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Abstract: - With the increase in power consumption, the safety of the power transformers has increased 
manifolds. Ideally, there should be a no-fault operation of power transformer which is yet to be achieved. The 
objective of this paper is to provide a complete protection scheme of power transformers. The faults are 
analysed and classified using Discrete Fourier Transform (DFT) and Wavelet Transform. The DFT based 
controller is used to detect inrush and fault currents. We have used wavelet transform and it has proven to be a 
very effective tool for detailed analysis of these transients. In addition, Fuzzy logic controller, with minimal 
computational complexity, is implemented for the differentiation of inrush, internal and external faults using 
the detailed coefficients obtained by wavelet analysis providing successful classification. On the basis of the 
obtained coefficients, we have developed a Rapid Prototype of FFT based algorithm on differential protection 
scheme of the transformer providing the speed between 1-15 msec as compared to 100msec as per the standards 
of IEEE. The obtained results show that our proposed approach is rapid and could protect the power 
transformer from faults with accuracy. 
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1 Introduction 
The power transformers are expensive devices 
which need to be protected from different fault 
conditions. The vital objective to lessen the 
frequency and duration of unwanted outages puts a 
high pointed demand on the power transformer 
protective relays to operate faultlessly and 
impulsively [1]. The protection of power 
transformer has become a challenging job due to 
inrush and internal fault occurrence. Also there are 
variations in types of faults and its locations. Some 
of the common occurring faults are single – phase to 
ground fault, inter turn fault, external line to line 
fault, two phase to ground fault, three phase to 
ground fault etc [2]. Also, one of the major 
problems is the large magnetizing inrush current. 
The magnitude of which can be as high as internal 

fault current and may cause false tripping of the 
breaker [3]. A common differential relay operating 
on the basis of measurement and evaluation of 
currents at both sides of the transformer can’t avoid 
the trip signal during inrush condition. Inrush will 
occur while the switching of transformer takes place 
and hence the circuit breaker should not trip at the 
time of inrush [4]. The circuit breaker, however, 
must trip during the fault current having the same 
high magnitude harmonics. Differential relay is 
technique is widely applied nowadays. But this 
technique fails to distinguish between the second 
frequency component of inrush current and 
harmonics during normal working [5]. As a result, a 
new relaying technique is required to differentiate 
between the fault and the inrush currents. Recently, 
to advance the conventional approaches, several 
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new AI (artificial intelligence) features for 
protective relaying have been developed [6].  
 
1.1 Inrush Phenomenon 
The main problem of magnetizing inrush current is 
pseudo-operation of differential relay which is based 
on second harmonic restrain method. The inrush 
current also results in the damage of power 
transformer windings by aggregating the mechanical 
forces like short circuit current if remain in a high 
value for longer time [7]. To measure the inrush 
current, the secondary is kept open and the high 
current harmonics present in the primary side of the 
transformer are quantified as shown in Figure 1.1.   

 
Fig 1.1.: Block diagram for inrush current 
measurement 
 
1.2 Inrush Current for Amorphous and 

CRGO steel 
The core of transformer was at first made of carbon 
steel but the losses were too significant. Eventually. 
carbon steel was replaced by silicon steel and, now, 
most of the power transformers uses cold rolled 
grain oriented silicon steel (CRGO) cores. The 
magnetic flux density of CRGO was found to be 
increased by 30% compared to the previous sheets 
and the magnetic saturation was decreased by 5%. 
Due to the demand for low core losses, low 
magnetostriction, the amorphous alloy cores were 
developed as they exhibit easy magnetization and 
demagnetization properties. Advantages of 
amorphous core are longer life, low core losses, low 
magnetising current, less noise, higher efficiency 
and less zero sequence current [8]. However, the 
amorphous cores were found to have higher inrush 
current, harmonics and higher initial cost. The 
saturation limit of amorphous alloy is 1.69 Tesla 
and for CRGO steel it is 2.03 Tesla. Hence, 
amorphous alloy shows better results when it is used 
in small size of transformers. We compared the 
inrush currents of both the amorphous core 
transformer and conventional CRGO core 
transformers and the results are as shown in fig. 1.2.  

