Taylor & Francis
S Taylor & Francis Group

ELECTRIC POWER

COMPONENTS o SYSTEMS Electric Power Components and SyStemS

Volume 25, 2021

ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/loi/uemp20

Multi-Agent Systems Based Adaptive Protection
for Smart Distribution Network

Abdulfetah Abdela Shobole

To cite this article: Abdulfetah Abdela Shobole (2021) Multi-Agent Systems Based Adaptive
Protection for Smart Distribution Network, Electric Power Components and Systems, 49:18-19,
1432-1444, DOI: 10.1080/15325008.2022.2131937

To link to this article: https://doi.org/10.1080/15325008.2022.2131937

ﬁ Published online: 01 Nov 2022.

\J
Cl/ Submit your article to this journal &

||I| Article views: 167

A
& View related articles &'

@ View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=uemp20


https://www.tandfonline.com/action/journalInformation?journalCode=uemp20
https://www.tandfonline.com/loi/uemp20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15325008.2022.2131937
https://doi.org/10.1080/15325008.2022.2131937
https://www.tandfonline.com/action/authorSubmission?journalCode=uemp20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=uemp20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15325008.2022.2131937
https://www.tandfonline.com/doi/mlt/10.1080/15325008.2022.2131937
http://crossmark.crossref.org/dialog/?doi=10.1080/15325008.2022.2131937&domain=pdf&date_stamp=2022-11-01
http://crossmark.crossref.org/dialog/?doi=10.1080/15325008.2022.2131937&domain=pdf&date_stamp=2022-11-01

Electric Power Components and Systems, 49(18-19): 1432-1444, 2021
© 2022 Taylor & Francis Group, LLC

ISSN: 1532-5008 print / 1532-5016 online

DOI: 10.1080/15325008.2022.2131937

Taylor & Francis
Taylor & Francis Group

‘ W) Check for updates

Multi-Agent Systems Based Adaptive Protection for
Smart Distribution Network

Abdulfetah Abdela Shobole

Department of Electrical and Electronics Engineering, Istanbul Sabahattin Zaim University, Istanbul, Turkey

CONTENTS

Introduction

Agents and Multi-Agent Systems (MAS)

The Proposed MAS Based Protection Technique
Coordination Among the MAS Based Relays
Verification of the Proposed Method

Conclusion

Data Availability Statement

References

Keywords: adaptive  protection,  distribution  network,  distributed
generation, over current protection, multi-agent system, self-healing,
smart grid

Received 30 December 2021; accepted 13 August 2022

Address correspondence to Abdulfetah Abdela Shobole, Department of
Electrical and Electronics Engineering, Istanbul Sabahattin Zaim
University, Istanbul, Turkey. E-mail: abdulfetah.shobole@jizu.edu.tr

1432

Abstract—The smart power grid has been developed and improved
constantly to be able to incorporate protection, automation,
communication, and advanced control methods. As a result, the
smart power grid system protection is expected to be modernized
and given the ability to handle the future complexity that emanates
from the integration of Distributed Generations (DGs). An Adaptive
Multi-Agent System (MAS) can enhance power system protection
and make it more reliable, faster, selective, and robust. In this
paper, a novel MAS-based adaptive protection technique that suits
smart grid applications is proposed. The proposed protection
technique consists of agents that communicate with each other and
their environment. The agents used in the proposed technique are
Short Circuit Current Calculation Agent (SCCA), Load Flow
Calculation Agent (LFA), Setting Calculation Agent (SCA), Logic
and Operating Agent (LOA), Coordination and Optimization Agent
(COA), and Network Configuration Mapping Agent (NCMA). The
proposed technique can adapt to the changing conditions in the
smart grid. The DigSILENT PowerFactory software is used to
verify the proposed technique using a real Distribution Network in
the Antalya vicinity of Turkey. The achieved results show that the
method can provide fast and selective protection for the smart grid
with increased integration of DGs.

