwidth, and
sent to the second stage; this procedure is repeated
until the signal is decomposed to a pre-defined
level. The set of signals thus

the same signal,

corresponding to different frequency bands.

attained
but all

certain
represent original

It is worth pointing out that the frequency band
of each detail of the DWT is directly related to the
sampling rate of the original signal. If the original

signal is being sampled at Fs Hz, the highest
frequency that the signal could contain, from
Nyquist’s theorem, would be F¢2 Hz. This

frequency would be seen at the output of the high
frequency filter, which is the first detail. Thus the
band of frequencies between Ff2 and Fs/4 would
be captured in detail :; similarly, the band of
between Fs/4 and Fsis
captured in detail 2 , and so on.

frequencies would be

detail 1

x(n)

-H s(m)}— approximation 3
Figure 2 Implementation of DWT

B. Wavelet
Current

Transform of Magnetising Inrush

When the power transformer is energised on the
with the
circuited, a transient magnetising
flows in the primary side. This current may reach
instantaneous peaks of ¢-s

primary side secondary side open-

inrush current

times full-load current
because of the extreme saturation of the iron-core
in the power transformer. Figure 3 (a) typifies the
which
correspond to a, b and c three phase differential
currents through the CT secondary sides in the
power transformer system 1. As can be seen, the

magnetising inrush current waveforms,

current waveforms are distorted quite significantly;
gaps appear over the times of the inrush currents.
At the edges of the gaps, the current magnitude
changes from near zero to a significant value or
from a significant value to near zero; this would be
expected by virtue of the fact that sudden changes
from one state to other different states produce
small ripples, which very often are not visible due
to the frequency signals
apparent Fig.3 (a). However, these phenomena can

large fundamental as
be discerned and clearly demonstrated by wavelet
transform. For brevity, only the DWT of the a-
phase differential current is shown herein.
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Figure 3: 5-successive details and approximation for
inrush current

It should point out that in implementing the
DWT, the original inrush current signal has been
sampled at 25kHz and passed through a DWT,
based on the structure shown in Figure 2. Based on
the foregoing, S-detailed signals that contain a
frequency band of 12.5kH ~ 6.25kH at detail 1,
6.25kH ~ 3.125kH at detail 2, 3.125kH - 1.562kH
at detail 3, 1.562kH ~ 781 Hz at detail 4 and 781 Hz
~ 390 Hz at detail 5 as well as one approximate
signal in the frequency band 390Hz ~ DC level),
are shown in Figures 3(b)-(g). From these Figures,
it can be clearly seen that there are very useful
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features in the decomposed magnetising inrush
signals. A certain high frequency component can
be located better in time than a low frequency
component. In contrast, a low frequency
component can be located better in the frequency
domain than the high frequency component; this
effectively means that all the

particular signal are obtained. In this study, since

features for a
we are interested in those components that are
located better in time, details 1-3 are the ones
employed in the analysis and feature extraction.
From Figures 3(b)-(d), which correspond to
details 1-3, it can be seen that there are a number of
sharp spikes during the period of the inrush current
transient. From the foregoing analysis, a number of
these arise at edges of gaps at which the inrush
current suddenly changes from one state to other
different states; others are produced because the
primary windings of the power transformer are
connected as delta, so that the a-phase differentia]
current is in fact the difference between the a-phase
magnetising inrush current and c-phase
magnetising inrush current. This results in the non-
smooth points in the current waveforms, which in
turn cause sharp spikes to appear in the DWT of

the current waveforms.

C. Wavelet Transform oflInternal Fault Current

Fig.4(a) typifies current signals for an internal
fault, and corresponds to a, b and ¢ three phase
differential through the CT
sides, under an a-b earth fault on the high voltage
side of the power transformer. It is apparent from

currents secondary

Fig.4(a) that there is a high frequency distortion in
the waveforms. This is as a direct
consequence of the effects of the distributed
inductance and capacitance of the transmission

current

line. This can lead to a significant second harmonic
in the internal fault[3], thereby posing difficulty in
an accurate discrimination between magnetising
fault by the
conventional protection method.

only the DWT of the a-phase
differential current is presented here as shown in
Figures 4(b)-(g); these correspond to the details 1-3

inrush and internal currents

For brevity,

of the DWT and it can be seen that there are several
sharp spikes appearing immediately following the
fault inception time. However, in marked contrast
to the these sharp spikes
rapidly decay to near zero within one cycle,

inrush current case,
whereas those sharp spikes associated with the
inrush current suffer from little attenuation during
the entire inrush transient period, which can last
from perhaps 10 cycles for small transformers to |
min for large units [13]. It is apparent that this
difference can be effectively used as the Kkey
feature to distinguish the internal fault from the
inrush current.
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Figure 4: 5-successive details and approximation for
a-b two-phase to earth fault on high voltage side

