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Abstract
The power transformers are protected by differential relays. These relays use the second harmonic blocking to distinguish inrush
current from internal fault current. In recent years, the performance of the second harmonic blocking has decreased and therefore
newmethods are needed to distinguish inrush current from internal fault current. The aim of this study is to present a newmethod
for discrimination between magnetizing inrush currents and internal faults in differential protection of power transformers. The
proposed scheme is based on calculating the dq0 transformation of current signals in the abc phases of transformer terminals for
different inrush current and internal fault signals. Creating new waveforms using mathematical calculations, the signals are
identifiable by their characteristics. The accurate diagnosis is based on creating a classification pattern for the discrimination
algorithm. To substantiate the preciseness of proposed methodology, different states of inrush and fault currents are simulated in
PSCADTM/EMTDCTM. Consequently, calculations and the distinction process are carried-out in MATLAB environment. The
discrimination procedure needs only current signal data of less than a quarter of power frequency cycle and uses very simple
classification rules. Eventually, both simulation and experimental results show that the accuracy of proposed method is high. The
results of this study confirm that simple and accurate methods which use patterns can be developed for distinguishing the internal
faulty current of transformer from inrush and healthy current.
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Introduction

Many power networks are operated in different conditions and
with different control devices [1–4]. The differential protec-
tion is one of the most appropriate methods of power trans-
former protection [5, 6]. Since the currents are too high in the
differential protection zone, Current Transformers (CTs) de-
crease the currents proportionally to become operational in
differential relays, and other measurement and recording
units. In case of fault occurrence, the differential relay sends

a trip signal to the circuit breakers to prevent the continuation
of fault current in the system. Nevertheless, due to the charac-
teristics of inrush transient, the differential relay might cause
an inaccurate recognition and detect it as a fault occurrence.
Among the undesirable factors that need to be taken into con-
sideration in accomplishment of differential protection (such
as CT errors, tap change, CT error increment during the exter-
nal faults, single-phase earth fault on the HV side, inter-turn
short circuit, and magnetizing inrush), solutions to all of them
except the magnetizing inrush is relied on the differential pro-
tection [5]. IEEE Guide for Protecting Power Transformers
[7] defines the magnetizing inrush as: “a phenomenon that
causes the violation of the basic principle of differential relay-
ing”. In addition, inrush current conditions also occur more
than short circuits [8]. For the mentioned reasons, it should be
considered to draw a distinction between fault and inrush cur-
rent signals in order to increase the reliability of the power
system.

The differential protection is one of the first protections
ever used in power systems, which has been put into practice
since the end of nineteenth century [9]. Besides, “the study of
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transformer excitation inrush phenomena has spanned more
than 50 years” [10]. To override the inrush current, a time
delay or a temporary relay desensitization has been used in
the early designs of the differential protection [11]. These
techniques increased the operation time and were not depend-
able in case of fault existence at the moment of transformer
energization. Nowadays, the most common used method to
identify the magnetic inrush is based on second harmonic
restraint [5]. On the other hand, the harmonic restraint-based
methods have several drawbacks. Improvements in transform-
er core materials can reduce the second harmonic of inrush
currents [12] in modern transformers. On top of that, the main
disadvantage of harmonic restraint methods is that the har-
monics of Extra High Voltage (EHV) long-distance transmis-
sion lines can cause the relay malfunction [5].

Several techniques have recently been employed to resolve
this problem. Different methods based on Discrete Wavelet
Transform (DWT) have been proposed to demonstrate a reli-
able outcome to detect short circuit and magnetizing inrush
currents in power transformers [12–18] DWT-based methods
are very common and useful for analyzing transients of power
systems. Nevertheless, some of them use complex computa-
tions and rules in the inrush current recognition algorithm.
Furthermore, several DWT-based methods are sensitive to
the noise signals. Several other alternative techniques have
been proposed to detect a difference in internal fault and in-
rush currents of power transformers as well. Methods based
on DWT and Support Vector Machine (SVM) [19], differen-
tial current gradient [20], Decision Tree (DT) [21], Jiles-
Atherton model parameters [22], and Artificial Neural
Network (ANN) and Bayesian classifier [23] are some of the
examples to be highlighted.

ATLDP (Transmission Line Differential Protection) meth-
od based on alpha plane has been presented in [24, 25]. An
alpha plane of incremental complex power has been used in
[19] and the restraint characteristic is denied. In this TLDP, the
synchro voltage and current data are used to calculate complex
power at both terminals. In [25], data of phasors or symmet-
rical component of current ratio of both terminals has been
used. Alpha Plane is applied to this ratio based on the defined
different fault conditions.

A TLDP method has been presented based on wavelet
transform and applied to the mathematical tools for pattern
recognition, feature extraction and classification of the fault
type which occurs on the transmission line [26, 27].

The fault and inrush current are detected using wavelet
coefficient energy of the phase current and negative sequence
current in [28]. The advantage of this method is that it is fast in
detection. The disadvantage of that is that, it is sensitive to the
fault resistance, fault inception angle and special noises.

