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Abstract: This paper presents a novel method to discriminate between the magnetizing inrush and external 

and internal fault currents in power transformers. Fault type identification and faulted phase selection are 

also possible by the proposed algorithm. The proposed method has two main parts. First, by means of S-

transform, which is the most accurate method in the field of signal processing, some useful features are 

extracted from the input signal. Then, the extracted features are converted to some numerical indices. In the 

second part, an effective decision maker is needed to classify the input signal. One of the best methods, which 

have been used for decision-making applications is fuzzy logic. So, the numerical indices are used as inputs for 

the fuzzy system. The output of the fuzzy system not only can reveal whether the input signal is the magnetizing 

inrush, external or internal fault, but it can also identify the fault type when there is an internal fault. Finally, 

the faulted phases can be identified with a supplemental algorithm. To generate the test signals, a three-phase 

transformer is modeled in PSCAD/EMTDC. Testing the proposed algorithm by different simulated data 

shows the robustness of the proposed method in the transformer differential protection. 
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1. INTRODUCTION 

Power transformers are considered as one of the most 

important components of a power system. The protection of 

different components of a power system is also a critical 

issue. Therefore, fast and reliable protection of the power 

transformers is an important problem that needs to be 

addressed properly. The accurate protection of these 

transformers can decrease possible damages and increase the 

reliability of the power supply. There are some special 

operating conditions that can lead to the reduction of the 

protection accuracy [1]. It can be said that there are some 

disturbances, such as magnetizing inrush, internal fault, 

external fault, and ultra-saturation, which can affect the 

performance of a power transformer [2-3]. The protection 

scheme for a transformer must be reliable (no missing 

operation), secure (no false tripping), fast (short fault clearing 

time), and stable [4]. 

When an internal fault occurs, the protection relay should 

be able to trip the transformer from the network to limit the 

internal damage caused by the fault to the transformer. 

Differential relaying plays the main role in the electrical 

protection of a power transformer. When there is an internal 

fault, a differential current flow through the relay whose 

amplitude is much higher than the differential current 

amplitude in the normal operating condition. This quantity 

can be used as a discriminative feature to understand a fault 

condition. But, in some situations, differential current can 

have a high value, and relay should not perform. In fact, when 

a transformer is energized, a magnetizing inrush current will 

flow through the transformer and cause the differential 

current to have a high value. It is a transient current that does 

not damage the transformer, so there is no need to trip the 

transformer. The same condition occurs when the transformer 

is energized in parallel with an already operating transformer 

[5] or when the transformer recovers from an external fault. 

The external fault can also make the amplitude of the 
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differential current much higher than its usual value but it 

should not make the differential relay trip the transformer. 

Taking all the above into consideration, it can be 

understood that a protective scheme must be able to 

distinguish internal faults from inrush currents and external 

faults. Magnetizing inrush currents have a high level of the 

second harmonic component that was traditionally a 

discriminative feature to distinguish the magnetizing inrush 

currents from the internal faults [6], [7]. Methods that are 

based on the second harmonic component are no longer 

applicable in the transformer differential protection because 

there are some contents of the second harmonic component, 

while CT saturates. Moreover, there can be a low level of the 

second harmonic component in the magnetizing inrush 

currents due to the modern core material of the power 

transformer [8], [9]. There are other methods that are based 

on the waveform identification. In these methods, some 

features are extracted from the signal waveform and 

according to these features, it is decided if the waveform is an 

internal fault or a magnetizing inrush current [10]. 

Various methods have recently been presented to solve this 

problem. Some have used artificial neural networks and 

genetic algorithms to identify the inrush current [11, 12], 

which are system-dependent and impose a high 

computational burden. Others have used wavelet transform 

(WT) for this purpose [13-14]. WT can be affected by the 

high-frequency noise, which is a considerable drawback [15]. 

