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Magnetizing inrush currents are known as the most critical potential threat in maloperation of the transformer
differential protection. Therefore, there is a need to detect the inrush current from the internal fault current to
avoid the differential protection maloperation. Due to the possibility of a current transformer (CT) saturation at a
high level of inrush and fault current, the discrimination algorithm should function appropriately in CT satu-
ration conditions. Here, a method is developed based on the rate of phase angle change (RoCoPA) to perform the
discrimination process. The proposed discrimination index employs the RoCoPA of the three-phase differential
currents and calculates the standard deviations of the RoCoPA of the three-phase differential currents. The
discrimination procedure is designed based on the fact that during fault scenarios, the signal remains almost
sinusoidal, and as a result, the RoCoPA has the minimum variations.

On the contrary, owing to the non-sinusoidal wave shape of the inrush current, the RoCoPA has notable
variations. Based on the various simulated and practical scenarios, the proposed index’s performance is evalu-
ated considering challenging scenarios. The results reveal that the proposed discrimination index has promising
accuracy with average response delay with about half a cycle.

Standard Deviation

1. Introduction

Power transformers play a crucial role in converting voltage levels
and supplying power for power systems. Differential protection is one of
the essential protections applied to the transformer, so it needs to
operate correctly in the fault condition. During power transformer
energization, a large inrush current may be created several times larger
than the rated transformer current. The inrush current can impose
destructive consequences such as the transformer lifecycle reduction
due to high mechanical and thermal stress in windings, power quality
issues, and mal-operation of the overcurrent and differential protective
relays [1]-[2]. This paper concentrates on avoiding mal-operation of the
differential protective relays during inrush currents.

There are many methods for distinguishing fault current from inrush
current. These methods have distinguished the fault current from the
inrush stream with different approaches. According to these approaches,
the methods can be grouped into five categories:

Harmonic Restraint Algorithms (A1) [3]-[4]: These methods make
decisions by calculating the ratios of the second and fifth harmonic
components to the fundamental frequency component of the trans-
former differential current. The main problem with these methods is that
by changing the core material of the modern transformers, the structure
and ratio of the harmonics change, affecting the reliability of these
methods.

Flux restrain and Inductance based Algorithms (A2) [5-7]: These
methods separate the inrush current from the fault current using the
transformer magnetization information and curve. The proposed
methods are based on the calculation of voltage, flux, and Inductance of
magnetization. Comparing with other methods, these methods have a
high dependency on the transformer parameters.

Artificial Intelligence Algorithms (A3) [8-10]: These methods are
implemented using neural networks and fuzzy logic. Despite the high
speed of these methods, training of the neural network is required with
the help of an extensive database.
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Table 1
Qualitative Comparison Between The State-Of-The-Art Algorithms.
Algorithms  Data Computational Noise CT
Requirement Burden Sensitivity Saturation
Al 1 Cycle Moderate Low Venerable
A2 Up to 1 Cycle High Low Relatively
Immune
A3 Up to 1 Cycle Very High Moderate Relatively
Immune
A4 Up to 1 Cycle Moderate Very High Relatively
Immune
A5 Up to 1 Cycle Relatively Low Moderate Immune

Time-Frequency Based Algorithms (A4) [11-15]: These methods
extract and characterize specific signal features in the frequency or time
domain and help make decisions. However, high-sampling rate and
noise sensitivity are known as the main challenges of these methods.

Hybrid and Innovative Algorithms (A5) [16-25]: This category
includes tasks similar to the nature of the signal analysis. In [19], by
calculating the center of gravity of the signal in the time domain and in
[20] by calculating the signal similarity to the sinusoidal waveform, the
fault current is subtracted from the inrush current. In [21], the inrush
current is detected by calculating the kurtosis of the signal. Besides, [22]
identifies the current as inrush current by providing indicators for the
three phases of the current if the indicators for all three phases are
violated. In [23], the authors presented a differential protection scheme
based on the voltage and current signals. While this method discrimi-
nates internal fault and inrush current, the calculation based on the
discrete Fourier transform may impose some delays, especially during
internal fault accompanied by CT saturation.

In the following, Table 1 provides a qualitative comparison between
the state-of-the-art algorithms. As it can be seen in Table 1, harmonic
restrain algorithms have at least one cycle delay with vulnerability
against identification during hard cases (i.e., CT saturation and inrush
current with high remanent flux). Except for harmonic restrain algo-
rithms, other algorithms can identify that the inrush current is less than
one cycle (considering the mathematical tools). Comparing to all algo-
rithms, the computational burden of hybrid algorithms is relatively low.
This is because these algorithms are mostly designed based on simple
mathematic to extract features from standard fault current signal (i.e.,
the combination of a sinusoidal component and a DC offset component).
Between all algorithms, time-frequency-based algorithms have a high
sampling rate, and they have noise sensitivity more than other algo-
rithms. Eventually, comparing all algorithms, hybrid algorithms have
successfully achieved CT saturation immunity more than other algo-
rithms, thanks to utilizing unsaturated interval data and waveform
reconstruction.

Nevertheless, comparison of the previously suggested algorithms
indicates that dealing with internal fault accompanied with CT satura-
tion, inrush current with internal fault, inrush current in the presence of
high remanent flux in less than cycle (i.e., sub-cycle) with low-
computational burden and immunity to other sources of interference
such as noisy condition can still be considered as the potential motiva-
tions for working on the efficient algorithm.

