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Abstract: The microgrids operate in tie-up (TU) mode with the main grid normally, and operate in
isolation (IN) mode without the main grid during faults. In a dynamic operational regime, protecting
the microgrids is highly challenging. This article proposes a new microgrid protection scheme based
on a state observer (SO) aided by a recurrent neural network (RNN). Initially, the particle filter
(PF) serves as a SO to estimate the measured current/voltage signals from the corresponding bus.
Then, a natural log of the difference between the estimated and measured current signal is taken to
estimate the per-phase particle filter deviation (PFD). If the PFD of any single phase exceeds the preset
threshold limit, the proposed scheme successfully detects and classifies the faults. Finally, the RNN
is implemented on the SO-estimated voltage and current signals to retrieve the non-fundamental
harmonic features, which are then utilized to compute RNN-based state observation energy (SOE).
The directional attributes of the RNN-based SOE are employed for the localization of faults in a
microgrid. The scheme is tested using Matlab® Simulink 2022b on an International Electrotechnical
Commission (IEC) microgrid test bed. The results indicate the efficacy of the proposed method in the
TU and IN operation regimes on radial, loop, and meshed networks. Furthermore, the scheme can
detect both high-impedance (HI) and low-impedance (LI) faults with 99.6% of accuracy.

Keywords: artificial intelligence; fault detection; fault localization; high impedance faults; particle
filter; recurrent neural network

1. Introduction

Microgrids offer multiple perks, including a cleaner environment, lower carbon emis-
sions, better power quality, and an uninterruptible power supply. It is the mini version of
the national grid with its renewable energy-based distributed generations (DGs), load, and
distribution network, which are fully controlled and protected. A microgrid has three basic
topological structures; radial, looped, and meshed. It has two operating regimes; in TU
mode with a national grid and in IN mode without a national grid [1].

1.1. Problem Statement and Prime Objective

The power flow is bidirectional in the TU mode and the fault current is very high due
to national grid penetration, whereas the fault current in the IN mode is very low [2—4].
In addition, renewable energy-based DGs are intermittent, which introduces nonlinear
behavior in the microgrids. However, the conventional overcurrent protection strategies
fail under such vibrant fault current characteristics, DGs intermittency, and bidirectional
power flow [5].

For that reason, the microgrid protection scheme needs special attention and presents
significant research gaps to this day. Furthermore, the microgrids demand a protection
scheme that works in both TU and IN modes across radial, loop, and meshed networks [6-8].
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As a consequence, the prime objective and target of this study are to devise a robust
protection strategy that effectively protects the microgrid from HI and LI faults in radial,
loop, and mashed scenarios. However, the strategy must be equipped to protect the
microgrids in both TU and IN operational modes.

1.2. Literature Review

Several microgrid protection methods have been reported in the previous literature
reviews, which counters the microgrid protection challenges in a larger aspect. A Kalman
filter was utilized in [8] to extract harmonic content from the current signal for the residual
and total harmonic distortion indices calculation. Both of these indices were used for the
detection and classification of almost all types of faults in microgrids, and the fault was
localized through Kalman filter-based reactive power. The voltage sag, direction of active
power flow, and magnitude of current during the fault were utilized to detect the LI faults
in the low-voltage inverter-dominated microgrid [9]. The time-time (TT) transform was
utilized to pre-process the current signal in [10] to generate the TT matrix, and the TT-matrix
z-score vector index was computed. Then, this index was compared with an unscended
transform-based threshold value for the detection of faults. The envelope of the current was
generated in [11] from squaring and low pass filter methodology. Furthermore, the fault
detected and classified from the variation in the current envelope was extracted using the
auto-correlation function. The localization of the fault was conducted through the signature
of reactive power. The accumulative sum and decision tree algorithm were implemented
on voltage sag to differentiate between faults and other disturbances in the IN mode of
the microgrid, and the faulty phase was also identified by this proposed strategy [12]. The
wavelet transform-based protection scheme was proposed in [13] for the loop configuration
of the microgrid. The scheme used the tie-switch and protection coordination to generate
a new index for the detection and classification of the loop-configuration microgrid. The
auto cosine similarity index of each phase-sampled current was calculated in [14] using a
moveable window of one-fourth cycle length. The index magnitude detected the fault while
its sign indicated the faulty feeder of the multi-DGs’ microgrid. The Hilbert transform-
based superimposed reactive energy components were calculated in [15] for the detection,
classification, and localization of faults in microgrids. A micro phasors measurement
unit-based protection strategy was suggested in [16].

