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Abstract: In this study, a hyperbolic S-transform-based method is proposed to discriminate most important transient fault currents
of transformers. First, the proposed method discriminates external faults from other disturbances. Then, the S-transform is applied
to differential currents. An index is suggested by using absolute deviations of the S-matrix of differential currents to discriminate
internal incipient faults in addition to inrush currents and internal faults. The relay issues an alarm signal in the case of the
incipient fault but restrains during the magnetising inrush current. If an internal fault is recognised, the relay will issue a trip
signal. To study the robustness of the suggested method, a program is developed in the MATLAB environment. The inputs of
this program are differential current signals, derived from a system modelled by EMTP software. In order to simulate the
internal incipient fault along with internal turn to turn and turn to earth faults, the transformer is modelled as 8 × 8 RL
matrices, derived by using subroutine BCTRAN in EMTP. Also, differential currents are contaminated by noise and it is
shown that the suggested method is not affected by noise and it can discriminate incipient faults, inrush currents, internal
faults and external faults.

1 Introduction

Transformer differential protection has been used to detect
internal faults in the transformer protection zone. The
differential protection principle is established on the point
that the differential current amplitude during an internal fault
is higher than the normal operation mode. However, the
magnitude of the differential current can become as high as
or even higher than the fault currents in some conditions,
such as inrush currents and external fault currents. However,
70–80% of failures are caused by short circuits between
turns of the transformer windings [1]. Usually, there is an
aging and arcing period before an internal short circuit,
called internal incipient fault [2]. The incipient faults are
minor faults, which can gradually grow into serious internal
faults. As a result, the detection of internal incipient faults in
transformers is an early alarm of the internal fault. So,
studies have been carried out to discriminate among internal
short circuit faults, inrush currents and internal incipient
faults in transformers [3]. In [4–11], gas analysis-based
algorithms have been proposed to detect incipient faults. In
[12–14], wavelet transform-based methods for the detection
of the incipient fault have been proposed. These methods are
off-line. On-line discrete wavelet transform (DWT)-based
algorithms for the determination of incipient faults have been
suggested in [15, 16]. Also, protective methods have been
proposed using a combination of DWT and neural networks
[17], fuzzy logic [18], correlation factor [19], Gaussian
mixture model [20] and support vector machine [21, 22]. It

should be mentioned that the internal incipient fault has not
been studied in [17–22]. Also, DWT decomposition filters
are not ideal and suffer leakage, where the analysed signal
frequency is close to the edge of the frequency band of the
decomposition filters [23]. Generally, DWT-based methods
are easily influenced in a noisy environment [23]. Therefore
S-transform-based methods that are influenced less by noise,
have been proposed in [23–27] for discriminating inrush
current and internal and external faults. However, in the
abovementioned works, CTs error and ratio mismatch,
external faults considering CT saturation, turn to turn and
turn to earth faults have not been taken into account and the
terminal model of the transformer has been used.
In this paper, an on-line hyperbolic S-transform (HST)-

based method is suggested for the discrimination of internal
incipient faults in addition to inrush currents and internal
and external faults of transformers. The proposed method
has two steps. In the first step, external faults considering
CTs saturation and ratio mismatch are discriminated from
internal disturbances. If an internal disturbance is detected,
then the S-transform will be applied to the differential
currents. Based on the results of this transformation, an
index is proposed, which can classify incipient faults,
inrush currents and internal faults.

2 Hyperbolic S-transform

The S-transform is a multi-resolution analysis tool, containing
features of both wavelet transform and short time Fourier
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transform. There is a relationship between wavelet and
S-transform. The continuous wavelet transform (CWT) of
time variable signal such as x(t) can be determined as a
series of correlation of this time series (i.e., x(t)) with
wavelet function (i.e. w(t2 t, a)), as follows

CWT =
∫+1

−1

x(t)w(t− t, a) dt (1)

The S-transform of the signal, given by Stockwell is, as
follows [28]

S(t, f )=
∫+1

−1

x(t)
|f |
����

2p
√ ×exp

−f 2(t− t)2

2

( )

×exp(−2pift)

[ ]

dt

(2)

where, S is the S-transform of the time variable signal x(t), t is
a parameter, which controls the position of Gaussian window
on the time axis and f denotes the frequency. So, the
S-transform of function x(t) can be defined as a CWT with
a specific wavelet multiplied by a phase factor, as follows

s(t, f ) = e−i2pf tw(t, a) (3)

