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Abstract

Microgrids with penetration of renewables is imposing new challenges for system
protection. Renewables are characterized with high source impedance which limit the
short circuit current. The value of short-circuit current is limited due to converters
used which limit the current to a maximum of 1.1 to 1.5 times maximum rated
load current. This can result in faults during the islanded mode of microgrid to go
unnoticed if the relay settings are not adapted to account for it. The presence of such
uncleared faults in the microgrid can result in exposing it to overcurrent for a long
time which can damage the equipment. One solution is to have different protection
element pickup settings for different modes of operation. This report discusses the
development of an algorithm to switch these settings upon microgrid state changes
and test the algorithm using OPAL-RT hardware in loop real-time testing with SEL-
351S relay as the hardware.

Adaptive settings group change algorithm depending on the microgrid state is the
base case that this project is build on. A novel algorithm approach for dynamic
settings change is developed which doesn’t require a settings group change. This
algorithm overcomes the drawback of settings group change method. The algorithm
was developed on SEL-351S Relay and tested in real time using OPAL-RT on an IEEE
5-bus system which was modified into a microgrid. The algorithm implemented here
using SEL-351S relay is limited to only four group settings. Thus, an algorithm for
SEL-451 relay is also discussed as a future implementation which is limited to number

of input contacts if hardwired or limited to bits if remote bits are used.
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Chapter 1

Introduction

An increase in demand for energy due to industrial development, rise in population,
and other factors has resulted in an increased load factor. Power system reliability
issues arise from this high load demand which is a big issue. Gap between supply and
demand of electricity results in large number of outages and blackouts in the grid all
over the world which has a huge impact on the economy [I]. The rising cost of fuel,
low generation efficiency and environmental pollution have forced the governments
and other private agencies all over the world to increase the penetration of Distributed
Energy Resources(DER) in the power grid to meet the rising demand of energy. Solar,
Wind, Energy Storage,etc. are considered as the main DER’s. Intermittent operation
and low power generation capacity per unit of these DER’s has motivated to combine

them to form small grids called as ‘Microgrids’ [1].



1.1 Problem Statement

A microgrid is similar to a traditional distribution system but has DER added to it.
Microgrids can operate in grid-connected or islanded modes depending on the power
demand and local source generation. The conventional distribution systems can be
converted into microgrids by adding DER and a circuit breaker with protection and
control to serve as a Point of Common Coupling. Since the system is no longer
passive and radical, these microgrids come with their set of protection challenges and

conventional protection strategies become inadequate.

A typical microgrid is shown in Figure [1.1] which depicts the common microgrid
components. When Circuit Breaker at Point of Common Coupling (PCC) opens,
Microgrid goes in islanded mode. If the relay settings in this mode are still the same

(not adapted); the microgrid is rendered without protection during islanded mode.

Main Grid . Microgrid

Point of Common
Coupling

Figure 1.1: Typical Microgrid



It is then imperative to develop protection strategies that are robust for microgrid
protection in grid-connected as well as islanded mode of operation. Various authors
have worked on this issue and come up with promising protection strategies which
are discussed in detail in Chapter 2] The implications of their research is studied and
a justifiable protection strategy is selected as a base case scenario. The protection
strategy is developed by considering different operating scenarios and implementing
an algorithm for adaptive overcurrent protection of microgrid feeders. The developed
algorithm is validated on actual hardware by testing it before it is implemented for

real world application.

1.2 Scope of Research

The scope of this research involves developing an adaptive overcurrent protection
algorithm for microgrid protection and testing it on standard test buses as recom-
mended by IEEE. The algorithm is implemented on an SEL-351S relay which is a
popular protective relay for distribution systems. The implementation is then tested
on OPAL-RT to perform real-time simulation and test the adaptive settings change

in real time.

IEEE 5 bus is used as a base case scenario. This system is further modified to include
distributed generators. It is tested to mimic grid connected as well as islanded mode of
operation. The protection settings developed are tested for both modes of operation
and also verified for presence of different distributed generators. The development of
protection settings involved selecting a load and a line as test location. Primary and
backup protection for relays at those locations during various modes of microgrid is

done by conducting coordination studies.






Chapter 2

Background

The protection of microgrids has become a challenge due to various issues that have
arisen from the inverters having high source impedance and low short circuit sourcing
currents. Various researchers have made considerable progress in developing protec-
tion schemes for it. This chapter walks through the different issues in microgrid
protection, contributions of various authors in microgrid protection, advantages of
adaptive over-current protection. Further it discusses the work of different authors
on developing adaptive overcurrent protection algorithms to protect microgrids in

both modes of operation.

2.1 Microgrids

The Department of Energy defines a “microgrid” as follows[2]

“a group of interconnected loads and distributed energy resources within clearly de-

fined electrical boundaries that acts as a single controllable entity with respect to the



grid. A microgrid can connect and disconnect from the grid to enable it to operate

in both grid-connected or islanded mode.”

Microgrids usually have distributed generators that can feed the local loads and sup-
ply power onto the main grid when there is an excess generation. The distributed
generators in a microgrid consists of numerous independently controlled power gener-
ating sources for reliable and flexible grid infrastructure [3]. Microgrids have installed
capacity of few kilowatts to megawatts. The prime objective of a microgrid is to add
flexibility and reliability to distribution system, provide power to consumers at remote
areas, critical industrial and military infrastructure. The fundamental microgrid com-
ponents are protection and isolation devices at the point of common coupling (PCC),
Distributed Generators (DG) which include rotating machines and Renewable Energy
Sources (RES) such as solar, wind, fuel cell and Combined Heat Power (CHP), and
local load to be fed by these DG’s. In addition, a microgrid also includes controllers

that are responsible for local and distributed control operations [3].

Microgrids can function in two modes: independently of the network called “Islanded
mode”, or connected to the network, know as “Grid-connected mode.” Microgrids
have all the fundamental components of a conventional grid such as power plant and
loads; with the difference that its a scaled down model and has very short lengths of
line connecting the loads to the source [3]. Microgrids can be considered as a system
to integrate distributed generators at consumer end on low-voltage side to make the
customer an active participant in the grid [4], thus making them a “Prosumer” of
electricity instead of just being a consumer. Microgrid offers numerous benefits such
as better system efficiency, reduced cost of generation, transmission and distribution,
improved power quality and added system reliability. Its also makes the grid more
resilient. Despite the numerous advantages microgrid offers, it comes with its own
challenges in terms of implementation, operation, control and more specifically pro-

tection [4]. The conventional distribution system can be converted to a microgrid by



adding some distributed generators and some controllers to control the power flow.
These distributed generators meet the power requirements of local load and export
the power to main grid if it is in excess, as well as import the power from main grid
when required. Doing so results in bidirectional power flow in the system. This bi-
directional power flow makes the conventional radial protection systems inadequate
[4]. The operating times of protecting devices become unpredictable due to DG’s
contributing to the fault current and the lack of directionality leads to loss of protec-
tion coordination. Also, in the case of microgrids with different DG capacities and
types the fault current will be of varied levels resulting in more degradation of pro-
tection coordination. “Blinding” and “Sympathetic tripping” are the expected events

that result due to loss of protection coordination [4].

2.2 Microgrid Protection issues

Integration of microgrid to existing grid gives rise to major protection issues for the
classical protection techniques implemented for conventional grid and demands an
adaptive, smart and upgraded protection system [5]. Following are some of the major

issues that require immediate attention and resolution.

2.2.1 Bidirectional Power flow

Microgrid integration to distribution network converts it from passive to an active
network. Microgrid feeds the local load and when it has excess generation; it is re-
quired to export power to the main grid in reverse direction. This makes the power

flow of microgrid bidirectional in nature which affects the magnitude and direction of



fault current; thus affecting protection coordination [5]. Traditional overcurrent ele-
ment without sense of directionality cannot distinguish between forward and reverse

faults and thus can result in undesired tripping [6].

2.2.2 Reduction in short circuit fault current level

The fault current sourced by distributed generators is very low as compared to those
one sourced by main grid, thus reducing the expected overall short circuit fault cur-
rent level when connected to main grid. Moreover, in the case of islanded mode of
operation and microgrid with inverter-based generators; the short-circuit fault current
level is reduced drastically as the power electronic converters limit the short circuit
current in order to protect the thyristors from thermal damage due to high currents.

It is to detect the faults in such a system with low fault currents [5] [6].

2.2.3 Frequent Change in Microgrid configuration

Frequent changing of microgrid states from islanded to grid connected and vice-versa
results in changes in short-circuit fault current capacity of the system. This frequent

change in short circuit fault current level complicates overcurrent protection [5].

2.2.4 Selectivity and Sensitivity of an Overcurrent Relay

Selectivity is a very important characteristic of a protection system. Protection must
be able to distinguish between the faults and isolate only the section of the system

which has the fault. Protection system for microgrid must be able to differentiate



between the faults occurring on main grid and microgrid. For the faults on main grid,
isolation of microgrid must be done to protect the microgrid. On the other hand, for
faults on microgrid, only the faulted section must be isolated. The relays should be

sensitive enough without compromising the selectivity of the protection system [5].

2.2.5 Protection Blinding

Protection blinding results due to current infeed from the microgrid to the main grid.
Figure [2.1) shows a simplified depiction to describe protection blinding. It is evident
from the figure that for the fault shown in the system; relay R1 may not be able to
detect due to the infeed current from the microgrid and will become blind for these
faults. Relay R1 is required to detect this fault as a backup for relay R2. But due to
protection blinding, Relay R2 loses its backup protection [6].

I R1 R2
@ I L F—e—
ord Fault
Microgrid

Figure 2.1: Protection Blinding

2.2.6 Sympathetic Tripping

If a relay in a healthy feeder trips falsely due to back-flow of current from the con-
nected microgrid; this is called Sympathetic Tripping. In Figure[2.2]the fault will also
be fed by microgrid M2; this fault current will low through R3 and result in tripping



R3 for a fault which is on another line. The probability of such sympathetic tripping

will increase as the microgrid approaches the relay R3 [0].

R1 R2
i e
Fault
PCC
Grid M1
R3 R4
- - >
M2

Figure 2.2: Sympathetic Tripping

2.3 Microgrid Protection Methods

Microgrid protection requires different protection schemes as compared to the con-
ventional schemes due to the issues discussed in the preceding section. Many such
protection schemes have been proposed for AC microgrid. These schemes can be
grouped based on their fundamental operating mechanisms as adaptive protection
based, differential protection based, travelling wave based and other protective meth-
ods [6]. Following section describes these methods in details and uses the background

search done by [6] as a base for literature review on microgrid protection methods.

10



2.3.1 Adaptive Protection Based Methods

The process of changing the relay settings automatically as per the system conditions
is called Adaptive Protection. Adaptive Protection helps in modification of the relay
settings for a system to work in an optimal condition. The adaptive protection can
be categorized as off-line or online protection as per the protection logic. In the off-
line method, the fault analysis would be performed off-line and all the DG status
as well as all the possible system configurations will be recorded for performing the
analysis whose result would be used to generate an event table. The relay settings
would be calculated by using the generated event table. Practically, it is very difficult
to forecast all the possible fault cases in a microgrid due to the intermittent nature
of renewable energy sources. This makes it really difficult to implement the off-line
adaptive protection in a practical scenario. The online method makes use of Equation
wherein “mode of operation” decides the fault contribution from main grid. The
value of ‘mode of operation’ is 1 for grid connected mode and is 0 for islanded mode
which is the first part of the equation. The second part of the equation uses a number
of parameters such as DG status, type of DG’s (inverter or synchronous based) and
quantity of DG’s. These status are used dynamically and are fed in real time to the
protection system to adapt it logic depending on the system condition. Thus, it is

called online adaptive protection [6].

Lielay set = Irautt_aria X Mode of operation+ 21)
2.1
2'71 (Impact factor(K;) X Ipaut_pag; X DGy status)

11



2.3.2 Differential Protection Based methods

Differential protection is one of the popular method of protection used in power system
at various stages. It is also a popular method utilized for microgrid protection. The
implementation of differential protection applied to microgrid is explained in [7] which
gives insight into the basic operating fundamentals and tests the protection for grid
connected as well as islanded mode. Fault current variation, bi-directional power flow,
DG status and changes in system configuration do not have much impact on current
differential protection as shown in [8]. As per the protection scheme presented in [9],
all the relays are digital which can sample currents at more than 16 samples per cycle
and are equipped with communication capability. In the presented scheme, relays are
implemented at both end of the protected line and the sampled current data flows over
communication channel installed between them. If the difference of current is greater
than the set threshold limit, the relays operates and send a signal to respective circuit
breaker to open up. The main drawback of this scheme is the cost of implementation
as this scheme requires use of synchronous measurement and communication channel.
An optimal differential protection scheme to reduce the cost of implementation is
presented by the author in [I0]. In this scheme, the relay at remote end is replaced
by a cheap sensor due to which the cost of implementation is almost reduced by half.
This scheme has no supported result evidence and cannot be relied on. Furthermore,
there are certain schemes which use the concept of spectral energy at both ends as
shown in [I1I]. The tripping logic is similar to current differential but is based on
energy difference being greater than the set threshold. The issue with this scheme is
setting a proper threshold as it depends on various factors such as fault impedance

and operating mode of the microgrid.
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2.3.3 Travelling Wave Based methods

Traveling wave-based methods have become popular with the advent of traveling wave
relays which are very fast and operate within a half-power cycle as discussed in [12].
The traveling wave method has emerged as a popular one for protecting EHV and
UHV transmission lines as well as HVDC systems [13]. In the case of microgrids,
this method is rarely being used due to the limitation factors such as high sampling
frequency, noise disturbance and short length of line [I4]. Some researchers have
developed improved traveling wave-based fault detection algorithms for converter-
dominated microgrids based on mathematical morphology which captures the initial
polarity of the initial current traveling wave as discussed by the author in [I5]. The
details on this morphology is can be found in [I6]. This protection scheme has a
good performance and is not affected by noise, high fault impedance, switching of
grid states as well as transient microgrid conditions. However, even this scheme has
the limitation of high requirement of sampling frequency which is an issue with short

lines of feeder in the case of microgrids.