INTRODUCTION

The smart grid is a next-generation power system designed
to address the traditional power grid’s shortcomings in
terms of electricity quality, reliability, efficiency, resilience,
and environmental concerns. It is the process of integrating
power system infrastructure with information and commu-
nication technology (ICT) to automate the grid [1], make it
more controllable, resilient, and be able to accommodate
power generations from different sources [2—4]. It is pri-
marily defined by its characteristic of bi-directional energy
flow, which is the result of the unrestricted integration of
Distributed Energy Resources (DERs) [5]. However, the
involvement of the bi-directional flow of energy makes the
implementation of the smart grid very challenging, as it is
faced with technical problems such as power system pro-
tection malfunction. Protection system blinding, sympa-
thetic tripping, and over-current protection degradation are


http://crossmark.crossref.org/dialog/?doi=10.1080/15325008.2022.2131937&domain=pdf&date_stamp=2022-11-09
https://doi.org/10.1080/15325008.2022.2131937
http://www.tandfonline.com

Shobole: Multi-Agent Systems Based Adaptive Protection for Smart Distribution Network 1433

~ MAS based
ANN based

] 3 Computational y .
Approach — Intelligence Fuzzy based

Decision Tree
Overcurrent

Distance
Protection Type ~|:
Differential

— Others

— Others

Adaptive Protection
]

FIGURE 1. The adaptive protection techniques categorized
in terms of approach and protection type.

the common challenges caused by the DGs [6-8].
Furthermore, the fault current’s considerable dependence
on grid operation conditions, type, amount, location, power
rating, control type, dynamic behavior, and intermittency
of distributed generators (DGs) [9] needs novel smart grid
protection solutions. Consequently, the current protection
system research trend is on developing adaptive protections
[10-13]. The adaptive protection adapts the protection set-
tings of the relays to ensure that they are adequate for con-
stantly changing power system conditions. The main
category of strategies utilized in adaptive protection is
shown in Figure 1. Advanced and cognitive analytical
approaches such as Multi-Agent System (MAS), which can
handle complicated analysis, can be used to build adaptive
protection techniques. As in the work of Lin et al. [14],
there are a small number of research papers on MAS used
for adaptive power system protection Non-adaptive protec-
tion techniques, on the other hand, can use the MAS
method [15].

The research works involving the smart grid that make
use of the MAS method are available in several research
fields including power system protection and restoration
[16, 17], optimal power flow [18], cyber security [19, 20],
voltage control [21], micro-grids [22, 23], smart home
[24], reliability assessment [25], and energy market [26].
Abdelaziz et al. [27] have discussed an adaptive protection
scheme for optimal coordination of the protection relays.
The system enables the relays to calculate settings when
there is a change in the system. In the work of Alam et al.
[28], another adaptive protection and coordination tech-
nique is proposed with the addition of using a A
Mathematical Programming Language (AMPL) based
Interior Point OPTimization (IPOPT) solver. According to

Protection MAS

Relay Agent

Co-ordination Configuration

Relay Agent Agent

Agent

Relay Agent

FIGURE 2. The generic MAS architecture for power sys-
tem protection.

the several research works reviewed [29-31], MAS appli-
cation areas in the power system include monitoring diag-
nosis, distributed control, modeling and simulation, and
power system wide-area protection [32, 33]. Abedini et al.
[34] have reported the development of a simulation plat-
form known as Multi-Agent System for Protections
Coordination (MAS-ProteC). Daryani et al. [35] have pre-
sented a method for treating a relay as a MAS in the pres-
ence of DGs, Point of Common Coupling (PCC), Current
Transformers (CTs), and Voltage Transformers (VTs). A
measurement sub-agent, an operation sub-agent, and a
communication sub-agent are recommended for this MAS.
To find and clear the fault, a hierarchical MAS with Zone
Agent (ZA), Recloser Agent (RA), and Switch Agent (SA)
is used. The master agent, the RA, keeps track of reclosers
to notify the ZA of the recloser’s lockout. The SA receives
voltage and current data and communicates with actuators
before sending it to the ZA. Kirchhoff’s current law is
used by the ZAs to assess whether the fault is in their area.
For DNs to integrate wind turbines, Lui et al. [36] have
presented an adaptive, MAS-based solution. The lowest
MAS layer is made up of distributed controller agents and
relay agents, such as the DG Agent (DGA), Relay Agent
(RA), and Load Agent (LA). The Forward Relay Agent
Society (FRAS) and the Back Relay Agent Society
(BRAS) are two that represent RAs agents. As explained
by George et al. [37], coordination agents, configuration
agents, and relay agents are the core components of the
general MAS architecture for power system protection
Figure 2. The coordination agent locates the issue using
the protection types it has installed and determines whether
or not the relay should operate. Overcurrent protection,
sequence elements protection, distance protection, and dif-
ferential current protection can all be utilized to detect the
occurrence of a defect. The configuration agent determines
which relay should be turned on. Even though several
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studies have revealed similar MAS architectures, it is diffi-
cult to define power system protection precisely under the
same MAS architectures [6].