The differential protection is enhanced in [29], with a clas-
sical and robust detection method. The approach however, is
unable to detect interterm fault at inception level.

An empirical Fourier transform is used for transformer dif-
ferential protection to improve the discrete Fourier transform
accuracy on different conditions such as internal fault, inrush,
and current-transformer (CT) saturation in [30].

In this paper, a new method is proposed for distinguishing
the inrush current from the internal fault current of the power
transformer. This method is based on the instantaneous behav-
ior of the current. The proposed scheme is based on calculat-
ing the dq0 transformation of current signals in the abc phases
of transformer terminals for different inrush current and inter-
nal fault signals. The approach is that new waveforms are
generated by mathematical processing, and the signals are
identifiable by their characteristics. A classification pattern
for the discrimination algorithm is developed which results
in an accurate diagnosis. To validate the proposed methodol-
ogy, different states of inrush and fault currents are simulated
in PSCADTM/EMTDCTM. The discrimination procedure
needs only current signal data of less than a quarter of power
frequency cycle and uses very simple classification rules.
Eventually, both simulation and experimental results show
that the accuracy of proposed method is high.

Fig. 1 Flowchart of the proposed method
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The next section provides an explanation of the proposed
method as well as use of Park’s vector parameters, extracting
the classifier, and the classification. This is followed by per-
formance evaluation which includes the case study and both
theoretical and practical simulation results. Finally, the key
findings and the conclusions of the study are presented.

Proposed Method

The proposed technique for distinction between inrush cur-
rents and internal faults in power transformer differential pro-
tection is discussed in this section. The abc to dqo transfor-
mation and the utilization of Park’s vector components are
considered that followed by the extraction of the classifiers.
Finally, the proposed algorithm is presented.

Park’s Vector Parameters

The abc to dq0 transformation of the current signals are ap-
plied to simplify the analysis of the system as follows [31]:

Id ¼ 2=3 Iasin ωtð Þ þ Ibsin ωt−2π=3ð Þ þ I csin ωt þ 2π=3ð Þ½ � ð1Þ
Iq ¼ 2=3 Iacos ωtð Þ þ Ibcos ωt−2π=3ð Þ þ Iccos ωt þ 2π=3ð Þ½ � ð2Þ
I0 ¼ 1=3 Ia þ Ib þ Ic½ � ð3Þ

where ω = 2πf and f = 50 Hz.
Since the abc to dq0 transformation is applied on both

primary and secondary terminals of the power transformer,
six new parameters are acquired from the base currents:

Iap; Ibp; Icp; Ias; Ibs; Ics
� �

→ Idp; Iqp; I0p; Ids; Iqs; I0s
� � ð4Þ

where:

& Iap is current signal of phase a of the transformer primary
winding,

& Ibp is current signal of phase b of the transformer primary
winding,

& Icp is current signal of phase c of the transformer primary
winding,

& Ias is current signal of phase a of the transformer second-
ary winding,

& Ibs is current signal of phase b of the transformer second-
ary winding,

& Ics is current signal of phase c of the transformer second-
ary winding,

& Idp is direct component of the transformer primary
winding,

& Iqp is quadrature component of the transformer primary
winding,

& I0p is zero component of the transformer primary
winding,

& Ids is direct component of the transformer secondary
winding,

& Iqs is quadrature component of the transformer secondary
winding,

& I0s is zero component of the transformer secondary
winding.

After computing the mentioned transformations, the dq0
differential currents of the transformer are defined as:Fig. 3 Current measurement system of the experimental test

Fig. 2 Diagram of the simulated power system
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ΔId ¼ Idp−Ids
� � ð5Þ

ΔIq ¼ Iqp−Iqs
� �

ð6Þ

ΔI0 ¼ I0p−I0s
� � ð7Þ

Here, there are several curves that could be obtained from
eqs. (5), (6), and (7):

f ΔId;ΔI0ð Þ; f ΔIq;ΔId
� �

; f ΔI0;ΔIqð Þ; f jΔIdj; jΔI0jð Þ;
f jΔIq j; jΔIdj
� �

; f jΔI0j; jΔIq jð Þ
ð8Þ

All the six curves in Eq. (8) have been plotted as 2D curves
for different cases of fault and inrush current signals in one
cycle of the power system frequency (which equals to 20 ms,

Fig. 4 Simulation results in no-
loaded state, in case of single-
phase-to-ground fault (A →

Fig. 5 Simulation results in no-
load state, in case of two-phase
fault (BC) occurrence when the
switching angle is 0, during one
cycle (20 ms)
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for a 50 Hz power system). In nearly all the plots, inrush
current was recognizable from the fault. Hence, to reduce
the calculations just f (ΔIq, ΔId) was selected as the optimum
discriminative curve.