2.3.4 Other Protective methods

There are other protection methods apart from the above-mentioned ones and are
described in detail in [6]. These methods are Voltage based methods, total harmonic
based methods, and phasor based methods. Voltage based method is based on the
Park transform of voltages and uses a threshold for making a trip decision similar
to the differential energy-based method. This method is threshold dependent and
setting up the value of the threshold is a very critical task. The total harmonic

based method is also a threshold-based method that faces the same drawback as the

13



voltage-based method. The phasor-based method uses the information on pre-fault
and post-fault phase angles and has an advantage over other methods but it can only
be implemented in grid-connected mode as the angle variation cannot be relied upon

during islanded mode.

2.4 Literature Survey on Adaptive Protection

methods

From the above discussion, it is evident that adaptive protection is a justifiable so-
lution for microgrid protection. This research work involves dwelling further into
adaptive overcurrent protection, developing protection logic, and testing the same on

modified IEEE test buses using OPAL-RT as a real-time digital simulator.

[17) performed a detailed literature survey for adaptive protective schemes for mi-
crogrids till the year 2014. The following section gives a summary of his literature

survey.

Adaptive protection can be broadly classified into overcurrent and multi-function
protection groups. The use of overcurrent protection is more than distance and dif-
ferential protection in the distribution system, hence there are more publications in

the overcurrent protection group|[I7].
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2.4.1 Adaptive Multifunction Protection System

[18] included an algorithm to achieve voltage control, grid reconfiguration, and pro-
tection applications which need further consideration for solving multi-objective op-
timization. [I9] protection design executed the unification of modern digital sub-
stations, de-risking schemes, and self-contained modules. [20] discussed adaptive
distance relaying scheme which attenuated the adverse effects of STATCOM in trans-
mission lines. [2I] put forward the use of central control and monitoring system as an
adaptive relay setting strategy, wherein an investigation of protection strategies for
adaptive safety protection in grid-connected and islanded modes at different faults
was done. [22] worked out an online adaptive technique that helped in the setting
of overcurrent relays in high voltage substations which eliminated the employment
of communication infrastructure. Based on a centralized controller, [23] proposed
adaptive multi-function protection system addressed issues such as selection of alter-
native setting groups, components, and system architecture; system configuration;

and programmed logic.

2.4.2 Adaptive over-current protection

[24] proposed an algorithm that facilitated the self-adaptive response of relays to
the changing conditions. [25] developed a topology detection technique with accept-
able execution times for topology identification. [26] setting group method allowed
comparison of the magnitude of the relay input current and the threshold value for
verification of the fault status in the power system. [27] lodged a protection system
which upon the need of a change of the distribution system conditions into grid, island,

and losing generator modes, updated the trip characteristics of relays. Rather than
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using communication to adapt the protection settings to the changes in the grid, [2§]
measured only local information. In this method, the relay settings were calculated
offline and updated online according to the detections. Hierarchically Coordinated
Protection (HCP) approach provided intelligence to directional overcurrent relays in
[29], improved protection system tripping dependability, and mitigate effects of the
complex grid. [30] was concerned with the adaptation of numerical relay settings to
the microgrid status. Overcurrent relaying scheme in [31] detected the microgrid’s
mode of operation with no delay time. A self-adaptive algorithm for remote setup of
any overcurrent devices was suggested by in [32]. [33] used inverse time overcurrent
relay, re-closer, and sectionalized to present protection of overhead distribution feeder
system. Unlike traditional distribution networks, whose protection system was based
on time and current coordination of inverse time overcurrent protection devices, pro-
tection scheme in [34] demonstrated a self-adaptive method. The under-reach fault
currents and the faults were detected and compensated by relays to adapt to the
overcurrent protection scheme. A protection coordination approach in [35] allowed
restoring of directional and inverse time overcurrent relay coordination concerning

the varying fault current.

Adaptive overcurrent protection evolved much further after 2014 and the following
section dwells into the work done by various authors on adaptive overcurrent protec-
tion, This literature survey was done on IEEE exploration from 2013 to the present

date.

[36] reviewed the available adaptive protection schemes till the year 2013 and elabo-

rated on the sustainability of operation in smart grid.

[37] presented a fault analysis of a practical university campus microgrid and proposed
a method using information sharing technique through communication channels to

protect the microgrid.
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[38] proposed optional relay coordination method with adaptive protection scheme.
He tested it on two different DG penetrated networks on a HIL testbed and suggested

implementing these algorithms to achieve a high rate of convergence.

[39] employed a dual simplex algorithm to evaluate time multiplier setting and time
of operation of relay for any microgrid topology using a lookup table which facilitated

appropriate relay coordination.

[40] proposed standardization of exchanged data in the microgrid using IEC61850.
It lets the user define a new logical node and does not have any limitation on relay
type. This paper elaborated on the usage of IEC61850 for adaptive relay settings

considering all the grid dynamic scenarios.

[41] treated the protection coordination problem as a linear programming problem
considering different operating states and trains an artificial neural network with real-
time measurements to detect a fault on the line. The testing performed suggested
usage of estimation model along with adaptive overcurrent protection scheme that

can modify relay setting for new state accurately.

[42] proposed a hybrid adaptive overcurrent and differential protection scheme for
grid-connected and island mode. This scheme implements adaptive overcurrent re-
lays to protect individual feeders whereas differential relays protect load buses. The

scheme is validated in the time domain using a microgrid on EMTP.

[43] presented an adaptive protection scheme based on a modified particle swarm
optimization algorithm is tested on IEEE 14 Bus system by adding distributed gen-

erators.

[44] proposed an adaptive overcurrent protection scheme based on fuzzy logic decision
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making and tests the same in a modified CIGRE test microgrid using a real-time

digital simulator.

[45] presented an automatic adaptive protection strategy for the microgrid. The
proposed strategy uses pre-calculated settings for overcurrent protection developed in
DigSILENT. The setting adjustment is performed to keep coordination time interval

the same in grid-connected as well as islanded mode.

[46] demonstrates an adaptive protection scheme for inverter interfaced distributed

generators in MATLAB Simulink for the microgrid.

[47] proposed an adaptive overcurrent protection scheme to protect the entire micro-
grid without modifying the existing protection scheme of the main grid. This scheme

was based on data collected from a microgrid central controller.

[48] proposed a hybrid adaptive protection strategy which involved adaptive over-
current as primary scheme backed up by total harmonic distortion detection method
which takes over in case of failure of the primary scheme. The author also proposed

an additional non-communication backup algorithm based on voltage measurement.

[49] proposed an adaptive overcurrent protection scheme for a microgrid with contin-
uous monitoring, identification of states, and relay setting updates based on informa-

tion collected from the microgrid control center.

[50] developed an adaptive overcurrent protection scheme for a grid integrated solar
PV microgrid. Author also performed the coordination of primary and backup relay

for three fault scenarios in a microgrid.
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2.4.3 Adaptive Protection Algorithms

[49] proposed an algorithm for grid-connected and islanded mode in which the voltages
and currents are constantly monitored and sent to Microgrid Control Center (MGCC).
The MGCC monitors positive sequence components for 3 phase faults whereas it
detects negative and zero sequence components for phase and ground faults. At the
instant of fault, the MGCC communicates with the respective feeder to clear the
fault and monitors whether it clears the fault. If it is unable to clear the fault then it
waits for the specified time delay and opens up the main breaker at PCC to bring the
microgrid in islanded mode. Now the algorithm for islanded mode comes into play
and trips the breaker. In this state rest of the sources should be able to feed the local
load. if the microgrid is stable, the MGCC sends a close command to the breaker at

PCC when the re-connection conditions are satisfied.

In the case of grid integrated solar PV microgrid, [50] proposed an adaptive over-
current protection scheme in which the pickup value for phase overcurrent element is
based on the state of the microgrid. This method was designed and tested in Matlab.
The method was tested for two modes of operation, grid-connected and islanded. The
pickup values depend upon the state of the grid and as per the simulations, the fault
current in islanded mode was very less as compared to grid-connected mode. This
adaptive algorithm is used as a basis to develop an adaptive logic for this project.
Although this method was not tested by the author on the actual relays, the same is
tested with SEL-351S relay in real-time using OPAL-RT for this project.
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2.5 Summary of Literature Survey

The literature survey conducted gave an insight into different adaptive methodolo-
gies currently available for microgrid protection. These methods address the problem
by implementing different strategies. Some of these methods are practically imple-
mented while others are just simulation-based and are not tested on actual relays.
The adaptive settings group change method is the most popular method to perform
adaptive settings on SEL relays. This methodology is not exhaustively tested in real
time using hardware in loop techniques as seen from the literature survey performed.
Also, the shortcomings of adaptive settings group change method are not looked into

by researchers. Specifically, time delays in group changes are not addressed.

Thus, there is a need to test this adaptive method in real time using hardware in
loop techniques and analyze the shortcomings of this method. This project tests the
performance of the group change algorithm and then develops a unique algorithm
that avoids the drawback of the group settings change algorithm. The hardware used

and methodology development are discussed in the next chapter.
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Chapter 3

Methodology

In this chapter, the hardware used to perform the research is described in sufficient
depths. It starts with the description of OPAL-RT as a real-time digital simulator
and then describes the SEL-351S relay along with its application in the power system.
Further, this chapter explains the methodology used to interface the SEL-351S relay
with OPAL-RT analog and digital input/output cards to connect the SEL-351S relay
in the loop. It further describes the protection issue under study, the test setup, and

adaptive settings change algorithm development.

3.1 OPAL-RT

It is always beneficial to test and evaluate the system’s performance before it is
implemented. There are systems already available that test the algorithms or device
settings on a software platform. But these tests don’t validate the performance of the

equipment on which it will be implemented. Thus full-fledged testing is not possible
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with the software platform. To overcome this drawback of software testing, real-
time testing was developed which would test the equipment along with its setting
parameters before it is implemented in real practice. Real-time simulation refers to a
computer powerful and capable enough of executing a simulated model on the actual
system with the reflection of changes in the actual physical system in synchronized
time. In the case of the Power system to observe, study and control the behavior of
actual equipment such as a numerical protection relay in a complex power system,
real time digital simulators can be implemented which are known to provide a safe,

accurate and efficient environment to test the system before implementation [51].

There are few real-time simulators available in the market but OPAL-RT is one of
the world leaders in real-time digital simulators which are based on FPGA (Field
Programmable Gate Arrays) models. It is more technically viable and is known
for its fast reliable operation and performance [51] [52]. OPAL-RT has multi-core
computers which are optimized for parallel computing and are based on FPGA chips
that can achieve maximum accuracy. There is a range of portable, high-performing
real-time simulators which is developed by OPAL-RT specifically designed for power
system protection engineers. The simulation environment is capable of performing
complex model-based test scenarios as well as basic functional tests and can provide
input-output arrays for connecting numerical relays for real-time testing. Apart from
hardware packages, OPAL-RT offers software packages that come along such as RT-
Lab, eMEGAsim, HYPERsim, ePHASORsim, and eFPGAsim [53].

3.1.1 Hardware Description

The hardware that is being used in this research is OP5600 which is an OPAL-RT

Versatile simulator. It is a complete simulation system that contains a powerful target
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computer, a re-configurable FPGA along signal conditioning for up to 256 1/Os which
operates on Spartan 3 or Virtex 6 FPGA platform. Figure shows the front view
of OP5600 Chassis whereas Figure |3.2] shows the rear-view. The front side consists of
RJ45 Monitoring interfaces and monitoring connectors, whereas the rear side of the
chassis provides access to the FPGA monitoring connections and all I/O connectors,
power cable, and main power switch. The interfacing ports are divided into groups 1
to 4 and each group further is subdivided into A and B subsections. Rear ports have
DB37 pin connectors which are used to interface the hardware with OP5600. The

front RJ45 ports are only used for monitoring purposes.
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3.1.2 RT-Lab

RT-Lab is the software interface that allows models developed in MATLAB Simulink
to be executed on OPAL-RT core and the resultant signals sent or received from ac-
tual hardware that is connected to OP5600 Analog or Digital Input/ Output ports.
RT-Lab is fully integrated with MATLAB Simulink which makes it ideal for engineers
for developing their systems rapidly and validating their application in real-time irre-
spective of the complexity in the system. RT-Lab allows better control, visualization,

access, and customization of simulation projects in real-time [53].

RT-Lab has customizable dashboards, which indicate system behavior at a glance.
RT-Lab also has a wonderful feature called parallelization which allows the distri-
bution of complex models involving complex calculation over different cores of the
target computer resulting in faster simulation response times. RT-Lab offers a rich
array of communication protocols as well as Input-output flexibility for easy and quick

interfacing with test equipment [53].

Figure[3.3|shows the home-screen of RT-Lab. Real-time testing using RT-Lab requires
a user to follow four steps: Edit, Compile, Execute and Interact. Different sections
of the screen and different tabs in the particular section of the screen are used to
perform the above-mentioned steps in RT-Lab. Each of these steps is very crucial to

the successful implementation of real-time testing and is described below.

Edit

During the editing phase, the model is either made from scratch on a blank MAT-
LAB Template opened through RT-Lab or imported into RT-Lab from MATLAB
Simulink file. The model has to be made RT-Lab compatible which is very important

24



[ RT-LAB V11356125 - X
File Edit Mavigate Search Simulation Tools Window Help

o CEEE [B-id-RoBi@ - [Quick accese]| g ||
[ Project Explorer 53 E&Ed ¥ =0 (& Mimogid || IEEESBus [w) IEEE_13Bus {3 | [w] IEEE_5Bus Testing [w] IEEESBus_DG = Target_50 =g
vy Targets ~ (@ Overview 1message detected ~

o Terget 50 ; ;
i Tocalhost General Information Preparing and Compiling
(5 13Bus MG Name: IEEE_13Bus |3 Edit the model.

0 4o Path: C:/Usersimdaamir-adm/OPAL-RT/RT-LABv11.3 Workspace/Main b ] Sctthe development properties.