Some other intelligent protection schemes based on advanced signal-processing tools
were proposed in the previous literature. In [17], the detection and classification of data
on different fault events was conducted through the machine learning algorithm during
the TU and IN modes. Then, intelligent devices infrastructure was deployed locally for
the protection of microgrids without any communication infrastructure. A convolution
neural network (CNN) was suggested directly on the measured current in [18] for the
detection of fault events in the microgrids. No separate feature extraction was necessary
for this scheme because the CNN in the scheme deployed convolution and pooling for
the desired features. Another similar approach utilized the CNN technique from the
deep learning algorithm for the detection, classification, and localization of different faults
in photovoltaic-based microgrids [19]. Similarly, a CNN with the gorilla optimization
technique was used in [20] for detecting, classifying, and locating faults in the microgrids.
This scheme utilized a spatio-temporal measurement data set for training purposes. The
support vector machine classifiers were deployed on the RMS value of the voltage signal
for fault detection and phase identification [21], while the inter-harmonics injection was
proposed for the localization of the faulty section in the microgrids. An interval type-two
fuzzy logic system was also utilized for the protection of the microgrids [22]. Particle
swarm optimization is also proposed for microgrid protection in [23]. The authors in [24]
proposed a protection scheme for microgrids using a deep-machine learning algorithm. The
two-stage fuzzy logic system was also used for the detection, classification, and localization
of faults in the microgrids [22].
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1.3. Limitations in Existing Schemes

The foregoing scheme attempted to solve several microgrid protection challenges
in many aspects but still, a significant research gap remains, and some limitations of the
existing research include: a large number of schemes do not protect the microgrid during
HI faults [12]; noisy measurement conditions are not addressed in a significant portion
of the papers [9,15]; huge data set training compulsion in few schemes with a very high
computational burden [18-24]; several schemes used high-cost devices such as phasors
measurement units [16]; if any scheme covered all these aspects, it had a system-dependent
threshold setting [15]; some schemes are not directly implemented on the nonlinear test
systems of microgrids and they require separate linearization [8].

In this scheme, the PF state estimator is implemented on the per-phase measured
current and voltage signal of the corresponding node individually. After there, the PFD
of the estimated current is calculated as a fault detection and classification index. After
threshold comparison, if the PFD is greater than the threshold value, the fault is detected
and the faulty phase is identified. Then, the directional properties of the RNN-assisted state
observation energy are utilized for the fault section identification. The proposed scheme
successfully detects, classifies, and locates the LI and HI faults in TU and IN mode under a
radial, looped, and meshed topological structure.

1.4. Significant Contributions
The main contributions of the proposed scheme are listed here:

1.  Novel deployment of particle filters in microgrid protection schemes as a state ob-
server with RNN support;

2. First-time utilization of particle filters in the time and frequency domain for harmonics
extraction;

3. The scheme threshold value does not depend on the type of fault and microgrid
system configuration;

4.  PF catering to the measurement noise autonomously is another feature of the proposed
scheme [25];

5. The scheme is able to deal directly with nonlinear networks without any linearization
due to PF capability [16,26];

6. LI, as well as HI faults, are detected in the proposed scheme in both modes and
different microgrid topologies;

7. The proposed scheme provides backup protection in case of primary relay failure.

The rest of the research paper is structured as follows; Section 2 depicts the IEC test
system. Section 3 describes the problem formulation and mathematical background. The
proposed relay design is explained in Section 4. The communication-assisted SO-based
decision unit is mentioned in Section 5. The results are illustrated in Section 6. Section 7
provides a comparison of the proposed scheme with similar previous work. Finally, the
paper concludes with some future suggestions in Section 8.