In this paper, a new method is proposed using the concept of RoCoPA
to distinguish inrush current from fault current. The proposed method
makes a decision by calculating the standard deviation of the RoCoPA of
the differential current in several consecutive samples of data. The
RoCoPA calculated from the fault current, due to being present in the
linear region of the transformer saturation curve in the consecutive
samples, has an almost constant value. However, in the case of the
inrush current, because of the transformer saturation, we will see the
nonlinear behavior of the transformer [26]. This will result in large
fluctuations in the RoCoPA extracted from the transformer differential
waveform in the case of inrush current. Finally, as the standard devia-
tion of the RoCoPA is greater than the specified threshold, the event is
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diagnosed as an inrush current in successive samples. Also, unlike [22],
the proposed algorithm performs well in CT saturation conditions
without additional criterion.

Comparing with state-of-the-art algorithms given in Table 1, the
proposed method requires sub-cycle data for decision making. The
proposed method is also designed based on the practical and low-
complex mathematical tool called least mean squares, leading to a
computational burden method. However, the nature of the proposed
method is designed so that it calculates the RoCoPA based on the least
mean squares (LMS), and as a result, it has inherent noise immunity. The
proposed algorithm has immunity against challenging scenarios,
including CT saturation and recognizing the minor internal fault
scenarios.

It should be noted that this algorithm operates based on the differ-
ential current. If the differential current does not trigger the relay, the
signal is not considered a disturbance, and it is not fed to the discrimi-
nation algorithm. As a result, the proposed approach, which basically is
a discrimination algorithm, is capable of detecting the minor fault sce-
nario that the relay feeds into it.

The rest of the paper is constructed as follows: In Section 2, the
theory of RoCoPA and the proposed method is explained. In Section 3,
the simulation and experimental scenarios and results are presented.
Finally, in Section 4, the conclusion is presented.

2. Proposed algorithm

The presented discrimination algorithm is established on the
RoCoPA of the differential currents. More specifically, the proposed al-
gorithm monitors the RoCoPA’s variation of the differential current. As a
result, it is essential to calculate the RoCoPA of the current signal. In the
following, the RoCoPA is first calculated, and afterward, the proposed
index is introduced.

A. Calculating RoCoPA

In general, the current signal in the power system can be represented
in continuous-time form as follows:

i(r) = Incos(o(1)) + &(t) m

in which I,, is the peak value of the fundamental component, €(t) is
the noise term, ¢ is the phase angle of the fundamental component.
According to (1), the RoCoPA is calculated as follows:

RoCoPA = M 2)
dt

As it can be inferred from (2), to calculate the RoCoPA, it is essential
to estimate ¢. Owning to the application of the proposed method, ¢ can
be approximated by a linear function as follows:

o(t) = @y + ot (3
Substituting (3) in (2), the RoCoPA is calculated as follows:
RoCoPA =~ ¢, (C)]

From (4), it is revealed that the RoCoPA depends on the variations of
¢, and as a result, ¢, should be estimated from the current signal. As a
result, to obtain the RoCoPA, the current signal is expressed in discrete
form as follows:

i(k) = L,cos(p, + @, kAT) + €(k) 5)

The expression (1) can be rewritten in complex form through the
following:

i(k) = i(k) +ji<k - g) +e(k)

= [, mH kD) | ¢(k) (6)
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The aim is to estimate the RoCoPA from the following fundamental

component of the current signal known as i:
?(k) = [, e/@otekAT) )

As a result, expression (7) can be written as follows:

i(k) ='i(k) + (k) ®
From the model given in (8), the current signal can be calculated as
follows:

T(k) =ik — 1)elaT 9)
The estimation error signal e(k) is calculated as follows:
e(k) = i(k) = (k) 10)

in which f(k) is the estimated model of current at the k-th instant, and
it is expressed as follows:

T(k) =ik —1)w(k) an

where w(k) is the weight coefficient expressed by w(k) = e AT |
and ¢; is the estimated RoCoPA. As one can see in (11), the input vector
contains one element and, consequently, one weight vector.

To estimate the RoCoPA, the least mean squares (LMS) algorithm is

applied to the weight coefficient w(k) = e (5T, The LMS algorithm
recursively minimizes the squared of the error weight vector at each
sampling instant as follows:

w(k) = w(k — 1) +u(k)e(k)7 (k) a2)

where the star sign (*) denotes the complex conjugate the value and
u(k) is the convergence factor that controls the stability and rate of
convergence of the algorithm.

As stated in [27], p(k) is varied to provide better convergence of the
LMS algorithm in the presence of noise. To modify the estimation, the
following equation is employed:

pk + 1) = &u(k) + yr(k)r (k) 13

in which r(k)is the autocorrelation of e(k) and e(k—1) and it is
computed as follows:

r(k) = nr(k—1)

+ (1 =n)e(k)e(k—1) 14)

where 5is an exponential weighting parameter and varies between
0<n <1, £ (0<¢ < 1) and y > 0 are the factors that control the conver-
gence time. Note that if y(k +1) crosses lower and upper boundaries, it is
adjusted to ., O 4., respectively. At each sampling interval, the
RoCoPA is calculated as follows:
_ cos~!(Re(w(k)))

oi(k) = T ogAT (15)

where Re denotes the real part of the complex coefficient. To
implement LMS for estimating the RoCoPA, the tuning factors which are
adopted from [27], consist of r(0) = 0, #=0.99, £=0.97, y=0.01,
Umin=0.0001 andy,,,, = 0.18.

