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ARTICLE INFO ABSTRACT

Index terms: The proliferation of Distributed Generations (DGs) in distribution networks has provided power system operation
D%Str%butf?d 8ef}eration improvement while raising some protection challenges. Turning to bi-directional, the protection schemes of the
Distribution grid deregulated distribution networks should be able to deal with an out-of-zone fault. More specifically, DGs impose

Directional relay bi-directional fault current and directional relay should be employed to identify correct fault direction so that the

protective relays are prevented from mal-operation of out-of-zone fault. This paper introduces a current-based
directional algorithm that utilizes a pre-fault current signal as the reference. This algorithm is designed based
on the pre-fault current and rate of change of the fault current. As it can be inferred from the mathematical basis
of the proposed method, it has low sensitivity to decaying DC and noise components. Also, the proposed index
has a certain and straightforward range of variation between (-1, 1) for backward and forward fault direction,
respectively. The performance of the proposed algorithm is evaluated for different scenarios such as variation of
fault resistance, sampling frequency, and types of faults in three simulated systems and a laboratory test bench.
The simulation and experimental evaluation results show the accuracy and speed of the proposed algorithm in
comparison with similar algorithms.

%] Difference between the phases of during and pre-fault
List of symbols currents
Ipf Pre-fault current I Rated pre-fault current
k Sample number v Pre-fault voltage signal
i Current signal 4 Source voltage angle
Inaxps ~ Peak of pre-fault current [ Impedance angle
Ipfn Normalized pre-fault current T One cycle time
Pos Phase of pre-fault current k Sample No.
i Fault current N Numbe1.r of one cycle samples
Bag Phase of during-fault current $ DFIG slip

Vg Pre-fault voltage of a DFIG
Tnax,df Peak of fault current . .
. . . R Transient resistance of DFIG
idgrn Normalized during-fault current rime ]
prime L . Xz Transient reactance of DFIG
lZf Derivative of during-fault current i .
rime . o . Rep Crowbar resistance of DFIG
tfif_" Normalized derivative of during-fault current Ty Transient time constant of DFIG
T Time constant of short circuit Ta Stator time constant of DFIG
ACI Interim Variable fsF Fundamental frequency of stator fault
MACI Proposed directional Index
® Angular frequency
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1. Introduction

Expansion of the utilization of Distributed Generations (DGs) in
distribution networks has led to its many benefits including loss
reduction, improvement of voltage profile, increase in reliability, and
reduction of environmental pollutants [1, 2]. Despite these advantages,
DGs have imposed some protection challenges in distribution networks.
Increasing the short-circuit level and changing the arrangement of dis-
tribution networks from unidirectional to bi-directional are known as
the most influential challenges [3, 4]. Some protection strategies have
been introduced to deal with enhanced short circuit levels [5, 6].
However, turning to bi-directional networks, maloperation of the pro-
tection schemes in such networks should be prevented in faults outside
the protection zone. It means the protection schemes require directional
relays to detect the fault direction in presence of DGs [7].

Surveying the previous publications in the directional protection
algorithms, the algorithms can be divided into four groups from the
analysis domain including (A) time-domain analysis, (B) frequency-
domain analysis, (C) time-frequency analysis, and (D) machine
learning technique [8].

Regardless of the domain analysis types, surveying the literature
reveals that the directional protection algorithms should be able to deal
with challenges including requirement window of data (e.g. sub-cycle or
full-cycle window of data), dependency on the input signal (e.g. voltage,
current, or both of them), noise sensitivity, sensitivity to the decaying
DC component in the current signal.

According to the above-mentioned categorizations:

e The algorithms based on the correlation function [9, 10], and the
algorithm based on superimposed components [11, 12] are some of
the examples of the time-domain analysis. While time-domain
analysis has a high-speed response, these algorithms suffer from
low accuracy, sensitivity to noise, and the decaying DC component.
Note that these algorithms can be implemented with a relatively low
sampling rate.

Frequency-domain analysis including positive sequence impedance
[13] and the phase difference [14] algorithms, employs the funda-
mental phasor components of voltage and current to determine fault
direction. Owing to employing the fundamental phasor component,
these algorithms are generally reliable against noise, and decaying
DC component of fault current comparing with time-domain algo-
rithms. In these algorithms, the fundamental phasor components are
generally estimated by some frequency analysis tools like Fourier
Transform (FT) or Fast Fourier Transform (FFT), which induce a
full-cycle delay in the detection process. As a result, the fault direc-
tion detection speed of these algorithms is rather low. Note that these
algorithms are more accurate than time-domain algorithms.

e Combined time-frequency analysis tools such as wavelet transform
[15, 16], provide higher speed in comparison with the other cate-
gories. Unfortunately, these algorithms suffer from high sampling
frequency, high sensitivity to noise, and the decaying DC component.
The fourth group includes machine learning techniques which are
based on Neural Networks (NN) [17], Modular NN [18], Elman NN
[19], and multilayer feed-forward NN [20]. These algorithms have
acceptable speed and accuracy but they are complex and uninter-
pretable. Moreover, considerable training data are required to be
trained. Furthermore, with a change in power system parameters, the
training procedure should be repeated.