2. IEC Microgrid TEST Bed

This section focuses on the utilized microgrid test system for fault data generation
during different case studies. The microgrid test system utilized in the proposed SO-based
scheme is the standard 13-bus IEC test bed. Six of the buses (B-n) are under consideration as
depicted in Figure 1: PCC/B-1; B-2; B-3; B-4; B-5; B-6. There are four distributed generations:
(1) three of them are inverter-based DGs (IBDGs); (2) one of them is a synchronous-based
DG (SBDG). A total of five considered lines are labeled as Line 1 to Line 5. The test system
is capable of providing three topological structures: (1) radial; (2) loop; and (3) meshed
with the assistance of two circuit breakers (CBs) labeled as CB loop-1 and CB loop-2. The
whole microgrid is connected to the main grid in TU mode by closing the main grid CB,
and in IN mode by opening the main grid CB [8].
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Figure 1. Standard International Electro-Technical Commission test bed.

3. Mathematical Modeling

This section comprises the detailed mathematical conceptualization of the microgrid’s
current and voltage signatures that are utilized for the computation of fault detection,
classification, and localization indices. Then, the state-space model is elaborated on the
microgrids’ voltage/current parameters for estimation. In addition, the PF and RNN
theoretical background is also discussed. Furthermore, the computational procedure of
PFD and RNN-assisted SOE are illustrated. Lastly, the threshold setting required for the
successful operation of the relay during fault is described.

3.1. Per-Phase Microgrid Signals Formulation

The microgrids have non-linear, invariable, and bi-directional power flow character-
istics. These dynamic characteristics of the microgrid badly affect its protection which
depends on the measurement parameters such as voltage and current. However, the math-
ematical formulation of the microgrid voltages and current under a balanced microgrid
grid code is as follows:

vy = Vsin(w + o) 1)

where v, is the measured voltage of the corresponding microgrid bus while the measured
current signal is:
i = Isin(wr +0) )

where:

vy, = The measured voltage at the nth sample;

im = Measured current at the nth sample;

wr = The fundament frequency;

0 = Measurement noise.

We only choose the measured current signal for the detection and phase identification
of the fault through the PFD criterion. On the other hand, both voltage/current signals are
used in the calculation of SOE for fault localization purposes.

3.2. State-Space Model

In order to avoid false tripping and blinding issues, we suggest a PF algorithm as a
state-observation tool for the exact estimation of the voltage/current signals from the noisy
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measurements. The filtering problem entails predicting an unknown current state from
a sequence of current and previous state-dependent measurements using a state—space
model that describes state transition as well as the measurement/state. Therefore, the
trigonometric derivative on Equations (1) and (2) is applied to find the state-space model,
respectively, as follows:

Vit1 + Vo1 =2V sin(w) + ¢4 (©)]

and,
L+ 1, 1 =2I,sin(w) + &, 4)

The simple form of these equations is as follows:

V, =V, +V ®)

and,
IL,=1,+V (6)

where:
Vi = Measured single-phase voltage at the nth sample;
I, = Measured single-phase current at the nth sample;

V = Measurement and any other arbitrary error.
Then, PF is implemented on these state-space Equations (5) and (6) for the exact state
estimation of the measured voltage and current signal under noisy conditions.

3.3. Particle Filter as a State Observer

The particle filter has been frequently employed to handle non-linear or/and non-
Gaussian filtering challenges. It is a sequential Monte-Carlo modeling technique that
is based on significance sampling, which leverages discrete random measurements to
approximate target probability distributions [27]. The detailed algorithm [25] of PF is shown
in the Appendix A. PF estimates the filtering distribution using an empirical measurement
provided by a set of weighted samples also known as particles:

N,
P(xiLlyp) = Zwi (5x;~xt 7)
i=1

where:
Np = A number of particles/samples;
x¢, wi = Respective samples/particles and related weights at ie (1; Np);
0 = Dirac delta mass located at x;.