B. Proposed Discrimination Index

In this section, the concept of RoCoPA is used to distinguish the fault
current from the inrush current. As mentioned, the inrush current has a
nonlinear nature due to the performance of the transform in the satu-
ration region of its magnetic curve, so it follows the nonlinear relation.
By extracting the RoCoPA of the inrush current, in the successive sam-
ples, the oscillations of the RoCoPA are large. However, due to almost
sinusoidal waveform, the RoCoPA has an almost constant value during
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Fig. 1. Proposed algorithm implementation procedure.

Table 2

Different Threshold And Window Length For Simulated Data.
Range Error Delay Gap
20-30 4.23 0.00384 -
20-40 0.704 0.00512 -
20-50 0% 0.00640 0.7764
20-60 0% 0.00768 0.3398
20-70 0.704 0.00896 -
20-80 0% 0.01024 0.2798
20-90 0% 0.0115 1.1124
20-100 0% 0.0128 1.4353
20-110 0% 0.0140 1.5187
20-120 0% 0.0153 2.2536
20-130 0% 0.0166 3.043
20-140 0% 0.0179 3.8125

fault conditions. As a result, it can be concluded that by calculating the
RoCoPA of the transformer differential current, if the standard deviation
is higher than the threshold, the event specification is categorized as an
inrush current. If it is lower than the threshold, it is categorized as a fault
current. The standard deviation function (SDF) is calculated as follows:

1 K —
SDF = \/ 1>, (RoCoPA, — RoCoPA) (16)
where K is the number of samples in the arbitrary window of data. It
should be noted that the SDF is calculated in each phase separately. The
decision criterion is the maximum of the SDF of the three-phase or in
abbreviated form (SF), which is expressed as follows:

SF = max{SFA.SFB.SFC} an

The flowchart of the method implementation is shown in Fig. 1. As
can be seen, the current of all three phases is received, and the RoCoPA
of changing phases is calculated for the time ti to tj after the event
detection. By calculating the standard deviation of the RoCoPA (SF) in a
specified data window for changing phases (SFA, SFB, and SFC), if their
maximum is greater than the threshold (TH), the event is categorized as
the inrush current.

C. Threshold Selection

Two crucial things in the simulation are the harmonic and the
decaying DC component. Error due to low harmonic distortion per-
centage of fault current cannot affect simulation results. However, the
decaying DC component generates more fluctuations in RoCoPA, which
is solved by defining the appropriate threshold. So, it is imperative to
determine the threshold and sample start and end of the calculation. For
this purpose, accuracy and gap thresholding are investigated for
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Table 3
Different Threshold And Window Length For Practical Data.
Range Error Delay Gap
20-30 21.54 0.00384 -
20-40 16.92 0.00512 -
20-50 12.31 0.00640 -
20-60 7.69 0.00768 -
20-70 12.31 0.00896 -
20-80 0% 0.01024 18.437
20-90 0% 0.0115 1.1616
20-100 0% 0.0128 0.6879
20-110 0% 0.0140 0.3831
20-120 0% 0.0153 0.2304
20-130 0% 0.0166 0.0339
0.5 - _
Fault Scenarios
£ 04 ” Non-Fault Scenarios
20 .
= = = = Threshold
D
Q03
=0
=
gt
E 0.2
v
=
e
= 0.1
(=9
0
0 10 20 30 40

Fig. 2. PDFs for the index max SF and the selected threshold.

different window lengths, following Tables 2 and 3. The term “range”
refers to the start and final samples of the calculation window (after the
change detection instant) in the aforementioned tables. A sampling time
of 128 ps (156 samples per cycle) is used in all scenarios. So the delay of
the proposed algorithm can be calculated by multiplying the last win-
dow sample by 128 ps, which is shown in the third column of Tables 2
and 3. The Gap value is the difference between the minimum value of
max(SF) in all the inrush current scenarios, and its maximum value
related to all studied short circuit scenarios. Larger values of Gap reveal
more accuracy of the algorithm. According to the results of Tables 2 and
3, the window, the starting and final samples equal to 20 and 90 have
satisfactory results. The threshold (TH) is chosen equal to 10.6, which
the center value of the gap between the worst inrush current and short
circuit scenarios. Note that the threshold is independent of transformer
parameters, and it only depends on the phase angle variation.

To verify the obtained threshold, an algorithm named the Otsu
thresholding method was utilized, which is a well-known and reliable
method employed in different engineering fields [28-30]. This tech-
nique is an effective and simple method that basically compares the
difference between two or more probability density functions to provide
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a proper threshold. More details regarding the Otsu thresholding
method are provided in [28]. As one can see in Fig. 2, the obtained
threshold in Tables 1 and 2 is confirmed with the Otsu thresholding
method due to the reliable distance between threshold and max (SF) of
inrush current scenarios.

3. Performance evaluation and results discussion

The power system of Fig. 3 has been simulated using PSCAD to
evaluate the proposed method. Fig. 3 system comprises a 400/230 kV,
Yg-A, 500MVA transformer. The transformer models and CTs specifi-
cations are available in [16] and provided in the appendix. To study
differential protection, the test system is simulated in the PSCAD. The CT
model of PSCAD software is used for the simulation of CT saturation. The
sampling frequency is 7.8 kHz and is equal to the sampling frequency of
the laboratory data.