In general, most of the above-mentioned algorithms use voltage and
current signals as input. The use of voltage signals in algorithms, in
addition to increasing the cost, leads to problems in detecting the di-
rection in the event of a fault near the relay. In other words, at fault close
to the relay, the voltage signal drops significantly, which can lead to
incorrect operation of directional algorithms. As a result, it can be
concluded that employing the current-based algorithms can prevent the
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difficulties of the voltage-drop issues in the case of the fault near the
directional relays. However, it should be noted that the current-only-
based algorithms should be designed to have no sensitivity to the
decaying DC component.

The latter-discussed issues in the previously published algorithms,
this paper puts forward an efficient current-based directional algorithm.
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Fig. 4. Performance of the proposed index for forward/backward faults, (a) forward faults currents, (b) the proposed index for the forward fault currents, (c)
detection signal, (d) the backward fault currents, (e) the proposed index for the backward fault currents, (f) detection signal.

Table 1
Accuracy of the algorithms for different sampling frequency
Sampling Frequency kHz) Required Time (ms) Error (%)
Max Average
1 11 9.5 2.1
2 5.6 4.9 1.15
2.3 1.9 0.98
10 1.09 0.94 0.75

The proposed directional index is designed based on the pre-fault cur-
rent and rate of change of fault current and this algorithm belongs to the
time-domain analysis group. The summary of the contributions of the
paper are as follows:

- As discussed, the time-domain type of the direction fault detection
algorithms suffers from signal transients, especially decaying DC
components in the current-based algorithms. It has been Mathe-
matically proven that, due to the use of the rate of change of fault
current signal, the proposed index has very little sensitivity to the
decaying DC component. As a result, unlike [21], it has immunity
against the decaying DC component in the fault current signal.

- Unlike [22-24], the proposed index does not suffer from voltage-drop
issues for fault near the directional algorithm.

In the proposed index, a half-cycle moving average indicator is
employed and as a result, the presence of the proposed index reduces
the sensitivity of the algorithm to noise.

Comparing to the state-of-the-art algorithms, the proposed method
requires a low sampling rate. Also, low-complexity formulations
indicate that the proposed index has a low computational burden
compared with the state-of-the-art algorithms.

The rest of the paper is organized as follows: the proposed algorithm
basis and formulations are provided in section 2. Section 3 discusses the
proposed algorithm implementation and requirements. Simulation and
experimental results and discussions are provided in Sections 4 and 5.
Finally, Section 6 provides conclusions.

2. Proposed algorithm basis and formulations

This paper tries to provide a directional index that is designed based
on the pre-fault current and rate of change of fault current. This section
is dedicated to the mathematical basis of the derived proposed index and
the operational region for fault direction detection.
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Table 2
The results of the proposed algorithm for different fault resistances
Fault As  Fault Rr Average Required Detected
Type Location Q) Time (samples) Direction
Ag 10 F1-F3 0 4.95 Forward
2.5 5.02
5 5.12
15 5.14
20 5.22
50 5.31
100 5.36
F4-F6 0 4.93 Backward
2.5 4.99
5 5.06
15 5.15
20 5.17
50 5.21
100 5.30
ABg 10 F1-F3 0 4.96 Forward
2.5 4.98
5 5.12
15 5.14
20 5.22
50 5.27
100 5.34
F4-F6 0 5.01 Backward
2.5 5.12
5 5.13
15 5.19
20 5.23
50 5.31
100 5.36
ABCg 10 F1-F3 0 4.91 Forward
2.5 4.98
5 5.03
15 5.12
20 5.16
50 5.22
100 5.29
F4-F6 0 4.97 Backward
2.5 5.02
5 5.11
15 5.13
20 5.15
50 5.27
100 5.29
Table 3
The results of the proposed algorithm for zero pre-fault current situations
NO.  Fault Fault Rr Average Required Detected
Type Location Q) Time (samples) Direction
1 Ag F2 0 4.65 Forward
2 50 5.13
3 F5 0 4.72 Backward
4 50 4.93
5 ABg F2 0 4.70 Forward
6 50 4.92
7 F5 0 5.08 Backward
8 50 5.12
9 ABCg F2 0 4.23 Forward
10 50 5.08
11 F5 0 4.41 Backward
12 50 5.42