3.4. Recurrent Neural Networks

Recurrent neural networks were invented in the 1980s and have recently evidenced
state-of-the-art performance on a diverse variety of sequential data modeling tasks, includ-
ing language modeling, speech recognition, image captioning, as well as music composition
and fault diagnoses. A RNN is a deep-learning network structure that leverages data from
the past to enhance the network’s efficiency on current and future signals. RNNs are
distinguished by the presence of a hidden state and loops. The looping structure enables
the network to hide previous knowledge and function on sequences. The recurrent layer
of RNNs contains feedback loops. This allows them to retain information in memory for
a longer period [28]. The findings demonstrate that the RNN is capable of performing
well in one-step, long-term, or remaining useful life prediction tasks. The RNN-based
approach is one of the most efficient ways for fault detection and fault location on micro-
grids due to its accuracy, durability, and speed. Therefore, RNN assistance is utilized to
exact the non-fundamental features and calculate SOE in the proposed scheme [29]. The
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typical structure of a RNN was depicted in Figure 2a, while RNN workflow is mentioned

in Figure 2b.
Feed
forward Feed
o backword
~ — Do :
z/
T
/f Output
_______________ _ layer
One hidden
Layer with synapses
synapses three Recurrent Neural Network
neuron

Input

(b)
Figure 2. (a) Standard infrastructure of typical RNN. (b) Workflow of RNN.

3.5. PFD and SOE Calculations
3.5.1. PFD

The timely and successful detection/classification of all kinds of faults is necessary for
the safe operation of microgrids. Therefore, in this sub-section, the particle filter deviation
is calculated as a fault detection/classification index.

PFD is computed in a two-stage process: (i) by taking the difference of the estimated
current samples/particles from the measured signals; (ii) and then taking the natural
logarithm of the calculated difference.

PFD, = Ly — I, +V ®)

Then,
PFD,, = log, (L — I, + V) 9)
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3.5.2. SOE

The exact fault localization is important in power systems for crew dispatch and the
timely recovery of a power system outage. However, the fault localization mechanism plays
an important role in this context. In the proposed scheme, the RNN structure employs three
layers to extract the hidden feature maps from the input voltages and current estimated
from the particle filter. Each layer convolves the input with several kernels to generate
one-dimensional output feature maps. Initially, RNN is used to extract non-fundamental
features from the SO-based estimated voltage and current. Then, the state observation
energy is calculated through the vector multiplication of the estimated non-fundamental
components of voltage and current in Equations (4) and (5):

SOE, = (Vp x I)) sinwt (10)

After, the root mean square of the SOE,, is calculated by just a multiplication factor
of 0.7071:
SOE, = 0.7071(V,, x [,,) sin wt (11)

3.6. SOE Directional Analysis

This sub-section elaborates on the mathematical concept used for directional analysis.
The direction of the RNN-assisted SOE may be “+ive” or “—ive” at any node during fault
events. The fault is regarded as a forward fault if the computed SOE is positive.

SOE, = +0.7071(V}, = I, sin wt (12)
Additionally, it is regarded as reverse if the computed SOE is negative.
SOE, = —0.7071(V, * I,) sin wt (13)

3.7. Predefined Threshold

In any robust scheme, threshold settings are crucial for the correct detection and local-
ization of the faults. The scheme was tested under the worst fault and healthy conditions to
discriminate between faulty and healthy states. Therefore, in order to avoid false tripping
and relay blinding problems, the constant threshold value (R.thresholq = 0-5) is chosen for
PFD;,. The proposed SO-based scheme is tested in these threshold settings in both TU and
IN modes of operation under radial, loop, and meshed networks. The predefined threshold
setting provides successful operational results under extreme and harsh system conditions.