The above-discussed research trend shows, the requirement
of further works on MAS-based protection. To solve the pro-
tection problems caused by DGs integration and bi-directional
flow of energy a new MAS-based adaptive protection method
is proposed in this paper. Most of the previously proposed
researches considered the MAS method as a combination of
agents distributed across different parts of the distribution net-
work. However, the currently proposed MAS-based adaptive
relays consist of all the necessary agents at each relaying point
and can communicate with the other MAS-based adaptive
relays located in other parts of the power system network.
Moreover, this method solves the coordination degradation
that arises from short circuit current variation across the net-
work due to the type and location of DGs. In addition, it is
built upon the already available over-current protection tech-
nique with more functionalities enabled by using adaptive
MAS. Thus, the adaptive MAS-based protection proposed in
this work is a novel way of solving the protection problems
of the smart distribution grid which emanates from the DGs’
intermittency and continues network configuration change.

To verify the proposed MAS-based adaptive protection
relays, each agent is implemented to the already available
relay models in the DigSILENT Power-Factory by using
DigSILENT Programming Language (DPL). The Multi-
Agent Systems are designed by adding more functionality to
the previously used over-current-based relays inside
DigSILENT Power-Factory. The practical applicability of the
method at a real Distribution Network in the Antalya vicinity
of Turkey is discussed by Shobole et al. [38]. The method
works for all operating conditions of the distribution network
and DGs’ intermittency as discussed in section five.

The following is a breakdown of the paper’s structure.
The MAS is presented in the second section. The suggested
MAS-based adaptive protection approach is extensively
discussed in section three. The proposed coordination
among the relays implementing the MAS-based adaptive
protection is detailed in section four. In section five, the
DigSILENT implementation of the proposed adaptive
MAS-based protection is discussed. In section six, the con-
clusion drawn from the work is given.

AGENTS AND MULTI-AGENT SYSTEMS (MAS)

A Multi-Agent System (MAS) is a framework of agents
that collaborate to achieve a common goal [39]. Agents are
intelligent computer systems that can act autonomously or

Electric Power Components and Systems, Vol. 49 (2021), No. 18-19

semi-autonomously and can make critical decisions using
local or global information to achieve their design specifi-
cations. They can be software, hardware, or a pairing of
both [40]. The MAS is made up of multiple smaller pro-
grams or pieces of hardware (agents) that are easier to
design, maintain and react to changes in the environment
quickly. Agents communicate, negotiate, and collaborate
with their environment and other agents to make decisions
[41, 42]. They also have autonomy, allowing them to oper-
ate independently of any control calls from other systems
or agents. As a consequence, an agent can be added or
withdrawn without impacting the entire system’s function-
ality. Agents are well suited for distributed applications
because of their capacities. Reactive agents adapt to
changes in their environment, whereas cognitive agents
take the initiative to attain their goals [43]. Cognitive
agents have a greater capacity to communicate and are
more intelligent. Reactive agents, on the other hand, cannot
make higher-level decisions and are typically employed in
applications that demand quick replies. Whether agents
rely on explicit information or models of the environment,
they can be reflective. They can also be intelligent and
learn if they can enhance their performance based on prior
actions and interactions with the environment.

THE PROPOSED MAS BASED
PROTECTION TECHNIQUE

The currently used protection relay’s internal architecture has
to be modified to make it adaptive. In this work, the MAS is
proposed to include agents such as the Short Circuit Current
Calculation Agent (SCCA), Load Flow Calculation Agent
(LFCA), Setting Calculation Agent (SCA), Logic and
Operating Agent (LOA), Device Agent (DA), Network
Configuration and Mapping Agent (NCMA), Coordination
and Optimization Agent (COA), and Communication Agent
(CA). In addition, the relay processors are expected to be
capable of implementing the MAS method. Due to great
advancement in the processors and software sector, it is pos-
sible to implement all agents in one physical environment
(relays). However, it can also be possible not to implement
all the agents in one physical relay to compromise the com-
putational resources. For example, the agents which can cal-
culate the short circuit and load flow currents can be located
in a different physical environment for example Distribution
Management System (DMS). In Figure 3, the internal struc-
ture of the proposed MAS-based full packet adaptive relay is
shown, and the detailed discussion of each agent is given in
the following subsections.
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FIGURE 3. The internal architecture of the proposed
MAS relay.

