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Abstract- Microgrids are the key solution to handle the growing technical, environmental and economical concerns of existing
power system networks. The purpose of this paper is to develop an intelligent and adaptive overcurrent protection system for a
microgrid. This system is capable of monitoring, protecting and controlling the microgrid. A look up table is created and
maintained at the central protection system of the microgrid, which has details of normal and faulted current in all feeders for
various topologies of the microgrid system. It has the optimized values for time dial setting and operating time of relays for
faults at a specific location in the reconfigured system, which is generated using Dual Simplex algorithm. Hence the Central
Protection System aids in providing suitable overcurrent relay coordination to the microgrid, which may incur reduced network
disconnection. The hardware prototype of the Central Protection System is realized, tested and validated on a balanced 21-bus

microgrid system.
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NOMENCLATURE

LUT Look-Up-Table

RES Renewable Energy Systems

CPS Central Protection System

DG Distributed Generators

MLP Multilayer Perceptrons

DOCR Directional overcurrent relays

FPGA Field-programmable gate array

OCR Overcurrent Relay

TLBO Teaching Learning Based Optimization

IED Intelligent Electronic Devices

DER Distributed Energy Resources

1IDG Inverter interfaced Distributed Generator

topj Operating time for the primary relay for a
fault at location °j’

a, A,y Constants of the relay

IDMT Inverse Definite Minimum Time

PSM Plug Setting Multiplier

TMS Time Multiplier Setting

topjmin minimum time required for operation of
the relay for a fault at j’

topjmax maximum time required for operation of
the relay for a fault at j’

CTI Coordination Time Interval

topjb the operating time of the backup relay for a

fault at ‘5’

GMFDS Grid Monitoring and Fault Detection
System

CT Current Transformer

LPP Linear Programming Problem

MUX Multiplexer

CB Circuit Breaker

FSS Fault Switching Subsystem

I¢ Fault Current in Amperes

CT Current Transformer
RS Relay Setting
FCB Fault Capturing Block

1. Introduction

Microgrid is a distribution level network which is a
collection of generators, including renewable energy sources,
loads and storage modules. It maybe treated as a load or
source with regard to the utility grid [1]. Few critical reasons
that cause an inclination to DG penetration are advancement
in DG technologies, constraints in constructing more
transmission lines, increasing demand for highly reliable
electricity and electricity market liberalization [2-3].
Protection of the microgrid becomes challenging and
conventional protection schemes are not applicable due to
fault current magnitude variation, dynamic nature of
microgrid [4] and DG intervention [5-6].

Digital relays interfaced to circuit breakers are
suggested as a solution for fault current magnitude issues [7].
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Communication is a promising component in the next-
generation hybrid microgrid protection system. Two-way
communications are the basic infrastructure required for
accommodating distributed renewable energy generation [8].
MLP neural networks are utilized to protect DG penetrated
distribution system [9]. Due to varying topology of microgrid
network, it is necessary to monitor the microgrid
continuously and alter the protection schemes appropriately
[10-11]. Communication based directional overcurrent relays
are implemented with the assistance of inter-tripping and
blocking transfer functions. This scheme guarantees
appropriate selectivity for a specific microgrid topology [12].
Neural network based fault location algorithms are proposed
for the design of protection schemes in microgrids. But this
system consumes more time and is complex [13-14]. A
three-phase  monitoring tool based on impedance
measurement is employed in microgrid network. This tool is
not yet tested on grid with substantial changes like islanding
of network. Fast transients are easily detected using this
monitoring technique [15]. A hybrid scheme of protecting
microgrid is realized using differential and adaptive
protection scheme. It results in reliable results and involves
less communications cost [16]. A central controller runs the
real-time analysis on the critical information obtained from
the field Intelligent Electronic Devices in the power system
network and communicates via IEC 61850 [17-18]. The
configurations of communication-assisted relays are
adaptively set, since the fault current sensed in grid-
connected and islanded modes are significantly different [19-
20]. Different fault monitoring and protection systems are
suggested in literature, but without much emphasis on fault
isolation which may involve reduced load disconnection in a
reconfigurable microgrid.