D. Wavelet Transform of External Fault Current
with CT Saturation

A differential current is designed to restraint
under normal load flows and for external faults.
However, external short circuits can in fact result
in very large differential currents, if the CTs
saturate. It is thus crucial to be able to ascertain CT
saturation effects on the measured currents under
external faults. The severity of CT saturation is
accentuated by the presence of remnant flux in the

CT core. Fig.5(a) shows the simulated differential
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current waveforms (through the CT
sides) for an external three-phase short circuit,

which occurs on the Bus 2 (see Fig. 1(a)) under the

secondary

condition that there is an initial remnant flux (65%
rated flux) in the a-phase CT core on the low
voltage side, and a zero remnant flux in a-phase CT
core on the high voltage side. From Fig.5(a), it can
be seen that, as expected, there is a significant
imbalance current appearing in a-phase differential
current.
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Figure 5: 5-successive details and approximation for
external fault under CT saturation condition

From Figs 5(b)-(d), which correspond to the
details 1-3 of the DWT, it can be seen that there are
several sharp spikes that last during the entire
period of the saturation transient, which depends on
the D.C component and the remnant flux of CT
core. However, unlike the case for inrush current,
these bursts comprise of a number of spikes
clustered very close to each other. Here again, It is
the apparent unique features that can be used to
fault and an

distinguish between an internal

external fault under CT saturation.
IV. NEURAL NETWORK ARCHITECTURE

A. Input Selection ofNeural Network

The input data set for the neural network is
organised in the form of a moving data window
with a fixed window length of a half cycle (10 ms
at S0Hz frequency). It is not practical to directly
use the windowed wavelet signals as the input to
ANN, because this will result in a large number of
inputs to ANN, i.e. a large size ANN, thereby
causing difficulty in ANN convergence. The usage
of the signal spectral energy overcomes this
drawback. Essentially, in this approach, spectral
energy of the wavelet signal is calculated within
the time length At; this not only reduces ANN size,
but also retains important features of the wavelet
signals. In this study, the data window is divided
into 3 equal time periods to calculate the spectral
energy, and hence, 9 samples are obtained from
details 1-3 for each phase. Thus, for a, b and c
phase, there are total 27 samples that are fed into
the ANN.

The step length of the moving window is J&
cycle (Sms at 50 Hz frequency). Sliding motion is
to put Vilcycle of the new spectral energies at the
front of the window, and discard J& cycle of the
spectral energies from the end of the previous
window.

B. Neural Network Structure and Training

Neural networks have been developed in a wide
variety of configurations, where each of them has
its individual

characteristics, advantages and

disadvantages. In this study, a
feedforward network has been employed.
With the 27 inputs, the target output of the

ANN was built in such way that the value 1

multi-layer

represents an internal fault; the value -1 represents
a magnetising inrush current or an external fault
current.

One of the
constructing the ANN is the choice of the number
of hidden layers and the number of neurons for

most critical problems in

each layer. Using too few neurons in the hidden
layer may prevent the training process to converge,
while using too many neurons would produce long
training time, and/or result in the ANN to lose its
generalisation attribute. In this study, a number of
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tests were performed varying with the one or two
hidden layers as well as varying the number of
neurons in each hidden layer. Table 1 shows the
architectures tested for this purpose. From the table
it can be seen that the combination of 5 neurons in
the first hidden layer and 4 neurons in the second
hidden layer shows the best performance, and this
is the architecture adopted in this paper.

The the back-
propagation algorithm, and the hyperbolic tangent

neural network employs
activation function with the cumulative delta rule

was used.

V. COMBINED WAVELET TRANSFORM AND
NEURAL NETWORK PROTECTION
TECHNIQUE

The proposed relay logic for distinguishing an
internal fault from a magnetising inrush current by
the
network is shown in Figure ¢ .

combining wavelet transform with neural

CTs of Power Transformer System
.