4. Proposed SO-Based Relay

The comprehensive functioning procedure of the proposed scheme is discussed in
this section. The comprehensive schematic diagram of the proposed SO-based microgrid
protection scheme is illustrated in Figure 3. The proposed relay operation comprises four
basic steps as follows:
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Figure 3. Schematic demonstration of proposed state-observer-based protection scheme, where a, b,
and c represented the phases.
4.1. Step 1

Initially, the voltage and current signals are acquired at the corresponding bus from
the measurement devices. The measured signals from the corresponding bus contain
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measurements as well as some other arbitrary noises, and these signals are in analog
form. However, the main purpose of this module is anti-aliasing and the analog-to-digital
conversion of signals for accurate and precise decisions. Therefore, the measured three-
phase voltage/current signals from the local measurements of the corresponding relay
are pre-processed using a Butterworth filter for antialiasing purposes. Then, the 16-bit
analog-to-digital converter having a sampling frequency of 3200 Hz is used to convert the
continuous voltage and current signals into discrete ones. Then, these discrete signals are
provided at the input of the state absorber/particle filter in the next step.

4.2. Step 2

The second and most crucial stage of the proposed microgrid protection scheme is
the continuous state observation of the measured discrete current and voltage signals. A
particle filter is the most suitable and state-of-the-art tool that is engaged in this step for the
correct and precise estimation of the voltage/current signal from the noisy measured data
set. The details flow chart of the state observer is depicted in Step 2 of Figure 3. Hence, the
estimated current signal is further utilized in the calculations of fault detection and phase
identification indices of the proposed method which is explained in detail in the next step.

4.3. Step 3

In the third step, the estimated current signals are utilized to compute the particle
filter deviation from Equation (9). The particle filter deviation is the elementary index
that is responsible for the timely detection and phase identification of occurring faults
in the proposed scheme. If the PFD of any single phase is more than the R.yhregshold, the
fault event is considered. There is no need for a separate fault classification unit in the
proposed scheme because the PF is implemented per phase separately. An Fg,; signal of
the corresponding faulty phase is provided to the detection probe of the AND operators
of the considered circuit breaker. However, the Fg;, signal is also provided to the primary
protection unit of the corresponding relay for zone identification purposes.

4.4. Step 4

The exact fault location is necessary for timely system recovery. Therefore, the fault
section is identified on the base of the directional polarity behavior of state observation
energy. Under the faulty condition, the SOE computed by any relay may be “+ive” or
“—ive”. If the SOE is “+ive”, it is regarded as a forward fault, while the fault is con-
sidered as reverse if the SOE is “—ive”. In the case of a forward fault, an F; decision
signal is generated from the primary protection unit which energizes the directional probe
of the AND operators of all phases of the considered circuit breakers. Contrariwise, if
an FR decision signal is achieved, the backup protection unit is energized to deal with
this situation.

5. Communication-Assisted Decision Unit

The microgrids had a dynamic model due to the bidirectional power flow, and different
current characteristics. Therefore, many relays during the fault event exhibit forward faults
at the same time. In order to build a more robust and accurate decision-making scheme,
the final decision is based on the detection and direction signals simultaneously received
and sent from three adjacent relays at the same time as depicted in the logic circuitry of the
relay in Figure 4.

Relay-1 is the under-observation relay in Figure 4 used to understand the operation
of the proposed algorithm. Relay-1 receives the fault detection and fault direction signals
from relay-2: (1) if relay-2 has a forward fault like relay-1, then the primary protection unit
operates and generates an F¢ decision signal and energizes the directional probe of the
AND-operators of all phases of the considered circuit breakers; (2) if relay-1 has forward
faults but relay-2 has a reverse fault, the primary protection fails, and then relay-1 receives
the signal from relay-4 to operate the secondary protection unit. Wireless communication
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B-1

Communication ports

is adopted to communicate these signals between the primary and secondary protection
unit of the adjacent relays.