2.1. Fault current normalization

It is assumed that before fault occurrence, the current signal is
expressed as follows:

ipf = Ly, preos(wt — ) o

where pf stands for the pre-fault interval. In (1), Imaxps and fyy are the
peak and the phase of pre-fault current, respectively. Normalizing iy,

Electric Power Systems Research 201 (2021) 107511

the following expression is concluded:

iyt = cos (a)t — ﬂpf) 2)

[} =
pf n
lmax. of

During a fault, the short circuit current signal includes a decaying DC
component [25]. The fault current signal is mathematically expressed as
follows:

iy = naarc0s (@1 = Biy) = naxarcos (By) €™ 3)

where subscript df stands for the during-fault interval. In (3), Iax dr and
Par are the peak and the phase of short circuit current, respectively. Also,
7 is the time constant of the short-circuit current. Applying derivation on
(3), it can be concluded:

dl',(f _
dr Lay

I
= Ly osin(ot — ;) + m:“df cos (/}df)e’” (€]
Normalizing i‘;}ime, the following can be concluded:

1 df

g . 1 -
lypn = S — = sin(wt — B,;) — 7 €08 (Bu)e * 5)

2.2. The proposed index for fault direction identification

To obtain the proposed index for the fault direction identification, by

multiplying iy, and iﬁ?ﬁe, it can be concluded:
Cl= iyl i
. 1 _
= cos (a)t — ﬂpf) sm(a)t — ﬁdf) — Ecos (ﬂdf)e i 6)

= cos(a)t - /}d/)sin(a)t - /}d/) - %cos([)’d‘,)ws(wt - /}p/)e”ﬁ

Applying integration over half-cycle of the period in (6), the
following is concluded:

ACI = | iy i df ,ndt

Sl

.. . )
[sin (201 — B,y — Byy) — sin(By — By) |t

cos (ﬁdj-) cos (a}l =By ) e *dr

where ACI is the average of CI over half-cycle of the fundamental period.
Simplifying (7), the following is concluded:

T .
ACI = —=sin By — Byy)

cos (ﬂd/') cos (ﬂp )

o (1+e %) +

1 2
o* + (—)
T

2
In (8), the presence of w? + (%) in the denominator leads to the

Cos(ﬂdf)sm(ﬂnf) (1 +e—T/21) (8)
T

reduction of the second part, so this term can be removed and the
following can be concluded:

T T
ACI = fgsin(ﬂdf —By) =—=

5 sin(@) 9
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Fig. 5. Performance of the proposed index for zero pre-fault current, (a) forward fault current, (b) the proposed index for the forward fault current, (c) detection
signal, (d) the backward fault current, (e) the proposed index for the backward fault current, (f) detection signal

Table 4
Reference parameters of the DIST-C HIAF MODEL [28]

Case Fault Material and Parameters of DIST-C model

NO. location humidity of the OFS EXT DUR RT
ground surface or kV) k) (ms) k)
object

1 F2 wet reinforced -1.461 0.1578 7.402 100
concrete

2 F5 wet reinforced -1.461 0.1578 7.402 100

concrete

Multiplying ACI by 2/T, Modified ACI is concluded as follows:
MACI = %AC[ = —sin(®) 10)

Three possible regions including the normal operation of the power
system condition, fault in the forward direction, and fault in the back-
ward direction are considered. In normal conditions, the power factor of
typical loads in distribution networks is in the range of 0.8 lag to 1. As a
result, Sy, the phase of pre-fault current, is approximately between -36°
and 0°.

According to [25], the permissible range of @ = B4 — f,; for the
forward faults is considered between -120° and -15°. The
afore-mentioned range is obtained considering impedance angle ()
range between 45° and 90°, and source voltage angle (y) range between

0° and 30° for positive and negative power flow states, respectively, and
the pre-fault current (f) is in the range of -36° and 0°. As a result, the
range of MACI changes for the forward faults between 0.25 and 1.
Similarly, the range of MACI changes for backward faults between -0.25
and -1. The range of MACI is shown in Fig. 1.

2.3. Zero pre-fault current situations

The zero pre-fault current situations such as switch onto fault is a
challenge in the current-based methods. To deal with zero pre-fault
current situations, the proposed method employs an auxiliary criterion
to improve the performance of the proposed method in zero pre-fault
current situations. In order to discriminate the zero pre-fault current
situations and utilize the auxiliary criterion, after the fault detection, the
magnitude of the pre-fault current is compared with a small value like ¢
(e is set in 0.001In). For the pre-fault current less than e, the pre-fault
voltage waveform is considered as the reference signal and the same
procedure for MACI index used to determine fault direction.