DOCRs are a key solution in handling the
aforementioned challenges in  microgrid. There are
applications in which multiple DOCR settings are followed
for a network [21]. Numerical overcurrent relay [22]
protection using FPGA is a strategy that may be used in
islanded microgrid. Accuracy and speed in isolating faults
are the features of this relay [23]. In OCR coordination, the
optimization of TMS is done using algorithms like: genetic
[24], dual simplex, TLBO [25], modified relay coded genetic
[26], informative differential evolution [27], bio-geography
based [28] and chaotic firefly [29]. In a dynamic grid, graph
theory algorithms are incorporated for load flow analysis
[30], and for minimizing active power flow [31].

Adaptive protection is a key solution to microgrid
protection. This protection scheme monitors the operating
state of microgrid continuously and assigns the suitable relay
settings. The communication protocols are employed in large
distribution networks for adaptively assigning the relay
settings. The fault current coefficient is a deciding parameter
in altering the relay hierarchy to facilitate adaptive relay
coordination in microgrid. Hailuoto island, Finland
incorporates the adaptive protection scheme, where the
centralized controller is kept informed by the field IED using
IEC 61850 communication protocol. The IEC61850 is

control architecture with adaptive control strategy for the

microgrid. During faults, IEEE Standard 1547 protocol
demands the DER units to stop supplying the microgrid [32].

The protection engineers zonalized the actual
microgrid based on cable impedance and load requirement.
Also the power system tools are used to deduce the relay
settings.

The grid connected microgrid is prone to events like
normal condition, resynchronization, and fault in
feeder/utility grid (UG) /bus [33-34]. The most prominent
fault in feeder/UG/ bus is due to overcurrent condition.
Microgrids are subjected to frequent network reconfiguration
that in turn causes variation in both fault current magnitude
and direction. These are reasons why the conventional
protection schemes are not suitable for microgrid. When the
microgrid is operating in grid connected mode, the fault
current is 20-50 times the anticipated current. In a IIDG
based microgrid, the fault current is significantly less. At the
fault location, it is only about 50% of its rated current.
Usually, 1.1 to 1.2 times the rated DER current is provided to
a fault by DER [35-36]. Other protection issues include
underreach, sympathetic tripping, unsuccessful clearing of

faults, fault current level variation and unintentional
islanding [37].
Adaptive protection with appropriate

communication protocols is a solution for protecting
microgrid. This is costly but minimizes outage time and
opportunity loss, but it involves high initial investment.
Adaptive directional interlock is a scheme utilized in
islanded microgrid wherein the tripping time maybe set at
fixed value for all circuit breakers [38-39].

In this paper, an adaptive overcurrent protection system
is employed on a reconfigurable microgrid. The CPS is
capable of monitoring and protecting the microgrid. The CPS
contains a LUT with information about normal and fault
current of feeders in the network; optimized values of time
multiplier settings and the time of operation of relay. With
the assistance of the LUT, the CPS adaptively provides a
suitable overcurrent relay coordination scheme for a fault in
the microgrid. The hardware implementation is done with
RS-232 communication standards and is validated
successfully on a standard IEEE 21-bus microgrid network.
The LUT assisted CPS may also result in minimum load
centre disconnection for a fault at any feeder for a particular
topology of the microgrid.

2. Problem Formulation

The overcurrent relay coordination is treated as an
optimization problem [40-43]. The objective is to minimize
time of operation of relays using (1). topj is calculated using
(2). In (2), a is determined using (3).

