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Abstract: The power transformer protection plays vital role in
power systems. Any power transformer protective scheme has to
take into account the effect of magnetising inrush currents. Since
during the energization of the transformer, sometimes results in
10 times full load currents and can cause maloperation of the
relays. The ratio of the second harmonic to the fundamental
harmonic of the inrush current is greater than that of the fault
current. To avoid this we go for conventional protection scheme
by sensing the large second harmonic. The second harmonic in
these situations might be greater than the second harmonic in
inrush currents. The differential power method has the
disadvantage that the need to use voltage transforms and
increased protection algorithm calculation cost. Neural networks
have the disadvantage that it requires a large of learning patterns
produced by simulation of various cases. This paper describes the
discrimination between internal faults and inrush currents in
power transformers using the wavelet transform based feature
extraction technique. It is shown that the features extracted by the
wavelet transform have a more distinctive property than those
extracted by the fast Fourier transform due to the good time and
frequency localization characteristics of the wavelet transform.
The performance of this is demonstrated by simulation of different
faults and switching conditions on a power transformer using
MATLAB software.
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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 occurs during
the energisation of the transformer, sometimes results in 10 times
full load 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 challeng-
ing problem to power transformer protection engineers.

There are many existing schemes proposed to cope with
this problem. Among them, the second harmonic restraint princi-
ple based scheme 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.
However, it has been reported that in certain cases, the internal
fault current might contain considerable amount of second har-
monic. On the other hand, it has also been reported that the sec-
ond harmonic content in magnetising inrush currents tends to be
relatively small in modern power transformers because of im-
provements in the power transformer core material. Considering
these facts, it is necessary to develop new algorithms or schemes
for accurately and efficiently discriminating between internal
faults and inrush currents.

Recently, several new protective schemes have been pro-
posed to deal with the foregoing problem in power transformer
protection. Most of them have mainly focused on the applications
of neura networks and fuzzy logic techniques. In one approach,
neural network techniques have been applied to distinguish inter-
nal faults from the magnetising inrush currents. However, the
ANNSs in such an approach might need retraining for use in other
power transformer systems if the transformer, for example, is
changed in capacity and voltage ratings as well as iron-core con-
structions and winding connections. In another approach, multi
criteria aggregation technique based on fuzzy logic has been em-
ployed. However, for such an approach, there are no recom-
mended 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.

In this paper, the wavelet transform technique is first ap-
plied to decompose the differential current signals through the
CTs secondary side into a series of wavelet components, each of
which is a time-domain signal that covers a specific frequency
band. The extensive simulation results presented show that the
proposed technique needs very simple input signals (differential
currents), but can accurately discriminate between an internal
fault and inrush current in different power transformer systems.
The basics of the project start with the basic concepts of the
transformer .It also give the Inrush current concepts and the rela-
tions between the magnetic flux and the inrush current. The
Power system disturbances are briefly discussed along with their
mitigation techniques. The transformer modelling gives the basic
equations of a transformer. The wavelet transforms are used to
decompose the given input current signals. The circuit description
chapter it gives the full details about the circuits regarding the
simulation. In this different types of internal faults are smulated
like T-G fault, T-T fault, Faults with Inrush Currents.

Objective of the Paper

To discriminate the Inrush current and interna faults
like, Turn-to-Ground Faults and Turn-to-Turn Faults
and Faults with Inrush Currents using wavelet algo-
rithm.

The performance is done by simulation of different
faults and switching conditions of power transformer.
Has good time and frequency localization characteristics
due to wavel et transform.

To compare the results with different wavelets.

2 TRANSFORMER PROTECTION

Power transformer plays vital role in a power system.Requires
highly reliable protective devices.Rating used in transmission and
distribution systems range from few KVA to severa hundred
MVA.For large transformers, differential protection is recom-



mended. Before the transient inrush current can be analyzed, the
previous de-energisation must be looked at. During this process
the residual flux will attend a certain value that is important for
the next energisation of the power transformer.
Types of Faultsin Power Transformers:

»  Through Fault.

4 Internal Faults.
» Internal faults are of three types:
a) Winding Fault.

b) Terminal Fault.
¢) Incipient Fault
Distribution of faultsin various elements of a power system:

ELEMENT % OF TOTAL FAULTS
Overhead lines 50

Underground cables 9

Transformers 10

Generators 7

Switchgears 12

Ct’s, Pt’s, Relays 12

Control equipment, etc.