3. Proposed algorithm implementation and requirements
3.1. Detection of fault occurrence
At the first step, it is needed to detect fault occurrence. In this paper,

a common and simple fault detection approach is used [26]. In this
approach, fault occurrence is detected when the following condition is
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Table 5
Effect of system frequency variation on the performance of the proposed
algorithm

Slip  Case Fault Fault Average Accuracy
Studies Location Resistance Required Time (%)
()] (ms)
-0.2 30 F1- F6 0-100 5.44 98.67
-0.1 30 F1- F6 0-100 5.39 99.05
0 30 F1- F6 0-100 5.12 99.12
0.1 30 F1- F6 0-100 5.23 98.99
0.2 30 F1- F6 0-100 5.27 98.84
0.3 30 F1- F6 0-100 5.40 98.57
satisfied:
\lilk] — ilk — N]| — |ik — N] — ik — 2N]|| > 0.21, an

where k is the sample number, N is the number of samples in one cycle,
and I, is the rated current. Also, i[k] is the current sample, i[k—N] is its
corresponding sample in one previous cycle, and i[k—2N] is the corre-
sponding sample in two previous cycles. In this approach, by subtracting
the values of these samples and comparing the result with 0.2I,, fault is
detected.

1
—

3

2
™ ™r—

\5 :‘ ) J.

Fig. 7. Single line diagram of a 15-bus system
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Fig. 8. Performance of the proposed index for F1 and F2 in Fig.7, (a) forward faults currents, (b) the proposed index for the forward fault currents, (c) detection
signal, (d) the backward fault currents, (e) the proposed index for the backward fault currents, (f) detection signal

Table 6
Evaluation results of the proposed algorithm in Fig.7
Grid-Connected Mode Islanded Mode
Fault Fault Slip  Average Accuracy Average Accuracy
Type Location Time (ms) (%) Time (ms) (%)
Ag F1 -0.2 5.28 98.61 5.57 98.24
0 5.12 99.12 5.42 99.05
0.2 5.34 98.71 5.67 98.54
F2 -0.2 5.31 98.65 5.49 98.12
0 5.09 99.09 5.33 98.95
0.2 5.39 98.68 5.70 98.29
ABg F1 -0.2 5.35 98.56 5.61 98.19
0 5.11 99.25 5.23 99.16
0.2 5.41 98.78 5.66 98.64
F2 -0.2 5.34 98.52 5.72 98.42
0 5.12 99.17 5.35 98.98
0.2 5.38 98.74 5.47 98.57
ABCg F1 -0.2 5.21 98.69 5.39 98.64
0 4.98 99.38 5.20 99.11
0.2 5.18 98.79 5.58 98.62
F2 -0.2 5.26 98.54 5.56 98.43
0 5.02 99.45 5.21 99.21
0.2 5.17 99.02 5.49 98.89

Load C  Directional
T2 < Relay T3
i
8
2 7 9 3
1__ 5 6——[
Load A Load B
4
Tl

Fig. 9. The single line diagram of 9 bus IEEE test system
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Table 7
Fault scenarios data

Case NO. Fault resistance (ohm) Fault Location
1 0 front

2 0 behind

3 5 front

4 5 behind

5 50 front

6 50 behind

3.2. Detection of fault direction

To implement the proposed index, two data moving windows
including memory and analysis windows are considered during the
implementation. The current samples in the memory window are
considered as the reference signal. It is considered that the two windows
length is N samples and the memory window is delayed N samples
relevant to the analysis window. In this method, the data of the analysis
window is applied to the derivative block. Then, the output of the de-
rivative block and the reference signal are multiplied and the summation
of the results is considered as ACI index. Now, the calculated ACI index is
multiplied by 2 and the MACI index is calculated.

The analysis window is moved sample by sample and the signal of
MACI is continuously calculated. This signal changes between (-0.25,

Electric Power Systems Research 201 (2021) 107511

0.25) for normal conditions. If it moves to the range of (0.25, 1) and at
least 5 samples remain in this range, the algorithm detects a forward
fault. If the proposed signal moves to the range of (-0.25, -1) and at least
5 samples remain in this range, the algorithm detects a backward fault.

Here, the implementation of the proposed algorithm for fault di-
rection identification is shown in Fig. 2. In summary, the following steps
are followed up to determine the fault direction in this method:

Step 1: Fault detection

Step 2: Comparing the pre-fault current with ¢

If the pre-fault current is greater than ¢, go to step3 otherwise go to
step 4.