 
Fig 1.2.: Inrush Current for Amorphous alloy (in 
red) and CRGO steel (in blue) 
 
2. Literature Survey 
We focus on techniques that distinguish between 
inrush faults and internal faults in transformers and 
their protection [9-10]. Various methods were 
studied to incorporate the best techniques [11]-[13]. 
A new calculation method for transfer function (TF) 
comparison indices, called windowed calculation, 
was shown to enhance fault detection accuracy [13]. 
Mechanical faults in transformers, such as winding 
radial deformation and axial displacement, were 
examined using Maximal Overlap Discrete Wavelet 
Transform (MODWT) with Daubechies4 wavelet 
function for fault classification [14]. 
 
A differential protection algorithm for indirect 
symmetrical phase shifting transformers (ISPST) 
using wavelet transform (WT) and a Multi-Layer 
Feed Forward Neural Network (MLFFNN) was 
developed to classify internal faults [15]. Artificial 
Neural Networks (ANN) were also utilized for fault 
identification. Another method using hyperbolic S-
transform discriminates transient fault currents and 
external faults [16]. 
 
Information granulation using Rough sets and cross-
wavelet spectra analysis efficiently classified 
transformer winding faults [17]. Dissolved gas 
analysis was highlighted for early fault detection. A 
method based on differential current trajectory and 
weighting factors differentiated internal faults and 
disturbances [18]. 
 
A fast differential protection system was proposed, 
using differential wavelet coefficient energy to 
distinguish CT saturation from internal faults. 
Statistical indexes were used to discriminate 
mechanical faults, external faults, inrush currents, 
and internal faults [19]. Enhancements to the main 
differential protection principle improved fault 
detection sensitivity and security. The EFT, a 
modified discrete Fourier transform (DFT), and 
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wavelet correlation modes were also used for fault 
current identification in power transformers [20]. 
 
3. DFT Analysis of Inrush Current 
DFT Analysis: Fourier Transform is used to convert 
a signal from time domain to frequency domain. It 
converts each input sample to a particular frequency 
component. A particular frequency is assigned to 
each sample. Using DFT, we differentiated between 
the various phenomenon in our case and analyzed 
them [21]-[22]. We have taken one cycle (20ms) of 
the inrush current. 
 
3.1 DFT Analysis of Inrush Current in 

Silicon Steel and Amorphous Core 

 
Figure 3.1.1: FFT Analysis of Inrush Current of 
Amorphous Core 

 
Figure 3.1.2: FFT Analysis of Inrush Current of 
Silicon Steel 
Fundamental Frequency: 0 Hz 
2nd Harmonic: 100 Hz 
2nd Harmonic Content for Amorphous Core: 36% 
2nd Harmonic Content for Silicon Steel: 23% 
By analyzing the above values, we can conclude 
that second harmonic percentage for amorphous 
alloy is greater than that for silicon steel.  
 
3.2 Analysis of Inrush Current for Different 

Phases 
Phase A (2nd Harmonic Content = 36%) 

 
Figure 3.2.1.: FFT analysis of phase A 
Phase B (2nd Harmonic Content = 73.5%) 

 
Figure 3.2.2.: FFT analysis of Phase B 
 
Phase C (Second Harmonic Content = 78.4%) 

 
Figure 3.2.3.: FFT analysis of phase C 
 
3.3 FFT Analysis of Internal Fault Current 

for Single Line to Ground Fault 
For the analysis of the internal fault current, one 
cycle from the original signal is extracted. After 
extracting the internal fault signal, the FFT analysis 
is done using the MATLAB codes. For further 
analysis, the 2nd harmonic content in each case is 
observed. We have done FFT analysis of internal 
fault current for single line to ground fault, two line 
to ground fault and three line to ground fault for all 
the phases.  
 

3.3.1. Single Line to Ground Fault 
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Figure 3.3.1.1.: FFT analysis of Phase A Fault (2nd 

Harmonic Content = 65%) 

 
Figure 3.3.1.2: FFT analysis of Phase B Fault (2nd 

Harmonic Content = 24%) 

 
Figure 3.3.1.3: FFT analysis of Phase C Fault (2nd 

Harmonic Content = 25%) 
 

3.3.2 Analysis of External Fault Current 

For the analysis of the external fault current, one 
cycle from the original signal is extracted. After 
extracting the external fault signal, the FFT analysis 
is done using the MATLAB codes. For further 
analysis, the 2nd harmonic content in each case is 
observed. We have done FFT analysis of external 
fault current for single line to ground fault, two line 
to ground fault and three line to ground fault. 
 