1

2
Current interface module including
antialiasing filter and A/D converter
I
L, I

Three phase differential currents I“. ALy o

I.dor I'bd or led > Threshold

Yes

Wavelet transform to a windowed 1, | bd, | cd signals

1
Spectral energy calculation of
wavelet signals at details 1-3

I

Neural Network

. yes

Internal fault? » trip signal
T NO

| Inrush current or external fault |

1
T Restrain relayf

Next sfiding
window

Figure s : Relay logic based on wavelet transform and
neural network

In Fig.s , the relay is activated if any one of the
three-phase differential (through the

secondary side of CTs) Iad>Ibd’Icd exceeds the

currents

predefined thresholds. The wavelet transforms are
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applied to the windowed differential currents

Ilad, Im,Id (the method of wavelet transforms is

summarised in section IV). Thus, the a, b and c

three phase wavelet i.e.,

la-detail.I’l a-de,ail.2’la-de,ail .l
phase, Ib-deta,xJ b-detaa.2 ,I b-<u,aa* at details 1-3 for

signals,

»t details 1-3 for a

b phase and Ic-delaax, | c-delau2 >Ic-de,auz at details
1-3 for ¢ phase, are obtained. Then, the spectral
energies of the wavelet signals are calculated by
the following equations:

n
Jd
n

Pb-deiaili = ~  Ib-delailj( * i0=1%23) ?)
=1
n

= «0-1 A3) 0)
*=1

where P~ dll,/>*_*di,i>Pc-de,aiu respectively

represent the spectral energies of wavelet signals in
a, b and c three-phase; i respectively represents
wavelet detail 1, 2 and 3 (i=1,2,3); At= time step
length; n = No. of samples in a window.

The obtained spectral energies of the wavelet
signals are then inputted to the ANN to carry on the
discrimination between an internal fault and inrush
current. If the internal fault is detected, a tripping
signal will be issued, otherwise, the relay will be
restrained.

VI. RESPONSE EVALUATION

A total of 200 cases were simulated using the

EMTP

magnetising inrush currents as well

software under internal faults and
an external
faults for both system 1 and system 2 (150 cases
from the system 1 and another 50 cases from the
system 2). About 80% of the cases were used for
training and the rest 20 % were used for testing.
Broadly, the following electromagnetic transient
events of the power transformer were taken into
consideration in the design/testing of the ANN:

(a) Internal faults including: (i)terminal three-phase
fault; (iii)
terminal two-phase fault; (iv)terminal single-phase
to earth fault; (v)intemal winding tum-to-earth

fault; (vi) internal winding tum-to-tum fault;

(ii)terminal two-phase to earth fault;

(b) various magnetising inrush currents, such as
inrush currents with different energising angles and
different remnant fluxes in core of the power
transformer

(a) external faults with extreme CT saturation.

7 graphically the typical
responses of the protection scheme for an internal

Figure illustrates

single-phase fault and a three-phase-to-earth fault,
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while Figure s shows a typical response of the
technique under magnetising inrush current. Figure
9 shows a typical response of the relay to an
external fault with a-phase CT saturation on LV
side. From these results, it can be seen that 10-15
ms after the occurrence of a fault, the protection
technique developed correctly identifies the nature
of the transient events, i.e. whether it is an internal
fault, in which case it will issue a trip signal or
whether it is an external fault or a inrush current
situation(in which case the protection will restrain).
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/ X /
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-40
80 \ / b v
-80
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Figure 7: Response of relay to internal faults
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Figure s : Response of relay to inrush current
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Figure 9: Response of relay for an external fault with
a-phase CT saturation on LV side

An extensive series of studies involving many
practically encountered different system and fault
conditions have shown that the protection
technique based on a combined WT and ANN is
very effective in accurately discriminating between
internal and external faults (including under CT
saturation); equally importantly, the technique
developed is stable in the presence of the
magnetising inrush current. The performance for
different ANN
Table 1. It is apparent that an ANN with 5 neurons

architectures is summarised in

in the first hidden layer and 4 in the second, when
combined with a DWT, gives the best performance.

Table 1 Summary of neural network performances

ANN Perfor- Correct Incorrect Classifica
Size mances Patterns  Patterns -tion rate
27/20/10/1 diverge - - -
27/9/4/1 Converge 97 3 97%
27/5/4/1 Converge 929 1 99%
27/20/1 diverge - - -
27/9/1 Converge 96 4 96%
27/5/1 Converge 95 5 95%

Note: Classification rate %=100 x (Total pattems-
Incorrect patterns) / Total patterns

VII. CONCLUSIONS

This paper presents a novel technique for
distinguishing between internal faults and inrush
currents in power transformer systems by
combining wavelet transform and neural network
techniques. The proposed technique is robust to
different power transformer systems; this is a
significant advantage and this is largely so by
virtue of the fact that the wavelet transform
technique effectively extracts the very crucial time-
different power

transformer systems, common to all large practical

frequency features from

transformers. The performance shown
demonstrates that the proposed technique gives a
very high accuracy in the classification of the
transients (~ 99%). The proposed technique can be

used as an attractive and effective approach for
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alternative protection schemes for large power
transformers.
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An alternative approach to digital simulation of the transient
phenomena in power transformers utilising EMTP functions