Step 3: MACI calculation based on pre-fault current

The ACI is calculated once each current sample is updated. The ACI is
calculated as follows:

ACI[k] = ii' [K)i[k — N] 12)

k=1

Moreover, the MACI is calculated for each sample of the fault current
signal as follows:

MACIK) = (%)ACI[k] (13)

Step 4: MACI calculation based on pre-fault voltage
The MACI is calculated as follows:

10 T T T
Forward
Backward

-10
0.960 0.970 0.980 0.990 1 1.010  1.020 1.030 1.040
Time [ms]
1
0
0.75
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@) @)
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1 2 4 6 8 10121416 18 20 02 46 8101214161820
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b c
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d e

Fig. 10. The performance of the proposed index for case 1&2, (a) forward and backward fault current, (b) the proposed index for the forward fault, (c) the proposed
index for the backward fault, (d) detection signal for the forward fault, (e) detection signal for the backward fault
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Step 5: Comparing the calculated index with the detection
regions

If the forward region remains (0.25, 1) for five consecutive samples,
the algorithm identifies the forward fault direction. Also, if MACI falls in
the backward region (-0.25, -1) for five consecutive samples, the algo-
rithm identifies the backward fault direction.

4. Performance evaluation

Here, the performance of the proposed fault direction identification
index is evaluated. The performance evaluation is performed using three
simulated test systems in PSCAD. Also, employing a programmable
processor, the proposed algorithm is implemented to evaluate the
computational efficiency of the proposed algorithm. Eventually, the
performance evaluation under experimentally recorded fault currents is
provided.

4.1. Simulation results for two sources test system

Fig. 3 provides a simple two-bus test system operating at 20 kV. The
system has two sources, one is considered as an upstream network, and
the other as a DG source. In this study, two types of DG are simulated, a
synchronous generator, and a Doubly Fed Induction Generator (DFIG).
The performance of the proposed algorithm is evaluated in the presence
of these two sources. In sections 1 to 3, the DG type is the synchronous
generator and in section 4, the DG type is the DFIG.

4.1.1. Performance assessment for negative and positive normal power flow

To assess the performance of the proposed index for negative and
positive normal power flow states, 1 MW synchronous generator is
considered in Fig.3. The details of this DG are presented in [27]. The
type and resistance of all faults were assumed to be three phases and
zero, respectively, and the fault inception instants were considered,
randomly. In all simulations, DG is modeled as a series voltage source
with a reactance (transient reactance). If Ay is defined as the difference
between the upstream and DG source voltage angles, positive and
negative Ay mean positive and negative normal power flow states,
respectively.
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Fig. 12. The performance of the proposed index for case 5&6, (a) forward and backward fault current, (b) the proposed index for the forward fault, (c) the proposed
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Figs. 4.a and d illustrate different forward and backward fault cur-
rent signals considering positive and negative normal power flow states,
respectively. As can be seen in Figs. 4.c and f, the MACI identified the
fault direction in fewer than 10 samples. Note that the sampling fre-
quency is selected as 2 kHz, and as a result, the average required time to
detect the direction will be 5 ms.

4.1.2. Performance assessment for different sampling frequencies

This section is dedicated to evaluating the performance of a protec-
tion algorithm under different sampling frequencies. Here, the sampling
frequency is changed in the range of 1 to 10 kHz as Table 1. In order to
evaluate the performance of the algorithm at each sampling frequency,
100 different scenarios have been simulated including different fault
resistances, normal power flows, fault locations, and fault types. The
results of this section are presented in Table 1. To evaluate the accuracy
of the methods, a percentage error index is defined as follows:

Number of false discrimination

100
total number of faults x

%Error =

(15)

The results show that the algorithm has an accuracy of about 98% for
1 kHz sampling frequency, which is acceptable but at this frequency, the
speed of the algorithm is relatively low. By increasing the sampling
frequency to 2 kHz, the average required time is about 5 ms and the
accuracy is about 99%, which are acceptable. It is noteworthy that
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Fig. 15. Results of DSP implementation of the proposed index, a) forward current signal, b) proposed index, c) detection signal, d) backward current signal, e)

proposed index, f) detection signal

although the accuracy of sampling has increased with increasing fre-
quency, this leads to a higher computational burden. As a result, the
sampling frequency is selected 2 kHz.

4.1.3. Performance assessment for different fault types, locations, and
resistances

This section provides the assessment of the proposed index for
different fault types, locations, and resistances. Multiple fault scenarios
are simulated considering the fault resistance variations between 0 and
100 ohms. The locations of F1, F2, and F3 are considered for the forward
faults, and the locations of F4, F5, and F6 are considered for backward
faults, as shown in Fig. 3. Also, different fault types are considered
including single-phase, two-phase and three-phase faults. The results of
this section are presented in Table 2. From this table, it is concluded that
the proposed algorithm has acceptable accuracy and speed in detecting
fault direction in different scenarios.