The generalised S-transform can be derived from the original
S-transform by replacing the Gaussian window with a
generalised window, as follows [27]

S(t, f , p) =
∫+1

−1

x(t)wg(t − t, f , p) exp(−2pift) dt (4)

where, p denotes a set of parameters that governs the shape of
the window. S-transform windows must satisfy the following
equation

∫+1

−1

w(t − t, f , p) dt = 1 (5)

This equation shows that there is a joint between Fourier
transform and S-transform and averaging of S-transform
over all values of t results in Fourier transform of x(t) and
ensures that S-transform is invertible, as follows [26]

∫+1

−1

S(t, f , p) dt =
∫+1

−1

x(t) exp(−2pift)

×
∫+1

−1

w(t − t, f , p) dt dt

=
∫+1

−1

x(t) exp(−2pift) dt = X (f ) (6)

The HST can be derived from the generalised S-transform, by
replacing the generalised window with a hyperbolic window,
as follows [23]

wh =
2|f |

����

2p
√

(gf + gb)
× exp

−f 2[V (t − t, {gf , gb, l
2})]2

2

[ ]

(7)

where we have

V (t− t, {gf , gb, l
2}) =

gf + gb
2gfgb

[ ]

(t− t − z)

+
gf − gb
2gfgb

[ ]
�������������������

(t − t − z)2 + l2
√

(8)

where, gf and gb are forward-taper and backward-taper
parameters, respectively. l is the positive curvature
parameter and V is a hyperbola in (t2 t) and its shape is
determined by these parameters. The translation factor z is
used to ensure that the peak of wh occurs at (t2 t) ¼ 0 and
it is defined, as follows

z =

��������������

(gf − gb)
2l2

4gfgb

√

(9)

In this paper forward-taper, backward-taper and positive
curvature are 0.2, 0.1 and 312.5, respectively. So, the
translation factor will be 110.4854, using (9).
The discrete S-transform can be calculated by using a fast

Fourier transform algorithm. The discrete Fourier transform
of a discrete time series x[m], corresponding to x(t), is
given by the following equation [28]

X (m) =
1

N

∑

N−1

m=0

x(k) exp(−i2pnk) (10)

where N is the total number of samples and n and m vary from
0 to N2 1. The Fourier transform of the hyperbolic window
can be defined, as follows [24]

G(m, n) =
2f

����

2p
√

(gf + gb)
exp

−f 2V 2

2n2

( )

(11)

where

V =
gf + gb
2gfgb

[ ]

(t)+
gf − gb
2gfgb

[ ]

�������

t2 + l
√

(12)

Now, the discrete version of the HST of x(m) is calculated, as
follows [27]

S[n, j] =
∑

N−1

m=0

X (m+ n)G(m, n) exp(i2pmj) (13)

where X(m, n) denotes the frequency shifted discrete Fourier
transform of the analysed signal (i.e. X[m]) and j varies from
0 to N2 1. The output of the HST is an M × N matrix with
complex elements, called S-matrix. The rows of the S-matrix
pertain to frequency and its columns belong to time (samples
of the analysed signal). Therefore the S-transform returns the
phase spectrum as well as the magnitude.
However, the frequency resolution of a symmetrical

window is better than an asymmetrical window. Therefore
at lower frequencies, where the window has width and
frequency resolution is good, an asymmetrical window can
be used. At high frequencies where the window is narrow
and the time resolution is less critical, an asymmetrical
window may be used. In other words, at lower frequencies

IET Gener. Transm. Distrib., 2012, Vol. 6, Iss. 10, pp. 940–950 941

doi: 10.1049/iet-gtd.2012.0047 & The Institution of Engineering and Technology 2012

www.ietdl.org



a hyperbolic window can be used but as frequency increases,
the shape of the window converges towards the Gaussian
window, (i.e. a symmetrical window).

3 Proposed method

The main idea of this paper is to distinguish internal
disturbance currents (i.e. internal incipient fault, inrush
current and internal faults) from the external fault current
considering CTs error, ratio mismatch and minor saturation.
The S-transform is employed to extract the features from
the differential currents to discriminate the inrush current,
internal and incipient faults. The suggested method consists
of disturbance detection and disturbance discrimination steps.