14
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n
Mln Z= Z topj (1)
topj = (X(TMS) (2)
A
“= Psmy -1 ®

A and y are taken as 0.14 and 0.02 respectively, since all
the relays in the microgrid network are assumed to have
IDMT characteristics. The PSM is given by

¢

PSM =——M—
CT ratio*RS

(4)

Constraints:
Operating Time

topjmin < topj< topjmax )
topjmin 1S dependent on the breaker operating time,
coordination time interval of relays and communication
delay, if any.
The industry practice topjmax Of relay is between 1 second
to 3 seconds.

Coordination Time Criteria

CTI between relays should be maintained at all times. It
is necessary that the difference between the operating times
of adjacent relays must be greater than or equal to the CTI. It
is assumed to be 0.2 for purpose of analysis.

topjb - topj Z CTI (6)

3. Proposed Adaptive Protection of Microgrid

The proposed adaptive protection system consists of two
modules, each having a computer and a microcontroller
ATmega2560 (Arduino Mega) as shown in Fig. 1. The
computers are used to realize a GMFDS and CPS in a
microgrid. The two systems are interfaced through Arduino
Al and A2. The steps involved in adaptive monitoring and
protection of microgrid are as follows:

i) GMFDS simulates the microgrid test system. It

continuously captures the status of microgrid
(normal or fault condition) and then transmits this
information as serial data to Al.

ii) Al acts as analog to digital converter and it converts
the serial data to parallel data. This data is
transmitted to A2 where the parallel data is
converted into serial data and transmitted to CPS.
The information about the normal current, fault
current, TMS and the instant of operation of the
concerned relays for the possible topologies of the
microgrid network are stored in the LUT of the
CPS. Once a fault is diagnosed in the network, the
CPS with the assistance of data in the LUT
immediately determines the current configuration of
the network. It identifies the exact location of the
fault in the microgrid and issues the appropriate
tripping sequence to the circuit breakers in the test
system, which is simulated in GMFDS.

i)

iv) After clearing the fault, the CPS continues to
monitor thE'post fault network and provides suitable
protection as and when required.

Adaptive  overcurrent protection scheme s
implemented for the balanced IEEE 21-bus microgrid test
system illustrated in Fig. 2. The test system specification is
as in Appendix 1. Due to reconfiguration, the topology of the

microgrid network shown in Fig.2 changes.

Among the possible topologies of the system, 10
different topologies indicated in Table 1 are considered for
analysis. These different topologies are individually
simulated using MATLAB/Simulink to obtain the normal
and faulted feeder currents. These values aid in deciding the
CT ratio for the individual feeders. For the 21-bus test
system, the CT ratio are fixed as in Table 2.

Load flow analysis is done for the 21-bus microgrid
test system with feeder 4 disconnected for specific loading
conditions. This provides the current and voltage parameters
under normal condition as shown in Table 3. For this
topology, fault analysis is done for faults at different buses
which are shown in Table 4. Likewise the normal and fault
currents for the remaining configuration of the system are
also obtained from load flow analysis and stored in LUT.
The next step is to identify the TMS and to, values of relays
using Dual Simplex Method for all possible topologies and
fault locations.

1.1. Determination of optimized TMS and top values
using Dual Simplex algorithm

The optimization problem is to minimize the relays
operating time using the Dual Simplex algorithm. It is used
for solving LPP. It is a more economical approach as it
requires less number of iterations to converge. This method
only solves maximization functions, so the minimization
function should be converted to maximization function.
Since the objective function in (1) is a minimization
problem, the constraints should be less than or equal to type.
Steps:

1) Form a matrix containing the linear programming problem
(LPP) and constraints according to the given variables
(x1,x2..).

2) Take the transpose of the matrix and formulate the LPP as
a function of new variables (yl, y2..).The number of
constraints has thus been reduced.

3) Add the slack variables and solve the problem using
simplex method for which we tabulate the new variables (y1,
y2..), their coefficients, constraints and the LPP.

4) Perform iterations till the solution of the LPP is obtained.
5) Replace it in the LPP to obtain the value of the operating
time of relay.