P. L. Mao

R. K. Aggarwal

Department of Electronic and Electrical Engineering,
University of Bath, Bath BA2 7AY

Abstract: An accurate digital simulation of a
power transformer system provides a good
supplementary tool to new relay design and relay
performance evaluation. This paper presents a
technique for accurately modelling a large power
transformer for the purposes of simulating its
transient phenomena under both fault and
magnetising inrush current conditions. The
simulation also includes a model of a current
transformer (CT) used for providing correct
operating currents to a protective relay system; in
the latter case, the effect of CT saturation on the
protective devices is also modelled. The purpose of
the simulation is to develop alternative techniques
for satisfactorily protecting a power transformer
under a whole variety of practically encountered
faults concomitant with their ability to distinguish
internal faults from magnetising inrush currents.
Keywords: Power transformer, fault transient
simulation, magnetising inrush current, transformer
protection, current transducers

1 INTRODUCTION

essential and important
elements of electrical power systems; in particular,
they form a vital link between power generation and
transmission lines and/or between transmission lines
and loads. Thus, the power transformer protection is
of crucial importance. A conventional transformer
protection based on current differential principles
adequate of detecting

winding faults of a power transformer. However,

Power transformers are

offers an means internal
when transformers are energised, a large magnetising
inrush current flows in the transformer windings,
setting up a differential current in the protection
relays. This is not a fault condition, and therefore does
not necessitate the operation of protection, which on
the contrary must remain stable during the inrush

transient phenomenon.

Since a magnetising inrush current generally contains
a large second harmonic component in comparison to
an internal fault, transformer protection systems are
designed to restrain this inrush transient phenomenon
by large [152,3,4].
However, the second harmonic component may also
be generated during internal faults in the power
transformer. These may be due to CT saturation or the

sensing the second harmonic
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presence of a parallel capacitor or the distributed
capacitances in a long EHV transmission line to
[S].
certain cases, the magnitude of the second harmonic
in an internal fault can be close to or greater than that
present in the magnetising inrush current. Moreover,

which the transformer may be connected In

the second harmonic components in the magnetising
inrush currents tend to be relatively small in modem
large power transformers because of improvements in
the power [6 ].
Consequently, the commonly employed conventional
differential protection technique, based on the second
restraint, thus have difficulty
distinguishing between an internal fault and an inrush
current thereby transformer stability.
Alternative, improved protection techniques have thus
to be found. In order to achieve this, it is vitally
important to be able to accurately model a transformer

transformer core material

harmonic will in

threatening

with its associated transient phenomena.

An accurate digital simulation of the power
transformer system provides a good supplementary
tool to new relay design and/or performance

evaluation of existing protection techniques. It can,
not only simulate and analyse the complex fault
transient phenomena of a power transformer system,
but also can be used as a valuable preliminary step for
overall relay system designs and performance testing.
This paper presents a technique for accurately
modelling a power transformer and measurement CTs
the purposes of simulating the
phenomena in a power transformer system under a

for transient
whole variety of practically encountered faults and
system conditions, such as under external faults and
internal winding faults, magnetising inrush currents,
and with/without CT The
waveforms are illustrated with respect to a typical
750MVA, 27/420kV power transformer connected
between a 25kV source and a 400kV transmission line.

saturation. simulated

2 MATHEMATICAL MODELS

Realistic modelling of power transformers under
various conditions in particular transient is never an
easy task. The widely used Electromagnetic Transient
Programs (EMTP) provides several possibilities for
the
transformer. This involves several subprograms such
as XFORMER, TRELEG and BCTRAN. The

XFORMER is based on data relating to resistances,

simulating main characteristics of a power
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inductances and the winding ratio for the simplest
transformers. BCTRAN is based excitation and short-
circuit tests in both positive and zero sequence
networks for the more complex transformers.
TRELEG has been replaced by BCTRAN because of
ill-conditioning problems. However, all these
programs do not have ability to model winding faults.
However, as mentioned before, it is vitally important
to be able to accurately model the fault transient
phenomena in a transformer, for example, for the
purposes of designing a protection technique. It was
against this background that the technique presented
here was developed, and is an extension of that

presented in reference [7].
2.1 Modelling of power transformers

A power transformer model is built up based on the
mutual coupling concept. With this approach, any
multi-winding transformer consisting of n coupling
coils can be electrically modelled in terms of the
terminal voltage V,, and current i',, as well as total flux
linkage A, of the ith coil as follows [8,9]:

_d)
Vi=Rih+ ()

where i=12,3,...,n. Such a transformer can be
represented schematically, and Figure 1 shows an
example of a transformer with six windings. When
magnetic saturation is taken into consideration, A,
becomes a non-linear function of the n-winding

currents, that is:

