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Abstract

In the existing literature, Digital relay-based protection schemes are proposed for microgrids (MGs).
Digital relays are expensive and uneconomical for practical microgrids. However, in most MGs, smart
meters (SMs) with communication facilities are available at the consumer end for energy measurements.
These SMs can measure the electrical quantities and communicate the measurements to the local server.
This paper demonstrates that SMs can also be used for outage detection and fault location in practical MGs.
Gaidouromantra MG is one such MG in Kythnos island, Greece, with SMs and communication facilities.
This paper proposes two algorithms to detect outages and fault locations. The first algorithm is a voltage-
based algorithm which assumes that SM communication is intact. The second algorithm extends the first.
It uses current measurements along with voltage measurements to tackle the problem of SM communication
disconnection after the fault. The algorithms use measurements from the SMs to detect the outage in the
feeder and locate the fault with the guidance of the MG’s topology. Additionally, the extended algorithm
can be used to indicate SM communication failure and no-load/disconnection status of houses on the island,
if any occur. The algorithms are validated using the Gaidouromantra MG model on Simulink and hardware-
in-loop simulations of the Gaidouromantra MG. The proposed algorithms can generally be applied to MGs
with radial structures consisting of a single grid-forming inverter and multiple grid-following inverters, as in
Gaidouromantra.

1 Introduction

The advent of distributed energy resources (DERs) has led to the widespread emergence of microgrids (MGs).
Such MGs often become a boon to residents by providing adequate electric power for various purposes. Fault
location and outage detection in MGs is crucial for ensuring its safe and efficient operation. MGs are classified
under the distribution network. Conventional fuse-based distribution system protection schemes are not suitable
for MGs. So, digital relay-based solutions have been proposed for MG protection [1]. Unlike traditional power
grids, MGs present unique challenges for fault location and detection due to limited and bi-directional fault
currents. Implementation of traditional protection strategies in MGs poses challenges due to their varied
architecture and operation [2].

Many alternate protection strategies and techniques have been proposed for MG protection. Various meth-
ods, such as impedance-based, phasor measurement unit (PMU)-based, smart feeder meter-based, and artificial
intelligence (AI)-based methods, are mentioned in the literature. These schemes also include the use of smart
meters (SMs). SMs record voltage and current values and have the ability to communicate with a local server.
Reference [3] discusses using SMs and proposes protection functionalities to detect various faults in distribution
system protection. References [4] and [5] describe the use of SMs for the detection of high-impedance faults
(HIF). Reference [5] discusses HIF detection in the presence of power electronic loads and distributed generation
(DG). Reference [6] proposes an algorithm that uses an iterative approach to construct the network matrix using
SM data, thereby predicting the topology of distribution networks and detecting faults in the network. Refer-
ence [7] mentions using SMs for enhanced protection and monitoring in DG systems. Reference [8] proposes a
modification of SMs to use a data-driven approach for predicting faults in DG systems. Reference [9] proposes
the creation of low-voltage zones in combination with an impedance-based method combined with SM data to
pinpoint the faulted zone. Reference [10] explores using micro-PMU (µ-PMU) and SM data to locate faults on
active distribution networks. Reference [11] proposes upgrading SMs at the distribution substation to the ones
with synchrophasor capability, enabling time-synchronised measurements to detect faults in the network.

References [12] and [13] propose the use of a generative adversarial network (GAN). Reference [12] suggests
decomposing the network into multiple regions and using GAN to predict the fault location. However, reference
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Table 1: Equipment Specification

Equipment Specifications

Batteries 96kWh, 48V

Feeder Relay SEL-751

Smart meters Advanced smart meters and load controller (SLAMs)

Real-Time Automation Controller SEL-3505, Real-Time Control and Logic Processing Unit

[13] proposes using SMs data distribution and GAN to detect outages. Reference [14] explores the use of a
combination of fuzzy logic and neural network-based methods for detecting, characterising and locating faults
based on the data from SMs and sensors. References [15] and [16] discuss using SMs in distribution lines
to predict faulted lines. The power flow in the network is also predicted using SMs. Reference [17] uses
state estimation-based methods for fault location in the distribution network. Along with this, the changeable
weighting matrix method for bad data identification is also mentioned. Reference [18] proposes a novel method
of using SM data and geographical information system to map and pinpoint the fault location. The SMs are
fixed with a global system for mobile communication (GSM) module to communicate with the server during
power failure.