Extracting the Classifier

As it is mentioned in the previous section, the curve of
ΔIq versus ΔId is selected. The characteristics of this

Fig. 7 Simulation results in no-load state, in case of single-phase-to-ground fault (B→G) occurrence during quarter of cycle (5 ms) when Rf ault = 50Ω

Fig. 6 Simulation results in no-
load state, in case of three-phase
fault (ABC → G) occurrence
when the switching angle is 0,
during one cycle (20 ms)
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curve is considered for the classification process. By
drawing a single horizontal line on ΔIq versus ΔId curve,
the line is selected as a classifier and it is saved in the

database. It is important to note that for changes in trans-
former tap changer, the classifier line might need to be
re-extracted (Fig. 1).

Fig. 8 Simulation results in no-load state, in case of three-phase-to-ground fault (ABC →
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Fig. 9 Simulation results in no-load state, in case of two-phase (CA) occurrence during quarter of cycle (5 ms) when Rf ault = 0.01 Ω



Performance Evaluation

Case Study

The system studied is a simplified three-phase model with one
transformer (220/132 kV, 300 MVA, YY, 50 Hz), which neu-
tral connection of both sides are grounded. The transformer is

connected to a three-phase generator (220 kV, 100 MVA,
50 Hz) via a 20 km T-Line. The power system under study
is simulated utilizing PSCADTM/EMTDCTM. The diagram
of system is shown in Fig. 2. The practical system under study
is a real three-phase distribution transformer (800 kVA, 11 kV/
400 V, YnD5). The current measurement system of the exper-
imental test is shown in Fig. 3. Similar to the simulated

Fig. 11 The recorded inrush
current of the practical test
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system, the output data of the practical test has also been
computed via MATLAB.

Simulation Results

This section provides the theoretical results of the proposed
method as well as the experimental results. In the first place,
the effectiveness of the presented technique is evaluated for
different types of simulated fault and inrush current signals in
no-load state. Finally, the practical results of the method are
presented.

Theoretical Results

As it is stated before, the system is simulated in PSCADTM/
EMTDCTM; the data is generated repeatedly for different
types of faults, fault resistances (0.01 Ω, 20 Ω, 50 Ω,
100 Ω), switching angles (0, π/4, π/2, 3π/4, π, 5π/4, 3π/2,
7π/4), and so on. All the output data are executed in
MATLAB.

The focus of this study is on no-load mode. The experi-
mental reason for focusing on unloaded state is that in general,
a power transformer is energized when it is not connected to
any loads. Then after receiving an assurance about the reliabil-
ity of the power transformer and other system equipment, the
second switching is performed.

The simulation results are displayed in Figs. 4, 5, 6, 7, 8, 9
and 10 for different states of fault and magnetizing inrush. The
Figs. 4, 5 and 6 represent simulation results during one cycle
of the power system frequency (20 ms), and for better com-
parison, each figure contains four different fault resistance

values. In cases of faults with bigger resistances, the fault
curves are more similar to inrush curves. The reason for this
shape similarity is the presence of magnetizing inrush in the
faults, which is an important factor and has been considered in
the simulations. In all the figures, the fault signal contain in-
rush current too; because the fault is present in the switching
moment, the presence of inrush in the fault signal is inevitable.

Now that the general characteristics of the ΔIq versus ΔId
curve are explained, the classification of inrush and fault is
being proposed in Figs. 7, 8, 9 and 10 in a quarter of power
frequency cycle. The horizontal line in the aforementioned
figures is the classifier. Due to the different movement direc-
tion of inrush and fault curve, a single line is used as a classi-
fier and shows that the signals are properly identifiable from
each other in less than 1 ms in the different states mentioned
before.

G) occurrence when the switching angle is 0, during one
cycle (20 ms).

G) occurrence during quarter of cycle (5 ms) when Rf ault =
100 Ω.

Practical Results

Since the experimental test has been made on a real distribu-
tion transformer, applying different switching inception angles
and short circuit faults were not feasible. Hence, just the inrush
current of the transformer energization in no- load state is
available. The recorded inrush current of the experiment is
shown in Fig. 11. Now that the transformer currents of the
energization moment are available, the discriminative curve

Fig. 12 Practical result in no-load
state during quarter of cycle
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of the practical data is created. The result is shown in Fig. 12.
As expected, the inrush current curve is above the classifier
line and the practical experiment shows a good result.

Conclusions

In this paper a new and simple method for making the distinc-
tion between inrush currents and internal faults in power trans-
former differential protection using the abc to dq0 transforma-
tion and classification curve is proposed. As it is stated, per-
formance of the presented algorithm has been verified by sim-
ulating various cases of faults, fault resistances, different
switching angles, etc. The existence of magnetizing inrush
in fault signals has been considered in simulation models,
which is an important factor. The study was simulated and
tested in a wide variety of states, such as possible single-
phase-to-ground, two-phase, two-phase-to-ground, three-
phase, and three-phase-to-ground faults. Interestingly, in cases
of fault resistance with the value of 100 Ω –which is a rare
condition and the shape of inrush and fault curve have simi-
larities – the discrimination is accurate. More than 500 various
cases of fault and inrush current are simulated and processed.

The proposed technique proved that due to the different
movement directions of the fault and magnetizing inrush
curve, the signals are properly and easily identifiable from
each other in less than a twentieth of the power frequency
cycle.
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