2.1 Residual flux

Looking at a single-phase transformer and neglecting leakage and
other magnetic air fluxes as well as the coil resistance, the mag-
netic core flux ® core is related to the coil voltage u coil by
Equation (1).

When de-energizing the transformer out of no-load steady
state, the current will be Interrupted at time toen and the
residual flux ®reis calculatedusing Equation (1):

Because the magnetising current of transformers is often
smaller than the chopping current of the circuit breaker, the
current will be interrupted prior to its natural zero crossing and
the openingtime T, Of Equation (2) can take any value. As a
consequence of this, the residual flux can reach any value
between -1 p.u. and1 p.u. Because no magnetizing curve is able
to exceed the maxi-mum magnetizing characteristic given by
the properties of thecore material, the residual flux margin
will shrink to the rangebetween the two points of the maxima
residual flux +® Res, max (Figure 1). In real substations the
maximal accessible residual flux is further reduced to a value of
approximately 0.9p.u.due to transients during de-energisation
(micro hysteresis loop) as canbe seenin Figure 1.
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Fig.1 Maximum magnetizing characteristics and range of acces-
sible residual flux

2.2 Formation of inrush current

If a transformer is energized at a random instant, it is possible
that no transient inrush current will occur; but mostly transient
inrush currents will arise. This happens because transient inrush
currents depend not only on the instant of energisation, but also
on theresidual flux of the previous de-energisation.

Using equations (1) and (3), the magnetic flux during the first
period of energisation can be calculated analytically neglecting
damping effects (core losses, winding resistance):
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Fig 2 Magnetic flux ® and inrush current | (Pres = 0.1 p.U & Tgose
=3ms)
2.3 Controlled switching taking into account the residual flux
— Single phase strategy

As mentioned above, controlled switching taking into
account the residual flux can be used for many different trans-
former configurations. There is not a single “multi purpose”
strategy; there exist many strategies for different transformer con-
figurations, measurement systems and circuit breaker configura-
tions. Except for the simultaneous closing strategy, the method
for the first phase to be energized is always the same and will be
shortly discussed in this section.No transient inrush current will
appear if the optimal moment of energisation is met. Assuming
steady state and a virtually closed circuit breaker, the virtual
magnetic core flux corresponds to the integral of the source volt-
age virtually applied to the transformer. This virtual magnetic
flux is called prospective flux (P o). At the optimal instant of
energisation tyy, the prospective flux has to be equal to the resid-
ual flux (see Figure 3) and Equation (5) can be rewritten as;

‘I’eﬁd(!apr} =P, ,cos(awyd)+ Py, =0

Trme s (3)The
optimal instant of energisation without considering pre-strikeof
real circuit breakers can be calculated as follows:
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Fig 3 Optimal closing timesfor single phase strategy



Major Sources For Harmonics:
» Themajor sourcesfor Harmonicsin Inrush Currents
» Non-Linearity of Transformer core.
»  Saturation of CT.
»  Coreresidua magnetization.
»  Switching instant.

3 CIRCUIT DESCRIPTIONS

In my paper, discrimination between inrush currents and different
fault conditions are taken.
3.1SingleLine Diagram

The single line diagram of a three phase power
transformer is as shown in fig given below. It consists of circuit
breakers, current transformers, and a Y-Y connected three phase
power transformer.

TIAI32KV, 35MVA, Yy

Fig 4 single line diagram
3.2 Inrush Current Analysis
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Fig 5 simulation model for magnetising inrush current

Block Parameters:
Three phase voltage sour ce

Phase —to- phase RM S voltage D 11KV
Frequency : 50Hz
Phase angle of Phase A : 0°

Three phase transformer block parameters
Three phase power : 35 MVA
Nominal Power :11.6 MVA
Frequency :50 Hz
Primary winding details

Connection 'Y-Y
Phase —to- phase RM S voltage 111KV

Winding Nominal Voltage :6.35 KV
Resistance (in p.u) (RD :0.000015
Inductance (in p.u) (L1) :0.0006
Secondary winding details