Short Circuit Current Calculation Agent (SCCA) and
Load Flow Calculation Agent (LFA)

The internal algorithm of SCCA and LFA is shown in
Figure 4. These agents are new functions included to make
the Intelligent End Device (IED) adaptive concerning the
change in the short circuit and load current. The SCCA is
concerned with calculating the fault current required for
the calculation of protection settings. The fault current cal-
culated by this agent must be sent to the Setting
Calculation Agent (SCA). The SCA uses these values to
calculate the new protection setting for the relay in coord-
ination with other protection relays. This agent has to cal-
culate the actual fault current for every change that has
happened in the network. It requires the power system data
such as the different sources’ fault current contribution,
transmission lines, and cables impedance values, transform-
ers impedance values, and the configuration information of
the network. Inside this agent, the short circuit calculation
methods such as IEC 60909/VDE 0102, the ANSI, the IEC
61363 for AC short circuit calculation, and the IEC 61660
for DC short circuit calculation can be implemented. Inside
the IED which implements this agent, depending on the
computational resource available, the short circuit analysis
can be simplified to the minimum and maximum fault cur-
rent calculations only. In the actual operation, if it is not
possible to implement calculation of the short circuit and
load flow calculation inside the relays, this agent can be
configured to get these from Distribution
Management System (DMS). This agent communicates
with other agents such as the network Configuration
Mapping Agent (NCMA). This helps it to get the connec-
tion information of circuit breakers and understand the net-
work configuration.

values
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FIGURE 4. The internal logic of the SCCA and LFA.

The LFA is used to calculate the current operating con-
ditions of the power system such as loading of different
equipment, voltages of each node, etc. This agent has to
conduct a load flow calculation by using methods like the
Newton-Raphson method for each change of the network
condition, such as opening or closing of switches or circuit
breakers. Likewise, loading currents have to be calculated
for any change (increase or decrease) in the power injected
by the different sources (for example DGs) in the grid.
This agent has the Network
Configuration Mapping Agent (NCMA) to get the actual
network configuration data for the load flow analysis. In
addition, based on the computational resource available,
the level of detail for load flow analysis can be determined.
However, at least, the loading current at the particular
relaying point has to be calculated and sent to the Setting
Calculation Agent (SCA).

to communicate with

Setting Calculation Agent (SCA)

The setting calculation agent is used to calculate the pro-
tection setting values automatically for the relay as shown
in Figure 5. It uses the information received from the
SCCA and LFCA about the fault current and the load flow
current respectively. In addition, it has to use the
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FIGURE 5. The internal logic of the SCA.

information received from the external communication
agent to consider overall system conditions such as the
time limit from the Transmission System Operators (TSO).
In some countries, for example in Turkey, the TSOs put
the time limit in which the distribution system has to clear
a fault that happened in the DNs before the transmission
systems’ relay operates at the point of connection of DNs
to the transmission system. In Turkey, this time limit is at
most 1 second for any short circuit fault that happens in the
DN side. In addition, if the IED is peripheral during auto-
matic setting calculation, then it has to be provided with an
optimum time multiplier setting to start the coordination.
The calculated settings by the SCA has to be sent to the
Logic and Operating Agent (LOA).

In this agent, machine learning algorithms can be imple-
mented to find out the proper setting based on the previ-
ously gained experience. The setting calculation results can
be used to teach the machine. After the teaching process,
the learned settings can be checked, and if it is found reli-
able, then there is no need to do the setting calculation
again. However, if the setting result is found unreliable,
then a new setting calculation will be conducted. In this
paper the machine learning part is not implemented. It will
be implemented under the different scope of the author’s
future work.

Logic and Operating Agent (LOA)

This agent is used to implement the logic for the operation
of the relay and circuit breakers as shown in Figure 6. It

Electric Power Components and Systems, Vol. 49 (2021), No. 18-19
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FIGURE 6. The internal logic of the LOA.

uses the setting values received from the Logic and
Operating Agent (LOA), and the current and voltage infor-
mation from the Device Agent (DA). This agent can imple-
ment different logical combinations of the trip signals,
follow-me signals, and blocking signals received from
other relays and circuit breakers. Various programming
logic such as AND, OR, NAND, XOR, etc., that were pre-
viously implemented in numerical relays can also be real-
ized by using this agent. This agent will send a trip signal
to DA to change the status of CBs and switches.