Other drawback of utilizing WT is the dependability of its 

accuracy on the choice of the mother wavelet, which can only 

be derived by trial and error. In [16], an algorithm that is 

based on the wave shape properties of the transformer average 

differential power during inrush and internal faults is used to 

discriminate between these two events. A method based on 

the Clarke transform with fuzzy sets is presented in [17], and 

methods based on the wavelet pocket transform are presented 

in [18] and [19] to be used for the differential protection of 

the power transformers. A Kalman-filter-based algorithm is 

presented in [20] for the same purpose. 

Another phenomenon that leads to an over-current in the 

transformer differential relays is the external fault, which has 

not been considered in the above-reviewed papers. Since the 

external faults are not related to any faults in the transformer, 

the differential relay should not operate in this situation. This 

paper presents an effective method based on the S-transform 

and fuzzy system. The proposed method can discriminate 

between the internal faults, external faults, and inrush 

currents. This method is based on the characteristics derived 

from the wave shapes of these three signal types. S-transform 

is a convertible time-frequency analyzing technique and has 

not only the useful characteristics of both Fourier transform 

(FT) and wavelet transform (WT) but also characteristics 

superior to both previous time-frequency analyzing 

techniques. FT cannot extract non-stationary features of the 

signals, so it is not possible to use it to analyze the transient 

signals such as the magnetizing inrush currents. As mentioned 

before, high-frequency noise and the choice of the mother 

wavelet affect the accuracy of WT. S-transform can extract 

both the time and frequency properties of the signals. As a 

result, it can be used to extract transient information of the 

signals. This method is immune to noise and there is no need 

for any mother wavelet or things like that [21].  

After the feature extraction, an effective classifier is 

needed to classify the input signals. In this paper, a fuzzy 

system is used to classify the input signals to reveal if there is 

an internal fault, an external fault, or a magnetizing inrush. In 

addition, when there is an internal fault, the proposed method 

can extract the fault type, whether there is a single-phase, 

double-phase, double-phase-to-ground, three-phase, or three-

phase-to-ground fault. The phases that have encountered a 

fault will be revealed then. 

2. POWER TRANSFORMER SPECIFICATIONS 

For the simulation purpose, a three-phase transformer is 

simulated in PSCAD/EMTDC software. Different signals are 

extracted from the simulated transformer. 

2.1. Magnetic Core Saturation 

The magnetic core saturation is simulated by 

compensating for the current source across the winding 

wound closest to the core [22]. The simulation model is 

shown in Fig. 1. 

In Fig. 1, Is(t) is the magnetizing current that is related to 

the flux linkage through the I  characteristic and can be 

derived from the voltage and current measurements during 

the no-load test. In the case of having a high value for the 

linkage flux, the slope of this curve tends toward the saturated 

core inductance of the transformer winding. This 

characteristic is calculated by means of the PSCAD/EMTDC 

platform based on the magnetizing current at the rated 

voltage, the air core saturated reactance of the winding and 

the position of the knee point. 

2.2. Remanence  

When a transformer works in its normal operation, the 

flux linkages corresponding to the three phases have the same 

magnitude with 120◦ phase deviation. In the case of de-

energizing the transformer, the linkage flux will freeze at the 

flux remanence point. The degree of the magnetizing inrush 

current during energization is a direct function of the 

remanence that exists in the leg of the transformer core. So, it 

is necessary to simulate the residual flux of the core. Residual 

flux can be simulated by inserting a controlled DC current 

source in parallel to each low-voltage transformer winding 

[23]. 

2.3. Inrush Current 

The existence of the inrush current in a power transformer 

has different reasons. It is mostly the result of the transformer 

energization. Recovering the transformer from an external 

fault and energizing the transformer in parallel to an already 

operated transformer are other reasons for the existence of an  

 

 
Fig. 1: Modeling the magnetic core saturation. 
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inrush current for the existence of an inrush current in a power 

transformer. Inrush currents are transient currents that flow 

through the transformer windings for several cycles and their 

initial amplitude is much higher than the transformer’s 

nominal current. A magnetizing inrush current has the 

following features: 

 It consists of the DC offset and odd and even harmonics 

(especially the second harmonic component).  

 There are uni-polar or bi-polar pulses along with low 

current value intervals. 

 The ratio of the second harmonic component to the first 

one has a relatively high value. 

