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ARTICLE INFO ABSTRACT

In this paper, a new method is proposed for discriminating internal faults from other abnormal conditions in
power transformers such as inrush currents, external faults, over-excitation, and ultra-saturation. Since the
differential current signals are non-stationary, a powerful tool such as S-transform is needed for their time-
frequency analysis. In this study, some important characteristics are extracted using the Clark’s transform and
modified hyperbolic S-transform according to which different conditions are distinguished and classified. These
features include energy contour of first level, variance index, standard deviation of second harmonic component,
and a special criterion. In this paper, all possible transient conditions and the effects of the saturation of current
transformers are considered. Various simulations for different operating conditions of transformer are performed
via PSCAD/EMTDC software. Also, the entire process of modified hyperbolic S-transform and the proposed
algorithm are done in MATLAB software. Simulation results show that the proposed algorithm can be reliably
used for the identification and classification of different faults in transformers.
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1. Introduction

Since power transformers transmit large amounts of power in
electrical power systems, they are among the most important compo-
nents in power systems. Almost 10% of power system faults occur in
transformers, and 70% of these faults are caused by short circuit in
transformer windings [1]. Therefore, faults in transformer are usually
considered an important disturbance in transmission networks [2].

The outage rate of a power transformer depends on several factors
such as the operating condition of the power transformer, the periodical
maintenance, the power transformer’s lifetime and the mal-operation of
protection [3]. Abnormal conditions that lead to relay mal-operation
include internal faults, inrush currents caused by energizing transfor-
mers, external faults, over-excitation and ultra-saturation. Accurately
discrimination of internal faults from other conditions has long been
recognized as a challenge in power transformer protection [4]. Thus,
using a suitable protection system is necessary.

One of the important reasons for mal-operation in transformer
protection is the magnetizing inrush current that is produced during
transformer energizing. The inrush current contains a considerable
second harmonic component [5]. Thus, the harmonic restraint method
as one of the first methods of recognition of inrush current uses the ratio
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of differential current second harmonic and fundamental frequency. In
Ref. [6], some algorithms based on second harmonic are suggested to
distinguish between the inrush current from internal faults. This
method is based on the fact that in inrush current conditions, second
harmonic content is greater compared to internal fault conditions. On
the other hand, CT saturation or the presence of a shunt capacitor or the
distributive capacitance in a long extra high-voltage (EHV) transmis-
sion line to which the transformer may be connected increases the
second harmonic in internal faults [7]. The disadvantage of this method
is that it is possible for whatever reason, that the second harmonic
content in internal fault will be a considerable amount as well. More-
over, by using more developed materials in manufacturing modern
transformer cores, the second harmonic component in magnetizing in-
rush currents tends to be relatively small [8,9]. To overcome such a
problem, a novel approach is presented in Ref. [10]. Conventional in-
rush current blocking methods including the second harmonic and gap
detection criteria are combined. Thus, the proposed strategy has the
potential for industrial implementation.

Some modern methods based on Artificial Neural Network (ANN)
and optimization algorithm [4], Fuzzy logic [11] and Hidden Markov
model [12] have been presented. The limitation of the methods based
on learning is that a large size of data is needed for the training process.
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Fig. 1. The flowchart of the proposed method for transformer differential protection scheme.

In addition, the suitable structure in these methods is chosen by trial
and error, and as a result, the learning process requires a long time.
A wavelet transform (WT) is a powerful tool in signal processing.
Therefore, in Refs. [13-18], methods based on wavelet transform for
the protection of transformers are presented. The method presented in
Ref. [13] uses the time difference between disturbance and CT satura-
tion moments in order to recognize the faults. In Ref. [14] a detailed
wave wave-form of wavelet is applied to detect the transient conditions.
In Ref. [15], a new method based on wavelet packet is implemented to
discriminate inrush currents from internal faults. Also, in some
methods, hybrid models of wavelet transform and support vector ma-
chine [16] in addition to coherence coefficient concept [17] are used.
Because of immunity against noise, S-transform is used in power
system studies [19,20] and transformer protection [21]. Due to low
energy concentration of an S-transform in the time- frequency domain,
applying hyperbolic window instead of Gaussian window is suggested
[22,23]. This method is known as the hyperbolic S transform. In Ref.