Thus, for the ith coil, eqn. 1 can be expanded using
the chain rule as follows:

dXedi.
di,, dt

dkj di. dX: di7

, , 3)

di, dt di, dt

The partial derivatives of the flux linkage A, with

respect to a winding current ik (k=1,2,...,n), are the
incremental inductances, L, and M,*, given as:

)

dXj
i*k (©))
du (i*k)
Thus, if the power transformer is a three-phase two-
winding transformer comprising of six windings, then
the mathematical model for such a transformer can be
represented by the following matrix relationship:
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[VI=[R][i] +[L] )
or
7
where
0 0 0 o
0 r2 00 o0
00 000 ©)
720 0 0 . 00
0 00 0 . O
00000+
A n’)E AL3 4 A3 ,4’6
rnZ 3/3 A2 Pﬁ A%
M3 Mn s MA A am 9)
L] =
[ l M4 Mn ™MB A(45 A(%
MI M2 54 x A%
M 6l Mbi AM A L,
A=V, va.viVay 5, v j (10)
[|= fii.i2.h,i4,i5, i j (ID
\dnjdi, d+ dix d+ diL’ (12)

[dt] [dt dt dt dt dt 4y

and Vi- V6 are the terminal voltages of the primary
and secondary windings respectively; i/ - /8§ are the
currents of the primary and secondary windings
respectively; /?/- R6 are the resistances of the primary
and secondary windings respectively; Lt - are the
of the primary and secondary
windings respectively; My are the mutual indutances

self inductances

between windings i and j respectively (i=[,2,...,6;
j=1L,2,...,6; i*j). The foregoing transformer model is
than embedded into the basic transmission network
model using the EMTP software.

2.2 Modelling of internal winding faults

The principle used to model a fault between a coil
turn and earth or between turn and turn hinges upon
dividing the faulted coil, as shown in Figure 2. When
the power transformer winding has no fault, matrix
[/?] and [L] for a three-phase two-winding transformer
and eqn.9. When a
tum-to-earth fault occurs as shown in Figure 2, the

are of order ¢ as given in eqn.s.

transformer can be described by two 7x7 matrices,
[RW and [L]7x» respectively. These are described by:
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Rt 0 0 0 0 o o

o Ry 0 0 0 o 0

0 o o 0 0 0
[RJhi- © o o r3 0 0 o as

0 0 0 0 Rt o o

00 o o o /72 o

00 o 0 0o 0o /%

Iy AL AL MB MU Ml AR,

Mx  Ix Mmx W3 Mx, Mxi Aflx

My, My o Myi mys mys My (14)
JLMM= M3 Ms M3 Ms My

M, Ms Mt ma43 A5 M

Mg ms Ms ms Ms oz A

M, My My af, Mmy. Af,

The position of the fault point is expressed by nx and
nYwhere:
nx = number of turns of “sub-coil” x

nY = number of turns of “sub-coil” y

and the additional elements in the matrix [/fW in
eqn. 13 are defined by:
R X as)

where R2is given by the original s x¢ matrix [/?] given
in eqn. s. The additional elements in the matrix [L]/x
in eqn. 14 are given by:

7 - Ll (16)
(i/K2)+ (yi-(TXY/K)+i
17)
K2+2kJi-<jxy +1
HyV--I LiJl~a xr - (18)
K+1/K +Z2J1-0xr
Mn - (K/(K +1)M2i 19)
Myi=(1/[1 +K))MV (20)
@)

nY

where K is the voltage ratio between sub-coils x and
y; (Jxy is a leakage factor. A very simple method is
proposed to evaluate the leakage factor [9] (herein,
Oxy = 0.016); L2 and M2 are given by the original 6x6
matrices given by eqn. 9. For a tum-to-tum fault (as
figure ), the of the
aforementioned [/?] and [L] matrices are increased to

shown in dimensions
8x8. A mathematical method representing such a fault

can be similarly described.
2.3 Modelling of inrush currents

When a power transformer is energised on the
primary side with the secondary open-circuited, a

transient magnetising inrush current may flow in the
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and this
times the full-load current

primary side of the power transformer,
current may
because of the extreme saturation of the transformer
iron-core. It is thus apparent that modelling inrush

current must take into account the core saturation.

reach 1o

It should be noticed, in eqn.4 and eqn.5, that since A,
is a non-linear function of the n-winding currents, it is
related to the non-linearity of the power transformer
core, which in turn is dictated by the non-linear
magnetising curve of the core. This problem of

simulating non-linearity is overcome here by adding
equivalently a non-linear element (<> —/ curve) to

the liner matrix [L] shown in eqn.9.
2.4 CT modelling

A CT the
protective devices and the practical power transformer

is interface component between the
system, and is used for providing the correct operating
current to the protective relay system. Accurate
modelling and simulating the transient behaviour of
the CT, particularly its saturation characteristics, is
vitally important for CT models
developed herein are essentially based on those
outlined in reference [10,11]. This model comprises
equivalent circuit built ideal
transformer as shown in Figure 3. The magnetising

relay studies.

of an around an
branch is represented as a non-linear inductor, and it
is represented by a A-i hysteresis loop.