There are time intervals between pulses with very low 

current values [24]. 

2.4. Internal Fault 

Internal faults are the other reason for having high 

amplitude differential currents in the transformer windings. 

The common features of the internal fault currents are as 

follows: 

 There is a DC offset in some of the internal fault 

currents. 

 In the first moments after the fault inception, the slope 

of the internal fault current is higher than that of the 

inrush current. 

 If there is no harmonic in the system, the internal fault 

has a sinusoidal trend. 

The following items have a considerable effect on the 

internal fault current specifications: 

 Fault type (single-phase-to-ground (SLG), double-

phase-to-ground (DLG), double-phase (LL) and three-

phase (3PH)). 

 Load condition 

 The phase voltage at the instant of the fault inception 

 The impedance of the fault. 

2.5. External fault 

Sometimes when an external fault occurs, a relatively 

high magnitude current flows through the differential relay. 

For example, in the case of the CT saturation, external faults 

lead to the high amplitude differential currents. The fault 

type, fault inception angle, fault impedance and the 

transformer core remanence flux are some of the main 

parameters that affect the external fault specifications. 

3. S TRANSFORM 

The S transform (ST), introduced by Stockwell [25], can 

be considered the "phase correction" of the continuous 

wavelet transform (CWT). The CWT of the function h(t) is 

defined by:  

( , ) ( ) . ( , )W d h t w d t dt 



                                          (1) 

The ST is a CWT with a specific mother wavelet multiplied 

by a phase-corrected factor: 

2( , ) . ( , )j fs f e W d                                                      (2) 

where the mother wavelet w(f,t) is defined as: 

2 2

22( , ) .
2

t f

j ftf
w f t e e 




                                          (3) 

In (1), parameter d is the inverse of the frequency and f is 

the frequency. Finally, the ST equation can be written as 

follows: 
2 2( )

22( , ) ( ) .
2

t f

j ftf
S f h t e e dt







 


                   (4) 

The ST can also be written as an operation on the Fourier 

spectrum H(f) of h(t): 
2 2

2

2

2( , ) ( ) . j tfS f H f e e d

 
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


                        (5) 

Since ST is a representation of the local spectra, Fourier 

or time average spectrum can be directly calculated by 

averaging the local spectrum as: 

( ) ( , )H f S f d 



                                                        (6) 

2( ) ( , ) j fth t S f d e df 
 

 

 
   

 
                               (7) 

The power disturbance signal h(t) can be defined in a 

discrete form as h(kT), k=0, 1, ..., N-1, where T is the 

sampling time interval and N is the total sampling number. 

The discrete Fourier transform can be calculated as: 
21 ( )

1

1
( )

0,1,2,..., 1

nkN j
N

k

n
H h kT e

NT N

n N
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 
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 
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                                 (8) 

Using (5), the ST of a discrete time series h(kT) is given 

by (let kT  and f   n/NT)  
2 2

2
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So, the ST matrix S [KT, n/KT] is used to analyze the 

power system signals in which the rows are frequencies and 

the columns are the time values. Each column displays the ST 

magnitude with all frequencies at the same time and each row 

displays the ST magnitude with the time varying from 0 to N-

1 in the same frequency where n=0, 1, …, 1
2

N
 . In this 

paper, the ST amplitude (STA) matrix is: 

( , ) ,
n

A kT f S kT
NT

 
  

 
                                               (11) 

Apart from having the ST amplitude matrix, considering 

the ST phase matrix (STP) is also profitable to analyze the 

power quality disturbances in a three-phase manner. 

Im ,

( , ) arctan
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n
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NT
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S kT
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4. POWER TRANSFORMER DIFFERENTIAL PROTECTION 

The algorithm, proposed in this paper, consists of two 

different steps. In the first step, some features are extracted 

from the relay signal using a proper time-frequency analyzing 

technique. In the second step, the relay signal should be 

classified using a proper classifier according to the features 

extracted in the previous step. 

4.1. Feature Extraction 

One of the best methods, which is used for this purpose, is 

the ST. This technique can be used to extract all frequency, 

time, and transient features of the signal. Besides, this 

technique is immune to noise and its output is easy to analyze. 