Using the algorithm, the TMS of the relays for the 10
different topologies for fault at 3 different locations for each

15
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topology is computed as shown in Table 5. This eventually
aids in computing the time of operation of relays. The data in

e 1

S —

[SVS 1]

Fault Detecton

Table 4 and Table 5 are saved as records in a look up table in
CPS.

the settlngs of relay

Fig. 1. Adaptive protection of microgrid
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Fig. 2. IEEE 21-bus microgrid test system
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Table 1. Reconfigured Microgrid Topologies

DISCONNECTED FEEDERS CONNECTED FEEDERS
None f1,12,3,f4
f1 f2,13,f4
2 f1,f3,f4
f3 f1,f2,f4
f4 f1,f2,f3
f1,f2 f3,f4
f1,f4 f2,f3
2,13 f1,f4
f2, f4 f1,f3
f3, f4 f1,f2

Table 2. CT ratio Assigned to Individual Feeders

RELAY AT CT RATIO
BUS 1,2 5:1
FEEDER 3
DG 2
BUS 3 30:1
FEEDER 1 20:1
DG 3
FEEDER 2 50:1
BUS 14,18
FEEDER 4 10:1
DG1
BUS 6,12
BUS 10 1:1
BUS 20 2:1
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Table 3. Current and voltage parameters at outgoing feeders with feeder 4 disconnected

Feeder Primary Primary current| Secondary Secondary
voltage (Ip) in KA voltage (Vs) current (ls)
(Vp) in kV in kV in kA

f1.1 13.758 0.0696 2.4008 0.398672

f1.2 13.758 0.1037 2.3776 0.600247

f1.3 13.758 0.0041 0.4782 0.11896

f2 13.758 0.1556 2.3776 0.9003

f3.1 13.758 0.0417 4.16137 0.138

3.2 13.758 0.00165 0.478223 0.04746

3.3 13.758 0.051865 0.475523 1.50062

4. Results and Discussion

The look up table created in CPS contains
information on: normal current, fault current, TMS and to,
of relays for all the topologies of the network as explained
in Section 3. Initially the connectivity testing between the
GMFDS and CPS Modules are established so as to enable
the adaptive monitoring and protection of microgrid test
system. The adaptive protection system ensures that the
microgrid is continuously monitored and in the event of
fault, the appropriate overcurrent relay coordination
scheme is employed on the network. This scheme may
trigger minimum load centre disconnection.

4.1. Connectivity Testing between GMFDS and CPS

The connectivity between GMFDS and CPS is
established through Arduino boards Al and A2 as shown
in Fig.1. Fig. 3 shows the Simulink models that are
executed in GMFDS and CPS to check the connectivity
that exists between them. Both the Simulink models use
the same pin numbers for the Arduino 1/O blocks to test
the parallel communication between the two systems. To
test the connectivity between GMFDS and CPS modules,
the position of all the switches in GMFDS is changed one
by one. If the position change immediately reflects in CPS,
then it confirms that an intact communication exists
between the two systems.

In the Simulink model in GMFDS, the switches
are connected to the Digital Output blocks. Each digital
output block synchronously outputs the latest set of data to
the MUX, display unit, Al and A2. From A2, the digital
input is captured by CPS using Arduino read blocks. The
output of all the Arduino read blocks are fed to a MUX
and then onto a display unit. Thus at any instant, whenever
a switch changes position in the GMFDS, its
corresponding status is captured in CPS. If the correct

status of the switch is displayed in CPS then it implies that
the connectivity is established between GMFDS and CPS.

4.2. Hardware prototype of adaptive OCR coordination

The hardware prototype of the GMFDS-CPS
interfacing for adaptive protection of microgrid is shown
in Fig. 4. After testing the connectivity between GMFDS
and CPS, the Simulink model of the 21-bus test system is
simulated in the GMFDS. Each circuit breaker in the test
system is individually monitored and controlled by a FSS.
In CPS an initialization program is first executed to
establish the port connectivity between GMFDS and CPS.
The MATLAB program for adaptive overcurrent
protection is executed in CPS. This program performs the
following functionalities:

o Identifies the configuration of the network.

e  Grid monitoring.

e Compares the monitored current parameters with
the data in the LUT.

e Identifies the actual location of fault in the
network.

e CPS issues trip commands to appropriate CBs
through FSS in GMFDS.