3.1 Disturbance detection step

The differential protection principle is based on the
assumption that under normal conditions and also during
external fault, the differential currents have smaller
amplitude than the case of the occurrence of the internal
fault. However, high differential currents can exist in
conditions (such as external faults or transformer tap
changes) because of CTs ratio mismatch, accuracy
difference and saturation. So, these abnormal conditions can
cause mal-operation of the differential relay. Percentage
differential relay can provide a solution to these problems.
So, a detection step must be taken into account to prevent
malfunctions caused by the above mentioned cases.
Therefore a threshold current (ithr) can be considered and
when the differential current (idif) exceeds this threshold
value, it will be recognised as an internal disturbance
current. Otherwise, it will be identified as an external fault.
The threshold value can be defined, as follows [29, 30]

ithr = k
(isec CT + iper CT)

2
(14)

where k is the slope of the differential relay characteristic and
can have values such as 0.1, 0.2 or 0.4 [29]. Lower values of k
can provide more sensitive protection. Here, it is assumed that
it equals to 0.25. iper CT and isec CT are instantaneous currents
of primary and secondary CTs, respectively, and if one of
them exceeds ithr, then the disturbance discrimination step
should be started.

3.2 Disturbance discrimination step

In this step, the S-transform is applied to differential currents
of faulty phases, recognised in the disturbance detection step.
This transformation results in an M × N matrix with complex
elements (S-matrix). Then, the absolute of the S-matrix, is
calculated and also the median of each column of this
matrix is determined. The result is a 1 × N vector, named
median vector (MV), whose elements are the medians of
columns of the absolute of the S-matrix, as follows

MV (1, N) = Median[|S[N]|] (15)

where N denotes the Nth column pertaining to the Nth sample
of the differential current. Afterwards, the absolute distance of
each element of Nth column of the S-matrix absolute from its
median is computed. This results in a 1 × N vector, named
absolute distance vector (ADV), whose Nth element is the
absolute distance related to the Nth column of the S-matrix,

as follows

ADV (1, n) =
∑

N

n=1

∑

M

m=1

abs[abs S(m, n)−MV (1, n)] (16)

whereM is the number of rows of the S-matrix. Now, the sum
of all elements of ADV, named absolute deviation index
(ADI) can be calculated, as follows

ADI =
∑

N

n=1

ADV (1, n) (17)

Based on the simulation results, presented in Section 5, it can
be said that the ADI has higher values during internal faults,
whereas it has lower values for inrush current. Also, it is seen
that the ADI values in case of occurrence of the incipient fault
are even lower than the ADI of the inrush current. So, the ADI
can be used to discriminate among incipient faults, inrush
currents and internal faults. Two threshold values can be
considered, named indL and indH. If the ADI is lower than
indL, then the disturbance will be recognised as an incipient
fault. The ADI is higher than the indH, in case of internal
fault and it varies between indL and indH in the case of
inrush current. If an internal fault is detected, then a
tripping signal should be issued. Otherwise, the relay
restrains and also, an alarm will be issued in case of
incipient fault. Fig. 1 shows the flowchart of the proposed
method.

4 System modelling

In order to evaluate the robustness of the suggested method,
the power system, shown in Fig. 2, is simulated using
EMTP software. The simulated transformer is a three phase
100 kVA, 5500/410 V, D/Yg transformer, presented in [31].
The primary winding has 1556 turns wound in eight layers
and the secondary winding has 67 turns wound in two layers.

4.1 Transformer windings model

In order to study the internal turn to earth and turn to turn
faults, the winding of one phase in primary or secondary
side should be divided into two and three parts,
respectively. A three-phase two winding transformer
terminal model can be considered in terms of winding
resistance, mutual and self-inductances [31]. BCTRAN, a
well-known subroutine in EMTP software, uses 6 × 6 RL
matrices to represent transformer windings. This matrix
should be in the size of 7 × 7 for turn to ground and 8 × 8
for internal turn to turn faults [31–33]. In this paper, phase
B of the primary winding is divided into three parts with
1148, 97 and 311 turns, as shown in Fig. 3. So, 8 × 8 RL
matrices should be considered to simulate the transformer,
as follows

R =

R1 0 0 0 0 0 0 0

0 R2 0 0 0 0 0 0

0 0 Ra 0 0 0 0 0

0 0 0 Rb 0 0 0 0

0 0 0 0 Rc 0 0 0

0 0 0 0 0 R4 0 0

0 0 0 0 0 0 R5 0

0 0 0 0 0 0 0 R6

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(18)
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L =