[ AadamsBus —
B Aadam_Adaptive settings MATLAB: R20178 [ Build the model,
I Anzlag_In State:y Not loadable <Not compiled> [ Consult result in the Compilation View
L Basic_Trail Description: | 48 Assign targets to subsystems,
O pio X
LI First_Project Executing
[l [ Set the execution properties.
E,; 10Dema @ Losd the model
v (8 Main_Model
v iz Models [P Execute the model.
~ [} IEEESBus -> Target_50 <Invalid assignation> [0 Pause the model.
[2 Aliases Reset the model.
& Oplnputs & OpOutputs
) sc_Console Interacting

23 sm_master <Target is down>
[} IEEE_13Bus <Nt campile
() IEEE_5Bus Testing Mot comp
[} Microgrid -> Target nvali ignations

%) NewComposite_14BusMicrgrid <Nt compiled>» IEEE_13Bus - Main_Model
E@ /0 Interfaces

2 Onen the Console in Simulink.
Overview | Development | Execution Variables | Files| Assignation | Diagnostic| Hardware | Simulation Tools

[T Properties 53 i

&
q

=g

o
Resource | Property value

g Progress 5 % =18 v 1- Execution

environment variables
No operations to display at this time. p
les

performance
real-time

v 2- Simulation tools
Console
MATLAB
RTW

 3-Diagnostic
debugging
monitering

v 4- Development
Compiler
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for a model to run in RT-Lab. To do this, the model is broken down into two main
subsections called master and console. The master subsection has to be named as
sm_Master which contains the part of the model that involves computation of ac-
tual system parameters. The console subsection is to be named as sc_console which
contains the part of the model which has scopes and control parameters that can
be changed while the simulation is running in RT-Lab. In this mode, the model is
checked for any errors while in MATLARB so that errors don’t get carried over to RT-
Lab. It is also crucial in this mode to modify the model following RT-Lab guidelines
for including interfacing blocks from the RT-Lab toolbox.

Compile

The model compilation is done after the editing phase has no errors in MATLAB
Simulink. The model is built in RT-Lab once the development parameters are set in

RT-Lab. The target PC is assigned to the model in this step. The build command
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generates a C code from the MATLAB model. This code is then sent onto the target

computer and assigned to its CPU core.

Execute

To execute the model on the target PC it is important to set the Execution parame-
ters. Figure shows the tab in RT-Lab where the execution parameters are to be
set. There are two main modes of execution; Software Synchronized and Hardware
Synchronized. Software synchronized mode doesn’t require hardware to be in the
loop and is mainly done to test the model before interfacing it with real hardware.
Hardware synchronized is the mode where actual hardware is present in the system.
This mode requires the MATLAB model to have correct input-output blocks assigned
to respective input-output cards of OPAL-RT.

Execution Properties

Real-Time Properties Performance Properties

Target platform: OPAL-RT Linux (x86-based) ~ Enable detection of overruns
. . . - Action to perform on overruns: Continue
Real-time simulation mode: Software synchronized ~

Real-time communication link type: UDR/IP Perform action sfter N overruns: 10

MNumber of steps without overruns: | 10
Time Factor: | 10 v|

Stop Time [s]: | Infinity

Pause Time [s]: | Infinity

Overview | Development | Execution | Variables Files| Assignation | Diagnostic | Hardware | Simulation Tools

Figure 3.4: RT-Lab Execution Parameters

Interact

After the model has successfully executed, a console window of MATLAB Simulink

will open up. This window will show the scopes and control inputs. The user can
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vary the control parameters in real-time and see the effects of it on actual hardware

in real-time.

3.2 SEL-351S Relay
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Figure 3.5: SEL-351S Relay

SEL-351S Relay is an advanced distributed feeder solution with integrated protec-
tion, monitoring, and control. It is a complete distribution protection system that is
implemented to protect lines and equipment using phase, negative sequence, residual-

ground, and neutral-ground overcurrent elements with directional control [54].

SEL-3518 relay is best suitable for distribution system protection, monitoring, and
control. Its overcurrent functions with the availability of directionality can be imple-
mented to protect any power system circuit like lines, feeders, breakers, transformer,
even generators. Directional power elements in the relay make it suitable for utility
and customer interface protection where customer generation is present; also known

as distributed generation. Figure [3.6| shows different applications of SEL-351S relay

[55].

27



Tramsmission Bus

i
i
. .
s
Trip and i =
Close
R
SEL-3515
toffrom |
remote | =+—1 T Comm.
terminal BX Equip !
i
Transmission Transformer Bank ‘
Lime Protection Protection i Distribution Bus
and Reclosing H i Protection
T ; i

IDistriburion Bus

Fast Bus Trip Scheme

L=A515

ABC

Core-Balance

_"_.#" P
Utiliry Digvribution Feeder | ___ o __. {52 Current Transformer
Protection and Reclosing Trip and
L} Cloge
3
Vanc
“fiip
s
! Indusrrial Matriburion
Vs Distributed Generarion ' Feadar Protestion
' L1
SEL-3515 ] i Line
- % Kecloger =
Vine 1 I
Line Recloger ——p

Insmallations

Figure 3.6: SEL-351S Relay: Application in Distribution System

28



3.2.1 Protection Functions

SEL-351S has different protection functions which make it a popular relay among

protection engineers. Figure shows the ANSI device numbers associated with the

protection and control functions that are available on the SEL-351S Protection Sys-

tem. It also shows a list of the standard and optional monitoring and communications

features. The relay has various protection functions and each function takes input for

its operating quantity from the respective instrument transformer as shown in Figure
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3.2.2 Relay Hardware

Figure shows the front and rear views of the SEL-351S relay. It has user-
configurable push buttons and LED’s in the front and multiple input-output contacts
in the rear which can be used to create tripping/ closing logic in the relay. The status
of breakers and other devices can be interfaced through the input contacts whereas
the output contacts can be used to trip the associated circuit breakers. Apart from

that, it has different communication channels such as serial, Ethernet, fiber [56].
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Figure 3.8: SEL-351S Relay: Front and rear view drawings

Figure shows the typical wiring diagram for interfacing the instrument transform-
ers and breaker coils with the relay. The external CT outputs are fed to internal CT
inputs within the relay and external PT outputs are connected to internal PT inputs.

The output contacts need external wetting voltage whereas the input contacts have
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internal wetting voltage.
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3.2.3 AcSELerator Quickset

SEL has its software package that comes along with all of the relays. This software
is used to perform the relay settings, monitor the operation, and control the relay

outputs. ‘AcSELerator Quickset’ is the software created by SEL and is user-friendly
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software. Figure [3.10] shows the homepage of AcSELerator Quickset. The relay is to

be connected through the front serial port or Ethernet ports at the rear using the

communication tab and setting the serial, network, or modem setting parameters.

Once connected, the settings can be read from the relay, modified, and then sent

back to the relay.

QUICKSET

Settings

=
™

New

Create new settings

Read

Read settings from a comnected device
Open

Open previously saved settings

Device Manager

©Open Device Manager

Communication

Configure communication parameters ft

Manage
Manage offine settings and datab

Update

Install and update Quickse re and drivers

Figure 3.10: SEL-5030 AcSELerator Quickset Homepage
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3.2.4 Relay Testing Methods

After developing the relay settings, it has to be tested before it is implemented in the
system. This is done to ensure its operation during an event on the actual system.
There are different testing devices available on market today out of which ‘Doble’
and ‘Omicron’ are the most popular ones. These testing devices are used to inject
currents and voltages into the relay to simulate a faulty condition and observe the
relay operation under these conditions. The outputs of these testing devices are
connected to the CT/ PT input terminals of the relay designated as Ia, Ib, Ic, In; Va,
Vb, Ve, Vn. The values of currents and voltage to be injected are either calculated
manually or found out from short circuit studies software like ASPEN or ETAP.
These are to be entered manually into the Doble and Omicron interface software to

be injected into the relay.

SEL relays have one more feature called low-level testing interface which was devel-
oped by SEL for relay testing at low values of voltages and currents. SEL Adaptive
Multi-channel source (AMS) is used to test the relays through a low-Level test inter-
face. The low-level test interface bypasses the CT, PT board in the relay which is
used to step down the voltages and currents to very small magnitudes. This bypassing
facilitates relay testing at very low voltages of the order of millivolts. This is a very
important advantage for testing the relays in real-time as OPAL-RT can only output
voltages up to a maximum of 16 Volts. This interface allows injection of up to 9 volts
peak to peak voltage. The values of voltages and currents are manually entered into
the AMS test software and the software internally steps down the values by using a
scaling factor provided in the relay instruction manual. These scaling factors vary
with the relay model being used and are to be entered into AMS test software before

testing.
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3.3 SEL-351S Relay in loop with OPAL-RT

Interfacing OPAL-RT with the SEL-3518S relay requires opening the relay front panel
and disconnect the ribbon cable coming out from CT/PT board to the main-board
and connect the ribbon cable from OPAL-RT directly to the main board of the relay.

The relay has pins of ribbon cable termination as shown in Figure [3.11] [56].

Figure 3.11: Low level interface of SEL-351S relay

The outputs from the OPAL-RT analog channel have to be interfaced with the re-
spective input pins on the low-level interface of SEL-351S. Figure |3.12 shows the
interfacing diagram that is required to be followed to interface SEL-351S relay with
OPAL-RT. There are two parts of interfacing, the analog channel interface, and the
digital channel interface. The analog outputs from OPAL-RT analog output channel
are interfaced with the low-level voltage and current input signal interface on the
relay main-board as in Figure|3.11] The details on interfacing is discussed in sections
and [£.1.3] The digital outputs from OPAL-RT are required to be input into
the relay to switch the relay settings during different operating modes. The digital
output contacts of OPAL-RT do not output voltage, thus a voltage source is to be
connected in series with the contacts so that the relay can detect this input signal.

For this model 24V, DC source was connected in series as shown in Figure [3.12]
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Figure 3.12: Interfacing SEL-351S relay with OPAL-RT
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3.4 1IEEE 5 Bus with DER

IEEE 5 bus system was chosen as the base test system for this project which was
modified further to convert it into a microgrid. Sections [4.1] and describe the
model development and implementation of this test bus system for real-time time
testing with and without distributed generators. Figure [3.13| shows the Single Line
Diagram of a modified IEEE 5 bus system to operate as a microgrid. This microgrid
can operate in Grid-connected and Islanded mode depending on the state of Circuit
Breaker at PCC which is at Bus 2 as shown in Figure [3.13] Protection issue arises
when the microgrid state changes from grid-connected to islanded mode as discussed

in Section

Swing
Source

| Load 3 I

Bus1

-
Bus 4

L35

Bus 5

Bus 2
| Load 2 |
| Load 5 I

Main Grid

Figure 3.13: Single Line Diagram of Modified IEEE 5 Bus Microgrid
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3.5 Algorithm for Adaptive Settings change

To tackle the above mentioned protection issue, different authors proposed different
methods which were discussed in Section [2.4, Adaptive protection algorithms are the
ones that can solve the protection issue depending on the state of the microgrid. This
requires switching relay pickup settings depending on the microgrid states. Thus, for
example, the pickup setting for relay should be ‘X’ when it is in grid-connected mode
and it should be ‘Y’ during the Islanded mode. This method overcomes the issue of
the relay being not able to detect the fault in the Islanded mode of operation. The

following sections describe the settings change algorithm.

3.5.1 Settings Group Change

The issue of non-operation during islanded mode and its solution discussed above
can only be practically possible if the settings change were to happen in real-time
depending upon the status of the microgrid. The status of PCC circuit breaker and
DG circuit breakers can be used as an input to the relay to initiate the settings
change. This is possible in the SEL-351S relay by taking the status of input contacts
and assigning their status to settings group selection setting in the relay. This is
shown in Figure where the status of input contacts IN101 to IN106 is used to
change each corresponding setting group. The input contacts require a DC supply
wired in series with them as these are Opto-Isolated Contacts and require an external

wetting voltage.

The relay also has a setting called group change delay, where a user can set a time.

Although this is highly undesirable in the real-time settings group change it is found
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Setting Group Selection Equations

Select Setting Group 1

51 |10l

Select Setting Group 2

52 (102

Select Setting Group 3

53 103

Select Setting Group 4

554 [M104

Select Setting Group 5

55 [M105

Select Setting Group &

56 (10|

Figure 3.14: Settings Group Change

Optoisolated Input Timers 101 through 106

Input IN_ Debounce cydes (cyc)

101D Range = 0.00 to 2,00, AC

Input IN_ Debounce cydes (cyc)

IN102D (0,25 Range = 0.00 to 2.00, AC

Input IN_ Debounce cydes (cyc)

IN103D (0,25 Range = 0.00 to 2.00, AC

Input IN_ Debounce cydes (cyc)

IN104D (0,25 Range = 0.00 to 2.00, AC

Input IN_ Debounce cydes (cyc)

IN105D (0,25 Range = 0.00 to 2.00, AC

Input IN_ Debounce cydes (cyc)

IN106D (0,25 Range = 0.00 to 2.00, AC

Figure 3.15: Input Debounce

useful for certain other applications. The input contact has a setting called input

debounce timer which is shown in Figure [3.15

This is used to avoid nuisance op-

eration of relay logic due to transient assertion of input contact due to noise, radio

interference, chattering, etc.

3.5.2 Adaptive Settings without Settings Group Change

A unique approach was implemented and tested to overcome the issue of the system

being protection less during settings group change process interval. This method

involved the use of different pickup levels of instantaneous overcurrent pickup in



the case of the SEL-351S relay. Figure [3.16| shows the multiple pickup settings in
the SEL-351S relay. The number of pickups that can be set up are six which are
50P1P to 50P6P. The instantaneous overcurrent (50) element pickup values for Grid
Connected, Islanded with Solar, and Islanded with Wind were input into 50P1P,
50P2P, and 50P3P respectively. Also, a time delay can be provided to these pickups
to achieve protection coordination in case of downstream relay. The internal logic
of these elements was used to create an algorithm to have multiple pickup settings
without a need to change the settings group. Each of instantaneous overcurrent
element (50) pickups has the internal logic built within the relay as shown in Figure
B.17

Phase Overcurrent Elements

Phase Overcurrent Element Settings

ESOP Phase
| Select: N, 1-6

I

Phase Instantaneous Overcurrent Elements

S0P1P Level 1 (A,sec)
37.55 Range =0.25 to 100.00, OFF

S50P2P Level 2 (A, sec)
3.88 Range = 0.25 to 100.00, OFF

S0P3P Level 3 (A,sec)
3.92 Range = 0.25 to 100,00, OFF

S50P4P Level 4 (A,sec)
OFF Range = 0.25 to 100,00, OFF

S0PSP Level 5 (A,sec)
OFF Range =0.25 to 100.00, OFF

S0PGP Level & (A, sec)
OFF Range =0.25 to 100.00, OFF

Figure 3.16: Multiple Instantaneous Pickup levels in SEL-351S

The 50P1 bit is logical ‘AND’ with E32N which is a directional enable bit and 67P1TC
which is a directional torque control bit. The value of E32 is set to 1 if it is disabled
which means there is no directional supervision over 50P. Torque control (67P1TC)
is typically kept to logical 1. With these settings at logic 1 50P1 is the same as 67P1.