[24], time- time transform that one- dimension time series is decom-
posed to two- dimension time- time series, is used to protect the
transformer. In addition, researchers have tried to make the differential
relay more adaptive to the existing disturbance using a variable char-
acteristic curve [25,26]. In Ref. [25], a protective method is im-
plemented that divides the differential relay plane into three operating
regions and two control regions with the corresponding weighting
factors. A self-adaptive method is presented in Ref. [26] that adjusts
itself according to the fault severity to avoid mal-operations.

In this paper, a new method based on Clark’s transform and the
modified hyperbolic S transform (MHST) is proposed for discrimination
of internal faults from other abnormal conditions in power transformers
such as inrush currents, external faults, over-excitation and ultra-sa-
turation. By using Clark’s transform and MHST, the researchers ex-
tracted important characteristics according to which different condi-
tions could be distinguished and classified. In the proposed algorithm,
the energy of different conditions extracted from the MHST matrix will
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Fig. 4. Hysteresis loop of CT core.

be used as the main feature. This feature, due to the fact that the dif-
ferential current amplitude differs in various simulations in a condition,
divides the algorithm into five different parts. Other extracted features
including variance index, standard deviation of the second harmonic
component, and special criteria discriminate different conditions from
each other in each part. The main advantages of this paper are fol-
lowing: (1) since all protection schemes require to consider every
probable event, in this paper over-excitation and ultra-saturation con-
ditions are investigated as two transient states, (2) one of the challenges
that may cause mal-operation of protection relays is CT saturation,
therefore, CT saturation in different conditions is investigated as an-
other purpose of this paper, (3) In this paper the effect of noise on the
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proposed method in different conditions is considered, (4) The preci-
sion of classification corresponding to each part of the proposed algo-
rithm is shown in this paper. The simulated results clearly show that the
proposed technique can accurately discriminate between internal faults
and other conditions in power systems.

2. Modified Hyperbolic S Transform

An S-transform is a frequency- time analysis that uses a Gaussian
window to calculate S matrix [23]. An S-transform can be considered as
a combination of Short time Fourier transform)STFT(and WT [23]. The
expression of the ST is [27]:

+00

s@ H=[ _ h(®w(r - Dexp(=2mift)dt o

Where S is the S-transform of the time variable signal h(t), 7 is a
parameter, which controls the position of Gaussian window on the time
axis and f denotes the frequency.

The generalized S-transform provides more control on window
function. Generalized S-transform is gained from S-transform [27] and
substituting a generalized window with Gaussian window:

+0oo
S(t, f,p) = ./:m h(Hw(z — t, f, p)exp(=2mift)dt o)
where p denotes a set of parameters that govern the shape of the
window. S-transform windows must satisfy Eq. (3):

+0oo
[m w(T—t f,pdr=1 3)
The Gaussian window has only one parameter, but the shape of the
hyperbolic window is determined by a set of parameters [28]. Com-
pared to S-transform, hyperbolic S-transform (HST) provides better
resolution and transient analysis capabilities. Eq. (4) shows the HST
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Fig. 5. Three-phase internal fault current.
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Fig. 6. Inrush current.

window: introduces a time-frequency regulation factor g that adjusts the time-
2] 252 frequency resolution.
Wy = i X exp[_f ] The discrete version of the MHST is calculated in Eq. (8) [22]:
N2 (Y + %) 2 4
N-L i2mj
Where S[j, n] = Z H[m + n|Wypyy(m, n)e N ,n#0
+ m=0 (8)
Xt hp A= L+ Bl e e 2
LA 2%.% e
S[j, 0] = = h[m], n=0
5
® N ©
In Eq. (5), X is a hyperbola in (r — t) which depends upon a back- ) o )
ward-taper parameter ¥, a forward-taper parameter y,, and a positive Where N is the total number of samples and the .1nd1ces n, m, and j
curvature A, which has units of time. In Eq. (5) 0 <y, <y must be aren=0;1;:::;N-1;,m=0;1;:::;N-1;and j=0; 1; : : :;N-1,

satisfied. The translation factor ¢ is used to ensure that the peak of wyy
occurs at (tr — t) = 0 and this is defined in Eq. (6):