Different scenarios, including different fault locations in both sides of
the power transformer, CT saturation and non-saturation, transformer
and CT residual flux level, different angles of transformer energizing and
transformer energizing with internal fault are produced in large
numbers, which will be shown and described in the following:

Inrush current

Internal fault

Transformer energizing with pre-existing internal fault

Inrush current and fault current in the presence of CT saturation

Note that during simulation, the loading condition in the case of
inrush current was assumed no-load condition. In contrast, in the case of

:é _Ia1
= s |
g N
= ¢
= ]
O
_8 1 1 1 1 1

@

o

<

=50t

=

o

&)

o

&

0.3 0.32 0.34 0.36 0.38 0.4
Time (s)

(b)

Fig. 4. Simulated inrush current waveform (a) Current, (b) RoCoPA.

s Differential §
! Relay

Fig. 3. A Y/D 400/230 kV transformer for simulation in a PSCAD environment.
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Fig. 5. Simulated fault current waveform (a) Current, (b) RoCoPA.
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Fig. 6. Energized transformer with the internal fault (a) Current, (b) RoCoPA.

a fault condition, the transformer’s loading condition varies between
50% and 100% of the nominal loading of the transformer.

A. Inrush current

This scenario involves the energizing of the transformer, with a 30%
residual flux at 300 ms. As shown in Fig. 4, all three phases with
different polarities are involved in the inrush current. By calculating the
RoCoPA using the LMS algorithm, the RoCoPA is shown in Fig. 4. By
calculating the standard deviation of the RoCoPA from 20 samples after
switching to 90 samples after switching for all three phases, the values of
SFA, SFB, and SFC will be as shown in Fig. 4. Their maximum is 17.54
and is above the threshold of 10.6, so this scenario is classified as an
inrush current. Therefore, the classification with 90 sample delay was
performed correctly at the sampling frequency of 156 samples per cycle.
Note that comparing Fig. 4(a) and (b) indicates that the RoCoPA is in-
dependent of the magnitude of the inrush current.
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Fig. 7. Saturated fault current (a) Current, (b) RoCoPA.

B. Fault current

This scenario involves a 3-phase fault with a high impedance in the
transformer terminal, so as shown in Fig. 5, we do not see the current
transformer saturation. An error occurred at 300 ms. The RoCoPA is as
shown in Fig. 5. As can be seen, the RoCoPA has fewer fluctuations than
Fig. 5. By calculating its standard deviation for all three phases and
calculating the maximum value of the standard deviation, according to
Fig. 5, 7.088 obtained, it is less than the threshold of 10.6, so the event is
correctly diagnosed as a fault a delay of about half cycle.

C. Transformer energizing with pre-existing internal fault

To investigate the more complicated cases, the transformer, which
has an internal fault of 10% winding (a weak fault) simulated for
energizing at 300 ms. As shown in Fig. 6, the currents waveform is a
combination of the fault current and the inrush current. The RoCoPA
will be as shown in Fig. 6. By calculating SFA, SFB, and SFC, their
maximum value is 9.52, close to the threshold. However, the method has
correctly identified the fault occurrence. In an internal fault with a lower
level of current, the proposed method will not be able to detect an in-
ternal fault because the maximum standard deviation of the RoCoPA
will be greater than the defined threshold.

D. Inrush current and fault current in the presence of CT saturation
1) Fault current

In all simulated fault scenarios in CT saturation, 98% of the simu-
lation results were correct. However, to increase the accuracy to 100%,
the reconstructed current of CT should be calculated [25] and then is fed
to the RoCoPA is calculated. Fig. 7 contains the saturated fault current
due to the high residual flux and fault current level. The RoCoPA is
shown in Fig. 7. By calculating SFA, SFB, and SFC, all three are below the
threshold, so the event is diagnosed as a fault. It is noteworthy that the
operation was delayed approximately half a cycle after the change
detection.

2) Internal Fault
In the inrush current scenarios in 100% of the cases where the cur-

rent of CT was saturated, the correct answer was obtained, so no need to
reconstruct the saturated current of CT. Fig. 8 Displays the inrush
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_CTs

Fig. 9. Photo of a prototype transformer.

current that has saturated the CT. By calculating the SF for all three
phases, the maximum SF in the three phases is 130.52, which is well
above the threshold of 10.6, so the event is diagnosed as an inrush
current.

E. Performance Evaluation Using Experimental Data

In this section, experimental data were used to evaluate the perfor-
mance of the proposed method in the presence of experimental noise
during data acquisition from a prototype transformer. The experimental
circuit is as shown in Fig. 9. The experiments were carried out on a 6
kVA, 50 Hz, and 330 V/330 V power transformer. The transformer
contains several access terminals to different points inside the windings.
The internal faults are recorded practically by using these access ter-
minals. More than 90 case studies in different situations are carried out
and measured by a data logger with a sampling time equal to 128
microseconds.

Note that during experimental recording, the inrush and fault sce-
narios are recorded at no-load conditions. Due to lack of space, two of
these scenarios are listed as follows:

1) Experimental inrush current
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Fig. 10. Experimental circuit inrush current (a) Current, (b) RoCoPA.

W

Current p.u.
(=)

-5
0.1 0.12 0.14 0.16 0.18
Time (s)
(a)
60 ———— : . .
©n 1
=5 | . a p=
Ea0p -~ SFA=0.374 o1
< =0. —c
& 0| T s 0368 _
9 SFC= 0371
[ 0 . n n .
0.1 012 014 016 0.8 0.2
Time (s)

(b)

Fig. 11. Experimental fault current with no saturation (a) Current, (b) RoCoPA.

This scenario involves switching of the three-phase transformer, with
a zero degree for phase c. The RoCoPA is shown in Fig. 10. By calculating
its maximum standard deviation in the presence of experimental noise, a
value greater than the threshold is obtained, so the event is correctly
recognized as an inrush current is less than one cycle after transformer
switching.