Device Agent (DA)

This agent is used to facilitate the interaction of protection
MAS with the other physical device as shown in Figure 7.
For example, the LOA requires the actual current and volt-
age values to determine whether the fault occurred or not.
The current and voltage values are measured by current
and voltage transformers (CTs and VTs). In addition, the
actual loading currents of the power system component
such as DGs, loads, etc. are collected by DA. The informa-
tion about the circuit breakers and switches status (open or
close) is collected and organized by the DA. The decision
from the other agents, for example, LOA’s trip signal is
transferred to the devices (CBs and switches) by the DA.
The Network Configuration Mapping Agent (NCMA) uses
also the information from the DA to determine the actual
network configuration.
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FIGURE 7. The internal logic of the DA.

Network Configuration Mapping Agent (NCMA)

This agent is mainly concerned with mapping any change in
the network configuration as shown in Figure 8. In addition,
the variation of the integration level of DGs is also mapped
by this agent. This agent collects the data required for map-
ping the network configuration from field devices such as
switches, circuit breakers, voltage transformers, current trans-
formers, and DGs through the DA. The NCMA can use the
‘xor’ logic to detect the change in the network by using
switches and circuit breakers’ status values. For example, as
in the work of Shobole et al. [42], the status of circuit break-
ers (CBs) 0 for CB open, 1 for CB closed is shown in Table
1. In this case, there is no any change in the status of CBs
between times (f —2)" and (¢ —1)", but at the # time,
CB2 is changed from open position to closed position. The
network configuration information from this agent is used by
other agents such as SCCA, SCA, and LFCA.

Coordination and Optimization Agent (COA)

This agent is mainly concerned with providing coordination
among the relays implementing MAS across the network as
shown in Figure 9. It is used to initialize the adaptive protec-
tion based on the information received from NCMA. In add-
ition, the time and time multiplier setting optimizations can
be handled by this agent. This agent communicates with

The algorithm Get the CBs and

implemented switches status
inside the NCMA from DA att:
v

Compare with status

at to

Yes S status

changed?

heck the integration

variation

Inform other agents
SCA/LFCA/SCCA/COA

Integration

s changed?

FIGURE 8. The internal logic of the NCMA.

Setting Calculation Agent (SCA), and Logic and Operating
Agent (LOA), to improve the performance of the protection
technique implemented inside the relay.

The Multi-Agent System-based adaptive relay calculates
the TMS values for the rest of the relays automatically by
using the coordination curve formula used. If ¢, and TMS,
are the downstream relay’s operating time and time multi-
plier settings respectively, by using IEC normal inverse
curve, the operating time ¢, can be calculated as:

0.14
1\ 0.02 M

Ip_,, —

t, = TMS, x

Based on the optimization, a proper grading margin can
be selected for the coordination among the protection relays
that are coordinated together. Then, the time multiplier set-
ting of an upstream relay can be calculated as follows:

ty + CTI
0.14 )

W
Ipn+l

Where: [, is the fault current for the downstream relay;

TMS, 11 =




Backup Operation
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Designation Time ~ CBI  CB2 CB3  CB4 =
A (t—2)" 1 0 1 0 2
B (t—1)" 1 0 1 0 g
C 1 1 1 1 0 =
A xor B (t—1)" 0 0 0 0

B xor C (t—1)" 0 1 0 0

TABLE 1. The status of circuit breakers (CBs) to detect network
configuration.

I41 is the fault current for the upstream relay. 1, ,, is the
pickup current to the upstream relay; 7MS,; is the time
multiplier setting for the upstream relay. The operating
time for the upstream relay is calculated as follows:

0.14
0.02
dnsr _
(IPnH ) !
In most cases, the distribution networks can be well protected
with time-inverse over-current (OC) protection. Based on the

tn+1 = TMSn+1 * (3)

fault location, each relay will operate either as a primary relay or
as backup relay [1, 44]. If a relay detects a fault in its forward
direction, then it may not be clear whether the fault has happened
in its primary region of protection or not. The time and TMS cal-
culated by the inverse curve may not be valid especially when
the fault current and pickup current variation is not regular,
which mostly happens in the smart grid that is supplied from
many sources equations i.e. Egs. (1)+3). For the operating time
to be valid, the short circuit current must be greater than the
pickup current. For example, if one side of the network is sup-
plied from the grid with a high current source and there are feeds
from the DGs along the path to the other side supplied from the
PV-based DG, both the fault current as well as the load current
may decrease. In addition, the pickup current which is a multiple
of load current may become more than the fault current in the
coordination direction. These will lead to the ratio of short circuit
current to pick up current to be less than one (117 < 1).Insucha
case, the calculation of operating time and TMS by using the
time inverse curve may not be valid, and the primary operating
time of lower-level relay with grading margin added on it will be
used as shown in Figure 9. Thus, the problem of irregularity of
fault current due to various types of DGs will not affect the
coordination among the relays.