The torque control bit was put to use to develop an adaptive algorithm. There are in
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Level 1 < Directional Control —
{Setting .

‘ - } 67P1T
ESOP = 1) {Level 1) {asserted to logical 1 — A 0

continuously if E32 = N)
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Figure 3.17: Relay Internal logic for Directional Supervision over 50 Element
all four different ‘AND’ gates within SEL-3518S relay which are identical as shown in
Figure 3.17 67P1TC to 67P3TC were given the input contact status bits IN101 to

IN103 respectively which is shown in Figure [3.18] The above-discussed method was
tested and the results of which are discussed in Chapter [5

Torque Control Equations

Torque Control Equations for Overcurrent Elements

67PITC Level 1Phase
101 |[=

67PZTC Level 2 Phase
[N102 |[=

67P3TC Level 3 Phase
[N103 | [=

Figure 3.18: Torque Control
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Chapter 4

Implementation

This chapter deals with the implementation of IEEE test model for real-time testing
of SEL-3518S relay using OPAL-RT. The IEEE test models are modified following
OPAL-RT requirements and then the relay is interfaced as the hardware in the loop.
The same test bus is then modified to include Distributed generators which affect
relay operation. Moreover, a settings change algorithm is developed and tested to

ensure reliable relay operation during the presence of distributed generators.

4.1 IEEE 5 Bus System

IEEE has developed a standard bus system to test different scenarios in the grid at
different voltage levels. IEEE 5 Bus system is shown in Figure [4.1} It consists of two
generators, seven lines, 5 buses, and four loads as can be seen from the Figure {4.1]
Transmission line parameters connecting the buses are shown in Table These
values are in per unit with a suitable base power of 100MVA and 10kV as voltage
base [57].
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Bus 1 Bus 3 Load 3 luiid 4
I L1-3 | | L3-4 | Bus 4
L1-2 L4-5
Bus 2
Load 2 Load 5
52
Figure 4.1: TEEE 5 Bus System
Table 4.1
Transmission Line parameters of IEEE 5-Bus system in per Unit
From .
Bus To Bus | Resistance Reactance Conductance| Susceptance
1 2 0.02 0.06 0 0.06
1 3 0.08 0.24 0 0.05
2 3 0.06 0.18 0 0.04
2 4 0.06 0.18 0 0.04
2 5) 0.04 0.12 0 0.03
3 4 0.01 0.03 0 0.02
4 5) 0.08 0.24 0 0.05

The 5 Bus test system discussed above was modeled in MATLAB Simulink and was
used as a base case for the developments in this project. The 5 bus system was
selected as it is a simple system and can be modified into a microgrid which was the

main requirement for this project. Table shows the bus parameters for IEEE 5
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Bus with its sources and loads. Load flow was performed on the developed system.
Then the system was modified in order to make it suitable to test on the OPAL-RT

interface which is discussed in the following sections.

Table 4.2

Bus Data for IEEE 5-Bus system

Bus No. Bus Voltage Generation (MVA) | Load (MVA)
1 1.06-+j0.0 0 0

2 1.040.0 40 1330 20 + j10

3 1.0+50.0 0 45 + j15

4 1.0430.0 0 40 + j5

) 1.0+30.0 0 60 + j10
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4.1.1 Modifications to implement SEL-351S relay in loop

SWING é LOAD 3 LOAD 4
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Line 23
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B Line

Line 25

BUSS

- IEEE 5-Bus System Model

Figure 4.2: IEEE 5 Bus Model Simulink

IEEE-5 Bus system cannot be directly used as a test bench for the relay in loop
technique. There are certain modifications that are to be done in order to make
the model function properly. First thing is to verify whether the model created in
MATLAB Simulink is continuous or discrete. If the model is continuous, it has to be
changed to discrete as OPAL-RT works on fixed time steps. Furthermore, the discrete
model should have a time step not smaller than 20 microseconds. For this project,
a time step of 50 microseconds was chosen in order to not have overruns and long
processing time. The IEEE 5 bus model was referred from the MATLAB standard

database and was modified to a discrete one.

Figure [4.2 shows the referred model in Simulink. This model was modified to a dis-
crete model as shown in Figure Also, the model was modified to include Circuit
Breakers at each line as well as V-1 measurement blocks. The signals measured were

used to send current and voltage input signals to the SEL-351S relay through the
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Figure 4.3: IEEE 5 Bus Discrete Model Simulink
OPAL-RT analog output interface. The details of this will follow further in this sec-
tion. The main modification required to run the model on OPAL-RT target PC is
to divide the model into two subsystems. This was done as per the recommenda-
tion of OPAL-RT. The two subsystems created had to be named as sm_Master and
sc_Console. The sm_Master subsystem is the one that contains the whole IEEE 5
bus model, whereas sc_Console consists of all the display scopes and real-time state

control inputs.

Figure [4.4] shows the division of the model into Master and Console along with the
interconnection between the two. Figure [4.5 shows the components of the console
subsystem which consists of manual switches used for breaker control, mode control,
and fault control; analog output and digital input scopes. The OpComm block is
used from the RT-Lab module of MATLAB Simulink which is very essential in order
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sm_master sc_Console

Figure 4.4: Master and Console

to transfer data to and from the separate subsystems (sm_Master and sc_Console).

A three-phase fault block was used to create different types of faults in the sys-
tem. The trigger for this was provided externally from the signal coming in through

sc_Console subsystem. These blocks were placed at different locations in the system.

4.1.2 AIO and DIO configurations

In order to test actual hardware in the loop (SEL-351S relay in this case), the real-time
simulation model was selected as hardware synchronized. Input-Output configuration
was required for the system to run in hardware synchronized mode. ‘OpCtrl’ block
was used to direct the signals from Simulink to input-output channels of OP5600

(target PC in this project).
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Figure 4.5: Console
OPAL-RT provided a bitstream file and its directory along with the system documen-
tation CD. This bitstream file was copied to the directory where IEEE Bus model
was saved on the Host PC. This was very important as the model will not run if the

file is missing. Figure 4.6 shows the configuration of OpCtrl block.

OPAL-RT CD also provided a .conf file which consists of analog and digital input-
output configuration at different slot, section, and subsection. This is shown in Figure
4.7l This configuration file comes with each OPAL-RT package and is a depiction of
the customized user requirements. It shows all the analog and digital input-output

configurations in the hardware.
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12
13
14

OpCitrl
Board index: 0 Error
Board type: OP5142 IDs
Board mode: Master

Block Parameters: OpCtrl
OpCtricommonMask (mask) (link)

This block controls the programming of cne OPAL-RT cards, its
initialization and the selection of the hardware synchronization

mode of the card. It also enables binding of Send/Recv and I/O
blocks to that specific card.

Only one OpCtrl block must be found for each card used in the

model. Use OpLnk blocks blocks in

Parameters

Controller Name

Board ID

Primary Bitstream FileName

['opctrt I

lo B

[oP5142_1-EX-0000-2_2_0_299-16Ai0_32DioStatic-01-01.bin

Configuration Number
-1

[] Generate External Clock
Sample Time (s)
[50e-6

Synchronization mode | Master -

Board Type OP5142 -

Cancel Help Apply

Figure 4.6: OpCtrl

0OP5142_1-EX-0000-2_2_0_299-16Ai0_32DioStatic-01-01.conf

[+

PortHame Description Slot Section SubSection Count Size

DataInl RO 1 R 1
Datalnd ete] 1 B 2
DatalIn3 Do 2 B 1
Datalnd Do 2 B 2
Datalns Do 2 B 3
Datalné DC 2 B 4
DataCutcl AI 1 B 1
Datalut2 AT 1 B 2
Datalut3 DI 2 A 1
DataCut4 DI 2 B 2
DataCuts DI 2 Y 3
DataCute DI 2 R 4

Figure 4.7: Input Output Configuration file
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1
1

Figure [4.8 shows the analog out configuration window in MATLAB Simulink. The

controller name is ’OpCtrl’ this should be the name given to the ’OpCtrl’ block con-

figured previously. Data in port number is the port name assigned to each subsection
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1Volts Slot 1 Module A Subsection 1

Block Parameters: AnalogQut X
OpFcnCommenAnalogOut (mask) (link)

This block is used to transmit to a physical I/O card the voltage values to
be applied to Analog Output channels.

Parameters

Controller Name

| 'opCtrl] IE
DataIn Port number

1 I

Slot infos
Slot 1 Module A Subsection 1

Maximum number of AOut channels controlled by this block
8

Number of ADut channels

8

[] set voltage Range from input port

Voltage range |[-10 ... 10] -

Cancel Help Apply

Figure 4.8: Analog Output Configuration
in a particular slot and subsection. This can be chosen from Figure [£.7 The slot
information and maximum A out channel are automatically assigned by MATLAB.
The quantity of Aout channels can be selected as per the need. The voltage range
is to be selected as the maximum voltage that the looped device can handle. In this
project, it is an SEL-351S relay that can handle around 9 volts. So, a range from -5
to 5 volts was selected. Similar is the process to configure digital out, digital in, and
analog out. The analog output signals from Simulink are sent to the relay via the

ribbon cable connection.
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Figure 4.9: Rear Panel View showing AIO and DIO sections

Simulink blocks

OP5600 /O ID

/0 nomenclature | nomenclature
Slot Group
Module A A
Module B B
Subsection 1 (SS1) (0-7)
Subsection 2 (SS2) (8-15)
Subsection 3 (SS3) (16-23)
Subsection 4 (SS4 ) (24-31)

Figure 4.10: Input Output Nomenclature
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Figure [4.9] shows the rear panel detailing of analog input-output and digital input-
output. It consists of slot, section then sub-section. Figure shows the nomencla-
ture corresponding between Simulink I/O block and OP5600 I/0. To properly link
the signals generated by Simulink to the respective I/O pin it is necessary to perform
/O configuration correctly. RT-lab module of Simulink library consists of analog out,

analog in, digital out, and digital in blocks.

4.1.3 Analog Output signal scaling

Figure [4.11] shows the connection diagram for analog output channel. The current

and voltage signals measured from the test point are input to signal scaling blocks.

Out1 » signal1
labc_2_5 In1 Out2 » signal2
Out3 » signal3
No Connection Ysignald
Aokt 1Volts Slot 1 Module A Subsection 1 ]
Outt———1_ plsignal5 'OpGtrl

> (1)
Vabc_2_5 In1 Ouai’signa"{; i

Analog Out

Out3 ; ——»—]
VST pisignal? OpWriteFile

"1 acq. group 26

No Connection Ysignal8

Figure 4.11: Analog Output Connection

Figure[4.12{shows the scaling for current before signals are injected into the relay. The
signals are divided by the CT ratio which is 1000 for this bus. Now, the signals are
further divided by 50 which is the internal scaling factor for current for SEL-3518S relay.

This can be found in the low-level test interface section of the SEL-351S instruction
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manual. The signals are put through a saturation block in order to protect the relay
against very high magnitude signals. Similar scaling is performed with voltage signals.

The difference being in the value of PT ratio and voltage scaling factor.

> x
141421 |—»{+ (%
1000 —w{s —
50 >+ Out1
i) » »{x
»{x
141421 |—»{s »x
1000 >+ —»
50w+

4
®

141421 —w(+ »x
1000 % —»
50—

Figure 4.12: Current Scaling

4.1.4 Relay settings for IEEE 5 Bus testing

AcSELerator Quickset was used to do the relay settings for the SEL-351S relay. The
settings were done to test faults at the feeder as well as a line. For feeder protection,
inverse time overcurrent elements were implemented. Line relays were coordinated
with a time delay to serve Directional overcurrent Elements as 5 Bus system is a ring

system and has more than one source feeding the fault.

An IEEE 5 Bus system with a base voltage of 10kV was chosen and the loading at
different buses as well as a generation at PV bus was set as per the IEEE 5 Bus load
flow calculations. A breaker and a VI measurement block were modeled for Each line

section and all the sources as well as loads. The breaker operation was externally
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controlled through the console subsystem which is shown in Figure [4.5|

Referring to Figure , Relay at Load bus 5 (Relay 1) was chosen to implement a
feeder protection scheme, and Relay on line 2-5 looking towards load Bus 5 (Relay 2)

was chosen to implement line protection scheme and a backup scheme for Relay 1.

4.1.4.1 Settings for Relay 1

The protection scheme for relay 1 involved setting time overcurrent (51) and instan-
taneous overcurrent (50) elements to protect and isolate the load during a faulty con-
dition. Performing relay settings require information about maximum load current
and minimum fault current. The relay pickup value is set above the maximum load
current but below the minimum fault current for its proper operation. To determine
maximum load current, 5 Bus system was simulated and the current at maximum
load L5 was measured using the VI block. The value of this maximum load current
was found out to be 3449 Amperes at 5868 Volts phase to ground voltage. To find out
the minimum fault current, a single-phase to ground fault was simulated at load 5
terminals. The value of this fault current was noted as 56.47kA. Then a 3 phase fault
was created at the same location to find the maximum fault current value, which was

noted to be 58.53kA.
Time Overcurrent pickup (51P1P) = 1.2 X Maximum Load Current = 1.2 X 3450
= 4140 Amperes (Primary)

CT ratio was selected as 5000/5 which is 1000.
Thus, 51P1P secondary = 4140/CTR = 4140/ 1000 = 4.140 Amperes
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E51P Enable Phase Time-Overcurrent Elements

ES1P Enable Phase Time-Overcurrent Elements
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51P1TD Level 1 Time Dial
1.00 Range = 0.50 to 15.00

51P1RS Level 1 Electromechanical Reset Delay
w | Select: Y, M

I

51P1CT Level 1 Constant Time Adder {cydes in 0.25 increments)
Range = 0.00 to 60.00

51P1IMR. Level 1 Minimum Response (cydes in 0,25 increments)
Range = 0.00 to 60,00

Figure 4.13: 51 Element setting for R1
Figure shows the 51 element settings for R1. There are two 51 Elements in
the SEL-351S relay and users can enable or disable them using E51P. The 51P1P
pickup was set to 4.14 as calculated above. The inverse time curve 51P1C was can be
selected from Ul to U5, C1 to C5. In this case, it was set to U3 which is very inverse
characteristics. The time dial setting 51P1TD was set to 1. No Electro-mechanical

reset time delay was given as there was no Electro-mechanical relay involved.