L1 M12 M1a M1b M1c M14 M15 M16

M21 L2 M2a M2b M2c M24 M25 M26

Ma1 Ma2 La Mab Mac Ma4 Ma5 Ma6

Mb1 Mb2 Mba Lb Mbc Mb4 Mb5 Mb6

Mc1 Mc2 Mca Mcb Lc Mc4 Mc5 Mc6

M41 M42 M4a M4b M4c L4 M45 M46

M51 M52 M5a M5b M5c M54 L5 M56

M61 M62 M6a M6b M6c M64 M65 L6

⎡

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎢

⎣

⎤

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎥

⎦

(19)

where, Rn and Ln are the resistance and the self-inductance of
the winding n and Mnm is the mutual inductance between
windings n and m. Ra, Rb and Rc and La, Lb and Lc are

resistances and self-inductances of three parts of phase B of
the primary winding, divided into sub-coils Ba, Bb and Bc.
In order to simulate the magnetic characteristic of the
transformer core, non-linear hysteretic reactors are
connected on the secondary side, as shown in Fig. 3. Also,
the high-frequency capacitive behaviour of transformer
winding is taken into account using small shunt
capacitances, connected across the transformer windings.

4.2 Internal incipient fault model

The internal incipient fault can be modelled using a
combination of aging and arcing models [2, 16, 34, 35]. As
shown in Fig. 3, the aging model consists of the losses and

Fig. 1 Flowchart of the proposed method

Fig. 2 Simulated power system
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capacitive behaviour of the winding dielectric, simulated by
resistance (rag) and capacitance (cag), respectively.
So, a dissipation factor (tand) is calculated and the

degradation level can be defined, as follows

tan d =
1

vragcag
(20)

However, cag is almost constant during the insulation
degradation process and degradation levels are determined
by rag [34]. The phase angle between the current and
the voltage is 908, in a perfect insulation. However, as the
degradation level increases, the phase angle between the
current and the voltage decreases.
An arc can develop when sufficient voltage is across the

degraded insulation. The arc voltage is generally flap-topped
[2, 35]. So, the arcing process can be modelled as a random
square voltage (E) and a time-variant high-value resistance
(Rt), connected in parallel, as shown in Fig. 3. Switches S1
and S2 are used to model non-arcing, extinction and burning
periods. It models the non-arcing period, when switches are
open. The burning period can be simulated, when S1 is close
and S2 is open. Otherwise, it represents the extinction period.
The aging and the arcing model can be connected in

parallel, to model the internal incipient fault. As a result,
the complete incipient fault model is connected between
turns 311 and 408 of phase B in the primary winding, as
shown in Fig. 3.

4.3 Current transformers model

In order to study CTs effects, accurate modelling of current
transformers is necessary. Therefore current transformers

Fig. 3 Modelled transformer

Fig. 4 Difference of idif and ithr for internal and external

disturbances
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are modelled according to [36, 37]. The subroutines
HYSTERSIS and SATURATION in EMTP are used to
obtain the saturation characteristic of the CTs. Also, a non-
ideal transformer, coupled with a non-linear hysteric
reactor, is considered for CT modelling. The saturation
effect is taken into account through a non-linear hysteretic
reactor, located in the secondary side. The CTs are
connected in Y and D on the primary and secondary sides
of the transformer, respectively.

5 Simulation results and discussion

In order to study the performance of the suggested method,
various operating conditions of the system, shown in Fig. 2,
are simulated. The studied cases are the simulation of the

internal incipient fault, inrush current, transformer
energisation with internal fault, internal fault in transformer
terminals and internal turn to turn and turn to earth faults.
The proposed method has been developed in MATLAB
environment. The inputs are the differential currents, which
are simulation results of the EMTP program. A sample rate
of 5 kHz has been considered for sampling of the
differential current signals. To validate the effectiveness of
the detection step, several internal and external disturbances
are simulated. The difference between differential current
and ithr (i.e. idif – ithr) is calculated. The typical results are
shown in Fig. 4. The results for inrush current, internal
fault (occurred at t ¼ 12 ms), incipient fault and external
fault (occurred at t ¼ 13 ms) are shown in Figs. 4a–d,
respectively. The external fault is a phase c to ground fault.