COORDINATION AMONG THE MAS
BASED RELAYS

In this paper, the coordination strategy discussed by Shobole
et al. [42] is implemented by the MAS with the technique

to calculate Tb

Isc- Short circuit current

Ip-Pickup current

[Use time inverse curve To- Operating time of primary relay

Top- Operating time of opposite relay
to calculate To

Tb-backup operating time of primary relay

Tbo-primary operating time of lower level relay

I
|T0:T0p| ITofMinimum (To, Top)|

CTI-Coordi time interval

FIGURE 9. The internal logic of the COA.

shown in Figure 9. In this method, a modified directional
over-current relay technique is implemented to decide whether
the fault happened or not. The coordination among the relay
is handled by the exchanging of information such as follow
me signals, Time Multiplier Settings (TMS), Coordination
Time Interval (CTI), pickup, and short circuit currents. Each
relay will use the information received such as operating time
and CTI to calculate its TMS value from the lower level
relay. After its setting calculation is completed, the same relay
will send its operating time and CTI to the upper-level relay
which is in the same coordination direction. The coordination
among the relays always starts from the relays at sources,
DGs connection points, or loads at the periphery of the net-
work. In Figure 10, for example, relays RA02, RA04, RA09,
RA10, RBO1, RB06 are the relays where the initial coordin-
ation starts and will continue toward the source on the other
side as shown by blue line or other DGs or loads at the per-
iphery as shown by the green line in Figure 10. The order of
coordination for the relays in the Figure 10 is shown in
Table 2.

In this case, the network is considered a ring with a bi-
directional flow of energy. Thus, each direction of the flow
of energy is treated as a radial network. The coordination
among the relay in one direction for example relays RBO1
and RB02 will be treated as the same relay in the radial
network, and the same method of coordination is applied
for the relays which are available in the opposite direction
of energy flow, for example, RA10 and RA11. In addition,
the relays which are in opposite directions will exchange a
follow-me signal and operating times, for example, RA03
and RBO7 as shown in Figure 10 by red broken bidirec-
tional arrow.

In the same case, the relay may face difficulty in identi-
fying whether the fault happened in its protection area or
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FIGURE 10. The coordination among the relays.

backup protection region. The follow-me signal and operat-
ing time exchange among the corresponding relays will
serve to solve the coordination problem by using the
method shown in Figure 9. If a fault happens as shown in
Figure 10 on line-2, the relays RAO7 and RB04 will see
the fault current in their forward region. If the operating
time calculated by these two relays are different, using the
follow me signal shown by the bi-directional broken red
arrow in Figure 10, the two relays will operate with a
faster time.

In addition, if the pickup current is higher than the fault
current, which can happen in PV-based DGs due to in-feed
from the side feeders, the calculation from the inverse
curve may give wrong results. In such cases, the operating
time from the opposite relay can be used to clear the fault
in the primary region of operation as shown in Figure 9. If
the fault is not between the two relays toward the lines
(Figure 10), for example, RA07 and RB04, the correspond-
ing relays will not exchange the follow-me signal.
However, the relay may see the fault in its forward oper-
ation direction, which is an indication of the fault occur-
rence in the downstream relay and it operates for backup
protection. If the fault current variation is even, the inverse
curve can be used to determine the operating time, else the
operating time of the backup relay will be determined by
adding the CTI to the operating time of the down-
stream relay.