Connection Y=Y
Phase —to- phase RM S voltage 1132 KV
Winding Nominal Voltage : 76.21 KV
Resistance (in p.u) (R2) : 0.000015
Inductance (in p.u) (L2 : 0.0006

Magnetizing resistance (Rm) (p.u) : 500
With the saturable core saturation characteristics (in p.u) are

il phil 2 phi2 i3 phi3 4 phi4d
0 0 0.025 0.177 0.05301.204513.8 1.4539
Initial fluxes: (phiOA phiOB phiOC)

0 0 0
3-@ Circuit Breaker parameters

Breaker resistance (Ron) :0.001Q
Initial state ('0' open, '1' close) :0

Snubber resistance (Rs) 1 MQ
Snubber Capacitance (Cs) s inf
Switching timings . user defined

Sampletime of internal timer (Ts) : 0sec
Multiplexer parameters
Number of inputs
Circuit Description

. user defined

The three phase voltage source is connected to
the input of the one side of the 3-® CB and the other side is con-
nected to the current measurement block, from which we can
mesasure the Inrush or fault current in the phase. The individual
circuit breaker output is connected to the primary of the 3®
power transformer of concern phase. Here multi winding trans-
former is taken in which divided into three phases of a, b, c. And
the transformer has 20 turns in which each of the individual pri-
mary and secondary sides of the power transformer for the re-
spective three phases. From these turns winding nominal voltages
gets calculated in the transformer. The secondary of the trans-
former isterminated (open circuited).

3.3 Circuit Operation for Inrush current

The three phase circuit breaker is initially opened by
opening the switching of phases a, b and ¢ at the instants so that
Inrush current flows through the transformer. Initially take the
three phase voltage source with ph to ph RMS voltage of 11 KV.
Now circuit breaker is placed to that voltage source to identify
the transition time or inrush currents. Now one part of the circuit
breaker is connected to current measurement through which we
can identify the inrush currents and the other side is connected is
connected to the three phase power transformer which isin Y-Y
connection.The power transformer is taken in three phases in
which individual inrush currents will occur. This has the turns of
20 on each side. From that calculate winding nominal voltages
for primary and secondary. Here take inductance as 4% of the
resistance. For getting inrush currents secondary of the trans-
former should be terminated. Then by keeping configuration pa-
rameters, switching or transition times correctly using the data we
get the inrush currents for three phases which used to get high
currents initially and decay up to the transition time occurs. Here
the maximum step size in the con figuration parameters is taken
as 1/16000 since we take 32 samples in which n=5 hence for
50Hz frequency we take 16000 stepsin size.



To observe in the wavelets, firstly save the current
phase in workspace in which is opened on the window of the
MATLAB. The energy source is now connected to the power
transformer through CB's. From the current measurement, cur-
rents through all the three phases are tapped to MATLAB work-
space. The data in the workspace is decomposed to Detail coeffi-
cients and Approximation coefficients using the wavel et tool box
(>>help wave menu). The decomposition is done by applying
wavelets of mother wavelet Daubichies wavelet with DB 4 at
level 5. The approximation and detail levels are seen in the wave
menu and the detailed level inrush is seen at d1 in which initially
a small spike occurs and next large spike occurred. The circuit
breakers are opened at the switching time of 4/50 and proceeds
up to 20/50 in which the switching times are taken the frequency
of cycles taken as 25/50 so that, that much frequency of samples
occur in the simulation. The same procedure is repeated for the
next phases. And we can aso check at different phase angles, at
different switching times and can also check at different wavelets
if we want. To get the coefficients in a correct way we go for
wavelet statistics where we get the coefficients. Here detailed
level d1 is taken and check the coefficient levels. There we get
the cumulative histograms approximate coefficient of level 1 and
the mean, mode and standard deviation values in an exact
way.The same procedure is applied for b and ¢ phases.

3.4 Fault current Analysis
3.4.1Turn to ground Faults
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Fig.6 simulation model for Turn to ground fault
3.4.2 Circuit Description for Turn to ground Faults

The three phase circuit breaker gets closed with high transition
time of [30/50 300/50] at the instant rather they are opened so
that the breaker gets closed with high transition times when the
respective voltage waveforms are taking their maximum value in
order to minimize the inrush effect. Initially the circuit breaker in
the main figure gets opened with high transition timings of [1/50
300/50] so that the circuit breaker gets closed position and it gets
terminated automatically inside the circuit.