Primary unit

B-3

2

CBa

2

CBb

g

CBc

Secondary unit

Figure 4. Communication-assisted relay logic design, where a, b, and c represented the phases.

6. Results

This section provides a detailed analysis of different types of faults including HI
faults, LI faults, and single-phase faults during different resistances. When the fault detec-
tion/classification module recognizes a fault in the microgrid, the RNN for fault section
identification is engaged. The RNN structure was trained for fault localization to reduce
the error between actual and estimated identifications. In order to generate fault data in
this article, the IEC microgrid illustrated in Figure 1 was deployed in MATLAB/Simulink.
Different types of line-line and line-to-ground faults are considered during different op-
erational modes and topological structures of the microgrid as shown in Table 1. Some
no-fault data generation is mentioned in Table 2. The proposed scheme provides successful
results in all considered cases with a lesser detection time of less than half cycles.

Table 1. Fault cases simulation conditions.

Parameters Details Counts
Various location faults 5
Operational regimes 2
Types of faults 10
Topologies 2
Fault resistance 4
Various lines faults 5

Total scenarios 4000

Table 2. No-fault cases simulation conditions.

Parameters Details Counts
Load variations 5
Operational regimes 2
Capacitor switching 5
Topologies 2
DER penetration level 2

Total scenarios 200




Energies 2022, 15, 8512

11 0f 22

SOC-Current signal

6.1. Backup Protection Case Study

In any communication base, microgrid protection scheme backup protection is crucial
to protect the microgrid when primary protection fails. That is why here we will discuss
the backup protection case study to examine the capability of the proposed scheme during
primary unit failure. Figure 5 shows the case study when the primary protection fails
and how the provided backup protection unit detects the fault event. In the mentioned
scenario, the 3-phase fault hits at 0.1 s, which was not detected by the primary protection
unit of the proposed scheme in the prescribed internal operation time due to any reason.
After the failure of the primary protection unit, the relay backup protection unit waits for a
predefined intentional time delay. Then, at the time instant of 0.4 s, the backup protection
unit is activated, detects the fault, and restores the system to a normal state. Several other
such scenarios are tested for the validation of the proposed scheme, but for the purpose of
a better understanding and ease of the reader, only the most suitable is discussed here.

I

|

I T f T Fault detectéd by Bacukp T

PHASE a

PHASE b —— PHASE c|

protection unit after pre-defined

Fault initiated
at 0.1 sec

time delay

B e
=
e
—
—

|

“\\“?“"\,5 n

Primary protection fails to detect the
1 fault within precribed time.

0.2 0.25 03 0.35 P04 0.45 0.5
Time (seconds) T77UC

Figure 5. Backup protection feature case study.

6.2. TU-Mode Case Study

The tie-up of microgrids with the main grid increases the current level and introduced
bidirectional power flows. Conventional over-current relays fail to protect the microgrids
in the TU mode of operation. Therefore, the efficiency of the presented scheme was also
tested in the TU mode for both LI and HI faults.

6.2.1. LI-Fault at Line-2

The SO-current signal in Figure 6a depicts that a double line-to-ground fault with
71, = 0.1 () hits phase A and B at the time instant 0.2 s. Initially, the scheme needs to detect
and classify the fault; therefore, the fault detection/classification index/PFD is operated
successfully as depicted in Figure 6b. It is observed that the PFD of phases A and B is
greater than in R.yhreshold, Which suggests that the fault is precisely detected and classified
by the presented scheme. Furthermore, the +ive direction of the RNN-assisted SOE in part
(c) of Figure 6 indicates the presence of a forward fault in line 2. It is important to note that
this fault hits the microgrid line 2 in the grid-tied mode, while the CB-loop-1 is opened and
CB-loop-2 is closed at that time.
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Figure 6. An LI double line-to-ground fault with Z; = 0.1 Q) hits phase A and B in TU mode.
(a) Current signals (b) PFD (c) RNN-assisted SOE.