(o — 122
£=, B
Ya?p (6)

In f = 0, wyy is asymmetrical, but as the frequency increases, wyy
shape converges toward a symmetrical Gaussian window.

HST is more sensitive to noise. In order to solve this problem, MHST
will be applied. The shape of MHST window is obtained according to
Eq. (7):

278l [—Ifgl X2

X exp ]
27y + ) 2

WMHY =

@)

Comparing Egs. (4) and (7), it can be seen that the difference be-
tween the MHST and the HST is that the width of the MHST window is
proportional to the square root of frequency. Besides, the MHST

respectively. H (m, n) denotes the frequency shifted discrete Fourier
transform of the analyzed signal. Wyyy (m, n) is the Fourier transform
of the hyperbolic window.

3. Proposed method

In this proposed method, as shown in Fig. 1, the secondary currents
of the CTs on both sides of the power transformer are first measured.
After normalizing the secondary currents of the CTs, eliminating the
zero sequence of the secondary current of CT at the primary side and
compensating the phase shift of the secondary current of CT at the
secondary side, the three-phase differential currents are calculated.
Then, the following steps are performed to discriminate internal faults
from other conditions:

Step 1: In this algorithm, the activation current is initially calcu-
lated. The activation current of the differential protection is determined
in Eq. (10) [5]:
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Fig. 7. Three-phase external fault current.

pig,stl = k. Ies| (10)

Where k is the slope of the percentage differential relay characteristic
and I, is the restraint current which calculated by Eq. (11):
IRes — ils + iZS

an
Where i) and iy are the secondary current CTs on the primary side and
the secondary side of the power transformer, respectively.

According to Ref. [5], the threshold of I g, is taken to be 0.25 pu.
If all of the three-phase differential currents are less than this threshold,
normal condition is detected. Otherwise, a transient condition is con-
sidered.

Step 2: Samples of currents will be collected for a cycle of funda-
mental frequency and given to Clark’s transform. According to Eq. (12),
the ground mode (Iy), aerial mode 1 (1) and aerial mode 2 () will be
extracted from Clark’s transform [18].

I . 1 1 1 Lia
L|= 7 V2 —1/V2 =12 || 1
L 0 372 —-372]|| L 12)

Step 3: The ground mode and aerial mode 1 will be considered as
inputs of the MHST. Then the MHST is performed on one cycle of input
data. For a data window of N samples, the MHST output is a N/2 X N
matrix with complex elements. This matrix is called MHST-matrix that
whose rows and columns relate to frequency and time domains, re-
spectively [23]. Important information based on magnitude, phase and
frequency can be obtained by means of this matrix. The magnitude
contour equals the maximum value of the MHST matrix at a particular
time (the maximum value in a specified column). The frequency con-
tour is the maximum value of each frequency component in the

differential current signal (the maximum value in each row).

3.1. Feature extraction

According to the information that can be obtained from the mag-
nitude, phase and frequency of MHST matrix element, we can obtain
various features for discriminating between the internal fault condition
and other abnormal conditions. Based on the maximum and minimum
magnitude, the average, the standard deviation, the variance corre-
sponding to each row (related to frequency contour) and column (re-
lated to magnitude contour) in the MHST matrix, the area under fre-
quency contour curve in different intervals, the MHST matrix energy,
etc., different features will be obtained. Despite increasing the accuracy
of the algorithm, using all of these features requires a large memory
space. Increasing the computational burden of the algorithm will con-
sequently reduce the speed of detection. Thus, to increase the speed of
detection, the least important features should be selected. According to
these two constraints, the balance between accuracy and speed must be
considered in choosing the features.