3 THE SIMULATED SYSTEM STUDIED

The power transformer transient phenomenon is
simulated in a system comprising a typical 750MVA
27/420kV, power transformer connected between a

25kV sending end and a 400kV
transmission line connected to an infinite bus power

source at the

system at the receiving end. Generally, there are
typically four types of connections (star-delta, delta-
star, star-star, and delta-delta) used for a three-phase
transformer. The most common
connection for stepping up the generator voltage for
transmission purposes is the delta-star, with the high
voltage neutral (star secondary) solidly grounded, and

two-winding

this is one chosen for the simulated power transformer
system herein, as shown in Figure 4. In order to fully
investigate the effects of fault transients and inrush
currents, on say, the differential current (which is the
main variable of the commonly employed Current
Differential Protection in transformer protection), the
internal fault and inrush are
simulated using the foregoing power transformer and
CT models based on EMTP functions.

various currents

Unlike a three-phase generator, where the input and
output currents are in phase as well as equal in
magnitude under normal steady state operation, in a
transformer, these currents are different. Figure 5
shows the connections of power transformer windings

and CT, the latter being connected not only to
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transduce the primary but also
compensate phase shift between

currents.

system currents,
input and output

4 CASE STUDIES AND SIMULATION
RESULTS

In order to fully demonstrate the effectiveness of the
power transformer and CT models developed herein, a
number of power transformer fault transient and
magnetising waveforms
simulated, these are described in this section.

inrush  current were

4.1 Typical internal fault waveforms

Figures 6-9 respectively depict the transient response
results of the power transformer system for some
typical internal faults. Hereafter, the nomenclature of
subscripts is such that ap, bp, cp refer to a, b and ¢
three phases on primary side of the power transformer
(low voltage side), as, bs, cs refer to a, b and ¢ three
phases on secondary side of the power transformer
(high voltage side), ad, bd, cd refer to a, b and c three
phases differential signals through the CT secondary
sides.

First of all considering an a-b earth fault on the high
voltage side of the transformer, it is apparent from
Figs ¢ (a) and 6 (b) that there is more high frequency
(HF) distortion in the current waveforms on the high
voltage (HV) side compared to that experienced on
the low voltage (LV) side. This would be somewhat
expected by virtue of the fact that the magnitudes of
currents are significantly higher on the LV side and
predominantly power frequency which swamps over
any high frequency distortion. Moreover, the HV side
is directly connected to the transmission line and the
travelling wave effect generated on the transmission
line also has some bearing on the distortion observed
on the HV side.

Fault transient phenomenon similar to the foregoing
(particularly
observed for a b-phase earth fault on the LV side of
the transformer (Fig.7). Here of course, a and ¢ phase
currents on the LV are very small compared to faulted
b-phase and this is also the case when observing the
differential currents through the CT secondary.

in terms of waveform distortion) is

A c-phase 5% tum-to-tum fault at mid-point of
winding on the HV side of the transformer is shown in
Fig.s. A short circuit of a few turns of the winding
will give rise to heavy fault current in the short-
circuited loop, but the terminal currents both on the
HV and LV sides are quite small. It is evident from
Fig.s (a)-(c) that the currents on either the HV side or
LV side during the period of the tum-to-tum fault are
only slightly different from the normal load current
and as a direct consequence of this, the differential
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currents generated are much smaller compared to
those caused by other types of fault.

Fig. 9 shows the transformer currents for an a-phase
earth fault at the mid-point of the winding on the LV
side. The fault current magnitude for such a delta-
connected winding may be no more than the rated
current, or even less [12], and here again the terminal
currents are little different from the normal load
From Fig.9, that the
differential currents are again very small.

currents. it can be seen

It is thus apparent from the foregoing that there is a
wide variation both in the magnitude and distortion in
the fault current waveforms, depending upon the type
of fault and Importantly, any new
protection technique must be capable of dealing with
this wide diversity of fault data.

its location.