The CB's are closed at their first switching timings as
given below. Now circuit breakers are connected to the individual
transformers for the respective phases in turn to ground connec-
tion. This will be taken on the secondary side of the transformer
at the below side i.e. for the phases. The breaker has the switch-
ing time of [2/50 50/50]. Here after two cycles the circuit breaker
gets opened and gives the fault current with raising current values
and trips up to the five cycles since we have given the frequency
of 5/50. So the waveform of fault current takes place for five cy-
cles in which the fault current starts after two cycles. Here the
step size is taken as 1/250000 steps since we have the sampling
frequency of 25 KHZ.

From the current measurement, currents through all
the three phases are tapped to MATLAB work space. The datain
the workspace is decomposed to Detail coefficients and Ap-
proximation coefficients using the wavelet tool box (>>help
wavemenu). The decomposition is done by using four different
mother wavelets viz Daubichies wavelet (db 2), Haar wavelet
(haar), Symlet wavelet. And here the decomposition has checked
for DB 4 at level 5. The coefficients and the statistics for the co-
efficients of the approximation levels are also taken so that the
peak and standard values of the coefficients will occur and can
also check using the wavelet program which is used to be in the
given below. The same procedureis applied for b and ¢ phases.
3.4.3 Circuit Description for Turn to Turn Faults

Here the procedure is same as the turn to ground fault but
there is a dight change in the connection of the circuit breaker in
the individual transformer. In the turn to ground the breaker is
kept at the below level of the one turn of the transformer. By
connecting the one side of the breaker to the individua trans-
former turn at different switching times and the other side of the
breaker to the other turn of the transformer we get turn to turn
fault at the switching angle of [4/50 50/50]. The cycles per sec-
ond is taken as 8/50. Hence it takes 8 cycles for each phase. Then
the wavel ets procedure is the same as the above fault.

3.4.4 Circuit Description for faultswith inrush currents

This is the combination of fault currents and inrush cur-
rents. And here turn to ground fault is taken at phase of the trans-
former and no faults are taken at other phases for occurrence of
inrush currents. Initially the circuit breaker gets opened at the
main circuit of the bresker. The bresker should be closed in the
transformer where the fault is taken. Here we take different
switching times at different phase angles in the individual phases
of the transformer. The cycles/second is taken as 25/50. Hence 25
samples can be seen in the simulation. The phase angles taken are
90, 60, and 45 for phases a, b, c.So that we get that fault with
inrush in between these switching times. The switching times
taken are [0.25/50 300/50], [0.16/50 300/50], [0.125/50 300/50].
The secondary connection of the three phase voltage source gets
terminated since for getting inrush. Hence fault for phase A is
seen and inrush current occurs for the other two phases. Hence
called fault with inrush currents. The wavelets procedure is same
asthe above.

3.5 Algorithm for the procedure



» Take minimum as threshold value. Here the value is
givenas 0.4

» Caculate wavelet coefficients absolute values as per the
program shown below.

» Extracting the d1 coefficients from original current sig-
nals.

» The absolute peak values of d1 coefficients for all the
three phases set as a fault indices.

» Fault indication is based on fault indices which are
greater than the predefined threshold, otherwise there is
no fault.

» Fixing the threshold value by considering the minimum
value under all fault cases and maximum value under
healthy case

4 SIMULATION RESULTS

Because of the facility to allow the use of variable window
length, WT is useful in analyzing transient phenomena such as
those associated with line faults and/or switching operations. Un-
like FT, wavelet analysis has the ability to analyze a localized
area of a signal and can reveal aspects of data like break points,
discontinuities, etc. WT is thus useful in detecting onset of a fault
and in realizing non stationary signals comprising both low and
high frequency components.Wavelet transform gives an adeguate
emphasis to depict the real-time implementation of fault detection
and classification algorithm. Wavel ets are mathematical tools for
signal analysis. Wavelet analysis is particularly efficient where
the signal being analyzed has transients or discontinuities, e.g.,
the post-fault voltage/current waveform.