 

Figure 3.3.2.1.: FFT analysis of Single Line to 
Ground fault (2nd Harmonic Content = 22.50%) 

 

 
Figure 3.3.2.2.: FFT analysis of Two Line to 
Ground fault (2nd Harmonic Content = 21%) 

 

 
Figure 3.3.2.3.: FFT analysis of Three Line to 
Ground fault (2nd Harmonic Content = 24.8%) 

 
4. Discrete Wavelet Transform 

Analysis of Inrush Current 
The wavelet transform is also used for detailed 
analysis of various power transformer transients. 
The analysis is carried for 5 levels and different 
parameters are recorded for further analysis. 
 

 
Fig 4.1: Inrush Current original signal 

From the signal in Figure 4.1, the signal of the 
length of 20 ms is extracted and then DWT is 
performed up to level 5. 
 
4.1 DWT Analysis of Inrush Current 
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Fig 4.2: DWT analysis at level 1 decomposition 

 

 
Fig 4.3: DWT analysis at level 2 decomposition 

 

 
Fig 4.4: DWT analysis at level 3 decomposition 

 

 
Fig 4.5: DWT analysis at level 4 decomposition 

 

 
Fig 4.6: Wavelet analysis at level 5 decomposition 

 
Frequency Band of different detailed coefficients 

 Level 1 : 5 KHz – 2.5 KHz 
 Level 2 : 2.5 KHz – 1.25 KHz 
 Level 3 : 1.25 KHz – 0.625 KHz 
 Level 4 : 0.625 KHz – 0.3125 KHz 
 Level 5 : 0.3125 KHz – 0.15625 KHz 

 
5. DWT Analysis of Internal Fault 

Current 
In the DWT analysis of internal fault current 
transient, we have extracted the one cycle of 20 ms 
from the original signal and obtained the detailed 
coefficients. In the DWT analysis of the internal 
fault it can be seen that the signal has sharp spikes 
in the beginning but disappears rapidly as we 
increase the level of DWT. In case of inrush current, 
these spikes could be detected over a longer period.  
 

 
Figure 5.1.: Original signal of internal fault current  

 

 
Figure 5.2.: Wavelet analysis at level 1 

decomposition 
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Figure 5.3.: Wavelet analysis at level 2 

decomposition 
 

 
Figure 5.4.: Wavelet analysis at level 3 

decomposition 
 

 
Figure 5.5: Wavelet analysis at level 4 

decomposition 
 

 
Figure 5.6.: Wavelet analysis at level 5 

decomposition 
 

After the DWT analysis of the different transients, 
we have extracted the maximum value of different 

parameters at different levels as in shown the tables 
5.1. through 5.2. This data could be used in 
classification of faults and ultimately resulting in 
solving the issue of inrush current fault.  
 
Table 5.1: Maximum value after of Inrush current’s 

DWT Analysis 
Switching 

Angle 
Maximum Value 

Degree Level 1 Level 2 Level 3 
15° 3.19 7.37 7.96 
30° 3.88 3.71 18.56 
45° 2.63 8.62 18.78 
60° 2.77 8.23 8.71 
75° 0.69 8.53 20.92 
90° 3.27 7.92 20.56 

105° 1.27 4.24 11.67 
120° 2.08 3.86 18.48 

 
After the Inrush current’s DWT Analysis, the 
maximum and minimum values at different levels 
are obtained. It can be observed that the maximum 
value is at level 3 and minimum is observed in level 
1. Different values are obtained for different angles 
of switching on the basis of which we have made a 
range of the inrush current. This data is valuable for 
the differentiation between the faults and inrush 
current.  