2) Experimental fault current

With the help of the experimental circuit, a scenario involving a
three-phase fault is generated. As can be seen in Fig. 11, the three-phase
current is slightly polluted by noise due to the measurement noise. By
calculating the RoCoPA for all three phases and calculating its standard
deviation, the maximum value of SFs is 0.374. This value is less than TH,
which leads to the correct detection of the event as a fault. The delay of
this scenario is 90 samples at the sampling frequency of 156 samples per
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Table 4
Different Fault Scenarios.
Number of Scenarios  Fault from to Inception Time (ms) Max (SF)  Number of Scenarios  Fault from to Inception Time (ms)  Max (SF)
1 a-10% a- 40%-g 300 3.184 31 a-10% a- 306 10.223
40%
2 a-40% g 300 3.111 32 a-60% g 306 8.963
3 a-90% g 300 3.045 33 a-10% g 306 9.858
4 a-b g 300 7.962 34 a-b-c g 306 2.244
5% a g 300 1.310 35* a g 306 9.242
6 a-10% g 300 2.883 36 a-10% a- 306 8.535
40%
7 a-40% g 300 2.906 37 a-10% g 306 7.981
8 a-90% g 300 2.856 38 a-60% g 306 8.180
9 a-b g 300 8.120 39 a-b-c g 306 8.320
10* a g 302 1.609 40* a b 306 8.500
11 a-10% a-40%-g 302 1.113 41 a-10% a- 308 10.027
40%
12 a-40% g 302 1.044 42 a-10% g 308 9.139
13 a-90% g 302 1.048 43 a-60% g 308 8.751
14 a-b g 302 2.816 44 a-b-c g 308 5.853
15% a b 302 1.320 45% a g 308 9.611
16 a-10% a-40% 302 1.342 46 a-10% a- 308 8.705
40%
17 a-40% g 302 1.382 47 a-10% g 308 8.639
18 a-90% g 302 1.395 48 a-60% g 308 8.944
19* a-b g 302 2.635 49 a-b-c g 308 5.825
20 a-10% g 304 1.584 50* a b 308 8.645
21 a-10% a-40%-g 304 1.574 51 a-10% a- 310 3.162
40%
22 a-40% g 304 1.714 52 a-10% g 310 3.161
23 a-90% g 304 1.591 53 a-60% g 310 2.982
24* a-b g 304 3.558 54 a-b-c g 310 1.552
25% a g 304 9.886 55% a g 310 3.018
26 a-10% a-40%-g 304 2.266 56 a-10% a- 310 2.873
40%
27 a-40% g 304 2.280 57 a-10% g 310 2.928
28 a-90% g 304 2.259 58 a-60% g 310 2.766
29% a-b g 304 3.599 59* a-b-c g 310 8.943
30* a b 304 9.544 60* a b 310 10.223
Table 5 Table 6
Different Inrush CURRENT SCENARIOS. DIFFERENT INRUSH CURRENT with different Remanent flux.
Number Switching max (SF)  Number Switching max (SF) Number of Scenarios Switching time (ms) Remanent Flux max (SF)
of ) time (ms) of ) time (ms) 1 300 —10% 145.248
Scenarios Scenarios
2 300 30% 164.413
1 300 815.673 12 300 1645.848 3 300 -70% 267.452
2 301 2026.199 13 301 1654.499 4 302 10% 921.473
3 302 1511.719 14 302 647.452 5 302 —30% 179.741
4 303 802.896 15 303 821.573 6 302 70% 384.191
5 304 1911.386 16 304 1179.841 7 306 —-10% 673.192
6 305 1559.011 17 305 1184.191 8 306 30% 384.654
7 306 876.508 18 306 1849.152 9 306 —70% 1287.228
8 307 12.097 19 307 1284.654 10 310 10% 770.458
9 308 2043.793 20 308 1157.272 11 310 —30% 1425.848
10 309 1066.595 21 309 1570.288 12 310 70% 193.458
11 310 713.705 22 310 1645.848
According to Table 4, the proposed method detects the internal trans-
cycle. former fault and the terminal fault with an appropriate distance from the

F. Discussion on the Simulation Results

So far, several scenarios have been described. Due to lack of space,
the rest of the simulated cases will be as Tables 4, and 5. Table 4 contains
the internal fault scenarios, and Table 5 contains the inrush current
scenarios. Scenarios include faults with different inception angles and
inrush current with different switching times and random noise levels
with random SNR in the range of 30 dB to 50 dB.

In Table 5, ’g’ means "ground’, ’a’, ’b’ and ’c¢’ are three phases. For
example, 'a-10%’ and ’a-40%-g’ mean 10% of phase coils and 40% of
phase coils connected to the ground, respectively. Also, the star sign
denotes the internal fault current, accompanied by CT saturation.

TH. The proposed method can properly deal with internal fault current
with CT saturation. As shown in Table 4, for the fault current with CT
saturation, in the worst-case scenario (i.e., scenario 60), the discrimi-
nation index is less than the TH. Considering additive random noise in
the fault current signal, the proposed method has been able to detect
minor and major internal fault current with/without CT saturation with
an acceptable distance from the TH.