The average detection time in the worst case is 5 ms and the lowest
operating accuracy is 97.6% that are acceptable. The results show that
although the speed of the algorithm decreased with increasing fault
resistance, in all cases the detection time was less than 5.5 ms (about a
quarter of a cycle at a nominal frequency of 50 Hz).

4.1.4. Effect of zero pre-fault current
In order to simulate zero pre-fault current situation, sources 1 and 2
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are disconnected in cases of forward and backward faults, respectively.
Therefore, the current magnitude is near to zero before the fault
occurrence. Upon fault occurrence, the current magnitude increases,
and the fault detection unit can detect it. In this situation, MACI index is
calculated as (14). Table 3 shows some of the results for zero pre-fault
current situations in which some conditions are changed to evaluate
all of the possible fault situations. The results confirm that the proposed
method can preserve its performance in case of zero pre-fault current
situations, as well.

Figs. 5.a and d illustrate forward and backward fault current signals
considering cases 2 and 4 of Table 3, respectively. As observed in Figs. 5.
¢ and f, the MACI identified the fault direction in fewer than 5 ms.

4.1.5. Performance assessment of the proposed algorithm for high
impedance arcing fault

To assess the performance of the proposed method for high imped-
ance faults (HIFs), some scenarios are provided in the following. For this
purpose, an accurate model of arc so-called distortion-controllable
(DIST-C) HIF model is selected for the simulation of HIF that accurately
reflects the variations of nonlinear distortions under different fault
conditions [28]. In this model, there are three arc parameters of DUR,
OFS, and EXT, which are meant to control the duration, offset, and
extent of the distortions, respectively. During HIFs, the fault voltages
usually experience little changes and remain sinusoidal due to the high
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Fig. 16. a) Laboratory test bench, b) Single-line diagram of laboratory test bench

grounding resistance. As a result, HIFs are mainly detected by using the
current signals.

The locations of F2 and F5 are considered for the forward and
backward faults, respectively. Two HIF scenarios are simulated based on
the data given in Table 4. Figs. 6a and 6d illustrate fault current signals
considering various parameters of the HIF. As can be seen in Figs. 6b and
6e, in two cases, the MACI signals cross the threshold line in fewer than 5
samples and as a result, the MACI identified the fault direction in fewer
than 10 samples. Note that the sampling frequency is selected 2 kHz, and
so the average required time to detect the direction will be 5 ms.

4.1.6. Performance assessment of the proposed algorithm for different type
of DG

Wind energy is one of the main resources to produce electrical en-
ergy. Also, owing to the high control capability of DFIGs, they are a very
good choice for wind power plants. The fault current of a DFIG can be
described as follows [8]:

2V, ~
ix(t) = V2V emcos((l —s)w,t+ 0y — g)
(1= s)y/X() + Ra?
V2V

(16)

Ticos O—E
(- 9yX( R (03

where Vg shows the pre-fault voltage of phase R, X is the transient
reactance of machine, Ry, denotes the crowbar resistance, T, denotes
the transient time constant of the machine, s presents the machine slip,
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ws=2xf shows the angular frequency, f is the nominal frequency of the
power system, Ta is stator time constant, and 6, is initial phase angle
that introduces the instant of fault on the phase R voltage waveform at t
= 0. According to (16), the fundamental frequency of stator fault current
(fs.p) can be presented as follows:

fsr=(1—=s)f

In a typical DFIG, s may change between -0.2 and +0.3. Thus,
considering (17), the fundamental frequency of the stator fault current
varies between 35 and 60 Hz for power systems with 50-Hz nominal
frequency. Therefore, when a fault occurs, the current injection of DFIG
can change the frequency and time characteristics of the grids’ current
and voltage waveforms. This issue can lead to the malfunction of
directional algorithms [8]. Therefore, in this section, the effect of this
type of scattered source on the performance of the proposed algorithm is
investigated.