The ST output is a complex matrix. If we calculate the 

absolute value of each component of this matrix, according to 

(11), we would have an STA matrix that is used for feature 

extraction. Fig. 2(a) shows the normal signal without any 

disturbances and Figs. 2(b) and 2(c) are the time-frequency 

amplitude curves generated from its STA matrix. Here, the 

sampling frequency is 10 kHz and the signal’s main 

frequency is 50Hz. Fig. 2(b) is called the maximum amplitude 

curve (MAC), which indicates the frequency components of 

the input signal. It is extracted from each column of the STA 

matrix. Fig. 2(c) is called the standard deviation curve (SDC). 

To explain this curve, the STA matrix should be explained 

more precisely. When the input signal has n samples, the STA 

matrix will have n/2 rows and n columns. Each row shows the 

input signal amplitude deviations versus time, and each 

column shows the frequency components of the input signal 

in each time sample. When the input signal has a fixed 

amplitude, the values in each row of the STA matrix will 

remain approximately constant. Therefore, the standard 

deviation of the values of each row is near zero. But, when 

there is a transient signal added to the main signal, the 

standard deviation of the respective row (respective 

frequency which is the frequency of the transient signal) will 

have a nonzero value. In this paper, we use this curve to detect 

the fault-generated transient components. 

Figs. 3-12 present the sampling signals of the internal 

fault, inrush current and external fault along with their related 

three-phase MACs and SDCs. To generate MACs and SDCs, 

one cycle of each of the three phases is recorded and then ST 

is applied to the recorded signals. The differential currents are 

extracted from a Y/Δ, 50Hz, 500 MVA, and 400/230 kV 

three-phase transformer, which is modeled in 

PSCAD/EMTDC. Fig. 3 shows the three-phase differential 

currents related to a Bg fault with 10 Ohms fault resistance 

and the fault inception angle of 90 degrees. It is worth 

mentioning that each of Figs. 4, 6, 8, 10, and 12 contains the 

MACs and SDCs of all the three phases. In fact, samples 1 to 

100 are related to phase A, samples 101 to 200 are related to 

phase B, and samples 201 to 300 are related to phase C. 

In Fig. 4, it is expected that the region related to phase B 

has a peak in both MAC and SDC. For example, in Fig. 4(a), 

the region related to phase B is between samples 100 and 200. 

A peak at the beginning of the phase B region shows that there 

is a peak in the fundamental frequency in the MAC of phase 

B. Fig. 5 shows an ACg fault with zero Ohms resistance with 

the fault inception angle of 45 degrees. Note that this angle is 

the angle of phase A voltage at the fault inception time. 

Fig. 7 shows the three-phase currents for a three-phase 

fault with 5 Ohms resistance with the fault inception angle of 

30 degrees. 

Fig. 9 shows the three-phase current signals for an inrush 

situation. Here, the source impedance is 10 Ohms and the 

voltage angle of phase A is 90 degrees at the switching 

inception time. 

 
Fig. 2: Normal signal and the related curves extracted by 

S-transform, (a): Normal signal, (b) MAC values, (c) SDC 

values. 

 
Fig. 3: Differential currents related to a Bg fault, (a) Phase 

A, (b) Phase B, (c) Phase C. 

 
Fig. 4: ST outputs for the three phases for a Bg fault, (a) 

MAC, (b) SDC. 
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Fig. 5: Sampling data for a double-phase-to-ground fault, (a) 

Phase A, (b) Phase B, (c) Phase C. 

 
Fig. 6: ST outputs for the three phases for the ACg fault, (a) 

MAC, (b) SDC. 

 
Fig. 7: Sampling data for a three-phase-to-ground fault, (a) 

Phase A, (b) Phase B, (c) Phase C. 

 
Fig. 8: ST outputs for the three phases for the ABC fault, (a) 

MAC, (b) SDC. 

 
Fig. 9: Sampling data for an inrush current, (a) Phase A, (b) 

Phase B, (c) Phase C. 