The time of operation for Relay 1 was calculated using an app-guide [58] which had
an excel sheet to calculate the time of operation. This was a useful tool to perform
protection coordination between relay R1 and R2. Figure |4.14] shows the steps to
calculate the time of operation which in this case for relay 1 was 0.116 seconds. This

time was used to find out time dial settings for relay 2.

An instantaneous overcurrent element was used to operate the relay at maximum fault
currents. The maximum fault current noted for a three-phase fault was 58.53 kA,

so the instantaneous pickup (50P1P) was set to detect 58 kA primary fault current
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Relay and Nominal CT Current
Relay SEL-3515] ~
Nominal CT Current ©

Relay Settings

Nominal Frequency (Hz) 60 -

Pickup current (A sec) 4.14

Curve type =

Time Dial 1.00

Electromechanical Reset (Y, N) N~

Constant Time Adder 0 cycles hd
Minimum Response Time 0 cycles >

Applied Current

Multiples of Pickup (select one) v| 14.13
Amps secondary 58.50
Results

Operate Time (sec): 0.116

Reset Time (sech:

Figure 4.14: Time dial and Time of Operation Calculator for Relay 1
which translates to 58 Ampere secondary with a CT ratio of 1000. Figure in the

appendix shows the complete settings for relay 1 along with the CTR, PTR, and line

settings.
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4.1.4.2 Settings for Relay 2

Relay 2 was located near Bus 2 end of Line 2-5 on the IEEE 5 Bus system. The
primary protection zone for this relay was the protection of Line 2-5 and the backup
protection zone was to provide coordinated backup for relay 1 which was protecting
load 5. This formed a coordination pair and the settings were developed such that

these two relays achieved proper coordination.

Line setting calculation was done from the IEEE 5 Bus data given in [57]. For lines
2-5, the per-unit value of R and X were 0.04 and 0.14 pu respectively. With a System
base of 100 MVA and 10 kV as the base voltage, the Z,s. for the system was calculated

as 1 ohm.

Z=R+jX (4.1)

| Zpul = (0.04* +0.12%)%° = 0.1265 pu (4.2)
|Z] = (0.1265) * 1 ohm = 0.1265 ohms (4.3)
CTR = 1000 ; PTR = 86 (4.4)

Zisee = Z1 (CTR/PTR) = 0.1265 (1000/86) (4.5)
Z1IMAG = 1.4709 Ohms (4.6)

The value of ZIANG was found taking the argument of Z. Zero sequence impedance
was considered as three times that of positive sequence impedance. So, ZOMAG was

found out to be 4.41 Ohms secondary.

To determine the time overcurrent pickup setting (51P1P) for relay 2, the maximum
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load current was noted to be 3046 Amps on the primary. To find out the minimum
fault current, a single-phase to ground fault was simulated at the remote end of Line
2-5 as seen from relay 2. The value of this fault current was noted as 41.11kA. Then a
3 phase fault was created at the relay 2 terminals to find the maximum fault current

value, which was noted to be 49.44kA.

Time Ouvercurrent Pickup (51P1P) = 1.2 % Maximum Load Current
=1.2%3046 = 3655 Amperes (Primary)
CTR =5000/5 = 1000

Thus, 51P1P_secondary = 3655/ CTR = 3655/1000 = 3.6 Amperes

To ensure security the pickup was set to 3.55 Ampere secondary. The relay coordi-
nation was done by choosing the correct value of the time dial. The time dial setting
was calculated by using the app guide [58] and the excel tool for calculating the time
of operation. Figure shows the time of operation calculation for relay 2. The
coordination was done at 42.25kA which was the current seen by the relay during a
three-phase fault at L5 terminals. The time of operation for relay 1 was 0.116 seconds
as shown in the previous section. Thus, the time dial was selected in such a way that
relay 2 operated after 0.3 of relay 1. This ensured proper coordination between the

two relays. The time dial was found to be 3.36 which was used in the relay settings.

An instantaneous overcurrent element was used to operate the relay at maximum fault
currents. The maximum fault current noted for a three-phase fault at the remote end
was 42.5 kA, so the instantaneous pickup (50P1P) was set to detect 42 kA primary
fault current which translates to 42 Ampere secondary with a CT ratio of 1000.
Figure shows the complete settings for relay 2 along with the CTR, PTR, and
line settings. The relay coordination curves generated as an output of the macro tool

is shown in figure
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TIME IN SECONDS

Relay and Nominal CT Current
Relay SEL-351S |~
Nominal CT Current 5

Relay Settings

Nominal Frequency (Hz) 60 -

Pickup current (A sec) 3.55

Curve type U3 -

Time Dial 3.36

Electromechanical Reset (Y, N) | N.Iv

Constant Time Adder 0 cycles =
Minimum Response Time 0 cycles &
Applied Current

Multiples of Pickup (select one) *| 11.30

Amps secondary 42,25

Results

Operate Time (sec): 0.416

Reset Time (sec):
Figure 4.15: Time dial and Time of Operation Calculator for Relay at 2-5
Inverse Time-Overcurrent Curve Inverse Time-Overcurrent Curve

—U3 -_U3
100.00 100.00

V1Y« Y ittt it ettt et it b s it it ittt 1000~ """

1.00 1.00

11.90, 0.4163

IME IN SECONDS

1

14.13,0.1158

0.10 S e —— 0.10

0.01 0.01
1n 100 1000 1.0 10.0 100.0

Figure 4.16: Relay Coordination Curves
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4.2 Modified IEEE 5 Bus System

IEEE 5 Bus system modes were converted into a microgrid with source S2 being the
main grid and the breaker at source 2 as the point of common coupling (PCC). IEEE 5
Bus system model used was at 10kV nominal voltage with S1 as the swing-bus and S2
as the main source. The load was connected to other buses. The model was modified
to include solar PV, wind, battery energy storage to match the load demand. The
load demand was reduced by a factor of 10 at all the loads to reduce the overall power
of the microgrid. This was done to bring the 5 Bus system to depict actual microgrids
present in today’s scenario. There is a wide range of microgrid capacity; right from
kilowatts to several megawatts. NREL has categorized the microgrid types depending
on their size in [59]. The categories are campus/institutional; commercial /industrial,
community, remote and utility.
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Figure 4.17: Microgrid Capacities as per categories

Figure shows the generation cost per MW for different microgrid capacities. For
this project, a community-scale microgrid size was chosen to implement on ITEEE
5 Bus system. This allows testing the relay protection logic on a standard model

modified to depict an actual scale microgrid.
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Source Load 3
Bus 1 Load 4
= B Bus 4
L1-2 L4-5
Bus 5
Bus 2
Load 2
Load 5
Main Grid

Figure 4.18: Single Line Diagram of Modified IEEE 5 Bus Microgrid
Figure shows the single line diagram of the modified 5 Bus microgrid with solar
PV, wind, battery, and slack Bus source used as a reactive power controller. The AIO
and DIO configurations were used the same as in the case of IEEE 5 Bus system. Also,

the console was kept uniform.

4.2.1 Solar PV

Solar PV was modeled using the solar PV module from Simulink library and as an
inverter using MOSFET’s Figure [4.19| shows the configuration of the PV module.
The panels of solar power were selected which gave an output of 414.8 watts and

72.9 volts per module. The total number of series-connected modules was chosen as
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10 and parallel modules as 1000. This resulted in a total generated power of 4.15
megawatts. The input to these modules was given through a constant block and a

rate limiter block.

Block Parameters: PV Array1 X
PV array (mask) (link) ~

Implements a PV array built of strings of PV modules connected in parallel. Each string consists of modules connected in series.
Allows modeling of a variety of preset PV modules available from NREL System Advisor Model (Jan. 2014) as well as user-defined PV module.

Input 1 = Sun irradiance, in W/m2, and input 2 = Cell temperature, in deg.C.

Parameters  Advanced
Array data Display I-V and P-V characteristics of ...

Parallel strings | 1000 ‘ : array @ 1000 W/m2 & specified temperatures -

T_cell (deg. €) [[4525 ]

Series-connected modules per string | 10 '

Plot
Module data Model parameters.
Module: SunPower SPR-415E-WHT-D v Light-generated current IL (A) 6.0978
Maximum Power (W) 414.801 Cells per module (Ncell) 128 Diode saturation current I0 (A) 7.1712e-13
Open circuit voltage Voc (V) 853 Short-circuit current Isc (&) 6.09 Diode ideality factor | 0.87223
Voltage at maximum power point ¥mp (V) 72.9 Current at maximum power point Imp (A) 5.69 shunt resistance Rsh (ohms) 419.7813
Temperature coefficient of Voc (%/deg.C) -0.229 Temperature coefficient of Isc (%/deg.C) 0.030706 Series resistance Rs (ohms) 05371

oK Cancel Help Apply

Figure 4.19: Solar PV Module

Temperature (s -
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Figure 4.20: Solar Inverter

Figure shows the 3 phase inverter connected with solar PV modules. It consists
of six MOSFET’s triggered through a Gate control circuit as shown in Figure At
the output of the inverter, a series RL circuit and a parallel capacitor were connected
in order to smooth out the ripples in the AC waveform generated by the inverter.
The output voltage of the inverter was 800 volts which was then input to a 3 phase
transformer to step it up to 10kV line to line voltage in order to connect it with the
rest of the microgrid. VI measurement block was connected to measure and label

the voltages and currents generated by the solar PV module. Then a circuit breaker
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Grid Feeding Controller
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Figure 4.21: GATE Control Mosfet
was connected and its operation was controlled through the manual switch in the
console subsystem. Figure shows the complete model whose operation was first
individually tested without the microgrid.

oc L
Link1 T

T
e

Figure 4.22: Complete Solar PV model

4.2.2 Wind

Wind power plants were modeled in a single subsystem which had the main circuit
breaker whose operation was controlled through the console subsystem. Figure

shows the complete model within the wind power plant subsystem. It consists of a
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wind energy generator module, a 3 phase transformer, etc.
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0

®—:E§j}.

L=

B
{3 10kw/ 575V B9
c 10*1.75Mva (973 V) DFIG Wind Turbine

18 MW Wind Farm
(12 x 1.5 MW)

Figure 4.23: Wind Power Plant

Figure [4.24] shows the configuration of the wind energy system. Twelve numbers of
1.5MVA wind energy generator modules were connected in parallel. The nominal
voltage of each wind turbine was selected as 575 volts. A setup transformer was used

to step up the voltage from 575 volts to 10 kVolts.

Figure shows the configuration for transformer. Figure shows the under the
masked subsystem of the wind turbine. It has an induction generator whose output
is fed AC-DC-AC converter whose operation is controlled by a wind turbine control

subsystem.
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Block Parameters: DFIG Wind Turbine >
DFIG Wind Turbine (mask)

This block implements a model of a variable speed pitch controlled wind turbine
using a doubly-fed induction generater (DFIG).

Parameters
Number of wind turbines:
I

Display: Generator data for 1 wind turbine A

Nom. power, L-L volt. and freq. [Pn (VA), Vs_nom (Vrms), Vr_nom (Vrms), fn (Hz)]:

[[1.5e6/.9 575 1975 60] IE

Stator [ Rs,Lls ] (p.u.):
[[0.023 0.18] IE

Rotor [ Rr',LIF' ] (p.u.):
[[0.016 0.16]

Magnetizing inductance Lm (p.u.):
[29 I

Inertia constant, friction factor, and pairs of poles [ H(s) F(p.u.) p1:
[[0.685 0.01 3] IE

Initial conditions [s th ias ibs ics phaseas phasebs phasecs]:

[[-02,0 00,0 000] IE

Cancel Help Apply
Figure 4.24: Wind Turbine Configuration

Block Parameters: 10 kVy 575V 10%1.75MVA b4
Three-Phase Transformer {Two Windings) (mask) (link)

This block implements a three-phase transformer by using three single-phase
transformers. Set the winding connection to "Yn' when you want to access the
neutral point of the Wye.

Click the Apply or the OK button after a change to the Units popup to confirm the
conversion of parameters.

Configuration ~ Parameters  Advanced

-

Units | pu

Nominal power and frequency [ Pn(VA) , fn(Hz) ] ‘[20e6 60] | B
Winding 1 parameters [ V1 Ph-Ph(Vrms) , R1{pu) , L1(pu) ] 8
Winding 2 parameters [ V2 Ph-Ph(Vrms) , R2{pu) , L2(pu) ] B

Magnetization resistance Rm (pu) |500 | B

Magnetization inductance Lm (pu) ‘500 | g

Saturation characteristic [ i1, phil; i2, phi2 ; ... J(pu) ; 0.0024,1.2 ; 1.0,1.52 ]

Initial fluxes [ phi0A , phiOB , phi0C ] (pu): [ 0.8 -0.8 0.7 ]

Cancel Help Apply

Figure 4.25: Transformer Configuration
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Figure 4.26: Masked Model of Wind Turbine
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4.2.3 Relay Settings

IEEE Modified 5 Bus system was modeled to form a microgrid. The power of this
microgrid was chosen to be 20 MVA. The loads were adjusted accordingly by reducing
them by a factor of 10 so that the distributed sources are able to match this load
demand. This was done in order to mimic the actual community grids as described in
[59]. The relay settings were changed accordingly by calculating the new pickup values
and coordinating the two relays based on these values. The following sections describe
the relay settings calculation for the Microgrid in grid-connected and Islanded modes.
Furthermore, the settings are developed so that the group change algorithm can be

tested as well as the unique approach of multiple pickup settings can be tested.

4.2.3.1 Grid Connected Mode

In this mode of operation, the Circuit Breaker at PCC was closed and all the dis-
tributed generators were turned off. This mode involved the presence of a strong
source which is the main grid and the fault current contribution during a fault on
the microgrid came from the strong sources of the main grid which resulted in the
detection of high fault current magnitudes. Relay 1 and relay 2 were again chosen as

a protection coordination pair and settings were developed.