Fig. 5 Differential current, ADV and contours for incipient fault

between turns 311 and 408

Fig. 6 Differential current, ADV and contours for inrush current

Fig. 8 Differential current, ADV and contours for inrush current

Turn to turn fault modelled between turns 311 and 408 in primary winding

Fig. 7 Differential current, ADV and contours for turn 311 to

earth fault
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The fault has occurred on the secondary side of the
transformer and fault resistance is 2 V. It can be seen that
the differential current is higher than ithr in inrush and
internal fault current cases and also in the case of the
incipient fault at the arcing instance (the difference is
positive). However, the differential current is lower than ithr
in the case of the external fault. Typical internal disturbance
cases are shown in Figs. 5–8. ADV are calculated using
(16). Fig. 5 shows the differential current, ADV and time-
frequency contours of S-matrix for an internal incipient
fault, which occurs between turns 311 and 408 in phase B
of primary winding. It is seen that there are spikes in ADV

and time-frequency contours, presented randomly during
the arcing period which decayed rapidly to zero. The
differential current, absolute deviations as well as time-
frequency contours for the S-matrix of an inrush current are
illustrated in Fig. 6. It is obvious that ADV has high values
during regular intervals and decays to near zero, similar to
the inrush current. The time-frequency contours are
interrupted. However, there is a consistent time interval
between contours. Fig. 7 illustrates the differential current
for an internal turn (turn 311) to earth fault in phase B. It
can be seen that ADV have high values. Unlike inrush and
incipient fault cases, ADV values do not decay to zero. The

Table 1 Simulation results

Disturbance Phase A angle at

fault instance

Fault

resistance

Phase ADI

incipient fault in phase B – – A 39.39

B 654.55

C 685.48

incipient fault in phase B – – A 39.36

B 625.29

C 655.82

incipient fault in phase B – – A 39.52

B 636.10

C 665.45

incipient fault in phase B – – A 39.50

B 713.45

C 741.12

inrush current (under load) 135 – A 2136.34

B 1496.56

C 2599.37

inrush current (under load) 0 – A 1488.86

B 2337.86

C 2445.67

inrush current (no-load) 45 – A 2124.81

B 2711.24

C 1594.59

inrush current (no-load) 60 – A 2463.71

B 2473.55

C 1548.78

sympathetic inrush current 0 – A 1279.27

B 1979.24

C 2156.04

internal fault between turns 311 and 408 in phase B 60 1 A 38.71

B 6960.58

C 6997.56

internal fault between turns 311 and 408 in phase B 0 0 A 39.50

B 10468.15

C 10504.09

internal fault in turn 311 of B-phase to ground 0 10 A 36.50

B 8610.66

C 8630.89

internal fault phase a to ground in terminals 90 0 A 7656.08

B 7697.21

C 39.78

inrush (under load) and fault in turn 411 of phase B to ground 0 15 A 1495.92

B 5763.13

C 5743.14

inrush (under load) and fault in turns 311 and 411 of phase B to ground 0 1 A 1486.47

B 5737.31

C 5703.71

inrush (no-load) and fault in phase a to ground in terminals 30 0 A 8151.29

B 8134.68

C 1681.97
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time-frequency contours of the S-matrix are uniformly
distributed. Fig. 8 shows the differential current and
absolute deviations as well as time-frequency contours
during transformer energisation, whereas a turn to turn fault
is modelled between turns 311 and 408 of phase B. The
results are the same as the previous case.
It should be mentioned that several incipient faults, internal

faults with different fault angles and resistances, inrush
currents with different energisation angles and also
sympathetic inrush current cases have been simulated.
Then, ADV and ADIs have been calculated and some of
them presented in Table 1. It is clear that ADIs have high
values in the cases of internal faults and they tend to lower
values in the case of the inrush current. Also, ADIs have

even lower values in the cases of incipient faults. ADIs are
lower than 741.12 in faulty phases for incipient faults.
However, they vary between 1279.27 and 2711.24 in the
case of inrush currents. However, ADIs are higher than
5703.71 in faulty phases in the cases of internal faults.
Since, the variation range of ADIs for incipient faults,
inrush currents and internal fault cases do not have any
overlap, the discrimination of inrush currents, incipient
faults and internal faults can be conveniently carried out.

6 Effect of noise on the proposed method

In order to study the performance of the proposed method in
a noisy environment, differential currents of the above