Let a fault be initiated in the specific feeder by
positioning SW2 to ’1’. This information is sent to S1 port
of SW3 switch and through Out19 as input to FCB. The
FCB is a 16 input OR gate, where each input is the fault
initiation status from 16 feeders of the test system. Since
Outl9 carries logic ‘1°, the output of FCB becomes ‘1°,
which is in turn fed to Inl port of the FSS. The Inl port
data is eventually passed to CS. As CS = “1’, the data in S1
is the output of SW3 and is sent through the Arduino
Digital Write Pin 22 to CPS. This informs the CPS of a
fault occurence in the specific feeder of the test system.
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Table 4. Fault current on all feeders (with feeder 4 disconnected)

F1.1 F1.2 F1.3 F2 F3.1 F3.2 F3.3
FAULT | FAUL
LOCATIO ! P S P S P S P S P S P S P S
N TYPE
30-G | 261.5| 225 | 1.895 | 159.7 1F=9800 781.2 | 788.7 | 63.25 | 55.92 | 1567 | 1583 | 1306 | 1319
. 3¢ | 2615 | 225 | 1.895 | 159.7 IF=6000 781.2 | 788.7 | 63.25 | 55.92 | 1567 | 1583 | 1306 | 1319
30-G | 261.3 | 259.9 1F=9500 1217 | 287 | 780.7 | 780.8 | 63.26 | 62.99 | 1567 | 1567 | 1306 | 1306
o 30 | 2613 259.9 IF=5500 121.7 | 287 | 780.7 | 780.8 | 6326 | 62.99 | 1567 | 1567 | 1306 | 1306
Bus 17 30-G IF=9000 | 2169 | 7.49 | 63.65 | 149 | 781 | 781 | 634 | 63.13 | 1567 | 1567 | 1306 | 1306
3@ IF=6000 | 2.169 | 7.49 | 63.65 | 149 | 781 | 781 | 634 | 6313 | 1567 | 1567 | 1306 | 1306
Bus 15 30-G | 198.1 | 187.5 | 221.7 | 245 | 4435 | 489.4 1F=12000 341.4 | 3222 | 8525 | 7285 | 562 | 607.2
3¢ | 198.1|187.5| 221.7 | 245 | 4435 | 489.4 1F=8000 3414 | 3222 | 8525 | 7285 | 562 | 607.2
Bus 13 30-G | 2465 | 92.33 | 449.1 | 4383 | 8985 | 877 | 5925 | 655.6 | 450.8 | 156.9 | 1146 | 1284 1F=10000
30 | 2465 | 92.33 | 449.1 | 438.3 | 8985 | 877 | 5925 | 655.6 | 450.8 | 156.9 | 1146 | 1284 1F=8000
Bus 11 30-G | 2384|9122 | 66.98 | 4403 | 134 | 881 | 92.14 | 658.6 | 4354 | 154.8 1F=12000 78.98 | 1076
30 [ 23849122 6698 | 440.3 | 134 | 881 | 92.14 | 6586 | 4354 | 154.8 IF=5000 78.98 | 1076
Bus 9 30-G | 248 | 2431 3861 | 53.15 | 77.26 | 106.3 | 4896 | 71.1 1F=10000 1301 | 5063 | 16 | 4221
3@ 248 | 2431 3861 | 53.15 | 77.26 | 106.3 | 4896 | 71.1 1F=9000 1301 | 5063 | 16 | 4221
ABBREVIATIONS: F=FEEDER P=PRIMARY OF TRANSFORMER S= SECONDARY OF TRANSFORMER G= GROUND IF = FAULT CURRENT
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Table 5. TMS and tqp values using Dual Simplex Algorithm