Relay 1 Settings

Developing the settings for relay 1 followed the same procedure as described in Section
4.1.4.1l The maximum load current as seen by relay 1 was found out to be 351
Amperes. To find out the minimum fault current, a single-phase to ground fault was

simulated at load 5 terminals. The value of this fault current was noted as 31.71kA.
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Then a 3 phase fault was created at the same location to find the maximum fault
current value, which was noted to be 55.90kA. Following the same calculations as
in Section , the time overcurrent pickup (51P1P) was found to be 5.26 Amp
secondary considering a future load growth of 1.5 times. The instantaneous pickup
was set below the minimum fault current which was found out by simulating an SLG

fault at L5 terminals. The complete settings are shown in the relay settings sheet in

Figure [A3]
Relay 2 Settings

Relay 2 setting procedure followed the same calculation steps as described in Section
[1.1.4.2] As the same line (Line 2-5) was selected even in this case and the parameters
of IEEE 5 bus didn’t change, the line parameter calculations remained the same. CTR
was selected as 100 and PTR was maintained at 86 with Vnom as 67 Volts. Time
overcurrent pickup (51P1P) was selected as 3.84 Ampere secondary which is 1.5 times
the rated secondary current (2.56A). The process for instantaneous overcurrent pickup
(50P1P) was the same as explained in previous sections. The time dial calculation
was done to have a coordination time interval of 0.3 secs, these calculations are shown
in figure 4.27. The complete settings file for Relay 2 in the grid-connected mode for
modified IEEE 5 Bus microgrid is shown in figure [A.4]

4.2.3.2 Islanded Mode with Solar

During islanded mode, complete load on the system was supplied through a solar
power plant and a reactive power source was also switched on in this mode to fulfill
the reactive power requirement of the loads and lines. The active and reactive power
requirements were scaled down by a factor of 10 to bring down the Microgrid capacity

to a near practical microgrid. Transitioning from grid-connected mode to islanded
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Relay and Mominal CT Current
Relay SEL-3515 |~
Mominal CT Current 5|

Relay Settings

Mominal Frequency (Hz) 60| -

Pickup current (A sec) 3.84

Curve type u3 -

Time Dial | 2.45_'

Electromechanical Reset (¥, N) N -

Constant Time Adder 0 cycles -
Minimum Response Time 0 cycles &

Applied Current

Multiples of Pickup (select one) bt 6.03
Amps secondary 23.16
Results

Operate Time (sec): 0.507

Reset Time (sec):

Figure 4.27: Time Dial Calculation for Relay 2
mode reduced the fault current magnitude fed to the fault drastically and the relay
pickup settings done for grid connected mode won’t be able to detect a fault during
this mode. The same load and line were selected to perform protection coordination.

The settings for both of these relays are described below.

Relay 1 Settings

Time overcurrent pickup (51P1P) was selected as 3.88 Ampere secondary which is 1.1
times the rated current. This was done as the fault current in a distributed generator
with a converter can typically source current 1.1 to 1.5 times the rated current (in
exceptional cases this can go to 2 times rated). Instantaneous pickup (50P1P) was
also set to 3.88 as the fault current contribution by the inverter will be around this
point as the inverters chop the output current to this above-mentioned range. Figure

shows the complete settings for Relay 1 in islanded mode with only Solar as the

68



source.

Relay 2 Settings

Settings for Relay 2 involved measuring the maximum current flowing through lines
2-5 during the maximum loading condition of all the loads in the 5 bus system. The
relay settings were developed by following the same methodology as for settings done
for relay 1. Only the Time multiplier setting was found out using the app-guide [58];
the value of TOC was found out to be 2.46. The time overcurrent and instantaneous

overcurrent settings were calculated using the maximum current flowing through relay

2 and are shown in Figure [A.6]

4.2.3.3 Islanded Mode with Wind

In this mode of operation, the microgrid was disconnected from the main grid and
a Wind power plant supplied the total power requirement of the grid. The settings
procedure for this mode was similar to that of Solar connected mode. The only

difference was that the fault current sourcing was a little higher than Solar.

Relay 1 Settings

Instantaneous overcurrent pickup (50P1P) was selected as 3.92 Ampere secondary
which is 1.15 times the rated current. This was done as the fault current in Type
4 Wind turbine based distributed generator with a converter can typically source
current 1.1 to 1.5 times the rated current (in exceptional cases this can go to 2 times

rated) as per NREL in [60].

Relay 2 Settings
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Settings for relay 2 involved measuring the maximum current flowing through lines
2-5 during the maximum loading condition of all the loads in the 5 bus system. The
relay settings were developed by following the same methodology as for settings done
for relay 1. Only the time multiplier setting was found out using the app-guide [58];
the value of TOC was found out to be 2.46. The time overcurrent and instantaneous
overcurrent settings were calculated using the maximum current flowing through relay

2.
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Chapter 5

Testing and Results Discussion

The scope of this chapter is to present all the results that were generated during
testing the relay for different fault scenarios and discuss the outcomes to point out
towards the conclusion of the testing. This chapter also goes into describing the

various test scenarios and the motivation behind those.

5.1 IEEE 5 Bus testing

IEEE 5 Bus system was chosen as a testbed to develop the relay settings and test
the relay operation in real-time using OPAL-RT as a real-time digital simulator. The
relay settings were developed as discussed in Section [4.1.4] Testing the relay in real-
time involved connecting a relay, SEL-351S in this case to the analog output channels
of OPAL-RT as explained in Sections and [4.1] The relays R1 and R2 were tested
for different fault scenarios and proper operation of the element was verified through

these tests.
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5.1.1 Fault Scenarios

Relay 1 was tested for terminal fault as it was protecting a load and relay 2 was tested
for the terminal as well as line end faults. Also, relay 2 was tested for directionality
by creating faults in front and reverse directions. Three-phase faults were created at
all the locations to test the operation of a relay at maximum fault current as well as

check the coordination between relay R1 and R2.

5.1.1.1 Fault at Load 5 terminals

A three-phase fault was created at load 5 terminals in real-time through the console
subsystem by changing the position of the manual switch. This caused a fault current
flow through bus 5 towards load 5 and was measured by the VI block on the bus.
These measured values of voltage and current were injected into the main board of the
SEL-351S relay through analog output channels of OPAL-RT. Figure shows the
output generated by OPAL-RT which is given to main board of the relay. Channels
1 to 3 generate voltage signals corresponding to the current scaling factor of the
relay; whereas channels 5 to 7 generate voltages corresponding to voltage scaling
factor. Channels 4 and 8 don’t carry any signals as these are for neutral currents
and synchronous voltages respectively. This interconnection is described in Chapter
Bl Figure [5.2] shows the HMI screen showing injected voltages and currents seen by
the relay R1 and the targets displayed on the relay front panel. Figure shows the
Event Report from relay 1 for this fault. The graph on the top of this image shows the
RMS magnitudes of currents plotted with respect to time. This is the RMS calculated
by the relay. The bottom graph shows digital bit operation with respect to time.
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Figure 5.1: Analog Output of OPAL-RT
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Device Overview

Metering

I MAG | ANG V MAG V ANG
58283584 A -0.54° A 014KV A 0.00°
B8522.67 A B-120.55° B 0.113kv  B-12057°
(B8458.58 A C119.46° C 0114kv € 119.28°
N 0.00A N10251° S 0.000kv S 10251°

G 22189A G167.65°
FREQ (Hz) 60.00 VDG (V)21.94

Contact /O

INTOT  INT0Z  IN103  IN1D4  INTO5  IN10S  52A

O O O O o o @&
OUTI01 OUTI0Z OUTI03 OUTID4 OUTI05 OUTI0E OUTI07 ALARM

O 0o O 0o 0o o o &

User-Defined Targets

SG1  SG2 SG3  SG4  SG5  SG6  50BC4 50CA4
N I U [ N A

S0A 50B 50C 51P1 51P1T 51EF'1H 51N1 S1NIT

Front-Panel Display

EMABLED TRIP INST ~ COMM  50TF 50 51 81
®@ @ @ O O @ @ O
RESET CYCLE LOCKOUT A B C G M
O O O @ @ o O

RECLOSING STATE FAULT TYPE

Figure 5.2: Relay 1 HMI Screen for 3phase fault at load 5 terminal

Figure 5.3: Relay 1 Event Report for 3phase fault at load 5 terminal
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As seen from the figure[5.2] the time overcurrent, as well as the instantaneous elements
operated as both of the pickups, were reached during this fault. Figure shows the
phasors displayed by the relay HMI interface during this fault. The sequence of
operation can be better understood by looking at the timestamps of Sequential Event
Records (SER) which is another very good feature of SEL relays. Figure shows
the SER report for this fault. It is evident that the 50P1 element asserted first and
as it did not have any time delay, it was able to trip the relay; whereas the time
overcurrent element timed out after the specified time defined by the relay curve and

it asserted after the trip was already asserted.

Phase Components Sequence Components
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. e V| 0
asos o f T L e [V
T Vs R
VB -ege — oge oA e
AR e e
A =5828304 A £ -018° [1=56842075A £ -018°
IB =58523 69 A £12019° 2= 19789 A £162.46°
IC =5845551 A ~119.83" 0= 23188A £16543°
IN = 0.00A £163.48° Vi= 0114kV £ -012°
VA= 07113kVY £ 0.00° V2= 0.000kV £15095°
VB= 0113kV £120717° Vo= 0001 kV £ 9712°
VC= 0114 kV £119.80°
VS= 0.000kY £163.48° P= 19.897 MW
Q =0.020 MVar
FREQ =60.00

Figure 5.4: Relay 1 Phasors for 3phase fault at load 5 terminal

iy Date Times Element State

4 03/19/21 06:37:30.500 51p1 heserted
3 03/19/21 06:37:30.517 50P1 2sserted
2 03/1%/21 06:37:30.517 TRIP Asserted
1 03/19/21 06:37:30.600 51p1T 2sserted

Figure 5.5: Relay 1 SER for 3phase fault at load 5 terminals
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In order to verify the relay coordination, the fault currents flowing through lines 2-5
as measured by the VI block were injected into the relay to observe its performance.
Before doing this the settings developed in Section were sent to the relay.
Figure shows the HMI screen displaying the currents and voltages seen by the
relay during a 3 phase fault at load 5 terminals. Figure shows the event report

snapshot from Synchrowave software for the fault at load bus 5 and seen by relay 2.

Device Overview

Metering

| MAG | ANG V MAG V ANG
M212186A A -69.99° A 10573V A 0.00°
B22864%A  B170.00° B 10575kvV  B-118.97°
@222142A € 50.04° C 10577kV € 120.02°
N 000A N 7297 S 0000kv 5 7287

G 170024 G132.02°
FREG (Hz) 60.00 VDC (V)21.85

Contact /O

IN10T  IN102  IN103  IN104  IN105  IN1DE 524

- O >0 O O OO .
OUT101 OUT102 OUT103 OUT104 OUT105 OUTI06 OUTI07 ALARM

O O 0O O O O O O

User-Defined Targets

SG1  SG2  SG3  SG4  SG5  SG6  50BC4  50CA4
o OO O O OO OO 04

S04 508 0C 31P1 31PIT  51PIR 51N1 SAMAT

1 OO O L1 [
Front-Panel Display

ENABLED TRIP  INST COMM SOTF 50 51 81
> @® @ O O O @ O
RESET CYCLE LOCKOUT A B c G
o O O @ @ @ O O
RECLOSING STATE FAULT TYPE

Figure 5.6: Relay 2 HMI Screen for 3phase fault at load 5 terminal
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Figure 5.7: Relay 2 Event Report for 3phase fault at load 5 terminal

t Date Times Element State

13 03/19/21 04:44:26.302 s1lrpl Lesserted
12 03/19/21 04:44:51.095 51p1 Deasserted
11 03/19/21 04:47:38.082 51p1 2sserted
10 03/15/21 04:48:20.962 51p1 Deasserted
S 03/19/21 04:48:20.971 51p1 h=serted

8 03/19/21 04:48:21.354 51p1T 2sserted

7 03/15/21 04:48:21.354 TRIP Lsserted

3 03/19/21 04:49:57.8E68 51p1 Deasserted
5 03/19/21 04:49:57.885 51pP1T Deasserted
4 03/15/21 04:49:57.885 TRIP Deasserted
3 03/19/21 04:50:18.783 51p1 h=serted

2 03/19/21 04:50:19.183 51p1T 2sserted

1 03/15/21 04:50:19.183 TRIP Lsserted

Figure 5.8: Relay 2 SER for 3phase fault at load 5 terminal
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5.1.1.2 Fault at remote end of line 2-5 in forward direction

In order to ensure the operation of relay R2, a three-phase fault was created at the
remote end of lines 2-5 which was in the forward direction as seen from relay R2. The
operation of relay R2 was verified for its forward directional supervision. Figure [5.9
shows the HMI for remote end fault; Figure [5.10| shows the phasor and Figure |5.11
shows the SER data for this fault. It can be clearly observed that the 51P1 elements
pick up first as current first crossed this pickup setting, but has to wait to time out
as per the US3 curve. Then 50P1 pickups and as it does not have any time delay set;
it asserts the Trip bit of the relay.

Device Overview

Metering

I MAG I ANG V MAG VANG
M232789A A 7103 A 10571V A 0.00°
B252460A  B168.98° B 10567kV  B-120.02°
@2467.14A  C 4897 C 10565kvV € 120.00°
N 000A  N-3067 S 0000kV S -3067

G 17017 A G127.28°

FREQ (Hz) 60.00 VDC (V)21.94
Contact I/O
INTDT INTDZ  IN103  INTD4  INTD5  IN1DE  52A

O O 0o o o Oo O
OUTI01 OUT102 OUT103 OUT104 OUTIOS OUTI06 OUTIO7 ALARM
O O 0o o o o o o
User-Defined Targets

SG1  SG2 SG3  SG4  SG5  SG6  50BC4
O 0O .
50A 50B  50C  51P1  51P1T 51PIR 5INT &

o
3
£

£
|

[
Front-Panel Display
ENABLED TRIP  INST COMM SOTF 50 51 81
@ @ ® O O O @ O
RESET CYCLE LOCKOUT A B C G N
o O 0O @ @ @ O O
RECLOSING STATE FAULT TYPE

Figure 5.9: Relay 2 HMI Screen for 3phase fault at remote end of line 2-5
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Phase Components Sequence Components
e 90% B s0° 1
e e o0 m e e 5
Lc] [310]
] 1]
[va) v
|VB| [avo|
— 2
[vs]
IA=42341.68 A £-71.00° I1=4243852 A £-71.00°
IB =42527 48 A £168.99° 32= 15729A 2 8097°
IC =42446.40 A £ 49.00° 0= 16563A 213267
IN=  000A £ 1147° V1= 10568kV £ 0.02°
VA= 10569kV £ 0.00° V2= 0003kV £-54.76°
VB = 10.566 kV £119.98° V0= 0.004kV £106.86°
VC = 10.568 kV £120.04°
VS= 0.000kV £ 1147° P= 437507 MW
Q =1272.298 MVar
FREQ =60.00

Figure 5.10: Relay 2 Phasors for 3phase fault at remote end of line 2-5

# Date Time Element State

4 #3/19/21 ©7:51:37.586 51P1 Asserted
3 83/19/21 ©7:51:37.687  58P1 Asserted
2 83/19/21 ©7:51:37.687 TRIP Asserted
1 83/19/21 @7:51:38.883  51PIT Asserted

Figure 5.11: Relay 2 SER for 3phase fault at remote end of line 2-5
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5.1.1.3 Fault behind R2 in Reverse direction

Directional element supervision was enabled in the relay by setting the E32 to Y, thus
adding directional supervision to the overcurrent elements. This was done to ensure
selectivity of relay operation during faults in IEEE 5 Bus system, which is a ring
bus. To test this a fault was created just behind the relay R2 and its operation was
verified. Figure shows the HMI for remote end fault and Figure shows the
phasor. The relay R2 didn’t trip for this fault which means the overcurrent element

has enough supervision to make it secure.