The features gained from the MHST matrix are as follows:

e Energy of MHST contour first level (F1):

Energy of each MHST contour level is calculated according to Eq.
13):

Eng,=m; X T 13)

Where m; and T; are the magnitude and the duration of the level of

interest, respectively. Thus the energy of the MHST contour first level
is:
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e Variance index (F2):
It is defined as:
F2 =Vy/V; (15)

Where, 1 is the variance of magnitudes of the second row of the MHST
matrix (fundamental frequency) and V, is the variance of magnitudes of
the third row of the MHST matrix (second harmonic frequency):

e Mixed energy-amplitude index (F3)

It is defined as:

F3= |El 'E2| XAmax(fl)/(Amax(fZ) X AOmax)

Where, E; and E, are the first two biggest energy magnitudes of the
MHST matrix that are obtained from Eq. (17):

(16)

E = abs(MHST)? a7

Where Amax (f}), Amax (f,) and Agmax are the maximum magnitude of the
second row of the MHST matrix (fundamental frequency), the max-
imum magnitude of the third row of the MHST matrix (second har-
monic) and the maximum magnitude of the first row of the MHST
matrix (DC component), respectively, and f; and f, are the fundamental
frequency and the second harmonic frequency, respectively.

o Phase standard deviation of second harmonic frequency (F4)

de (1) and the aerial mode 1 (I;) current components

excitation current.

It is defined as:

F4 = Std(Ph (f»)) (18)

Where Std(Ph (f,)) is the standard deviation of phases of the third row
of the MHST matrix (second harmonic frequency).

These features are used for discriminating internal faults from other
abnormal conditions.

3.2. Classification of different types of faults

After gaining meaningful features for the ground mode (I,) and
aerial mode 1 (f) of three phase differential currents in Fig. 2, these
features are applied to the proposed algorithm. At each part, according
to different conditions and the distinction among them, a specific range
will be determined for each feature. At different parts, the various
features are applied to the algorithm according to the ground mode and
aerial mode 1.

An important feature that creates different parts in this algorithm is
the energy of MHST contour first level for the aerial mode 1. The five
main parts of the algorithm are created by determining different ranges
for this feature. In different conditions that occur in the power system,
the intensity and weakness of these conditions determine different en-
ergy amplitude. For example, Internal faults with low resistance pro-
duce high amplitude differential currents that lead to high energy
generation. As it is specified in the algorithm in Fig. 2, the energy of
MHST contour first level for the aerial mode 1 more than 0.1350 in-
dicates that an internal fault has occurred. Different ranges of the en-
ergy of MHST contour first level for the aerial mode 1 constitute the
other four parts of the algorithm.

To discriminate different conditions in each part, other features
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Performance of the proposed method in the first part.
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Fig. 9. Ultra-saturation current.

Table 3
Performance of the proposed method in the third part.

Condition

Correct Incorrect Accuracy % Condition Correct Incorrect Accuracy %
detection detection detection detection

Internal and turn-to-turn 86 - 100 Internal and turn-to-turn 48 - 100

fault fault

Inrush current - - - Inrush current 40 - 100

External fault - - - External fault 10 - 100

Over-excitation - - - Over-excitation - - -

Ultra-saturation - - - Ultra-saturation - - -

Overall 86 - 100 Overall 98 - 100

Table 2 Table 4

Performance of the proposed method in the second part.

Performance of the proposed method in the fourth part.

Condition

Correct Incorrect

Accuracy % Condition Correct Incorrect Accuracy %
detection detection detection detection
Internal and turn-to-turn 41 100 Internal and turn-to-turn 31 2 93.93
fault fault

Inrush current 29 100 Inrush current 35 - 100
External fault 100 External fault 41 - 100
Over-excitation - - Over-excitation 3 - 100
Ultra-saturation 42 100 Ultra-saturation - - -

Overall 112 100 Overall 110 2 98.21

with various ranges are used. According to the energy of MHST contour
first level for the aerial mode 1, the range of each feature in each part is
different. The range for each feature in each part is defined according to
different condition simulations.