Table 5 contains two types of transformers with conventional (sce-
narios 1 to 11) and modern (scenarios 12 to 22) core. It can be seen that
in all the scenarios of Table 5, the inrush current is correctly recognized.
It should be noted that modern core transformers have an upper knee-
point comparing with conventional transformers. While modern core
transformers impose difficulty for harmonic restrains-based algorithms,
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Table 7
DIFFERENT INRUSH CURRENT with Internal fault SCENARIOS.
Number of Scenarios Switching time (ms) Fault Location max (SF)
1 300 a-10%-g 9.648
2 300 a-20%-g 4.579
3 300 a-40%-g 7.982
4 302 a-10%-g 8.538
5 302 a-20%-g 4.836
6 302 a-40%-g 7.172
7 306 a-10%-g 10.152
8 306 a-20%-g 5.641
9 306 a-40%-g 7.372
10 310 a-10%-g 10.288
11 310 a-20%-g 8.008
12 310 a-40%-g 9.479
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Fig. 12. Recovery inrush current (a) Current, (b) RoCoPA.

the proposed method successfully identifies inrush scenarios owning to
RoCoPA variations in the inrush current signal. Table 6 shows the per-
formance of the proposed method in the case of inrush currents with
different remanent fluxes. As shown in Table 6, regardless of the polarity

DC
supply
voltage

Data

logger
()
SSFCL

FCL limiting
impedance
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of the remanent flux, the proposed method shows high accuracy in
detecting inrush currents. As a matter of fact, distortions in the inrush
current with high remanent help more variations in RoCoPA, and as a
result, the proposed method successfully identifies inrush current sig-
nals. Table 7 illustrates the performance evaluation of the proposed
method for inrush current with an internal fault. As shown in Table 7,
the proposed method can deal with the inrush current with an internal
fault with the acceptable distance between the proposed criterion and
TH. Due to dependency on the RoCoPA, the proposed method is able to
detect the fault scenario even in the transformer energization condition.

G. Special Cases

In the following, some exceptional cases are investigated to evaluate
the performance of the proposed method.

1) Recovery Inrush current

When a fault occurs, owning to transformer excitation decreasing,
the voltage drops significantly. However, after fault clearance, due to
the excitation of the transformer with recovery voltage, the inrush
current is observed in the transformer. As a result, after fault clearance,
the differential protection of the power transformer observes a large
inrush with a shorter time compared with transformer energization. It is
evident that the differential relay should not trip during recovery inrush.
Note that the magnitude of the recovery inrush current is usually lower
than the initial inrush case. However, the shape and harmonic profile of
the recovery inrush current are similar to those measured during initial
energizing.

Fig. 12 shows a sample recovery inrush current after external fault
clearance. As it can be seen in Fig. 12, the maximum value of SF’s is
24.78, and it is notably more significant than the threshold. As a result,
the proposed algorithm can identify recovery inrush current in almost
half a cycle.

2) Fault Current Limiter

Fault current limiters (FCLs) are employed to reduce the short circuit
current level in the first cycle after fault occurrence. Regardless of the
type of FCL, the presence of an FCL creates an abrupt change in the
current and voltage waveforms. Such a waveform deformation may
potentially threaten the performance of the differential protection. Here,
the performance of the proposed method is evaluated under three types

Oscilloscope

Fig. 13. Photo of a prototype transformer.
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Fig. 14. Experimental fault current in the presence of R-FCL (a) Current,
(b) RoCoPA.
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Fig. 15. Experimental fault current in the presence of L-FCL (a) Current,
(b) RoCoPA.

of FCLs, including resistive type FCL (R-FCL), inductive type FCL (L-
FCL), and superconductive type of FCL (SSFCL). The characteristics of
the FCLs are given from [17].

To obtain fault data in the presence of the FCL, the experimental
setup, which is illustrated in Fig. 13, contains a power transformer with
3 kVA apparent nominal power. The power transformer operates at 50
Hz, with a voltage level of 220 / 380 V. The power transformer has
various access terminals of the windings for applying internal faults.
More than 100 inrush and internal faults in the presence of a different
type of FCLs are generated and recorded considering 128 microseconds
sampling time for the data logger.

According to Figs. 14 to 16, the proposed method is capable of
detecting internal fault scenarios even considering waveform de-
formations due to the presence of the different types of FCLs. Note that
maximum SF’s for R-FCL, L-FCL, and SFCL are 0.924, 3.41, and 4.15,
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Fig. 16. Experimental fault current in the presence of SFCL (a) Current,
(b) RoCoPA.
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Fig. 17. Fault current in the presence of high impedance fault at transformer
terminal (a) Current, (b) RoCoPA.

respectively, which confirm the higher deformation in the case L-FCL
and SFCL will result in higher RoCoPA deviation. Nevertheless, in all
cases, the maximum SF’s is much lower than the threshold, which shows
the reliability of the proposed index in the presence of the different types
of FCLs.

3) High Impedance Fault in Transformer Terminal

In the following, the performance of the proposed method under high
impedance fault in the transformer terminal is investigated. A single-
phase fault at phase a with 10 Q impedance is applied at t = 0.302 s.
As indicated in Fig. 17, due to low variations of the RoCoPA with a
maximum SF of about 1.298, the proposed method identifies the signal
as a fault.

Considering the obtained results in Tables 5 and 7 and Figs. 4 and 17,
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Table 8
Performance of the Proposed Method Considering Frequency Deviation during
fault scenarios.
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Table 11
Performance Comparison Between References [19-21,25] and the Proposed
Algorithm.