Device Overview

Metering

| MAG | ANG V MAG VANG
A212667A  A-175.08° A 0998kV A 0.00°
B21404%A B 65.10° B 0998kvV  B-120.07°
C212706A  C -54.92° C 0999kvV  C 119.93
N 000A  N-9621° S 0000kY 5 -96.21°

G 1907A G 75.26°
FREQ (Hz) 60.00 VDC (V}21.85

Contact I/O

INTOT  INT02  INT03  IN1D4  IN10S  IN106  52A

NN I N Y A A B

OUT101 OUT102 OUT103 OUTI04 OUT105 OUTI06 OUTIO7 ALARM
0 0O O O 0O O 0O o4
User-Defined Targets

SG1  SG2 SG3 SG4  SG5  SG6  50BC4  50CA4

= 0 O O OO O & 0O

504 508 50C 51P1 51P1T  51P1R 51M1 B1MT

i OO 0O OO 0O R -
Front-Panel Display
ENABLED TRIP  INST COMM SOTF 50 51

@OOOOOOO

RESET CYCLE LOCKOUT A

OOOOOOOO

RECLOSING STATE FALULT TYPE

Figure 5.12: Relay 2 HMI Screen for 3phase fault at Reverse of R2
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Sequence Components

Phase Components

ag= 1A = I
B AR -1 E 120° 9[] .. &0°
X . X 32
1509 ':.300 IC 150° _.'l"-._‘_ . P e LE0E i
' IM S N T, W
¥ --; --Ii- ...‘. f .II UA N ¥ I. b P I-_.. v 1 'II
£180% - g1t > VAs - ; . v
S | [ VE P ; Vo
1508, a0e |VE] s0n /T /300
. . / L
- . Vs :
.. ! L Lo LI o
VB 00 1200 60

-90°

213134 A £17499°
841 A £-2868°
2538 A £ 47897

A= 212281 A £175.10° I =
IB= 214194 A £ 6498° 312 =
IC = 212928 A £-54.84° 310

IN = 000A £ 70171° V1= 0898kV » -0.05°
VA= 0999kV ~ 0.00° V2= 0000kV £ 2790°
VB= 09897kV £12007° V0= 0.003kV £ 65.78°
VC= 0999kV £119.91°
VS= 0.000kV £ 7011° = -6.358 MW

Q = 0.564 MVar

FREQ =60.00

Figure 5.13: Relay 2 Phasors for 3phase fault at Reverse of R2



5.2 Testing of Modified IEEE 5 Bus System Mi-

crogrid with Distributed Generators

IEEE 5 Bus system was modified to include distributed generators such as Solar,
Wind, etc. which is discussed in [4.2] Testing this microgrid involved tests performed
at different modes of operation of the microgrid. The testing and related observation
for grid-connected and islanded modes are discussed in the following section. During

this testing, all the faults created were single line to ground faults.

5.2.1 Grid Connected Mode

Grid-connected mode is the one when the Point of Common Coupling circuit breaker
is closed. This mode of operation has the strongest source, thus the fault current
magnitude is very high. The settings for this mode are discussed in Section [4.2.3.1]
Testing this mode involved creating an SLG fault at Load 5 Terminals and verifying
the relay operation of relay R1 and R2 for the same fault. Figure[5.14{shows the HMI
for SLG fault at load 5 terminals; Figure [5.15| shows the metering screen and Figure
[5.16) shows the SER data for the same fault. It can be seen that the relay was able

to detect and generate a trip for this fault, thus verifying the relay settings.

Figure [5.17| shows the HMI screen of relay 2 for SLG fault at load 5 terminals; Figure
[5.18] shows the phasor and Figure [5.19 shows the SER data for the same fault as
seen by Relay 2. It can be observed that the relay tripped on 67P1 which means the

directional supervision works.
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Device Overview

Metering
| MAG

B1816.23 A
B 0.00A
C 000A
N 000A

| ANG

A 0627
B-168.33°
G168.33°
N168.33°

G1816.23A G D62
FREG (Hz) 5989

Contact /0
INTD1T INT02 IN103
O O O
OUT101 OUT102 OUT103
O O O
User-Defined Targets
sG1  s@2  5G3
[
504 508

[
Front-Panel Display

50C

ENABLED TRIP INST

@ @ @

RESET CYCLE LOCKOUT

o O O

RECLOSING STATE

Figure 5.14: Relay 1 HMI Screen for SLG fault at Load 5 terminals

Phase Components

e

0=

60"

150°
£180° -

-150%,
LB o e
-90°

IA=3180878 A £ -080°

IB= 0.00A £14328°
IC= 0.00 A £14328°
IN= 0.00 A £14328°
VA= 07117kV £ 0.00°
VB= bL780kV £12026°
VC = 5777kV £119.80°
VS= 0000kV £14328°
FREQ =59.99

V MAG VANG

A 0120kv A 0.0D°

B 5731kv  B-118.99°

C 5774kV G 121.02°

S 0O00DKV  §-160.33°

VDC (V) 1.84
INTD4  IN105  IN10S 524
O O O OJ
OUT104 OUTI5 OUTIG OUTIO7 ALARM
0O O Oo o O
SG4  SG5  SG6  50BC4  50CA4
O O O
5iP1  51PIT 51PIR 5INT  SINIT
O O o
COMM SOTF 50 51 81

A B c G N
FAULT TYPE

Sequence Components

EHEEHBEEE

o -e0°

11=1060293 A £ -060°
312 =31808.78 A £ -0.60°
310 =31808.78 A £ -0.60°
Vi= 3891kV £ -023°
V2= 1.885kV £179.74°
3V0= 5666kV £179.79°

P= 3734 MW

Q =0.039 Mvar

Figure 5.15: Relay 1 MET for SLG fault at Load 5 terminals

Date Time
03-22-21
03-22-21
03-22-21

EEEEE

Figure 5.16:

13:10:00 098
13:10:06 881
13:10:06 881

Element

51P1T
TRIP
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State

SER archive cleared

Asserted
Asserted

Relay 1 SER for SLG fault at Load 5 terminals



Device QOverview

Metering

| MAG I ANG V MAG VANG
A254743A A -101° A 0I21kV A 000
B 000A  B171.14° B 5777kV  B-120.65°
C 00DA  GI171.14° C 5776kvV  C 119.35°
N DODA  NI71I4° S 0.000KY  S-171.14°
G2547.43A G -101°

FREQ(Hz) 59.99 VDC (V) 1.72

Contact 1/10

INTOT  IN102  INTD3  IN1D4  IN105  IN106 524

O O O O o O g
OUT101 OUTI02 OUTI03 OUTI04 OUTI0S OUTI06 OUTI07 ALARM

O O 0o 0o 0o o & &

User-Defined Targets

SG1  SG2  SG3  SG4  SG5  SGB  50BC4 50CA4
0O O 0O 0o 0o o g
50A 508 50C  51P1  51P1T 51P1R 5IN1  BINIT

[ R
Front-Panel Display

'y

ENABLED TRIP INST ~ COMM  SOTF 50 51

81

® ® ® O O @ O O

RESET CYCLE LOCKOUT A B c N
O O O @ O O 0O O

RECLOSING STATE FAULT TYPE

Figure 5.17: Relay 2 HMI Screen for SLG fault at Load 5 terminals

=rrmet
SEL-351551HB455421 Date: 03-22-21 Time: 13:31:25.084
MTU-KF-BCHT 9-17-2008

A B C H G
I HAG (&) 2846.224 0.0o00 0.000 0.000 2546.224
I AHG (DEG) 0.00 o.00 0.00 o.oo —0.00

I B C S
V HAG (KV) 0.118 5.781 5.775 0.o00
V ANG (DEG) —0.43 —-119.62 120.41 o.oo

A B c 3F
My 0.300 0.0o00 0.000 0.300
MVAR —0.002 o.oo00 0.000 —0.002
PF 1.000 1.000 1.000 1.000

LEAD LaG LAG LEAD

I1 312 310 Vi vz 3vo
MAG 548 .741 2545.224 2546.224 3.892 1.886 5.664
ANG (DEG) —0.00 -0.00 —0.00 0.39 -179.64 -179.54
FREQ (Hz) £9.99 VDC (V) 1.8

Figure 5.18: Relay 2 Phasor for SLG fault at Load 5 terminals

4 03-22-21 13:32:34.782 SER archive cleared

3 03-22-21 13:32:49 423 E7F1 Asserted
2 03-22-21 13:32:49 423 TRIF Azzerted
1 03-22-21 13:32:49 856 E1P1T Azszerted

Figure 5.19: Relay 2 SER for SLG fault at Load 5 terminals
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5.2.2 Islanded Mode

In the islanded mode of operation, the PCC was opened and one distributed gen-
erator was feeding the whole microgrid. Only one distributed generator was kept
on for a particular mode due to controller tuning issue resulting in power swings in
the microgrid. Controller tuning and Optimal load flow were not the scope of this
project,thus to verify the relay operation during both modes, one source at a time was
brought into the picture. The following section describes the testing performed on
the islanded mode of operation of microgrid and only details the operation of solar-
powered microgrid state; wind-powered offered similar behavior which is discussed in

the succeeding sections.

To understand and mimic the issue of using the same settings while transitioning
from grid-connected to islanded mode, the relay settings were kept the same, and
mode was changed from grid connected to islanded. An SLG fault was created at the
same locations as in grid-connected mode (Load 5 Terminal) and remote end of line
2-5 for which the relay behavior was observed. As it is evident from Figure [5.20] and
Figure that the relays didn’t generate a trip command for both of these faults

as the current seen was less than the pickup settings of the relays.

To overcome this issue, new pickup values were calculated which are explained in
Section for Solar as well as Section for Wind. These settings were
tested which are described in the sections to follow. The same faults were simulated,
but this time new settings were sent to the relay before the simulation. It can be seen
from the Figure and Figure that the relay was successfully able to detect
and generate a trip for these faults. Figure and Figure show the SER report

for these faults.
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Device Overview

Metering

| MAG | ANG V MAG VANG

A 50520A A 117 A 037KV A 0.00°
B 000A  B-7590° B 5757kv  B-12087
C 000A  C-7590° C 5770kV € 119.13°
N 000A  N-75.90° S 0000kY S -75.90°

G 505.20A G -1.17

FREQ (Hz) 532.99 VDC (V) 1.72

Contact 110

INTOT  INT0Z  IN103  IN104  IN105  IN106  52A

O O O o o O O
QUT101 OUTI0Z OUT103 QUTI04 QUTI0S OQUTIOE OUTIO? ALARM

O o o o o o o O

User-Defined Targets
SG1  SG2 SG3  SG4  SG5  SGB  50BC4 50CA4

= OO O O O

50A 50B 50C 51P1 51P1T  51PIR  51N1 SAMT

O O o O O O o
Front-Panel Display
ENABLED TRIP  INST COMM SOTF 50 81

@OOOOOOO

RESET CYCLE LOCKOUT A

OOOOOOOO

RECLOSING STATE FAULT TYPE

Figure 5.20: Relay 1 HMI for SLG fault at Load 5 terminals in Islanded Mode

Device Overview

Metering

I MAG | ANG V MAG VANG

A 36029A A -D51° A 0135k A 0.00°
B 000A B 6674° B 5761kv  B-120.13°
C D000A  C 66.74° C 5770kv  C 11991°
N 000A N 66.74° S D.00DKY S 6674

G 36020A G -051°

FREQ (Hz) 59.99 vDC (V) 1.76

Contact I/O

IN1DT  INT02  IN1D3  INT04  IN105  IN1DS  52A

O O O o o O 4

OUT101 QUTI02 OUT103 OUT104 OUTI05 OUTI0E OUTI07 ALARM

O O o o o o o d

User-Defined Targets
SG1  SG2 SG3  SG4  SG5 SG6  50BC4 50CA4

= O O O O

504 50B 50C 51P1 51P1T  51P1R  51N1 l

£
=

O o o o O [
Front-Panel Display
ENABLED TRIP  INST COMM SOTF 50 51 81
@ O O O O O O O
RESET CYCLE LOCKOUT A B
o O O O O O O O
RECLOSING STATE FAULT TYPE

Figure 5.21: Relay 2 HMI for SLG fault at Line 2-5 in Islanded Mode
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Device Overview

Metering

| MAG I ANG V MAG V ANG

A 39304A A 018 A 0135kY A 0.00°
B 000A  B-5050° B 5762kV  B-119.36°
C 000A  C-5050° C 5769kvV  C 120.68°
N 000A  N-50.50° S 0000kv S -50.50°

G 38304 A G 01
FREQ (Hz) 59.99 VDC (V) 1.82

Contact 1/O

IN10T  INT02  INT03  IN104  INT05  IN10E  52A

O O o o o O .