While detecting some conditions such as an ultra-saturation

condition needs only a few restrictions and is detectable in the second
part of the algorithm, other conditions such as an internal and turn to
turn fault, an external fault, an inrush current and an over-excitation
are detected in several parts. This is because of the change in differ-
ential current amplitude while these conditions happen. A change in
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Table 5
Performance of the proposed method in the fifth part.

Condition Correct Incorrect Accuracy %
detection detection
Internal and turn-to-turn 19 1 95
fault
Inrush current - - -
External fault 127 2 98.45
Over-excitation 73 - 100
Ultra-saturation - - -
Overall 219 3 98.65
Table 6
Performance of the proposed method.
Condition Correct Incorrect Accuracy %
detection detection
Internal and turn-to-turn 225 3 98.68
fault
Inrush current 104 - 100
External fault 178 2 98.88
Over-excitation 76 - 100
Ultra-saturation 42 - 100
Overall 625 5 99.21

amplitude in different conditions is influenced by source voltage angle
changes, the residual flux changes, fault resistance change and the CT
saturation.

4. Results
4.1. Power system simulation

The single line diagram for the power system under study is shown
in Fig. 3. It consists of a three-phase 230 kV source connected to a three-
phase, two-winding, power transformer 160 MVA, 230/63kV. The
transformer vector group is YNd11. The neutral of the high-voltage
winding is grounded. The power transformer model and the corre-
sponding CTs are developed in the PSCAD/EMTDC environment [29].
The parameters of the study system are given in the Appendix A.

Also, to represent CT real behavior in different conditions, a precise
model was required. Thus, Jiles-Atherton model, explained in Ref. [30],
was applied. The magnetization curve of CT core, i.e., the flux density
versus magnetic field intensity, is illustrated in Fig. 4.

By performing the power system shown in Fig. 3 in PSCAD/EMTDC
and running it in different conditions such as internal and turn-to-turn
fault, external fault, inrush current, over-excitation and ultra-satura-
tion, 630 cases of simulation are produced. The chosen sampling rate is
2.5kHz at 50 Hz frequency, so a cycle contains 50 samples. In this
paper, because of the capacity, one case study is shown in each con-
dition.

To simulate different internal and external faults, the fault re-
sistance is from 0 to 100 Q and the switching angle is from 0 to 90° at
intervals of 15°. Also, the effect of CT saturation on internal and ex-
ternal fault conditions is simulated in the worst possible case. In this
condition, the remnant flux is considered 80% of the peak of linkages
flux generated at rated voltage for a set of CTs at one side of the

Table 7
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transformer (CTs of the other side are free from remnant flux). For turn-
to-turn faults, simulations are carried out by changing the short
circuited HV coil up to 45% of the winding and the LV coil up to 25% of
the winding.

Different cases of inrush currents are simulated by changing the
important parameters that affect it. These parameters include the
remnant flux, the level of saturation flux and the switching angle at the
instant of transformer energization. The remnant flux changes from +
10% to * 80% of peak of rated linkages flux and the switching angle
changes from 0 to 90° at intervals of 15°. When transformers are con-
nected in parallel, it is observed that the differential protection of the
transformer that is in service issued a trip. The reason for this trip is
sympathetic inrush current, which results from the inrush current of the
transformer that is being energized. To simulate different cases of
sympathetic inrush current, remnant flux of the incoming transformer
changes from = 10% to = 80% of peak of rated linkages flux and the
switching angle changes from O to 90° at intervals of 15°. The CT sa-
turation effect is considered similar to the internal and external fault
conditions.

The simulation of over-excitation conditions is performed by
changing the amplitude of the voltage source and the switching angle.
The amplitude of the voltage source changes from 1.15 to 1.35 pu and
the switching angle changes from 0 to 90° at intervals of 15°.