 
Fig. 10: ST outputs for the three phases for an inrush 

current, (a) MAC, (b) SDC. 

 
Fig. 11: Sampling data for an external ABCg fault, (a) Phase 

A, (b) Phase B, (c) Phase C. 

 
Fig. 12: ST outputs for the three phases for the three-phase 

external fault, (a) MAC, (b) SDC. 
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Fig. 11 shows the three-phase current signals for an 

external fault. Here, the fault impedance is 5 Ohms and the 

voltage angle of phase A is 120 degrees at the fault inception 

time. 

Fig. 3 shows a single-phase-to-ground internal fault. As 

can be seen in Fig. 4, there is only one peak in its related 

MAC, and according to its related SDC, the area under this 

curve has a relatively higher value than the respective curve 

of the inrush current. Fig. 5 shows the sampling data of a 

double-phase-to-ground fault. Fig. 6 indicates that there are 

two peaks in the MAC of the double-phase-to-ground fault 

and the area under the SDC for this type of fault is significant. 

Fig. 7 shows the sampling data for an internal three-phase-to-

ground fault. There are three peaks in its MAC and its SDC 

has still a significant value. According to Figs. 3 to 8, this is 

obvious that the number of peaks in MAC has a direct 

relationship with the number of faulted phases. 

Fig. 10 shows that for the inrush current signal, there are 

three peaks in the related MAC, which is the first difference 

between the output curves of the magnetizing inrush currents 

and single- and double-phase internal faults. When a double-

phase or a three-phase external fault occurs in a power 

system, transformer differential relay will detect an over-

current. Fig. 11 shows the three-phase signals related to a 

three-phase external fault and its MAC and SDC are shown 

in Fig. 12. The internal fault has a random nature and its SDC 

is expected to have a significant value in all frequency 

samples. So, the area under the SDC for the internal fault is 

higher than that of the inrush current. In fact, having a 

significant value in all frequencies of the SDC related to an 

internal fault is because of the fault-generated high-frequency 

components. However, for high impedance internal faults, the 

area under the SDC has a relatively lower value compared to 

that of the low impedance faults. But, because of existing the 

high-frequency components, this parameter has still a 

relatively higher value than that of the inrush currents. As can 

be seen in Figs. 3-12, the number of peaks in the three-phase 

MAC and the area under the SDC are the key features to 

discriminate between the magnetizing inrush currents, 

internal faults and external faults. To discriminate between 

the grounded and ungrounded faults, the zero sequence of the 

three-phase signals should be calculated. This parameter can 

also make the whole method more precise.  

To have a fast, accurate, and easy method, it is necessary 

to extract some numerical indices from the previous wave 

type features. Automatic decision-making by numerical 

parameters is much easier than decision-making by 

waveforms. So, in this paper, we extract three numerical 

indices, named C1, C2, and C3 from SDC and MAC of each 

signal.  

C1: This index represents the number of peaks in the main 

frequencies of the three phases in the three-phase MAC. If 

there is a single-phase-to-ground fault, then only one of the 

main frequencies has a significant value, so there is only one 

peak in the three-phase MAC and as a result, C1 would be 1. 

If there is a double-phase fault, then two of the main 

frequencies have a significant value, so there are two peaks in 

its three-phase MAC and as a result, C1 would be 2. A similar 

rule exists for a three-phase fault. In the case of having the 

magnetizing inrush current, all the three main frequencies 

have a significant value, so there are three peaks in the related 

MAC and as a result, C1 = 3 for the signal of magnetizing 

inrush current. For example, in Fig. 6, C1 = 2 and in Fig. 10, 

C1 = 3.  

C2: This index is the area under the SDC of the signal. As 

can be seen in Figs. 6 and 10, the area under the SDC of the 

internal fault is greater than that for the inrush current. So, C2 

can be considered as a discriminative parameter. 