CIRCUIT BREAKER FOR

CASE BUS6 DG2 BUS10 BUS12 BUS14 DG3 BUS18 BUS20
a | TMS | to T™MS [top | @ | TMS | top a ™S top a ™S | top T™MS | top | @ | TMS | top a | T™Ms top
FAULTATBUS? | 4 | 005 | 0.2
NORMAL FAULT AT BUS13 418 | 005
FAULT AT BUS21 9.7 | 002 | 0.19976
FAULTATBUS7 | 4.2 | 005 | 0.2
FEEDER1
DISCONNECTED | FAULT AT BUS13 418 | 005
FAULT AT BUS15 6.1 003 | 02
FAULTATBUS? | 42 | 005 | 0.2
FEEDER2
FAULT AT BUS21 96 | 0.02 0.2
FAULTATBUS7 | 4.2 | 005 | 0.2
FEEDER3
DISCONNECTED | FAULT AT BUS15 6.1 003 | 02
FAULT AT BUS21 96 | 0.02 0.2
FAULT AT BUS13 a18 | o005 [Co02)
FEEDER4
DISCONNECTED | FAULT AT BUS15 6.1 003 | 02
FAULT AT BUS21 96 | 0.02 0.2
lay | FAULTATBUS? | 42 | 005 | 02
FEEDER
DISCONNECTED | _FAULT AT BUS1L 14 | 001 | 02
FAULT AT BUS13 418 | 0.5 0.2
FAULT AT BUS11 14 | 001 2
FEEDER1&4 v vs 0.0 0
DISCONNECTED |_FAULT AT BUS13 418 | 0.05 0.2
FAULT AT BUS15 6.1 003 | 02
FAULTATBUS? | 42 | 005 | 0.2
FEEDER2&3
DISCONNECTED | FAULT AT BUS19 95 | 002 | 02
FAULT AT BUS21 96 | 002 0.2
FAULT AT BUS11 141 | 001 | 02
FEEDER2&4
DISCONNECTED | FAULT AT BUS13 42 0.05 0.2
FAULT AT BUS21 96 | 0.02 0.2
FAULT AT BUS15 6.1 003 | 02
FEEDER3&4
DISCONNRCTED | FAULT AT BUS19 95 | 002 | 02
FAULT AT BUS21 96 | 002 0.2
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Table 6. TMS and tqp (contd.)