Methods like [10] and [11] require additional equipment to be installed in the network. The methods also
require a high data acquisition rate(HDAR) and granularity in addition to the add-on components to the
network. With limited grid monitoring devices like in Gaidouromantra MG, the techniques described will
fail. The methods mentioned in [4] and [5] focus solely on tackling HIF. Additional advanced grid monitoring
and protection devices with HDAR are required to implement the methods as suggested in [12]-[18]. Also, a
computer with higher processing capability is needed to run GAN and AI-based techniques. Techniques in [6]
and [8] both propose the modification of SMs for fault detection. Even though there are multiple literature on
the application of SMs in outage detection and fault location in MGs, there is a lack of practical demonstration
of the concept. This paper fills the gap.

This article presents two new algorithms that use the measurements of SMs and the MG topology for outage
detection and fault location. The proposed algorithms are simple compared to the existing algorithms yet
effective for MGs that have a radial structure consisting of a single grid-forming inverter and multiple grid-
following inverters, like Gaidouromantra. The first algorithm assumes the SM communication is intact and
detects the outages and fault location using voltages measured from the SMs. The second algorithm, which is
an extension of the first, additionally uses currents measured by SMs to detect outages and fault locations and
tackles the problem of SM communication disconnection after faults. The extended algorithm also indicates
communication failure and no-load/disconnection of SMs, if any occur. The algorithms are first tested in the
Simulink environment by modelling the MG and later tested in a hardware-in-the-loop (HIL) simulation of the
Gaidouromantra island in Greece.

2 Location description - Gaidouromantra microgrid, Kythnos, Greece

The MG in Gaidouromantra is located on Kythnos Island, Greece (marked in red at the bottom of Fig. 1). It is a
standalone MG commissioned in 2001 [19]. The MG facility operates on 100% renewable energy and is primarily
self-sufficient in electricity generation. The MG consists of six distributed photovoltaic (PV) arrays with a total
capacity of 20kWp. This is supported by a 22kVA diesel generator. In addition to this, a 96kWh/15kW battery
energy storage system (BESS) is also installed. The power system of the MG is managed by three single-
phase inverters that provide a three-phase power supply. Three low-voltage feeders equipped with industrial
relays constitute the distribution network. Fiber optic cable is run parallel to the overhead power lines. This
acts as a channel for communication and control. MG consists of 14 vacation homes. Each vacation home is
equipped with smart meters that monitor energy use and serve as load controllers. These meters support remote
monitoring and load management. An industrial real-time automation controller is installed. This acts as a
central communication hub. The specific details of the equipment used in Gaidouromantra MG are presented
in table 1.
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Figure 1: Kythnos MG
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Figure 2: MG at Gaidouromantra

3 Methodology

The algorithm works on the following assumptions:

• The MG consists of only one grid-forming inverter, and all other inverters in the system are grid-following.

• The fuses/MCBs operate during the fault, and the voltage seen by smart meters downstream from the
point of disconnection is zero.

• The topology of the system is strictly radial in nature.

3.1 Implementation of algorithm

A voltage-based algorithm (Algorithm 1) is developed to detect outages and locate fault locations. This algo-
rithm assumes that the SM communication is intact even when there is a disconnect on the line. Algorithm 2 is
an extension of Algorithm 1. It is developed to address the issue of SM communication disconnection. It uses
both voltage and current measurements from SMs. The implementation of both are as follows:

3.1.1 Algorithm 1: Voltage-based outage detection and fault location

This algorithm uses root mean square (RMS) measurement values of voltage communicated by SMs. The
algorithm considers pre-fault and post-fault values of voltage to analyse the location of the faults.

The SM location is already known from the topology information. A threshold value of voltage for SMs is
calculated and stored in the database beforehand. Every SM model has a minimum measurement voltage below
which it will not work. A common threshold voltage is selected to be greater than the minimum measurement
voltage of SM but less than the nominal voltage of the grid. The voltage values from SMs are obtained using
an existing data acquisition system.