4.2 Simulation results for internal faults with CT
saturation effects included

It is well known CT saturation can cause a severe
distortion in CT secondary currents thereby rendering
them to totally different from the CT primary
waveforms. This in turn can lead to a large second
harmonic to be generated during internal faults; this
can result in the conventional differential protection,
based on the second harmonic restraint, to block the
operation of the protection under certain internal
faults. It is thus vitally important to be able to
simulate CT saturation under internal faults; this has
been accomplished herein by (i) variation in the fault
inception angles, (ii) through different levels of CT
remnant flux.

Since the D.C. component in the fault current is the
dominant factor in causing CT saturation and it is
influenced by the fault inception angle (a), two
typical case studies involving the three-phase short
circuit on the HV side of the power transformer at
voltage Va(a=0°) and Vaa=90°), respectively are
presented, and the results are depicted in Fig. 10. From
Fig. 10 (a), corresponding to voltage Va (a=0°), it can
be seen that for a fault inception angle near voltage
zero, the D.C. component is large in the initial period
following a fault, and as a consequence, the CT
saturates, resulting in a marked difference between
the CT primary current (referred to secondary) and
the CT secondary current. In sharp contrast, when a
fault occurs at maximum voltage point of the a-phase
voltage, there is no D.C. offset, and therefore as
expected, the a-phase current is faithfully reproduced,
as evident from Fig. 10 (b).

In practice, there are many conditions (such as line
auto-reclosure after a transient fault clearance) that
may leave a remnant flux in the core of the CT; this
can have a significant bearing on the CT secondary
current. Comparing Fig.10 (a) and Fig. 10 (c), which
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are for the same fault inception angle, except that
there is a higher remnant flux in the case shown in
Fig.10(c), it is apparent that the remnant flux level has
a significant influence on the CT secondary current in
that there is in the CT
secondary as evident from comparing Fig.10 (¢) and
Fig. 10 (a).

more severe distortion

4.3 Simulation results associated with magnetising
inrush currents

When a power transformer is energised on the
primary side with the secondary open-circuited, the
current drawn by the primary is the magnetising
current, which, in steady state, is about 5% (or even
less) of the full-load current. This current, however, in
the first a few cycles (called inrush current) can be
very large, hence called as magnetising inrush current.
Herein, the magnetising inrush currents of the power
transformer are simulated in detail under (i) different
of the power
transformer; (ii) different point-on-wave energisation.

remnant fluxes in the iron-core

It is well established that the best operating efficiency
of a transformer under normal conditions is achieved
when the working flux is close to flux saturation
value. This effectively means that when a transformer
is energised near voltage zero, it will result in a
doubling of the flux in the a direct
consequence of this is that the transformer becomes
severely saturated and finally generates a large inrush
These for a
transformer with no remnant flux are shown as 1~ , Ihm
and Inc in Fig.ll(a). From Fig.ll(a), it can be seen
that the inrush currents decay slowly by virtue of the
fact that the transformer is near the generator, and the
resistance of the generator-transformer loop is
therefore very small.

iron-core;

current. inrush current waveforms

If a transformer has
energisation previously, there is a high probability
that upon de-energisation, some flux would have been
left in the iron; this can be positive or negative, which
may either add to or subtract from the total flux upon
re-energisation, thereby increasing or decreasing the
inrush current. To demonstrate this scenario, it has

undergone the process of

been assumed that there is a remnant flux of +72.9Wb
(70% rated flux) in a-phase core, -36.5Wb (-35%
rated flux) in both b-phase and c-phase, respectively.
The magnetising inrush currents with respect to these
initial remnant flux conditions are depicted in Fig.
11(b). As can be seen, the presence of the remnant
flux significantly increases the magnitude of the
magnetising inrush current. This is evident from a
11(a) and (b).
Corresponding to the same initial remnant flux
conditions as in Fig.11 (b), Fig.11 (c) shows the
variations of the three phase core fluxes (Fa Fb and
Fec). Fig. 11 (d) importantly shows that the magnetising

comparison  between  Figs.
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inrush current gives rise to significant differential
currents Iad IM and Icd. This is not a fault condition
and any new protection technique must be able to
discern this clearly from a genuine internal fault
condition.

However, a transformer may not always be energised
near voltage zero, which causes the maximum inrush
currents. If a transformer is energised near voltage
maximum, there will be negligible or no transient
inrush current flowing. To demonstrate the effect of
the different energising conditions on the
currents, Fig. 12 illustrates the changes in the a-phase
differential current Iad (1 = Iam- Icm) corresponding to
<t=(°, 120°, 240°, 270°, 360°,

inrush

energisation angles
respectively.