 
Table 5.2: Maximum value after DWT analysis of 1 

line to ground fault 
Switching 

Angle 
Maximum Value 

Degree Level 1 Level 2 Level 3 
0° 0.03 0.09 0.03 
30° 0.02 0.07 0.02 
60° 0.03 0.06 0.03 
90° 0.02 0.09 0.03 

120° 0.02 0.09 0.02 
 
 
6. Implementation of Fuzzy Logic for 

Distinguishing Between the Faults 
 
The operation of fuzzy logic controller can be easily 
understood from the block diagram shown in fig 6.1. 
It can be seen that there are three basic blocks: 
input, output and the rule base. We provided three 
different inputs at the three different levels. These 
inputs are the values obtained after DWT analysis of 
the transients. The three inputs are Level 1, Level 2 
and Level 3 detailed coefficients ranging from 0 to 
500, 0 to 1200 and 0 to 2500 respectively. We have 
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given this input to the fuzzy controller rule base 
where we have set up a rule set based on Mamdani 
model. Based on this model, the fuzzy controller 
distinguishes the transients into three different levels 
and give the data to the output block. We obtained 
the output in three categories external fault with 
range from 0 to 30, internal fault with range from 30 
to 60 and inrush with range from 60 to 90.  

 
Figure 6.1: Block Diagram of Fuzzy controller 

 
7. Digital Differential Protection System 

To judge the superiority of any algorithm, the best 
parameters are accuracy and speed. As per the 
standards of IEEE, the transformer protection 
should be done with in 100 mSec. There are many 
algorithms available having 10 times the operating 
speed, however, in this paper, an algorithm with a 
speed between 1 and 15 mSec using FFT is 
proposed. The paper presents the simulated version 
of the proposed relay. The proposed algorithm 
identifies the harmonic content in the magnetizing 
current and the normal current and accordingly 
initiating the protective action. FFT the signal is 
decomposed as a set of Sine and Cosine terms given 
by:  

𝑓(𝑡) = 0.5 𝑎0 + ∑(𝑐𝑘 cos kwt + 𝑠𝑘 sin kwt)

∞

𝑘=1

 

Where a0, Ck, Sk are the dc, Sine and Cosine 
coefficients defined as: 

Ck = 2/𝑁 + ∑ 𝑋𝑛 cos(2𝑘𝑤𝑡/𝑁)

𝑁−1

𝑛=1

 

Sk = 2/𝑁 + ∑ 𝑋𝑛 sin(2𝑘𝑤𝑡/𝑁)

𝑁−1

𝑛=1

 

The harmonic coefficients are given by : 
Fk = Ck + Sk 

Where: Fk is the Kth harmonic coefficient for k = 1, 
2, ..., N x(n) and is the signal f (t) in its discrete 
form. 
For the calculation of data, Mod / Id1 – Id2/ = 1, 
then inrush or internal fault, if Mod / Id1 – Id2/ = 0 
then an external fault is detected. For a value of 0.3 

to 0.6 of the fundamental second harmonic, the 
inrush current is identified and logic goes to 0 
otherwise logic takes 1 indicating an external fault. 
More precisely, (0, 1) indicates external fault and 
(1,0) for magnetizing inrush current and (0,0) the 
calculation is reset to step 2.  
 
This implementation is done using 
MATLAB/Simulink. The simulated power system 
built in MATLAB/Simulink is shown in Figure 7.1 
in which a three phase, 250MVA, 60Hz, (735/315) 
kV, Y/Δ power transformer is used. The designed 
Conventional differential relay consists of two input 
portals Id1 and Id2, and two output currents CT1 and 
CT2 respectively. These two input signals are 
divided into three parallel paths as shown. The first 
path leads to the Amplitude comparator. The second 
path modify the signal to be impressed in the 
harmonic test and send the result to a Harmonic 
comparator.  
 

 
Figure 7.1: MATLAB/Simulink Model of the 

Proposed System 
 
 

8. Simulation Results 
The results are obtained for different cases: 
Case 1: No load condition- Magnetizing inrush 
current 
Case 2: Load condition- Magnetizing inrush with 
added load 
 
Case 1: No load condition- Magnetizing inrush 

current 

It is found that at 0.25 sec, no current flows through 
the power transformer to the secondary side and 
only the inrush current flows in the primary circuit 
of the power transformer as shown in Figure 8.1. 
The harmonic comparator in Figure 8.2 is 
illustrating the comparison of the 2nd harmonic and 
the fundamental component for the magnetizing 
inrush current. The amplitude comparator result is 
shown in Figure 8.3. The harmonic calculation part 
indicates logic (0) as the amplitude comparator 
indicates that the differential current is equal to the 
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inrush current. The amplitude comparator indicates 
logic (1) as both the graphs are overlapping. For this 
logic coordination (0,1) no trip signal is released as 
shown in Figure 8.4. 
 