1439

VERIFICATION OF THE PROPOSED METHOD

To verify this method, the Distribution Network with PV-
based power plants in Figure 11) in the Antalya Vicinity is
used [6]. The maximum short circuit contribution of each
solar power plant is 1.5kA on the 0.4kV side of the trans-
former. The PVDGS5 and PVDG6 have a 1 MW installed
capacity. In addition, 12 wind-based DGs, each with
2.5MW capacity, are connected (DG; — DG,,, where m is
12). For simulation purposes, each wind-based DG
(DG-DG1,) is connected to the grid systematically 1 MW
at a time. This is used to observe how the protection set-
tings of each relay are varied concerning the variation in
the integration level of the wind-based DGs. When fully
integrated, the total wind energy connected to the grid is
30MW. The DG; connected to the C_GES DM 3.1 is out
of service. There is also a 20MW load connected at the
DG GES DM 2/B4 bus. During each change in the DGs
configuration or integration, each relay automatically
adjusted the Pickup values (Tables 3 and 4) as well as the
TMS as shown in Figure 12. The TMS values are perfectly
graded in the coordination direction of each relay. Figure
12 shows the coordination of TMS for the red direction
shown in Figure 11 (RA601, RA602, RADO1 and
RADO02). Figure 12 shows the opposite direction of the
coordination shown with the green line as shown in Figure
11 (RBD00O, RBDO1, RBD02, and RB603). The red line
coordination is toward the source with a high short circuit
current. In this case, the short circuit current increases at
the relaying points from RA601 to RADO02. While the
green line is the coordination direction toward the DG with
a low short circuit current. In both cases, the TMS values
for the starting relays (RA601 and RBDO00) are initialized
with the acceptable value to start the coordination (0.1 is
selected). This value must not be less than the minimum
possible TMS value of the relay and has to satisfy the time
constraint from the transmission line operators at the point
of connection of the distribution company (Figure 13).

In addition, faults (F1, F2, and F3) are applied at the
different parts of the network as shown in Figure 11. For
the fault at F3, the operating time is for each integration
under simulation is shown. The fault at F3 will be primar-
ily detected with relays RADO1 and RBDO02. For both
relays RADO1 and RBDO02, the ratio of a short circuit to
pick up current for each configuration is greater than one,
therefore the operating time automatically calculated by the
inverse curve is used. In addition, the relays are operated
with minimum time in comparison with the corresponding
relays by using the method in Figure 9 and shown by yel-
low and blue lines in Tables 3 and 4. For example, in



RA502 and RB503 will detect the fault in their for-
ward direction.
The short circuit to pickup ratio of the RA502 relay is

greater than one (1;—“ > 1) and the operating time for each
P

integration is shown in Table 4. However, for the relay

RB503 short circuit to pickup ratio is less than one

([1_,, < 1). The relay cannot calculate the operating time by

using the normal inverse characteristics curve. This is des-
ignated by ‘INV’ to mean invalid operating time calcula-
tion in Table 4 under the column TIME”. The relay
calculates its operating time TIME® in Table 4 by using
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Primary and
back-
up sequence 1 ond 3rd 4th
From the
grid side
toward
other
branches
From the RAO1 RAO3 RAO8 RA12
other RA02 RAO3 RAO8 RA12
branches RA04 RAO5 RAO8 RAI12
toward RAO6 RAO7 RAI12
the grid RA09 RA12

RA10 RAL1l

TABLE 2. Coordination among the relays.

Table 4, for DGs integration of 2.5 MW, the operating
times of corresponding relays RADOl and RBDO02 are
0.539 seconds and 0.735seconds respectively for the fault
(F3 as shown in Figure 11) that occurred in the middle of
the line (L3 as shown in Figure 11). But due to the method
proposed in Figure 9, the relay RBDO02 is not required to
wait for 0.735seconds to operate and can trip with the
relay RADO! at the operating time of 0.539 seconds. This
trend is shown in Tables 3 and 4 with yellow and blue col-
ors respectively. For the fault applied at F2, the relays

the operating time of the precedent relay in the coordin-
ation series. In addition, since relays RA502 and RB503
both see the fault, the relay RB503 can operate by using
the time received from the corresponding relay RAS502 by
using the method in the flow chart indicated in Figure 9.

CONCLUSION

The bidirectional flow of energy due to the integration of
DGs can impose a great challenge to the protection system of
the smart grid. Therefore, many research works are going on
to propose a solution for this challenge. The protection sys-
tem for the smart grid has to be modified to adapt itself to

Utility Grid
53]
RBD-1
A_FINIKE TM 154/B1 = =meep—mr
A RADO3
A
@ FINKE TMR1 50 MVA 154/33 KV
=
B_FINIKE TM 3382 RBDO00
RAD02
N
C_GES DM 3.1/B3 RBDO1
F3 | RADO1 -
2 § I Li 5
(=]
DG1.i/Bi
D_GES DM 2/B4 ,7 RBD02
RA502  RA602 veuls %
e Ln g Load
; al[[|® 0t
f F2 DG1.m/Bm
4—7 | . -
8
MRS F1 S DG1.1/810
2 el dN | > :
g L v
= RAS01! RB503 | @ =8
E_GES TMS/B9 RB603 RAB01 TyRrs
E_GES TM6/B10