6.2.2. HI-Fault at Line-4

High-impedance faults occur when a line drops on the ground over high-impedance
things like dry ground, resistive soils, tree limbs, dry grass, and asphalt [30,31]. Therefore,
these faults are difficult to detect in power systems due to very low fault current levels.
An HI-fault with Z; = 50 Q) occurred at line 4 at the time instant 0.25 s as shown in
Figure 7a—c. The PFD of phase A and C was raised above the pre-specified threshold value,
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and successfully detected/classified the HI-fault. The presence of positive RNN-assisted
SOE indicates the presence of a forward fault in line 4. It is important to note that a high
impedance fault hits the microgrid line 4 in the grid-tied mode, while the CB-loop-2 is
opened and CB-loop-1 is closed at that time.
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Figure 7. Cont.
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Figure 7. An HI double line-to-ground fault with Z; = 50 Q) hits phase A and C in TU mode.
(a) Current signals (b) PFD (c) RNN-assisted SOE.

In summary, it is observed from the above two case studies that the proposed SO-
based and RNN-assisted scheme successfully detected, classified, and localized the different
high-impedance and low-impedance faults in different topologies and different locations.

6.3. IN-Mode Case Study

The fault current during the islanded mode of the microgrids is reduced to a very low
value. Therefore, the efficiency of the proposed scheme has also been validated during the
IN mode for both LI and HI faults.

6.3.1. LI-Fault at Line-1

Here are three scenarios in one frame: (i)—the islanding mode; (ii)—low impedance;
(iii)—the three-phase fault. Three-phase faults are less frequent but they are the most
severe faults in the power system; therefore, the detection of these faults is necessary [32].
Consequently, a low impedance ABC-g fault hits line-1 at 0.14 s as depicted by the SO-
current signal in Figure 8a. The variation in PFD of phase A, B, and C is greater than in
R.threshold, Which signifies that the 3-phase fault is successfully detected and classified by
the presented scheme. Furthermore, the +ve direction of the RNN-assisted SOE in part (c)
of Figure 8 implies the manifestation of a forward fault in line 1. It is important to note that
this fault hits the microgrid line 1 in the islanded mode while the CB-loop-1 and CB-loop-2
are closed at that time. Moreover, the scheme has the capability to handle the most severe
3-phase faults in the microgrid.

6.3.2. HI-Fault at Line-3

At line-3, HI-faults with Zj, = 80 Q) occurred when both loop-1 and loop-2 were open
at a time of 0.11 s, as depicted in Figure 9a. The PFD of phase B and C are more than 0.5,
which represents the timely detection/classification of the fault event. The illustration of
the RNN-assisted +ive SOE in Figure 9c has shown the existence of a forward fault in line 3.

In summary, it is observed from the above two case studies that the proposed SO-
based and RNN-assisted scheme successfully detected, classified, and localized the different
high-impedance and low-impedance faults in different topologies and different locations.
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6.4. Single-Phase Tripping

In the electrical distribution network, single-phase faults are more frequent. The
proposed state-observer-based scheme is capable to handle such kinds of faults and provide
a single-phase tripping facility. Two cases of single-phase tripping during the TU and IN
modes of operation are provided to test the scheme’s efficacy.

A single-phase B-g HI fault occurred in line-5 at t = 0.2 s during the TU operational
mode as illustrated in Figure 10a—c. The PFD changes of phase A at 0.2 s are more than
the 0.5 threshold value, while the ones of phases B and C are less than 0.5, indicating the
presence of single-phase faults. The positive direction of RNN-assisted SOE depicts that
the forward faults are present in line 5.
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Figure 10. An HI single-fault hits phase B Z; = 70 () in TU mode. (a) Current signals (b) PFD
(c) RNN-assisted SOE.