It is assumed that a DFIG with a capacity of 1 MW has been replaced
with the synchronous generator in the test system of Fig. 3. The details of
these distributed generations are presented in [8]. Various scenarios
have been simulated in the presence of the DFIG, in which the generator
slip, fault resistance, and fault location have been changed. The results
are tabulated in Table 5, which confirms the accuracy and speed of the
proposed algorithm. The results show that the change in slip and
consequently the frequency variation of the DFIG fault current cause no
effect on the performance of the proposed algorithm. It should be noted
that the nominal frequency deviation from 50 Hz (due to slip changes)
reduces the accuracy of the algorithm, but in the worst case, the

@a7)
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Fig. 17. : Performance evaluation based on experimental recorded fault current signals, (a) forward faults currents, (b) the proposed index for the forward fault
currents, (c) detection signal, (d) the backward fault currents, (e) the proposed index for the backward fault currents, (f) detection signal

Table 8
Accuracy of the algorithms

Algorithm Required Time Error (%) Error (%) Presence
(ms) Without noise of noise
Max  Average
The Algorithm1 7.2 6.25 1.9 4.6
[31]
The Algorithm2 20 20 1.5 1.8
[32]
The Algorithm3 6.65 5.21 1.8 9.8
[33]
Proposed 6.7 5.41 1.13 1.23
Algorithm

algorithm has an accuracy greater than 98%.

4.2. Simulation results for 15 buses test system

One of the most important challenges of the protection system in a
microgrid is the correct operation of directional relays in the presence of
DGs in two modes of grid-connected and islanding of the DGs. For this
purpose, in this section, the performance of the proposed algorithm in
the 15-bus test system in two modes of grid-connected and islanding of
the DGs is investigated.

The single line diagram of the 15-bus test system is shown in Fig. 7. It
is connected to the upstream network through bus 8 with a short circuit
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capacity 200 MVA [27]. The grid has a 5 MW wind turbine and a 20 MW
synchronous generator. The details of these distributed generations have
been presented in [29]. A directional overcurrent relay is installed at the
beginning of the line and between the 14" and 15" buses. In this study,
two different locations are considered for fault occurrence; one behind
the relay (F2) and one in front of it (F1). In addition to the fault location,
the effect of fault resistance, and the slope of DFIG are also assessed.
Simulation of each fault location is carried out for three different fault
resistances between 0 and 50 Q. The simulations are performed in two
modes of grid-connected and islanding of the DGs. In all cases, the fault
is incepted at 1s. In Fig.8, as an example, the simulation results of two
forward and two backward faults are provided. Evaluation of Figs. 8c
and 8f shows that in both types of faults and in both scenarios (grid--
connected and islanding of the DGs), the MACI identifies the fault di-
rection in less than 5 ms.

Also, several numerical results tabulated in Table 6 indicate that the
directional algorithm is slower in island mode. The maximum operating
time of the algorithm in this mode is 5.70 ms, which is acceptable. Also,
slip changes decrease the accuracy of the directional algorithm. But, in
this case, the accuracy of the algorithm is always higher than 98%.

4.3. Simulation results for 9 buses IEEE test system

The performance of the proposed fault direction identification index
is evaluated for the 9-bus IEEE test system. The test system contains 3
generators, 3 two-winding transformers, 6 lines, and 3 loads. The test
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system has voltage levels 13.8 kV, 16.5 kV, 18 kV at the generators’
buses, and 230 kV at the other buses. The required data for imple-
menting the test system have been given in [30]. The single-line diagram
of this system is shown in Fig. 9. A directional overcurrent relay is
installed at the beginning of the line and between buses 8 and 9 at the
transmission level. Six fault scenarios according to Table 7, are simu-
lated considering fault resistance variations between 0 and 50 ohms, and
two different locations are considered for fault occurrence; one behind
the relay and one in front of it.

Figs 10a, 11a and 12 a illustrate forward and backward fault current
signals considering various fault resistances. As seen in Figs. 10b, 11b,
12b and 10c, 11c, 12¢, in all cases, the MACI signals cross the threshold
line in fewer than 6 samples and as a result, the fault direction is iden-
tified by the MACI less than 12 samples. Note that the sampling fre-
quency is selected 2 kHz, and so the average required time to detect the
direction will be 6 ms. As a result, the proposed method can robustly
identify the fault direction in a typical transmission system.

4.4. DSP implementation of the proposed index

This section investigates the performance of the proposed algorithm
in digital signal processing (DSP) implementation. To this end, a pro-
cessor called TMDSCNCD28335 board, which has similar performance
compared with the employed processors in protection relays is utilized.
Accuracy and speed of the implemented algorithm in practice are the
main criteria for judging the performance of the method in practice. A
schematic of the employed test bench for evaluation of the method in the
real application is shown in Fig. 13. The test bench includes a computer
with Ci5-4200U CPU, a TMDSCNCD28335 board, and an oscilloscope to
record the toggle signal. The processor has high-performance static
CMOS technology — up to 150 MHz (6.67 ns Cycle Time). In addition, it
includes 256K x 16 flash memory and 34K x 16 SARAM memory on the
chip.