To simulate different cases of ultra-saturation, the energization
angle changes from 0 to 90° at interval of 15°. The remnant flux changes
from + 10% to = 80% of peak of rated linkages flux in full-load con-
dition of power transformer.

Figs. 5-9(a) show the three-phase differential current, the ground
mode and the aerial mode 1 current components in the internal fault,
inrush current, external fault, over-excitation and ultra-saturation
conditions, respectively. According to Eq. (11), the ground mode and
aerial mode 1 were calculated from Clark’s transform of the three-phase
differential current. The MHST contour curves of the ground mode and
aerial mode 1 current components that provide comprehensive in-
formation of the desired signal-based frequency and time are shown in
Figs. 5-9(b). These curves were obtained based on the MHST matrix. As
shown in Figs. 4-8 (b), the curves are divided into 9 different levels.
The level magnitudes for each condition were determined according to
the maximum value of the MHST matrix. The highest values show the
first level of the MHST contour and the lowest value shows the ninth
level of the MHST contour. The difference between two consecutive
levels is determined according to the number of desired levels, which is
the same for both consecutive levels. In Eq. (13), where energy calcu-
lation of MHST contour level 1 is required, the first level magnitude in
these curves was used. For example, according to Fig. 5(b) that shows
the MHST contours of the ground mode and aerial mode 1 current
components for a three-phase internal fault, the first level magnitudes
were 10.3803 and 0.0064, respectively.

As shown in Figs. 5-9(b), the first level magnitude of the aerial
mode 1 current component in the internal fault condition is the highest
value, and in the over-excitation condition, it is the lowest value
compared to other conditions. The first, second and third levels of the
aerial mode 1 current component in the internal fault conditions are
concentric around the fundamental and second harmonic. With respect
to Figs. 5(b) and 7(b), the first level magnitude of the ground mode
current component is negligible in both internal and external fault
conditions. However, in the three conditions of inrush current, over-

Performance of the proposed method in discriminating internal faults from other conditions.

Condition Correct detection Incorrect detection Accuracy %
Internal and turn-to-turn fault 225 3 98.68
Other conditions 2 400 99.50
Overall - - 99.21
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Table 8
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The accuracy of the proposed method in discriminating different types of internal faults from other conditions.

Correct detection Incorrect detection Accuracy %

Condition Type of fault/abnormal condition Simulation cases
Internal faults AG 36
AB 36
ABG 36
ABC 36
ABCG 36
Turn to turn 48
External fault AG 36
AB 36
ABG 36
ABC 36
ABCG 36
Inrush current Changing the residual flux 22
Changing the switching angle 82
Over-excitation Changing the source amplitude 16
Changing the switching angle 60

Ultra-saturation Changing the residual flux 7

Changing the switching angle 35

34 2 94.44
36 - 100
36 - 100
35 1 97.22
36 - 100
48 - 100
36 - 100
35 1 97.22
35 1 97.22
36 - 100
36 - 100
22 - 100
82 - 100
16 - 100
60 - 100
7 - 100
35 - 100

Table 9 Table 12
Performance of the proposed method without Considering CT saturation. Comparing accuracy of classification and detection in different vector groups.
Condition Correct Incorrect Accuracy % Vector group YNd1 YNd5 YNd11
detection detection
Internal and turn-to-turn fault 97.37% 98.24%" 98.68%
Internal and turn-to-turn 137 1 99.27 Inrush current 100% 100% 100%
fault External fault 98.33% 98.88% 98.88%
Inrush current 52 - 100 Over-excitation 100% 100% 100%
External fault 89 1 98.89 Ultra-saturation 100% 100% 100%
Overall 278 2 99.28 Overall 98/57% 99.04% 99.21%
Table 10 method from the first part to the fifth part. Table 6 shows proper per-

Discrimination of internal fault from other conditions Considering CT satura-
tion.

Condition Correct Incorrect Accuracy %
detection detection
Internal and turn-to-turn 88 2 97.78
fault

Inrush current 52 - 100

External fault 89 1 98.89

Overall 229 3 98.71
Table 11

The effect of noise on the performance of the proposed algorithm.