FIGURE 11. The DigSILENT simulation network.
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. RADO1 RBDO02
Integration
Power (MW) | Pickup Current, I, (A) ~ Short-circuit Current, I (kA) 7 TIME(s) TIME(s) L, (A) Lo (kA)
2.5 328.861 5.285 > 1 0.539 0.735 328.861 2.442 > 1
5 275.549 5.285 > 1 0.574 0.631 275.549 4.661 > 1
7.5 222.501 5.285 > 1 0.600 0.586 222.501 6.707 > 1
10 169.706 5.285 > 1 0.615 0.558 169.706 8.592 > 1
12.5 117.153 5.285 > 1 0.621 0.535 117.153 10.330 >1
15 64.837 5.285 > 1 0.616 0.512 64.837 11933  >1
17.5 12.905 5.285 > 1 0.592 0.481 12.905 13412 >1
20 39.334 5.285 > 1 0.620 0.494 39.334 14778 >1
22.5 91.023 5.285 > 1 0.653 0.508 91.023 16,042 >1
25 142.563 5.285 > 1 0.679 0.515 142.563 17214 >1
27.5 193.942 5.285 > 1 0.704 0.520 193.942  18.300 >1
30 245.165 5.285 > 1 0.726 0.524 245.165 19.310  >1
TABLE 3. The operating time for the fault at F3.
Adaptive Protection Coordination
0,80
0,70
0,60
0,50
E 0,40
g

0,20

25 5 75 10 125 15 17,5

Integration of DG1-DG12 (MW)

B RA601 W RA602

RADO2

RADOL

Relays

RAB02

20 225 25 27,5 30

= RADO1 RADO2

FIGURE 12. The TMS for relays RA601, RA602, RADOI and RADO02 (Red line on Figure 11).

the continuously changing configuration of the grid as well as
the integration of DGs. The adaptive protection which consid-
ers different operating conditions and parameters into account
requires a new, fast, and reliable computation technique. The
MAS-based technique can provide the required fast and dis-
tributed computational solution. However, it requires commu-
nication infrastructure and more computing resources
compared to traditional protection. The cost of this processors
is decreasing and their performance is also increasing daily.
Even though the increase in power system reliability by using

MAS based method is essential, its cost of implementation
has to be studied by further research.

In this work, an adaptive MAS-based protection tech-
nique is proposed. The proposed technique defines all the
functions required for the power system protection by
using agents. The agents communicate and exchange the
necessary information to provide a fast response during the
fault. In the result of this study, the Time Multiplier
Setting (TMS), operating time, pickup currents are
observed to be correctly calculated automatically
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Adaptive Protection Coordination

0,80
0,70
0,60
0,50

(%]

= 0,40

=
0,30

0,20

RB603
RBDO2
RBDO1

RBDOO u>,"
0,00 )
25 5 75 10 12,5 15 17,5 20 22,5 25 27,5 30 o
Integration of DG1-DG12 (MW)
H RBDOO mRBDO1 m RBDO2 RB603
FIGURE 13. The TMS for relays RBD00, RBD0O1, RBD02 and RB603 (Green line in Figure 11).
. RAS502 RB503
Integration
Power (MW) | Pickup Current, I, (A)  Short-circuit Current, I, (kA) 1,— TIME® (s) TIME" (s) I, (A) I (kA) 1,—
2.5 21.01 5.981 > 1 0.735 INV  21.019 0.019
5 20.984 7.594 > 1 0.631 INV 20984 0.019
7.5 20.951 9.377 > 1 0.586 INV 20951 0.019
10 20919 11.151 > 1 0.558 INV 20919 0.019
12.5 20.889 12.851 > 1 0.535 INV  20.889 0.019
15 20.861 14.454 > 1 0.512 INV  20.861 0.019
17.5 20.834 15.954 > 1 0.481 INV  20.834 0.019
20 20.808 17.354 > 1 0.494 INV  20.808 0.019
22.5 20.783 18.657 > 1 0.508 INV  20.783 0.019
25 20.760 19,871 > 1 0.515 INV  20.760 0.019
275 20.739 21.000 > 1 0.520 INV  20.739 0.019
30 20.718 22.053 > 1 0.524 INV  20.718 0.019

TABLE 4. The operating time for the fault at F2.

concerning intermittency of DGs and fault current varia-
tions. For the fault that happens in the different parts of
the test network, the protection relays respond with faster
time in a coordinated manner. The results achieved in this
work will pave the way for the hardware implementation
of MAS-based protection relay. The authors are working
on the hardware implementation of the proposed method.
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