During DSP implementation, F1 and F4 faults that are shown in Fig. 3
are considered as forward and backward faults, respectively. The current
signals are sent through a serial communication link from PC to DSP
with a sampling frequency of 10 kHz. The DSP processes the received
data and sends the direction signal to the computer. The toggle signal
confirms that the processor can handle the calculations in real-time.
Fig. 14 shows the toggle signal steps in each sampling period.

Figs. 15.a and d show the current signals for F1 and F4 faults,
respectively. Also, Figs. 15.b and e show the proposed index variations
for these two faults. In both cases, the MACI signal crosses the 0.25 and
-0.25 threshold lines about 3 ms after the fault occurs for forward and
backward fault signals, respectively. Since the MACI remains in the
detection areas for a notable time after fault inception, the algorithm
correctly identifies the fault direction in both cases provided in Fig. 15.
According to the detection signals illustrated Figs. 15.c and e, it can be
concluded that the algorithm detects the direction about 6 ms after the
fault occurrence.

4.5. Performance evaluation using experimental data

This section provides experimental recorded fault current data for a
two sources test system including a three-phase grid supply and asyn-
chronous generator (G1). As shown in Fig. 16, the single line diagram of
the experimental setup includes two step-down transformers T1 and T2
to reduce the voltage of the sources. Also, the power grid and the syn-
chronous generator are connected through lines 1 and 2 which are
modeled using several resistors and inductors. The fault scenarios are
applied at different locations of the lines (F1, F2, and F3) utilizing a two-
state switch in series with a high-power resistor. As shown in Fig. 16, the
fault current signals are recorded using a data logger at a sampling
frequency of 7.812 kHz.

To evaluate the performance of the proposed index, two scenarios
are provided in Figs. 17.a and c. As observed in Figs. 17.b and d, the
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proposed algorithm can identify the fault direction in about 5 ms after
fault occurrence in presence of practical noise.

5. Comparison with state-of-the-art

In this section, the performance of the proposed algorithm is
compared with three algorithms including the protection algorithm
based on auto cosine similarity of feeders current patterns [31], the
directional algorithm based on post fault current [32], and amplitude
based directional relaying scheme [33]. The comparison is performed
from the accuracy, speed, and also robustness in presence of noise as-
pects. It should be noted that for this comparison the test system given in
Fig.3 is used. The simulations performed in this section are performed in
two parts. In each part, 100 different case studies have been simulated in
which the location, type, and resistance of the fault have been changed.
In the first and the second parts, the case studies are simulated with and
without the presence of noise, respectively. To investigate the effect of
noise, white Gaussian noise with 30 signal-to-noise ratios (SNRs) are
added to the simulated current signals. The results of this comparison
are summarized in Table 8. The following results can be concluded from
this table:

- Algorithm 1: It has acceptable accuracy in the absence of noise, poor
performance in the presence of noise. Also, the required average time
of this algorithm is about 6 ms, which is slower than the proposed
algorithm.

- Algorithm 2: Although the performance of this algorithm in the
presence of noise is good, it has a lower speed than the proposed
algorithm

- Algorithm 3: The error of the algorithm is higher than 9, which has
low inaccuracy comparing with the MACI.

6. Conclusion

Due to the presence of DGs in the distribution network, the protec-
tion schemes have been confronted with serious protection challenges.
This paper has presented a new directional algorithm based on the rate
of change of fault current. The presented algorithm has been designed
based on the straightforward formulations that guarantee low response
delay, high accuracy, and robustness in presence of noise and the
decaying DC component. The proposed algorithm has been evaluated in
presence of two types of distributed sources such as synchronous
generator and DFIG. Also, the performance of the proposed algorithm
under different fault types, fault locations, fault resistances has been
evaluated. The performance evaluations under various simulation and
experimental scenarios reveal that the proposed algorithm can identify
the fault direction in about 5 ms in most cases. Comparing with the
previously suggested directional relay algorithms, the proposed method
shows higher accuracy, speed, and noise immunity. Furthermore, the
proposed method can effectively operate in the transmission system
even in the case of high impedance fault resistance. Also, the proposed
method can be implemented with low sampling frequency and the
mathematics of the proposed algorithm alongside DSP implementation
guarantee low computational burden. While the proposed technique
works well only for effectively earthed networks, the proposed tech-
nique could not handle earth faults in which the fault current is negli-
gible (i.e. unearthed systems). In addition, the proposed technique
operates based on the variation of the angles of the fault current before/
after fault occurrence. According to the various results, the proposed
technique can handle high-impedance fault conditions (low level of fault
current). However, in case of earth faults, if the fault current is negligible
(i.e. unearthed systems), the proposed technique cannot operate, prop-
erly. Overall, the results confirm that the proposed algorithm can be
implemented as the fault direction identifier with promising accuracy
and speed.
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