CIRCUIT BREAKER FOR

CASE BUS1 BUS2 BUS3 FEEDER1 FEEDER? FEEDER3 FEEDER4 DG1
a TMS top a | TMS | top | a | TMS | top a TMS [ top | a | TMS [ top | a | TMS | top a TMS | top TMS | top
FAULT ATBUS7 | 3.1 | 032 1 31| 026 | 08|33| 02 |06 74 | 005 | 04
NORMAL FAULT ATBUS13 | 3.1 | 032 1 31| 026 | 08 [33| 02 |06 43| 009 | 04
FAULT ATBUS21 | 3.1 | 032 1 31] 026 | 08|33 | 02 |06 19 | 02 | 04
FAULTATBUS? | 33 | 03 1 33| 024 | 08|35| 02 |06 74 | 005 | 04
F1ISOLATED FAULT AT BUS13 | 3.3 0.3 1 33| 024 |08 |35]| 02 | 06 6.7 | 006 | 0.4
FAULT ATBUSI5 | 33 | 03 1 33| 024 |08 [35| 02 | 06 6.1 | 007 | 04
FAULT ATBUS7 | 42 | 0.24 1 421 019 |08 | 45| 01 | 06 56 | 007 | 04
F2 ISOLATED | FAULTATBUS13 | 42 | 0.24 1 42| 02 |08 |45]| 01 | 06 4 | 01 |04
FAULT ATBUS2L | 42 | 0.24 1 42| 02 |08]45] 01 [06] 59 | 007 | 04
FAULT ATBUS7 | 32 | 0.32 1 32| 03 | 08|34| 02 |06 87 | 005 | 04
F3ISOLATED | FAULT ATBUSI15 | 3.17 | 0.32 1 32| 03 | 08|34| 02 |06 6.1 | 007 | 04
FAULT ATBUS21 | 32 | 032 1 32| 03 | 08|34| 02 |06]|117]| 003 |04
FAULT ATBUS13 | 32 | 031 0013 32 | 025 @ 34| 02 Los D 8.1 | 0.05 Qﬁl/
F4 ISOLATED | FAULTATBUS15 | 3.2 | 031 1 32| 025 | 08|34| 02 |06 6.1 | 007 | o4
FAULT ATBUS21 | 32 | 031 1 32| 025 | 08|34| 02 | 06108 004 | 04
FAULT AT BUS7 6 | 017 1 6 | 01 |08 |67| 01 | 06 487 | 0.08 | 04
F1&2 ISOLATED | FAULTATBUS11 | 6 | 0.17 1 6 | 01 |08 |67| 01 | 06 341 012 | 04
FAULTATBUSI3 | 6 | 017 1 6 | 00 |08 |67| 01 | 06 341 012 | 04
FAULT ATBUSI11 | 35 | 0.28 1 35| 023 |08 |38| 02 |06 53| 008 | 04
F1&4 ISOLATED | FAULT ATBUS13 | 35 | 0.28 1 35| 023 |08 |38| 02 |06 53| 008 | 04
FAULT ATBUS15 | 35 | 0.28 1 35| 023 [ 08|38 02 |06 6.1 | 007 | 04
FAULTATBUS7 | 47 | 02 1 47| 02 | 08|51 012 | 06 526 | 008 | 04
F2&3 ISOLATED | FAULT ATBUS19 | 47 | 02 1 47| 02 | 0851|012 | 06| 54 | 008 | 04
FAULT AT BUS21 | 4.67 | 0.214 1 47| 02 | 08|51] 012 |06 | 54 | 008 | 04
FAULT AT BUS11 | 4.78 | 0.209 1 48| 02 | 08|52 012 | 06 37| 011 | 04
F2&4 ISOLATED | FAULT AT BUS13 | 4.78 | 0.209 1 48| 0167 | 08 | 52| 012 | 06 37| 011 | 04
FAULT AT BUS21 | 4.78 | 0.209 1 48| 02 | 08|52 012 | 06 | 54 | 0075 | 04
FAULT AT BUS15 | 3.31 | 0.302 1 33| 02 | 08|35| 02 |06 6.1 | 007 | 04
F3&4 ISOLATED | FAULT AT BUS19 | 3.31 | 0.302 1 33| 02 | 08|35| 02 |06 ]| 96 | 0042 | 04
FAULT AT BUS21 | 3.31 | 0.302 1 33| 02 | 08|35| 02 | 06| 96 |0042| 04
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The CPS with the assistance of LUT issues
appropriate trip signals for the concerned breakers in the
specific feeder based on the optimized time of operation
values of relays. This trip signal is captured through
Arduino Digital Read pin 23 and fed as an input to the 2-
input AND gate. Let SW1= ‘1’ be the other input of AND
gate and hence the output of AND gate is logic ‘1°, that is
transferred to Outl8, connected to the external logic
control of CB that eventually trips. Once the breaker is
tripped, this information is passed to Arduino Digital
Write pin 22 and then on to CPS through S2 data port of
SWa. This informs the CPS that the trip signals are issued
to the circuit breaker.