Fig. 9 Differential current with SNR up to 20 dB, ADV and

contours for incipient fault between turns 311 and 408 in primary

winding

Fig. 11 Differential current with SNR up to 20 dB, ADV and

contours for turn to earth fault in turn 311 of primary winding

Fig. 10 Differential current with SNR up to 20 dB, ADV and

contours for inrush current

Fig. 12 Differential current with SNR up to 20 dB, ADV and

contours for inrush current (turn to turn fault between turns 311

and 408 in primary winding)
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mentioned cases are contaminated by random noise with a
signal-to-noise ratio (SNR) up to 20 dB. Then, the
S-transform has been applied to the differential currents.
The results for these cases are shown in Figs. 9–12. The
differential current, absolute deviations as well as time-
frequency contours of the S-matrix for the incipient fault
current are illustrated in Fig. 9. In comparison with Fig. 5,
it can be said that the effect of the noise on ADV and time-
frequency contours is not considerable. The inrush current,
shown in Fig. 6, is contaminated by noise and the results

are illustrated in Fig. 10. The results for the internal turn to
earth fault and the transformer energisation, which has a
turn to turn fault, are shown in Figs. 11 and 12,
respectively. As can be seen, contours and ADV values are
not severely influenced by noise.
Now, differential currents in the case of the incipient fault,

the internal fault and the inrush current (presented in Table 1)
are contaminated by random noise with SNR up to 20 dB,
ADIs are computed and the results presented in Table 2.
The error, originated by noise, is calculated and presented

Table 2 Simulation results in noisy conditions

Disturbance Phase A angle at

fault instant

Fault

resistance

Phase ADI % error

incipient fault in phase B – – A 39.56 0.43

B 663.47 1.35

C 688.97 0.51

incipient fault in phase B – – A 39.36 0.02

B 618.13 1.16

C 657.79 0.30

incipient fault in phase B – – A 39.61 0.22

B 643.78 1.19

C 666.09 0.10

incipient fault in phase B – – A 39.69 0.50

B 702.80 1.52

C 740.79 0.05

inrush current (under load) 135 – A 2148.67 0.57

B 1494.26 0.15

C 2614.02 0.56

inrush current (under load) 0 – A 1490.54 0.11

B 2342.52 0.20

C 2457.56 0.48

inrush current (no-load) 45 – A 2134.87 0.47

B 2728.06 0.62

C 1598.74 0.26

inrush current (no-load) 60 – A 2458.32 0.22

B 2485.51 0.48

C 1552.63 0.25

sympathetic inrush current 0 – A 1278.07 0.09

B 1975.47 0.19

C 2157.60 0.07

internal fault 60 1 A 39.03 0.81

between turns 311 B 6970.97 0.15

and 408 in phase B C 7002.72 0.07

internal fault 0 0 A 39.70 0.52

between turns 311 B 10528.17 0.57

and 408 in phase B C 10576.94 0.69

internal fault in 0 10 A 36.65 0.41

turn 311 of B 8631.66 0.24

phase B to ground C 86398.98 0.10

internal fault phase A 90 0 A 7672.28 0.21

to ground in B 7760.52 0.82

terminals C 39.79 0.03

inrush (under load) 0 15 A 1486.47 0.64

and fault in turn 411 B 5737.31 0.45

of phase B to ground C 5703.71 0.69

inrush (under load) and 0 1 A 1490.14 0.25

fault in turns 311 and 411 B 5777.51 0.70

of phase B to ground C 5774.86 1.23

inrush (no-load) and 30 0 A 8187.10 0.44

fault in phase A to ground B 8106.33 0.35

in terminals C 1701.50 1.15
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in this table, too. ADI values are lower than 740.79 in the
cases of incipient faults. It varies between 1278.07 and
2728.06 in the cases of the inrush currents and is higher
than 5703.71 in faulty phases. The ADIs are less influenced
by noise and errors are lower than 1.52%. ADI values in
the cases of the internal fault, the inrush current and
incipient faults do not have any overlap, even in noisy
conditions. As a result, it can be said that the proposed
method is robust to noise. Totally, 70 inrush current cases,
50 cases of internal turn to turn fault, 50 turn to earth fault
cases, 65 incipient fault cases and 60 cases of external
faults have been simulated on the primary and secondary
side of the transformer. One case of inrush current has been
defined as an internal fault, two incipient faults have not
been detected and one energisation of faulted transformer
has been defined as an inrush current. The method has been
able to classify other cases, truly. So, the efficiency of the
method has been 98.644%.

7 Conclusions

A method for accurate classification of important transient
fault currents in transformers has been suggested in this
paper. The proposed method is based on the differential
current signal analysis using the HST. An index has been
proposed by using the absolute deviation of S-matrix
values. The incipient faults, inrush currents and internal
faults can be discriminated by this index. The proposed
algorithm is robust to CTs error and ratio mismatch and
also transformer tap changes and over-excitation, because it
has an external fault detection step. The performance of the
method in a noisy environment has been investigated. The
simulation results show that the suggested method can
effectively classify the disturbance currents even in the
presence of noise.
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