4.1 smulation resultsfor inrush currents

Fig.7 simulation resultsfor the magnetising inrush currents

The above gives the simulation results for inrush currents. There
initially high starting currents occurred and simultaneously these
go to decay. From fig 7.2 the 5 level coefficient waveforms are
got along with signal and approximation signal. The inrush is
seen clearly in d1 level from the waveforms. From fig 7.3 the
inrush signal with d1 level coefficient is seen. The inrush got isin
between 0.08 to 0.4 since we have given the switching timeisin
between 4/50 and 20/50.T he pesak value getting from the program
is55.4324.

NA AR
[f \ ]
lm_ L i i | | JJf\lﬂlJ{\Llijﬂ
Bl / \ f\ N AN ]
ol - - - = T . | : J _
o TR A P TR
) 1 [ [ ll i ' I ]
m' ] ¥
4 PJ} yr _ y { ;}_
l. .l 1 1 1 J ~L ‘r * -k T—
m ] ¥ L]
2004
4 ﬁ—m—-ﬁ—r»—»—*— H— 1
-S00 1 '} | .. 1 |
ﬂ- L] ] L] 1] 1 I 1] =
4 o 1 4 } +— 1 1+
- 1 L 1 1 | 1 1 1 L =
4 n '
Fig 8 d level coefficients from the wavemenu for phase A
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Fig 10 wavelet statistics for inrush currentsFrom the
above datistics, it can be said that theinrush waveformand
its cumulative histogram has seen clearly and aso the values
of mean median mode and the standard deviation values aso
gotin a clear way by taking statistics in the wavemenu
after we gotthe d-level coefficients. From there by clicking
coefficients at detail level 1 we get the values for thedl level
where we get theinrush currents in a clear way. The sameis
done for phase’s b andc.



4.2 Simulation resultsfor Turn to ground faults
The peak values getting are 95.2367 for phase a,
221.1666 for phase b, 243.3452 for phase c as per the program
written below.

Fig 11 simulation graph for turn to ground fault
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Fig 12 graphs from the wavemenu in the wavelets
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Fig 13 Graphs for the Program. Circuit
Breaker closed: [1/50 300/50]
Breaker switching timesin transformer at fault =[2/50 50/50]
Cycles/second = 5/50
Sampling frequency = 25 KHz
Peak values = 3.18e-004 for phase &, 0.0015 for phase b, 0.0018
for phase ¢ as per the program written below.

4.3 Simulation resultsfor turn to turn fault

N B

Fig 14 simulation graph for turn to turn fault The peak
values getting are 95.2401 for phase A, 165.2499 for
phase B, 181.4838 for phase C from the program written below

Fig 15graphs from the wavemenu in the wavelets
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Fig 16 Graphs from the program




Fig 18 Graphs from the program =
Circuit Breaker : [1/50 300/50] A
At fault breaker = [4/50 50/50] o
Cycles/second = 8/50 :
Sampling frequency = 25 KHz B
Peak values = 95.2401 for phase A, 165.2499 for phase B, =
181.4838 for phase C from the program written below. :

4.4 simulation resultsfor faultswith inrush currents - memees
The peak values getting are 110.6488 for phase A, Fig 19 graphs from the wave menu of wavelets

162.8894 for phase B, 141.1283 for phase ¢ from the program Fault = Turn - Ground for phase a

written below. Cycles/second = 25/50

Phase angles: 90 for phase a ([0.25/50 300/50]) 60 for phase b

([0.16/50 300/50Q]) 45 for phase ¢ ([0.125/50 300/50])

Peak values= 110.6488 for phase A, 162.8894 for phase B,
141.1283 for phase ¢ from the program written bel ow.

5 CONCLUSIONS

Extensive simulation studies have shown that the wavelet trans-
forms of magnetising inrush currents and internal fault currents
have the following different features. For internal fault cases
shown in Figs above, we can clearly 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 be-
ginning of the fault. However, in marked contrast to the inrush
current cases shown in Figs. above of faults, these sharp spikes
rapidly decay to near zero within one cycle. While those pointed
spikes below inrush current cases suffer from little attenuation
during the entire inrush transient period, which can last from per-
haps 10 cycles for small transformers to 1 min for big units. It is
obvious that this dissimilarity can be used as the key feature to
effectively distinguish internal faults from inrush currents.
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