Number of Scenarios Frequency Deviation (Hz) Max (SF)
1 -1 6.894
2 -0.8 7.591
3 —0.6 7.067
4 —0.4 6.997
5 -0.2 7.151
6 0 7.088
7 0.2 7.913
8 0.4 7.068
9 0.8 7.594
10 1 6.746

Table 9
Comparison between Proposed Method and SHR method under DIFFERENT
INRUSH CURRENT with different Remanent flux.

Number of Scenarios Max (SF) Time Delay SHR% Time Delay
1 145.248 11.52 19.92 41.945
2 164.413 11.52 21.92 36.28
3 267.452 11.52 20.05 38.002
4 921.473 11.52 24.49 38.054
5 179.741 11.52 17.04 37.985
6 384.191 11.52 23.58 36.162
7 673.192 11.52 17.15 37.668
8 384.654 11.52 21.1 39.746
9 1287.228 11.52 20.18 39.736
10 770.458 11.52 19.79 38.597
11 1425.848 11.52 18.09 38.643
12 193.458 11.52 21.24 41.594
Table 10

Comparison between Proposed Method and SHR method under DIFFERENT

INRUSH CURRENT with Internal fault SCENARIOS.

Number of Scenarios Max (SF) Time Delay SHR% Time Delay
1 9.648 11.52 12.34 38.156
2 4.579 11.52 14.03 44.188
3 7.982 11.52 11.16 45.106
4 8.538 11.52 13.26 45.421
5 4.836 11.52 11.18 51.542
6 7.172 11.52 12.31 46.23
7 10.152 11.52 13.87 45.734
8 5.641 11.52 12.84 42.756
9 7.372 11.52 11.29 48.437
10 10.288 11.52 13.87 51.691
11 8.008 11.52 12.9 46.372
12 9.479 11.52 13.86 45.025

the proposed method can deal with a different type of internal fault with
low and high impedances due to dependency on RoCoPA variation.

4) Deviation in the Frequency of the Fault Current Signal

Due to fault severity, the frequency may deviate from its nominal
value in a real power grid. As a result, dealing with the off-nominal
condition may become a challenge for numerical protective relays
[31]. In the following, the proposed method’s performance is evaluated
for the fault scenario given in Fig. 5 under frequency variation.

As it can be seen in Table 8, frequency variation in the range of 49 to
51 Hz does not significantly affect the value of the maximum SF’s. It
should be noted that since the proposed algorithm depends on the var-
iations of the RoCoPA, shifting in the frequency cannot notably affect
the proposed criterion.

5) Comparison with Second Harmonic Restraint

10

[19] [20] [21] [25] Proposed
Index
Requiring An extra  No No No Yes No
index for CT
saturation
detection
Immune operation Yes-with  Yes- with Yes Yes Yes
during CT delay delay
saturation
Performance inthe  No No No No Yes
presence of FCL,
off-nominal
frequency
Required ideal 1 Cycle < % cycle 1 Cycle Y4 cycle Y cycle
data from
current signal
Range of operating OT < 1 Y cycle < Y cycle Y cycle OT =~ %
time (OT) during  cycle OoT<1 <OT < <OT < cycle
different cycle 1 cycle 1 cycle
scenario
Complexity Medium Medium Low High Medium

In the following, the performance of the proposed method is
compared with the second harmonic restrain method. The comparison is
only conducted for hard cases given in Tables 5 and 6. Note that the
threshold for the SHR method is adjusted to 15% [3,32].

As shown in Table 9, the proposed method, depending on the
RoCoPA deviation, can identify the inrush scenarios in less than almost
12 ms. However, due to decreasing the second harmonic content in the
presence of high remnant flux in the inrush current, the SHR method
experiences a long delay of up to 42 ms.

For the given scenarios in Table 10, the proposed method can iden-
tify the internal faults in less than 12 ms. However, the SHR algorithm
fails to detect the fault scenarios for almost 52 ms. The SHR fails during
transformer energization with internal fault due to low second harmonic
content. As a result, compared with the SHR method, the proposed al-
gorithm has a remarkable speed of convergence incorrect recognition of
the scenarios.

H. Comparing Proposed Method with State-of-the-Art

Performance comparison is conducted qualitatively in Table 1 and a
quantitative manner with the SHR algorithm in Section 3, subsection G,
part 5. In general, the proposed method belongs to hybrid, and inno-
vative algorithms that have more flexibility than other groups of algo-
rithms are given in Table 1. However, to compare with some of the most
recent algorithms of hybrid and innovative algorithms (A5) according to
Table 1 with the proposed algorithm, the following comparison is
provided.

e According to Table 11, unlike Ref. [25], the other methods do not
require extra CT saturation detection algorithms. Also, all algorithms
have a good performance during CT saturation, and the differences
are in the time delays.

Refs. [19-21] and [25] are based on waveform similarity index that
suffers from off-nominal frequency condition and waveform defor-
mation in the case of the presence of FCL in the neutral transformer.
While the proposed method robustly can deal with the latter condi-
tions without compromising the operating time.

Refs. [19] Moreover, [20] require one cycle and half-cycle data for
performing calculations, respectively. Ref. [21] requires one cycle
current signal for normalizing the current signal, and afterward, it
employs a quarter cycle to calculates its index. Eventually, Ref. [25]
requires only a quarter cycle of the current signal. Comparing with
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Table 12
Average Operating Time of Refs. [19-21,25] and the Proposed Algorithm (OTs
are in ms).

Scenarios [19] [20] [21] [25] Proposed Index
Inrush 18.96 14.24 14.52 13.1 11.52
Internal Fault 20.42 12.98 15.67 12.06 11.52

these algorithms, the proposed index requires up to half-cycle data
for performing the evaluation.