4.4 Simulation results for external faults with CT
effects included

A differential current is designed to restraint under
normal load flows and for external faults. However,
external short circuits can in fact result in very large
differential currents, if the CTs saturate. It is thus
crucial to be able to ascertain CT saturation effects on
the measured currents under external faults. Figure 13
shows the simulated waveforms for an external three-
phase short circuit, which occurs on the Bus 2 (see
Fig.4) under the condition that there is an initial
remnant flux (50% rated flux) in CT cores on the LV
side, and a zero remnant flux in CT cores on the HV
side. From Fig13(a) it can be seen that, as expected,
there is some distortion in the a-phase CT secondary
current on the LV side. The CT secondary current
waveforms on the HV side are, on the other hand,
distortion free as shown by Fig. 13 (b). This imbalance
(due to distortion on the LV side) manifests itself into
significantly differential
(particularly in increasing its magnitude) as evident
from Fig. 13 (c¢) and this can lead to relay instability
in the conventional current differential protection.

distorting the current

Generally, the degree of the CT saturation is
dependent on the DC components in the primary
current and the CT parameters. Fig. 14 therefore
shows the effects on the a-phase differential current
with different levels of CT initial remnant flux for an
external three-phase short circuit occurring on Bus2.
From Fig 14 it is apparent that as CT initial remnant
flux progressively increases from 0% to 35%, 50%,
60% rated flux respectively, the magnitude of the
differential current also gradually increases and under
certain conditions can exceed the setting of the
differential current protection thereby resulting in
mal-operation of the power transformer protection.

5. CONCLUSIONS

An accurate digital simulation of the power
transformer system provides a good supplementary

tool for the protective relay performance evaluation or
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new relay design. In this paper, a modelling technique
and methodology for the
transient behaviour of a two-
winding power transformer and the associated CTs
has been presented. The transient behaviour of a
power transformer under magnetising inrush currents
and commonly encountered internal faults (including
some external fault) and various system conditions
CT
saturation and its effects on the measured fault current
waveforms (including under a variety of system
conditions) have also been studied in detail. The
results clearly indicate that there is a wide variation in
the nature of the current waveforms measured both

accurately simulating

large three-phase

have been simulated and examined in detail.

under internal faults and magnetising inrush current
phenomenon. The problems is accentuated by the
onset of saturation in measurement CTs and this
diversity can have a detrimental effect on
conventional transformer protection, particular of the
commonly employed current differential protection. It
is now hoped that this technique of accurately
modelling the transient phenomenon in transformers
has laid the basis for developing new improved
protection systems for power transformers, capable of
satisfactorily dealing with the aforementioned

problems.
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Figure 1 a schematic representation of a six-
winding transformer

Figure 2 Internal winding fault modelling in a
power transformer (Dturn-to-turn fault @turn-to-
earth fault

Figure 3 EMTP-based CT Models Rp- primary
winding resistance; Lp- primary winding leakage
inductance; Rs- secondary winding resistance; Ls-
secondary winding leakage inductance; Tr- ideal
transformer)
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Figure 4 System configuration simulated for case
studies

Figure 5 Connections for delta-star (Dy 11) power
transformer and corresponding CTs connections
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Figure s a-b two phase to earth terminal fault on
high voltage side: (a)currents on LV side;(b)
currents on HV side; (c¢) differential currents
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Figure 7 b-phase to earth terminal fault on low
voltage side: (a) currents on LV side; (b) currents
on HV side; (c) differential currents

20.000

(a)
-20.000
-30.000
(b)
(©)
sy
Figure s c-phase 5% turn-to-turn fault at mid-

point of winding on HV side: (a) currents on LV
side; (b) currents on HV side; (c) differential

currents
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Figure 9 a-phase turn-to-earth fault at mid-point
of winding on LV side: (a) currents on LV side; (b)
currents on HV side; (c) differential currents
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Figure 10 Simulation of internal faults with CT
saturation ®CT primary current (referred to
secondary) ® CT secondary current: (a) currents
for fault inception angle a=0°; (b) currents for
fault inception angle a=90°;(c) currents under 20%
more remnant flux than case (a)
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Figure 11 Simulation of magnetising inrush

currents: (a) inrush currents with no remnant flux;
(b)

fluxes; (d) differential currents

inrush currents with remnant flux; (¢) winding
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Figure 12 Magnetising inrush currents under
different energisation angle 0: (1) <=0°%Q2)
<9>=1200;(3) 0=240°; (4) 0=270°; (5) 0=360°
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Figure 13 Simulation of an external fault with CT
saturation: (a) CTs secondary currents on LV side;
(b) CTs secondary currents on HV side;
(c)differential currents
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Figure 14 Differential currents of various CTs
remnant flux in CT on an external fault: (1) 0%
rated flux of remnant flux; (2) 35% rated flux of
remnant flux; (3) 50% rated flux of remnant flux;
(4) 60% rated flux of remnant flux