 
Figure 8.1: Waveforms inrush currents in the three 

phases of the power transformer 
 

 
Figure 8.2: Harmonic comparator illustrating the 

comparison of the 2nd harmonic and the fundamental 
component for the magnetizing inrush current 

 
Figure 8.3. Amplitude comparator results 

 

 
Figure 8.4: FFT-Based TRIP Signal response 

 
Case 2: Load condition- Magnetizing inrush with 

added load 

The CB1 is switched on at 0.1 sec and CB2 at 0.25 
sec at the commencement of the simulation to 
observe the effect of load on the accuracy of the 
designed approach and, hence, a resistive load of 
500W is added to the system at 0.25 sec. As a result, 
the inrush current disappears and the load current 
starts flowing in the transformer. However, the 
output currents of the primary side and secondary 
side of the CTs are equal as the transformation ratio 
of the primary and secondary CTs is properly 
selected, which can be obviously noticed. Figure 8.5 
illustrates the load currents in the absence of inrush 
current. Figure 8.6 shows harmonic comparator 
illustrating the comparison of the 2nd harmonic and 
the fundamental component for the magnetizing 
inrush current. By harmonic comparator It is found 
that prior to 0.25 sec the differential current was 
equal to the inrush current, but with the addition of 
load the differential current became zero and the 
primary and secondary currents became equal. The 
amplitude comparator result is shown in Figure 8.7. 
The harmonic calculation part indicates logic (1) as 
the amplitude comparator indicates that the 
differential current is not equal to the inrush current. 
The amplitude comparator indicates logic (0) as 
amplitudes in both the graphs are different. For this 
logic coordination (1,0) no trip signal is released as 
shown in Figure 8.8. 
 

 
Figure 8.5: Load Current Starts flowing at 0.25 sec 
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Figure 8.6: Harmonic comparator illustrating the 
comparison of the 2nd harmonic and the fundamental 

component for the magnetizing inrush current 
 

 
Figure 8.7. Amplitude comparator results 

 

 
Figure 8.8: FFT-Based TRIP Signal response 

 
8. Conclusion: 

From the FFT analysis it can be concluded that the 
value inrush current is higher for amorphous core as 
compared to that of the CRGO steel. From the FFT 
analysis of inrush, internal and external fault, it can 
be observed that the 2nd harmonic content of the 
inrush current lies in the higher range above 50%. 
The 2nd harmonic content for external fault in all the 
cases is lying below 25%. So, the inrush and 
external fault transients can be easily differentiated 
on the basis of FFT analysis. But it is not possible to 
differentiate internal fault transients from inrush and 
external fault because the 2nd harmonic content 
varies from 25% to upto 70%. For this purpose, we 
used Wavelet Transform. In the DWT analysis, both 
the inrush and internal fault current is analyzed 
using Daubichies wavelet transform (dB – 6) up to 
level 5. From the DWT analysis of the internal fault, 
it can be observed that there are sharp spikes 
initially which vanishes rapidly as we increase the 
level of DWT. While in case of inrush current, these 
spikes could be observed for a longer period.  
 
The data obtained after DFT and DWT analysis is 
then systematically tabulated into maximum and 
minimum values and given to the rule base of fuzzy 
logic controller. Fuzzy logic controller has been 
successfully implemented for the differentiation of 

inrush, internal and external fault using the detailed 
coefficients obtained by wavelet analysis. Fuzzy 
logic controller is found to be a very useful tool for 
classification of faults with minimum computational 
complexity.  
 
Based on the obtained coefficients, we have 
developed a rapid prototype of FFT based 
differential protection algorithm which identifies the 
harmonic content in the magnetizing current and the 
normal current and accordingly initiating the 
protective action. The readings show that the trip 
release time is between 1-15msec which is 
extremely fast. The obtained results validate our 
claim that our proposed system is very fast and 
could remove the undesirable faults with accuracy. 
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