Signal-to-noise ratio of 20 dB Without noise

Condition Correct Incorrect Accuracy %  Accuracy %
detection detection
Internal and turn to 224 4 98.24 98.68
turn fault

Inrush current 104 - 100 100
External fault 188 2 98.88 98.88
Over-excitation 76 - 100 100
Ultra-saturation 42 - 100 100

Overall 624 6 99.05 99.21

excitation and ultra-saturation, the first level magnitude of the ground
mode (I,) current component cannot be ignored. As seen in Figs. 7(b),
8(b) and 9(b), the first, second and third levels of the ground mode
current component in the inrush current, over-excitation and ultra-sa-
turation are concentric around the fundamental and second harmonic.
In the case of over-excitation condition, unlike the other conditions, the
first level magnitude of the ground mode current component is larger
than the first level magnitude of the aerial mode 1 current component.

Tables 1-5 show the distinguished performance of the proposed
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formance of the proposed method at detecting and classifying different
conditions. The accuracy of the proposed method in discriminating an
internal fault from other conditions is mentioned in Table 7. The pro-
posed method’s efficiency in different conditions is 99.18%. Therefore,
it provides an effective discrimination between an internal fault and
other conditions.

The proposed method’s efficiency for all cases of internal faults,
inrush currents, external faults, over-excitations and ultra-saturations
are shown in Table 8. According to Table 8, the two cases of phase A-to-
ground internal fault (AG) and a case of phase-to-phase internal fault
(AB) in the internal fault conditions and a case of phase A-to-ground
external fault (AG), a case of phase-to-phase-to-ground (ABG) external
fault and a case of three-phase external fault (ABC) are detected in-
correctly. However, the efficiency of the proposed method is 100% in
other cases. As mentioned above, the CT saturation can cause mal-op-
eration of the protection relay. So, the accuracy of the proposed method
in different conditions, without/with the saturation of CTs, are given in
Table 9 and 10, respectively. The accuracy of detecting different con-
ditions without/with the saturation of CTs is 99.28% and 98.71%, re-
spectively. The detection error rate for all conditions is 0.57%. These
results indicate that CT saturation does not affect the proposed method.

To show the effect of noise on the proposed method, the signal-to-
noise ratio of 20 dB was considered. This is the highest noise that can be
added and reflects the practicability of the proposed method in actual
power systems. As shown in Table 11, the noise is effective only in
internal fault conditions, which is also negligible. Other conditions in-
cluding external fault, inrush current, over-excitation and ultra-sa-
turation are not affected by the noise.

Also, the effect of different vector groups on the proposed method is
been investigated. In this paper, a three-phase transformer YNd11 is
been used. Comparison of the results of the proposed method for a
three-phase transformer with YNd1 and YNd5 vector groups with a
three-phase transformer YNd11 vector group, is shown in the Table 12.
According to the results presented, it can be seen that the performance
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Table 13
Comparing accuracy of classification and detection in different methods.
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Condition ANN + PSO WT HST KNN + GA HST + PNN Proposed method
[31] [32] [22] [8] [23]
Internal and turn-to-turn fault 100% 100% 98.24%" 100% 99.12% 98.68%
Inrush current 100% 100% 99.04% 99.04% 99.04% 100%
External fault - 100% 97.22% - 98.33% 98.88%
Over-excitation - - - 97.36% 98.68% 100%
Ultra-saturation - - - - - 100%
Overall 100% 100% 98.05% 99.26% 98.81% 99.21%
Table 14
Comparing accuracy of classification and detection in different methods with noise.
Condition ANN + PSO WT HST KNN + GA HST + PNN Proposed method
[31] [32] [22] [8] [23]
Internal and turn-to-turn fault - - 97.80% - 98.68% 98.24%
Inrush current - - 98.08% - 98.08% 100%
External fault - - 97.22% - 97.22% 98.18%
Over-excitation - - - - 96.05% 100%
Ultra-saturation - - - - - 100%
Overall - - 97.65% - 97.79% 99.05%

of the proposed method in different vector groups is not very different.