C3: This index is defined to know if the signal is connected 

to the ground or not. This index is useful for the fault type 

identification. This is related to the content of the zero 

sequence of the input signal. To calculate this index, first, by 

the summation of the samples of the three phases, the zero-

sequence current is calculated. Then, ST is applied to the 

zero-sequence current. C3 is the maximum value in the MAC 

of the zero-sequence current. We know that for an 

ungrounded fault, the zero sequence of a three-phase input 

signal is nearly zero and for a grounded fault, this parameter 

has a significant value.  

By analyzing a large number of magnetizing inrush, 

internal and external fault current signals, possible values for 

C1, C2, and C3 are calculated. Table 1 shows the values of the 

indices for each fault type. 

4.2. Signal Classification 

Up to this step, values for each numerical feature are 

extracted. Now, it is needed to have an efficient classifier to 

classify the input signals. Fuzzy logic is a good decision-

maker and can be used to classify signals according to the 

numerical features extracted from the input signal. We need 

a deterministic output as the magnetizing inrush, external 

fault, single-phase internal fault, double-phase internal fault, 

double-phase-to-ground internal fault, three-phase internal 

fault, and three-phase-to-ground internal fault. As a result, a 

Sugeno-type fuzzy system is required. Digits 1 to 7 represent 

the signal types mentioned above, respectively. Figs. 13 to 15 

show the membership functions for the three variables. These 

variables are defined according to C1, C2, and C3. 

 

Table 1: Possible values of indices for each signal type. 

Disturbance 

type 
C1 C2 C3 

Single-phase-to-

ground fault 
1 0.0032~0.0331 0.0042~0.0229 

Double-phase-

to-ground fault 
2 0.0736~0.2288 0.0021~0.0124 

Double-phase 

fault 
2 0.0486~0.1934 4.18 10-8~8.5  10-7 

Three-phase-to-

ground fault 
3 0.2531~0.2626 2  10-6~9  10-5 

Three-phase 

fault 
3 0.2018~0.2094 3.9 10-8~5.6  10-7 

External fault 3 0.0029~0.0045 3.87 10-12~14  10-11 

 

 
Fig. 13: Membership functions for the variable related to C1. 

1 MF3 MF2 MF1 
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Fig. 14: Membership functions for the variable related to C2. 

 

 
Fig. 15: Membership functions for the variable related to C3. 

Table 2: Values of membership functions for each variable. 
Variable MF1 MF2 MF3 

First 0.25-0.75-

1.25-1.75 

1.25-1.75-2.25-

2.75 

2.25-2.75-

3.25-3.75 

Second 0-0.0029-

0.0045-0.0046 

0.0045-0.0046-

0.0321-0.0322 

0.0313-0.0314-

0.263-0.27 

Third 0-10-12-3  10-

12-10-9 

10-8-3  10-8-9 

10-7-10-6 

10-6-2  10-6-

0.023-0.024 

 

After defining the membership function, some rules 

should be defined for the fuzzy engine to make the decision-

making process possible. Table 3 shows the set of rules used 

in this paper. 

The values for each membership function must be defined 

according to the values of the numerical features extracted 

from the input signal to make it possible for the fuzzy system 

to classify the input signal correctly and accurately. Table 2 

shows the proper value for each membership function. 

4.3. Faulted Phase Selection 

To find the faulted phases, the three-phase-based MAC is 

utilized in this paper. It is worth mentioning that ST is 

separately applied to the differential current signals of phases 

A, B, and C. Then, we put the extracted MACs in one matrix 

and name it the three-phase-based MAC. As stated before, 

there are three regions in the three-phase-based MAC. The 

first region is related to phase A (samples 1 to 100 in Fig. 4), 

the second one is related to phase B (samples 101 to 200 in 

Fig. 4), and the third one is related to phase C (samples 201 

to 300 in Fig. 4). Having a peak at the beginning of each 

region shows that the respective phase has encountered a 

fault. For example, consider the MAC shown in Fig. 4. At the 

beginning of the second region, there is one peak in the 

mentioned MAC. The second region is related to phase B. 

Therefore, the fault is concluded to be a Bg one. Consider the 

MAC shown in Fig. 6. In this curve, there are two peaks at 

the beginning of the first and the third regions. The first 

region is related to phase A and the third one is related to 

phase C. Therefore, the faulted phases are concluded to be 

phases A and C. The flowchart of the proposed algorithm is 

depicted in Fig. 16. 