s .-- : a
SIMULINK MODEL OF
TEST SYSTEM

TRIP SIGNAL FROM BREAKER

igita| Read
Pin 23

Arduine Digital Read

To validate the adaptive overcurrent relay
coordination protection system on the 21-bus microgrid
system, a fault is initiated at bus 13 with feeder 4
disconnected. The breakers involved in fault clearance
from downstream to upstream are circled in Table 4. The
optimized operating time of these breakers are 0.1998 s,
0.39996 s, 0.59856 s, 0.80104 s, 1.0013 s respectively as
indicated in Fig. 6. The proposed scheme is validated since
the breaker operation time as indicated in Fig. 6 matches
exactly with the time of operation programmed in the LUT
in CPS as circled in Table 4. The hardware prototype is
also tested and validated for all reconfigured topologies of
the 21-bus network. The proposed adaptive protection
scheme may be employed on any real-time grid by altering
the LUT accordingly.

<«— ARDUINO INTERFACING

A2

Display!

a .
Digital Write Dipley
Fin 22

Constant!

HArduin Digital Write
SIGNALTO CPS

TO FCB

g !

Out18

Constant3

Fig. 5. Fault switching subsystem
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Circuit breker for Bus 12

Circuit breaker for Bus 2

Circuit breaker for Bus 1

5 i

1] 0z

Time affzet. 0

04

i
0g

Time of operation {Seconds)

Fig. 6. OCR coordination when fault is introduced at Bus 13 in feeder 4 disconnected topology

5. Conclusion

An intelligent and adaptive overcurrent protection system
is developed for a microgrid system with monitoring and
protection control features. The reconfigurable 21-bus
microgrid network is simulated in the GMFDS. The
GMFDS is in turn interfaced through Arduino ATMega
2560 to the CPS that contains a look up table (LUT) that
maintains information of normal and fault current in all
feeders for all possible topologies of the microgrid system.
Dual Simplex algorithm is used in identifying the
optimized values for TMS and t,, of relays for faults at
any location in any reconfigured system. This information
is also saved in LUT. With the assistance of LUT, the CPS
identifies the fault location and provides suitable
overcurrent relay coordination for the test system. In the
event of fault occurrence, the LUT may trigger only
minimum load centre disconnection. The hardware
prototype of the adaptive overcurrent relay coordination is
realized, tested and validated on the reconfigurable 21-bus
microgrid network.

Appendix 1:

Parameters of IEEE 21-bus microgrid network:
Base voltage: 69 kV; Base MVA: 1000MVA;
Frequency: 50Hz; X/R ratio: 22.2

Power factor: 0.9992

Feederl: f1.1 13.8kV/2.4kV; 1.2 13.8 kV /2.4 kV;
1.3 13.8 kV /0.48 kV

(1]

[2]

Feeder2: f2 13.8 kV /2.4 kV

Feeder3: f3.1 13.8 kV /0.48 kV; 3.2 13.8 kV /0.48
kV; 3.3 13.8 kV /0.48 kV

Feeder4: f4.1 13.8 kV /2.4 kV; 4.2 13.8 kV /0.48 kV
DG1: 2.4kV, 2MVA; DG2: 4.16kV, 3MVA; DG3:
2.4kV, 2.5MVA,;

Loads: L1-1: 0.48kV, 1IMVA; L1-2: 2.4kV, 2.5MVA,
L2: 2.4kV, 3.75MVA,;

L3-10.48kV, 1.25MVA,; L3-2 0.48kV, 1.5MVA; L4
0.48kV, 1.25MVA,;

Transformer configuration: A-Y (ideal mode)
T1:69/13.8kV, 15MVA; T2 13.8/2.4kV, 2MVA; T3
13.8/0.48kV, 1.25MVA

T4:13.8/0.48kV, 3SMVA,; T5 13.8/0.48kV, 1.5MVA,;
T6 13.8/0.48kV, 1.25MVA

T7:13.8/2.4kV, 3.75MVA,; T8 13.8/2.4kV, 5SMVA;
T9 13.8/2.48kV, 2.5MVA

T10 13.8/2.4kV, IMVA
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