Comparisons of the results of various methods in conditions with
noise and without noise are shown in Tables (13 ) and (14 ), respec-
tively. In Ref. [31], the probabilistic neural network (PNN) is proposed
to discriminate between transformer internal fault and inrush current
condition. The particle swarm optimization is applied to obtain an
optimal smoothing factor of PNN. The proper operation in distin-
guishing internal fault conditions from the current is the advantage of
this method. The disadvantage of this study is not to consider the ex-
ternal faults, over-excitation and ultra-saturation conditions and the
effect of the noise on the proposed method. In Ref. [32], the wavelet
transform is used to distinguish and classify different conditions. De-
spite the proper performance in internal fault conditions as well as in
external fault and inrush current, over-excitation and ultra-saturation
conditions, as two other transient states, are not investigated. The ac-
curacy of detecting the internal fault, the external fault and the inrush
current in [22] (HST) is 98.2%, 97.22% and 99.04%, respectively, and
when the 20-dB noise is considered, the accuracy of internal fault de-
tection, external fault and inrush current is 97.9%, 97.22% and 98.08%,
respectively. In Ref. [22], despite the fact that different conditions are
considered with noise, the study is not considered ultra-saturation and
over-excitation. In Ref. [8], where a hybrid intelligent method is used,
the accuracy rate of detecting internal fault, inrush current, and over-
excitation is 100%, 99.04%, and 97.36%, respectively. In addition to
disregarding the noise conditions, it does not investigate external fault
and ultra-saturation conditions either. In Ref. [23], where HST is used
with a probabilistic neural network, the accuracy of internal fault, ex-
ternal fault, inrush current and over-excitation detection is 99.9%,
98.33%, 99.04% and 98/68% respectively, And when a 20-dB noise is
considered, the accuracy of internal fault, external fault, inrush current
and over-excitation detection is 98.68%, 97.22%, 98.08% and 96,/05%,
respectively. In Ref. [23], despite the proper accuracy and the inclusion
of more transient conditions, the ultra-saturation condition is not stu-
died.

In the worst case, 12 ms must be passed from the inception of fault
to detect internal fault conditions. Moreover, 4 ms is needed for signal
processing and decision stages according to the flowchart of the pro-
posed fault detection scheme. Therefore, the total time taken by the
proposed protection scheme is approximately 16 ms from the inception
of fault.
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5. Conclusion

This paper presents a new method based on Clark’s transform and
MHST to discriminate internal and turn-to-turn faults from other con-
ditions. Over-excitation and ultra-saturation are two other conditions
that must not cause the relay to operate. In this paper, both the over-
excitation and the ultra-saturation conditions along with other condi-
tions are considered for the first time. MHST is used as a time-frequency
analyzer of non-stationary differential current signals and provides a
superior performance compared to the S-transform. Thus, according to
the MHST matrix, a set of meaningful features will be extracted. Unlike
the algorithms based on ANN, this method does not need training or
testing the extracted features. The detection is done by a few simple
comparisons.

In the CT saturation condition which can lead to relay mal-opera-
tion, the proposed method shows desirable performance. Moreover, the
simulation results show that unlike wavelet-based techniques, the
proposed method is immune to noise. The accuracy and speed of the
detection of different conditions show the proper operation of the
proposed method.
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Appendix A
Source

Vs = 230KV, Zs= 1 + j1.57 Q
Power transformer

160 MVA, 230/63 Kv, 50 Hz, YND11, Leakage Reactance = 0.1 pu,
Magnetizing Current = 1%

Current transformer

Primary side
CT Ratio: 600:1, Ry =43 Q, L;=1E-4 H, A= 32.9E-4m?
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L=0.848m

Secondary side

CT Ratio: 2000:1, R, = 7.77 Q, L, = 1E-5 H, A = 10.36E-4 m?,

L=0.548m
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