Working logic: The SM data are received and arranged upstream to downstream, feeder-wise, in the database.
These are labelled and time-stamped. For outage detection, the algorithm checks the voltage difference between
adjacent nodes iteratively for the entire feeder. For a healthy system, the voltage difference between adjacent
nodes should be close to zero under normal operating conditions. If they are intact, then the system is healthy.
In contrast, if there are voltage violations, i.e. if the voltage difference across adjacent nodes, when calculated,
is above the set threshold voltage, the algorithm will flag it as an outage. The particular node at which the
voltage violation is found is then mapped to the topology of the system to indicate the location of the fault.
The flowchart of outage detection is shown in Fig. 3. The higher the number of SMs in the network, the higher
the accuracy of fault location.

3.1.2 Algorithm 2: Extended outage detection and fault location algorithm

The algorithm uses current measurements along with voltage measurements from SMs. This is an extension
of algorithm 1. Furthermore, this algorithm enables the operator to identify the no-load/disconnection status
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Figure 3: Algorithm 1: Voltage-based outage detection and fault location

of the house on a feeder basis. This algorithm will work even when the SM communication is disconnected
after the fault. A threshold voltage for SMs is calculated in a similar way as in algorithm 1 and stored in the
database.

Working logic: Feeder-wise, the current and voltage readings are fetched and stored in the database. The
algorithm determines whether the voltage and current readings from all SMs are available in the database. If
both are available for all SMs as per the topology, the system is healthy, and no additional steps are required
until the next initiation. However, if the voltage measurement of a particular SM is available but the current
reading is zero or not available, it could mean that the SM under consideration is disconnected or has no
load connected to it. If the voltage reading of the SM under consideration and the multiple other SMs in the
feeder are unavailable, a probable outage has occurred. Outage detection and fault location logic is initiated
(section 3.1.1). However, if the voltage reading of the SM under consideration alone is not available, it implies
a communication failure. The flowchart in Fig. 4 shows the flow of this algorithm.

Algorithms 1 and 2 do not indicate the instant of the fault, so continuous monitoring is unnecessary. However,
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Figure 4: Algorithm 2: Extended outage detection and fault location algorithm

a steady number of measurements at regular intervals can accurately predict the outage and fault location.
Special care must be taken to segregate new incoming data from existing data; hence, time stamping is necessary
to ensure reliability. In both algorithms, as the voltage values of SMs are compared with a pre-decided threshold,
a wide range of data granularity can be supported.

4 Microgrid model

The algorithm is tested on the Gaidouromantra MG model. The system topology of the MG is shown in Fig. 5.

4.1 Simulink model

The Gaidouromantra MG model is developed in a Simulink environment. The model incorporated the feeders
as transmission lines, houses as RLC loads and the grid-forming inverter at the system house as a constant
three-phase voltage source. Individual inverters connected to PVs are not incorporated in the model as they are
assumed to stop operating as soon as there is a fault. The single-line diagram of the Simulink model is shown
in Fig. 6. The faults are generated using the built-in three-phase fault block. The test cases and results are
shown in section 5.

4.2 Digital twin model

A digital twin model of Gaidouromantra is developed in the real-time digital simulator (RTDS). The model
specifically replicated the characteristics of Gaidouromantra MG. The model is shown in Fig. 7.

The RTDS model has a feeder relay unit with a breaker at the system house. The only sectionalising
equipment to clear the fault apart from the main breaker is the MCBs at the individual houses. It is located in
the electric boards of the houses after the SMs. The breakers at the beginning of each feeder are located at the
system house and are controlled by the feeder relays. The simulation updated its database with measurements
every few seconds, making it likely to lack any voltage measurements that would indicate a faulted condition.
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Figure 5: Topology of Gaidouromantra MG

Figure 6: Simulation model of the Gaidouromantra MG

Consequently, in the event of a house fault, the voltage measurements before and after fault clearance would
likely show normal operating conditions, making outage detection based on current measurements more reliable.
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Figure 7: Gaidoromantra digital twin model

5 Results

5.1 Simulink simulation results

The test cases for the Algorithm 1 simulation are shown below.