5. SIMULATION AND RESULTS 

A simulation study was done on a system comprising a 

typical 500 MVA with a 400/230-kV three-phase transformer 

Table 3: Decision-making rules. 

Rules Membership function Output Result 

 
Variable

1 

Variable

2 

Variable

3 
  

Rule1 MF3 MF1 MF1 MF1 Inrush 

Rule2 MF1 MF2 MF3 MF2 Single-

phase 

fault 

Rule3 MF2 MF3 MF2 MF3 Double-

phase 

fault 

Rule4 MF2 MF3 MF3 MF4 Double-

phase-to-

ground 

Rule5 MF3 MF3 MF2 MF5 Three-

phase 

fault 

Rule6 MF3 MF3 MF3 MF6 

Three-

phase-to-

ground 

Rule7 MF2 MF2 -- MF7 
External 

fault 

Rule8 MF3 MF2 -- MF8 
External 

fault 

 

Start

Input a signal

Check for any 

overcurrent

No

Perform the 

S-Transform

Extract MAC 

and SDC

Yes

Calculate C1 

and C2

Fuzzy decision maker

Calculate C3

inrush
Three phase to 

ground fault

Three phase

 fault

Double phase 

to ground fault

Double 

phase  fault

External 

fault

Single phase

 fault
 

Fig. 16: The flowchart of the proposed method. 

Line

Three phase 

transformer

Line

+ -

Differential 

relay

Internal 

fault block

External 

fault block

Load

 
Fig. 17: A single-line diagram of the simulated power 

system. 

MF1 MF2 MF2 

MF1 MF3 MF3 
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that is modeled in PSCAD/EMTDC. To take the effect of long 

lines into consideration, the distributed model for lines is used 

in this paper. A single-line diagram of the simulated Y/Δ 

transformer along with other network elements is shown in 

Fig. 17. 

5.1. Testing the accuracy of the algorithm 

To test the performance of the proposed algorithm, 100 

signals for each disturbance type are first generated in 

PSCAD/EMTDC and are classified by the algorithm. To 

generate different internal faults, the fault type, the fault 

impedance and the fault inception angle are changed. The 

source impedance and the voltage angle at the instant of 

switching are changed to generate different inrush current 

signals. The results are shown in Table 4. 

According to Table 4, it can be seen that this method has a 

high classification accuracy. The only errors that can be seen 

in Table 4 are the inrush current and the single-phase fault. 

There were four mistaken inrush current signals. The output 

for two of these mistaken signals was "2", which is the index 

related to the single-phase fault, and the output for two of 

them was "3", which is the index related to the double-phase 

fault. For the single-phase-to-ground set of signals, there is 

one mistaken signal that has the output of "1", which is the 

index related to the magnetizing inrush currents. 

In this paper, faulted phase selection has a very simple 

algorithm, as described in Section 4.3. This simplicity leads 

to the high accuracy of this algorithm. This means that all the 

faulted phases are identified correctly. 

5.2. Signal Type Classification 

In this section, the process of the signal type classification 

is analyzed for some sample disturbances. Table 5 shows the 

related results. 

For example, consider the BCg internal fault in Table 5. 

Here, C1 is 2, which means that two of the phases have 

encountered a fault. This means that the signal is an internal 

or an external fault. The value of C1 along with the values of 

C2 and C3 shows that there is a double-phase-to-ground 

internal fault. 

5.3. Fault Type Classification and Faulted Phases 

Selection 

To show the robustness of the fault type classification and 

faulted phases selection algorithm, different internal fault  

 

Table 4: The first simulation results for the proposed 

algorithm. 

Disturbance type Index number Classification 

accuracy 

Single-phase-to-ground 

fault 

2 99% 

Double-phase fault 3 100% 

Double-phase-to-ground 

fault 

4 100% 

Three-phase fault 5 100% 

Three-phase-to-ground fault 6 100% 

Inrush current 1 96% 

External fault 7 100% 

Table 5: The results for the signal type classification. 