Similarly, another A-g LI fault occurred in line 1 during islanded mode at 0.2 s, as
shown by the SO-current signal in Figure 11a. The PFD at 0.2 s was raised from the pre-
specified R.inreshold; therefore, the technique correctly detects the single-phase problem.
The positive direction of the RNN-assisted SOE represents that a forward fault is present at

line 1.
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Figure 11. An LI single-phase fault hits phase A in IN mode. (a) Current signals (b) PFD (c) RNN-
assisted SOE.

7. Performance Comparison with Previous Schemes

Distinct from contemporaneous intelligent protection methods, the method strategy
uses a RNN to directly train the faulty characteristics from the PF-estimated signals of
current and voltage without the use of an external feature extractor. The proposed scheme
is tested on various faults and no faults case studies, different fault locations, faults on
different lines, different operational modes, different topologies, and different fault resis-
tances. The overall results depict that the proposed strategy successfully works in such
harsh system conditions without any false tripping and blinding issues. The presented
SO-based scheme is compared with existing similar work for fair judgment on performance
analysis, as depicted in Table 3. We chose signal processing and intelligent schemes such
as: convolution neural network (CNN) [18,33], discrete transform (DT) with data mining
approach [8,34], fuzzy logic (FL) [22], and the support vector machine (SVM) [21] for the
fair judgment of scheme capabilities.

Table 3. Performance analysis with other existing methods.

Existing Microgrid Protection Schemes

Parameters CNN DT FL SVM Established Scheme
Scheme Robustness during different modes. No Yes No No Yes
Requirement of threshold changing during No Yes Yes No No
different modes.
Scheme computation High Moderate ~ Moderate Low Very low
Noise catered No Yes No No Yes
Operating time (internal) 85 ms 18 ms 74 ms 23 ms 15 ms

The proposed scheme exhibits a better performance as compared to some existing
benchmark methods in the form of robustness, threshold independence, computational
burden, noise consideration, etc.

The statistical performance analysis based on accuracy during the grid-tied and is-
landed mode of the established scheme is also achieved with all of the above-discussed
benchmark methods. The analysis depicted in Figure 12 showed that the proposed scheme
had a detection accuracy of 99.6% on average, which is better than most of the existing
schemes. Moreover, it is also clear from Figure 13 that the training process percentage error
is very low and RNN converges at only 20 epochs in both operational modes.
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Figure 13. Percentage error in training process of RNN converges.

8. Conclusions

Microgrids pose protection challenges due to different fault current characteristics
under different operational regimes and bidirectional power flows. Therefore, the con-
ventional over-current protection scheme fails to protect microgrids in such dynamic
conditions. This paper proposed a microgrid protection strategy based on a PF and RNN
hybrid algorithm. The particle filter is chosen as a state observer to calculate the particle
filter deviation for detection and classification purposes, while the fault localization in this
scheme is conducted by using the directional properties of RNN-assisted state observation
energy. The scheme was tested on the TEC standard test bed using Matlab® Simulink 2022b.
The scheme’s efficiency was also evaluated in radial as well as meshed cases in both the
TU and IN operation modes. The results confirm the robustness of the suggested scheme
deprived of any blinding and false tripping issues. In addition, the merit of the proposed
scheme is the direct implementation of the nonlinear system without any linearization
due to PF compatibilities. The scheme safely operates under noisy voltage and current
measurement conditions. The RNN in the proposed scheme is well-suited for sequential
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statistical data. However, the scheme implementation on the imbalanced microgrid test
system will also be left as future work.
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Appendix A

Particle filter algorithm steps

Input: {x;x_1, wix_1} Nsi=1,z
Output: {x;;, w;x} Nsi=1wgy, =0
fori=1,...,Nsdo

Step 1: propagate particle

draw sample x; . ~ q(x;x | Xj k-1, Zk)
Step 2: update weight

assign weight w; ;

Step 3: cumulative weight

Wsym = Wsyum + Wi k

End

normalize weights
fori=1,...,Nsdo

Wik = Wj k/ Wsum

End

Resample

Ns particles with replacement
fori=1,...,Nsdo

w;r=1/Ns
End
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