• Fault on feeder 1 between house 9b (H9b) and house 10 (H10).

• Fault on feeder 2 between house 11 (H11) and house 7 (H7).

• Fault on feeder 3 between house 8 (H8) and house 6 (H6).

The test cases for the Algorithm 2 simulation are shown below.

• Disconnection test on house 5 (H5) in feeder 3.

• Normal Operation (no fault in MG).

5.1.1 Fault on feeder 1

The fault on feeder 1 is created between H9b and H10. The algorithm indicated that there is a fault in feeder
1, and the location of the fault is between H9b and H10.

5.1.2 Fault on feeder 2

The fault on feeder 2 is created between H11 and H7. The algorithm indicated that there is a fault in feeder 2,
and the location of the fault is between H11 and H7.

5.1.3 Fault on feeder 3

The fault on feeder 3 is created between H8 and H6. The algorithm indicated that there is a fault in feeder 3,
and the location of the fault is between H8 and H6.

5.1.4 Disconnection at H5 in feeder 3

The connection for H5 is removed in the simulation. The algorithm indicated that H5 in feeder 3 had no load
or the house was disconnected from the MG.
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Table 2: Simulated test cases for Algorithm 1 and 2

Test Condition Test between nodes Message on console

Feeder 1 H9b - H10 Fault between H9b and H10 (Feeder1)

Feeder 2 H11 - H7 Fault between H11 and H7 (Feeder2)

Feeder 3 H8 - H6 Fault between H8 and H6 (Feeder3)

Disconnection H5 No-Load/Disconnection at H5 (Feeder 3)

Normal Operation No fault System is healthy

Table 3: Outage detection output messages

Fault Message produced by ecoMicrogrid

Feeder Fault

”Communication failure at Smart Meter: âH9b-SEMâ”

”Communication failure at Smart Meter: âH10-SEMâ”

”Disconnection at Feeder: âFeeder 1â”

H10 Fault ”Disconnection or no load at Smart Meter: âH10-SEMâ”

5.1.5 Normal operation

The algorithm indicated that the system was healthy.
Table 2 shows the messages displayed on the console.

5.2 HIL testing results

Algorithm 2 is incorporated into the ecoMicrogrid (ecoMG) tool, which is part of the ”RE-EMPOWERED”
project [20] for HIL testing. Algorithm 2 consists of multiple modules, including the voltage-based logic of
Algorithm 1. To test the algorithm, two faults are simulated in the digital twin of Gaidouromantra. The test
cases are (a) Feeder fault and (b) House fault.

5.2.1 Feeder fault

For feeder fault, the simulated SMs located at H9b and H10 were forced to drop their communication with the
ecoMG hardware.

5.2.2 House fault

House H10 is forced to drop communication with the ecoMG hardware.
Table 3 shows the messages produced by ecoMG for respective faults.
In both faults, the outage detection module responded with indicative messages. The detection of the feeder

fault is based on the zero current measurements from the feeder relay. The simulated breaker operation at the
system house resulted in communication drops from the H9b and H10 smart meters. For the H10 fault, the
detection is based on the zero current measurements from the H10 simulated smart meter.

These results demonstrate the effectiveness of the outage detection algorithm in identifying and responding
to faults within the MG, ensuring improved reliability and operational efficiency.
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6 Conclusion

The paper presents two algorithms to detect outages and fault locations in radial MGs with a single grid-forming
inverter and multiple grid-following inverters, like Gaidouromantra. The first algorithm is a voltage-based
algorithm, which assumes the SM communication during faults is intact. The second algorithm, which is an
extension of the first, additionally uses current measurements along with voltage measurements to tackle the
issue of SM disconnection after faults. The algorithms are tested on the Simulink model of Gaidouromantra
MG for various test cases. The algorithms display the feeder and the point of disconnection accurately. The
extended algorithm also predicts no-load/disconnection and communication failure accurately. The algorithms
are incorporated into the ecoMG tool as a part of the ”RE-EMPOWERED” project and are tested in HIL
simulations for two cases. In both these cases, the results matched the expected output.
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