Applied 

distrubance 
C1 

Index 

number 
C2 C3 

Fuzzy 

output 
Result 

Inrush 3 2 0.0034 2.4×10-11 1 Inrush 

Internal 

fault, Ag 
1 3 0.0033 0.0085 2 

Single-phase-

to-ground fault 

Internal 

fault, BCg 
2 4 0.1278 0.0114 4 

Double-phase-

to-ground fault 

Internal 

fault, ABC 
3 5 0.2094 3.9×10-8 5 

Three-phase 

fault 

External 

fault, AB 
2 6 0.0059 -- 7 External fault 

External 

fault, ABCg 
3 1 0.0142 -- 7 External fault 

Table 6: The results of the fault type classification. 

Applied 

fault 
C1 C2 C3 

Peak 

region 

Fuzzy 

output 
Result  

Bg 1 0.0047 0.0143 2 2 Bg 

ACg 2 0.0842 0.0118 1 and 3 4 ACg 

AB 2 0.1896 4.3×10-8 1 and 2 3 AB 

ABg 2 0.228 0.0057 1 and 2 4 ABg 

BC 2 0.1448 1.51×10-7 2 and 3 3 BC 

ABC 3 0.2018 5.57×10-7 1, 2 and 3 5 ABC 

 

types are generated and tested by the proposed algorithm. 

Table 6 presents some of the results. 

For example, for the Bg fault in Table 6, the values of C1, 

C2, and C3 show that there is an internal fault. The value of C1 

shows that only one of the phases has encountered a fault. The 

second region has a peak and therefore, the test signal is the 

result of a Bg fault. 

5.4. Comparison With Other Algorithms 

In [26], an algorithm based on the rate change of the phase 

angle of the differential current is presented. In [27], using a 

modified least square algorithm, the sinusoidal part of the 

differential current is produced, and then using the 

probabilistic distance measure algorithm, it is analyzed if the 

signal has resulted from an internal fault or an inrush current. 

The identification of the single-phase faults is considered in 

this reference. Another algorithm is presented in [28] to 

identify only single-phase internal faults. None of these 

references provide an algorithm for fault type classification 

and faulted phases selection. The identification of the external 

faults is not considered in these references either. 

References [29] and [30] provide high-frequency-based 

algorithms for the transformer differential protection. Both 

fault type classification and external fault identification are 

not performed in these references. 

The algorithm presented in [31] uses the convolutional 

neural network (CNN) for the transformer differential 

protection. This type of algorithm needs a large amount of 

data for the training process, which is a drawback of such 

protection algorithms. In this reference, different fault types 
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and external faults are considered in the simulation stage. But 

there is still no algorithm for fault type identification and 

faulted phases selection. 

The proposed algorithm covers different aspects of the 

transformer differential protection. The discrimination 

between the internal faults and inrush currents, fault type 

classification and faulted phases selection, and the 

identification of external faults are all considered in the 

proposed algorithm. Besides, in some references such as [32-

34], the existence of the low-order harmonic components 

affects the performance of the algorithms. The proposed 

algorithm covers the gap between the fundamental frequency-

based algorithms and high-frequency-based algorithms. Low-

order harmonic components such as the ones resulting from 

the CT saturation do not affect the performance of the 

proposed algorithm. 

6. CONCLUSION 

This paper presents a new algorithm to discriminate 

between the magnetizing inrush currents, external faults, and 

internal faults. The algorithm uses wave shapes of the three 

signal types. In the first step, some discriminative features are 

extracted from the MAC and SDC of the faulted signal using 

ST. In the second step, to classify the transformer signals 

according to the numerical indices, a fuzzy expert system is 

utilized. Converting the wave shape characteristics to the 

numerical features simplifies the classification process. Using 

fuzzy logic as a decision-maker, makes the algorithm more 

flexible and reliable. Finally, testing the proposed algorithm 

by means of the test signals generated by PSCAD/EMTDC 

software shows the effectiveness of the proposed method in 

the transformer differential protection. 
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