The range of operating time (OT) during different scenarios for
Ref. [19] is less than one cycle. The range of OT in Refs. [20], [21]
and [25] are less than one cycle. However, the OT range in the
proposed method is a fixed value, and it is about half-cycle.
Combining with the previous point (point 3), the proposed method
has supremacy both in requiring the lowest data and response time
comparing with the other methods.

Eventually, while the Ref. [21] has the lowest complexity, consid-
ering all of the challenges given in Table 11, it seems the proposed
index provides more flexibility and reliability in discrimination of
internal fault and inrush current with good accuracy and fast
response.

To compare the performance of the proposed algorithm with the
methods in [19-21,25], several scenarios, including 1000 inrush cur-
rents and 1000 internal fault current scenarios, are applied to the al-
gorithms. The inrush scenarios are generated with high-remanent flux in
the range of (-80% to 80%). Also, the internal fault scenarios are
accompanied mainly by CT saturation. Table 12 shows the results of the
algorithms in which the algorithms have succeeded in correctly identi-
fied scenarios. The results in Table 12 indicate that the proposed method
has the lowest OTs among the algorithms.

Overall comparison between the proposed algorithm with the
methods in [19-21,25] in Tables XI and XII reveal that the proposed
algorithm provides good accuracy and response time comparing with
the other algorithms.

4. Conclusion

Quick and reliable internal fault and inrush current discrimination
enhances the reliable operation of differential protection of the power
transformers. A RoCoPA-based algorithm for discrimination of internal
fault and inrush currents of the power transformer was presented in this
paper. Owning to a standard power system signal (i.e., a sinusoidal
waveform), the RoCoPA shows low variations during the fault. How-
ever, magnetization inrush current has RoCoPA with high fluctuation.
Based on the simulated and experimental data, the performance of the
proposed algorithm was evaluated under various internal fault and
inrush currents. It has been observed that the proposed algorithm suc-
cessfully identifies internal fault signals even in the case of minor in-
ternal turn-to-turn fault signal, internal fault accompanied with CT
saturation, and internal fault during inrush current. Also, the perfor-
mance of the proposed algorithm during various inrush current cases
indicates that the proposed index can clearly recognize inrush current
from the internal fault signal. The simulation results show that the
proposed method has good immunity against noise, source frequency
variation, decaying DC component. Compared with the second har-
monic restrain method, the proposed algorithm shows high accuracy
and fast response. While SFCL may distort the fault signal in the first
quarter of the cycle, the proposed algorithm shows immunity against
such distortion. It can successfully discriminate the fault signal even in
the presence of SFCL. Being independent of transformer parameters,
performance evaluation on both simulation and experimental data
indicate the threshold of this paper can be easily employed for the
different test system. Considering the almost half-cycle delay in decision
making in different challenging circumstances, the proposed method

11
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Table 13
Power Transformer Saturation Curve

1 (% of rated current) V (per unit)

0 0
0.4 0.43
0.7 0.56
1.39 0.67
1.67 0.77
4.2 0.89
5.65 1
7.6 1.1
15.2 1.22
25 1.34
Table 14
HV side CT Saturation Curve
I (A(C E (V)
0.002 1
0.006 5
0.008 10
0.015 20
0.018 30
0.04 100
0.05 150
0.07 200
0.1 220
5 300
Table 15
LV side CT Saturation Curve
I (A( E (V)
0.001 1
0.0028 5
0.0045 10
0.008 30
0.02 100
0.03 200
0.045 300
0.2 400
10 490
20 500

shows the ability and applicability for the internal fault and inrush
currents discrimination. This paper aims to propose the concept of rate
of change of phase angle to discriminate the internal fault from inrush
current. However, future work can be dedicated to finding a lower
complicated algorithm than LMS to reduce the computational burden.
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Appendix A

The saturation curve of the simulated power transformer and its
corresponding CTs is presented in Tables 13-15. The parameters of the
50 Hz simulated power systems, which is shown in Fig. 3, are as follows:

Source 1: Viated = 400 KV, Rin1 = 2(Q), Liny = 0.064(H).

Source 2: Vygteq = 230 kV, Ry = 1.3(Q), Lins = 0.042(H).

Line 1:

Positive Sequence Resistance Ry; = 6.18 x IO’SQ/km;
Zero Sequence Resistance Ro, 11 = 5.447 x 10’2Q/km;
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Positive Sequence Reactance Xj; = 6.24 x 10’3Q/km;
Zero Sequence Resistance Xp, 11 = 0.168 Q/km;
Positive Sequence Capacitance C; = 0.0179pF/km;
Zero Sequence Capacitance Cp, 11 = 0.0109pF/km.

e2:

Positive Sequence Resistance Rys = 0. 0544 Q/km;
Zero Sequence Resistance Rg, 12 = 0.2473 Q/km;
Positive Sequence Reactance Xjo = 0.321 Q/km;
Zero Sequence Resistance Xp, 12 = 0.887 Q/km;
Positive Sequence Capacitance Cz = 0.0035pF/km;
Zero Sequence Capacitance Cp, 12 = 0.0021pF/km.

Transformer:

HV

LV

Stated = S00MVA, 400/230 kV, Y-A connection.
side CT:
CT Ratio: 1200: 5, Rerz = 0.61 Q, Lot = 9 x 10-4H.
side CT:

CT Ratio: 1200: 5, Rerz = 0.53 Q, Lere = 7.8 x 10-4H.
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