OUT101 OUTI02 OUT103 OUT104 OUTI05 OUTI06 OUTIOT ALARM
O O o O o O
User-Defined Targets

SG1  SG2  SG3  SG4 SG5 SG6  50BC4 50CA4

(- I R W
50A  50B  50C  51P1  51PIT 51PIR 5IN1  EINAT

[ R O O o
Front-Panel Display

ENABLED TRIP INST COMM SOTF 50 51 81
> @ @® O O O @ O

RESET CYCLE LOCKOUT A B c G N
o o O @ O O O O
RECLOSING STATE FAULT TYPE

Figure 5.22: Relay 1 Operation HMI for SLG fault at Load 5 in Islanded Mode

Device Overview

Metering

| MAG I ANG VMAG VANG

A 362074 A 047 A 3754k A 0007
B 000A B -81% B 5727kv  B-12001°
C 000A C -81% C 5675kv  C 120.03°
N  D00A N 813 S 0000kv § -81%

G 36207 A G -D42°
FRECQ (Hz) 58.99 VDC (V) 1.84

Contact 11O

INTOT  IN102  IN103  IN1D4  INT05S  IN10S  52A

N e B

QUTIOT QUT102 OUTI03 OUTI04 OUTIDS OUTI06 OUTI07 ALARM
O O O O o O
User-Defined Targets

SG1  SG2 SG3  SG4  SG5  SG6  50BC4  50CA4

O = O O O

504 508 50C 51P1 51P1T  51P1R  51IN1 S1MIT

I R |
Front-Panel Display

ENABLED TRIP  INST COMM SOTF 50 51 81
® @ ® O O O @ O
RESET CYCLE LOCKOUT A B C G N
o o O @ O O O O

RECLOSING STATE FAULT TYPE

Figure 5.23: Relay 2 Operation HMI for SLG fault at Line 2-5 in Islanded Mode
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03-22-21 14:27:27 124 SER archiwve cleared

03-22-21 14:27:34.756 S51F1 Asserted
03-22-21 14:27:34.75¢6 S0P1 Asserted
03-22-21 14:27:34.75¢6 TRIP Azserted

[ ETEI

Figure 5.24: Relay 1 Operation SER for SLG fault at Load 5 in Islanded Mode

Date Time Element State

0322021 14:41:43.629 SER archive cleared

03-22-21 14:41:54.120 51FP1 Azserted
03-22-21 14:41:54 120 50F1 Asserted
03-22-21 14:41:54.120 TRIF Azserted
03722721 14:42:44. 492 S1F1T Azserted

e o &

Figure 5.25: Relay 2 Operation SER for SLG fault at Line 2-5 in Islanded Mode

5.2.3 Testing Settings Group Change

Three settings groups were developed for grid-connected, Islanded with Solar, and
Islanded with Wind. Each setting group was triggered using input contacts. The
status of these input contacts was changed by changing the state of the microgrid.
Figure [5.26, Figure and Figure show the settings group change for the
assertion of respective input contact. SER for these group settings changes is shown
in Figure It can be seen from the SER that there is a time lag of 0.129 secs
between the assertion of input contact and settings group change. This issue is
switching the settings group in real-time, the system is rendered without protection
for the time lag. If a fault occurs during this instant, the system won’t be able to
detect it and it can create stability issues due to prolonged time requirement for fault

clearing.

5.2.4 Testing Adaptive Settings without Settings Group
Change

The developed algorithm was tested using the settings developed in the earlier sections

for all modes of microgrid operation. The relay R1 was tested and the adaptive
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=»»TAR IN101

SFAST SELOV IN10& IN10§ IN104 IH103 IN102 IH101

il il il il 0 il il 1

=»>»5HO

Group 1

GCroup Settings

RID =SEL-351551HB455421 TID =HTU-KF-BCHT 9-17-2008
CTR = 100 CTRH =1 PTE = 86.00 FTRS = 1.00
THOM = &7.00

Z1MAG = 1.47 Z1ANG = 72.00 ZOMAG = 441 ZOANG = 68.00
Ll = 47.00

ESOFP =1 ES0OH =N ES0G =N E500Q =N
ES1P =1 ES1N =N ES1G =N ES10 =N
ESOBF =N EHELZ =N E32 =¥ ELOAD =N
ESOTF =N EVOLT =N E2% =N EFLOC =¥
ELQP =N ECOMM =N Efl =N EZ1R =¥
E79 =N ESV =1 EDEHM = THH EPWR =N
ESSI =N

EO0PLF = 25.00

E7PLD = 0.00

SO0FFIP = OFF

51F1F = 3.84 51P1C = U3 S51F1TD = 2 .46 51P1RS = N
S1PI1CT = 0.00 S1P1MR = 0.00

DIR1 =F DIRZ =F DIRz =F DIR4 =R

Figure 5.26: Settings Group change to Group 1 due to IN101 assertion

=»>TAR IN101

SFAST SSLOW IN106 IN105 IN104 IN103 INi02 IN101

] 0 0 0 0 0 1 ]

=»»5HO

Group 2

Group Settings:

RID =SEL-351551HE455421 TID =MTU-KF-BCHT 9-17-2008
CTR = 100 CTRN =1 PTR = B6.00 PTRS = 86.00
VHOH = 67.00

Z1MAG = 1.47 Z1ANG = 72.00 ZOMAG = 4.41 ZOANG = 68.00
LL = 47.00

ESOF = ESON =H ES0G =N ES0Q =N
ES1F =1 ES1N =N ES1G =N ES1Q =N
ESOEF =N EHELZ =H E32 =¥ ELOAD =N
ESOTF =N EVOLT =N E25 =N EFLOC =N
ELOP =N ECOMH =H EB1 =N ES1R =N
E79 =N ESV =1 EDEM = THH EFVE =N
ESSI =N

SO0P1P = 3.50

67FP1D = 0.00

SOFP1IF = OFF

S1P1P = 3.50 S1P1C = U3 S1PITD = 1.00 S1PIRS = W
S1PICT = 0.00 S1P1MR = 0.00

DIR1 =N DIR2 =H DIR3 =N DIR4 =N

Figure 5.27: Settings Group change to Group 2 due to IN102 assertion

=:>TAR IN101

SFAST SSLOW IN106 IH10% IH104 IN103 IH102 IR101
i} 0 0

i} o i} 1 i}
=335HO
Group 3
Group Settings:
RID =SEL-351551HE455421 TID =MTU-KF-BCHT 9-17-2008
CTR = 100 CTRH =1 PTR = 86.00 PTRS = @B6.00
VHOM = &7.00
Z1MAG = 99.00 Z1AHG = 90.00 ZOMAG = 99.00 Z0ANHG = 90.00
LL = 999.00
ESOF =1 ESOH =N ES0G =N ES00Q =N
EE1F =N EG1H =N EE1G =N ES10Q =N
ESOEF =N EHELZ =N E32 =N ELOAD =N
ESOTF =N EVOLT =N E25 =N EFLOC =N
ELOF =N ECOMM =N E&l =N Ei1R =N
E749 =N ESV =1 EDEM = THH EFVR =N
ESSI =N
SOPLP = BG.GY
G7P1D = 0.00
EO0PPIF = COFF
DMTC = &0 PDEMFE = OFF HDEMF = OFF GDEME = OFF
QDEMP = OFF
TDURD = 20.00 CFD = &0.00 3POD = 1.00 SOLF = OFF

Figure 5.28: Settings Group change to Group 3 due to IN103 assertion
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=s>f Date
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@83/22/21
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@3/22/21
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@3/22/21

[l LT I = Wy B« 3

15:
15:
15:
15:
15:
15:

Time

89:88.461
89:89.586
89:89.715
89:43.085
@9:44.335
89:44 . 484

Element State
IN1e1 Deasserted
Iniez2 Asserted

Relay group changed
Iniez2 Deasserted
Inie3 Asserted

Relay group changed

Figure 5.29: SER for group settings change

algorithm operation was verified. A SLG fault was simulated at Load 5 terminals
and the states of microgrid were changed accordingly which automatically altered the
pickup. The pickup values seamlessly followed the grid states and there was not a
single moment when the system was left without protection. Figure [5.30] and Figure
[5.31 show the HMI and SER for relay 1 grid connected mode and IN101 asserted. As

IN101 is asserted the active pickup setting is the one that is set for grid connected

mode and the relay is able to detect fault as seen from the figures.

Device Overview

Metering

| MAG | ANG
81098274 A 0007

B 000A B -25.83°

C 000A C -25.83°

N 0.00A N -25.83°
31098.27 A G 0.00°
FREQ (Hz) 59.99

Contact /O

N1 IN10Z IN103 IN104

= O O O

ouT1I01 OUT102 OUT103

VMAG WV ANG

A 0066 kY A 0287
B 5.668 kv B -119.65°
C 5.E82kV C 120.39°
S 0.000 kv 5 -25.83°

VDC (V) 1.74

IN105 IN106 52A

N I [ N

ouTI4 OUTI08 OQUTIDG QUTI07 ALARM

[ [ I

User-Defined Targets

SG1  SG2 SG3  SG4  SG5  SGE  50BC4  50CA4
O 0O O O

504 508 50C  51P1  51P1T 51PIR  5INT  S1N{T
N R I O O O

Front-Panel Display

ENABLED TRIP  INST COMM SOTF 50 51 |
RESET CYCLE LOCKOUT A B C G N

RECLOSING STATE FAULT TYPE

Figure 5.30: Relay 1 HMI for grid connected mode and IN101 asserted

Figure [5.32| and Figure [5.33| show the operation of relay for islanded Solar connected
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Phase Components

300
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300

HEHHEREEB

Sequence Components

:

u
==lel=el=
[s[=]s]&]=

=
=

IA=31113.26 A £ 0.00° 11=10371.09A £ 0.00°
B = DO0A £ 1419° 312=31113.26 A ~ 0.00°
IC = 0.00A £ 1419° 310=31113.26 A £ 0.00°
IN = 0.00A £ 1419° Vi= 3800kV £ 036°
VA= 0070kV £ 1.84° V2= 1.869kV £179.43°
VB = b5.665KV £119.64° V0= 5607kV £179.90°
VC = 5691 kV £120.35°

VS= 0000kV £ 1419° P= 2188 MW

Q=0.070 MVar
FREQ =59.99

Figure 5.31: Relay 1 Phasor for grid connected mode and IN101 asserted
mode and IN101 asserted. This condition was intentionally created to verify the
algorithm. In this case the 50P2 was picked up but as the input IN101 was made one
and IN102 was zero, the 67P2 was not able to assert and the relay didn’t generate a

trip.

To further verify the algorithm, the IN101 was dropped and IN102 was asserted. The
relay was able to generate a trip as shown in Figure[5.34] The same was tested with
IN103 and Islanded mode with wind Connected, the HMI for which is shown in Figure

B35

The complete SER for all the testing performed on the developed algorithm is shown
in Figure [5.36] It can be clearly seen that the assertion of input bit controls the trip
generation although the relay element is picked up. Thus, the only shortcoming of
this scheme is that if the input contact status fails then the relay will not be able to

generate a trip.
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Device Overview
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Figure 5.32: Relay 1 HMI for Islanded Solar connected mode and IN101 asserted

Phase Components

WV MAG VANG

A DOTTKV A 0.71°

B 5.665kV B-119.61°

C  5.690kV C 12037

5 0.000kV 5 -28.36°

VDC (V) 1.74
IN104 IN105 IN106 B2A
O O O O
QUTI04 OUTI05 OUTI106 OUTI07 ALARM
O O O O O
5G4 5G5 5G6 50BC4 50CA4
[
51P1 51P1T 51P1R  51N1 BAMIT

[
COMM  SOTF 50 51 81
A B C G M
FAULT TYPE

Sequence Components

90 [1A] . n
1708 e soe — 120° s0° 0%
I e XTI
Lo e K] : 310
II:»I:E-:%#—P—IA'— oo VAl - ) 0
BoTh ] E V0
- C e |
I 1=
B g —
-30°
A= 39058A £ 0.00° 1= 13018A £ 0.00°
B= 0.00A £-79.91° 2= 39058A £ 0.00°
IC= 0.00A £-79.91° 0= 39053A £ 0.00°
IN= 0.00A £-79.91° Vi= 3809kv £ 037
VA= 0071kV £ 1.03° V2= 1.869kV £17942°
VB = 5665kV £119.62° 3v0= 5605 kV £179.86°
VC= 5690 kV £120.36°
VS= 0.000kV £-79.91° P = 0.028 MW
Q=0.000 MVar
FREQ =59.99

Figure 5.33: Relay 1 Phasor for Islanded Solar connected mode and IN101 asserted
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Device Overview
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Figure 5.34: Relay 1 HMI for Solar connected mode and IN102 asserted
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Figure 5.35: Relay 1 HMI for Wind connected mode and IN103 asserted
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Chapter 6

Conclusion

This chapter concludes the findings of this research project. The future scope and

work for this project are also described herein in brief.

6.1 Conclusions of Adaptive Protection

The relay settings group change is a good method to address the short circuit level
change from grid-connected mode to islanded mode and its operation was successfully
verified on IEEE 5 Bus test-bus modified into a microgrid. Settings were developed
and the coordination between feeder and line relays was verified on standard 5 Bus
as well as modified 5 Bus microgrid system. The issue of the settings group change
method which renders the system without protection for a time period while the
settings group is being changed was identified and addressed by making use of the
internal relay algorithm to develop an algorithm that can have adaptive pickup values
depending on the state of microgrid. The developed algorithm was tested using

the same pickup settings and the operation was verified for all possible cases. The
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algorithm successfully passed the testing and shows a promising potential solution

for microgrid adaptive protection algorithm.

Following conclusions were derived by testing adaptive algorithm.

1 Adaptive group change in the relay while in service has a time period for which
the relay is not protecting the system. This time period depends on relay
input contact debounce timer settings (typically 0.25 cycles); group change
delay settings and the time required by the relay to switch between protection

groups. This can range from 100 ms to 1 s in some cases.

T The developed adaptive algorithm without group change requirement overcomes
the issue with group change algorithm. Also, the maximum settings group
that can be switched is 6. This is also overcome and the limiting factor in the
developed algorithm is only the relay input contacts (can be up to 16) or remote

bits (up to 32)

6.2 Conclusions of Relay in Loop

The relay in the loop method is versatile to test the relay settings and developed
algorithms in real-time with near to actual system modeling and testing. It also gives
the ability to verify the settings during the dynamic states of the microgrid. This
feature is really helpful to study the elements such as out of step and power swing

protection algorithms.

Following conclusions were noted for real time testing SEL-3518 relay using OPAL-RT

as digital simulator.
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1 The minimum time step for real time simulation should be 50 microseconds or

greater. If it is smaller than this, data overflow occurs in OP5600.

T There was a data loss seen in the signals read from OP5600 to host PC. This
was mainly due to Ethernet connectivity between host PC and OP5600. It can

be resolved by using an Ethernet switch and ensuring proper connectivity.

6.3 Future Work

The scope of this project was limited to testing the developed algorithm on SEL-351S
relay only which has limited input contacts and doesn’t have the feature to create a

protection free-form logic.

Following work can be done on this project in future.

T Real time testing can be performed on the developed logic in SEL-451 relay.The
future work on this project is to develop the algorithm in the SEL-451 relay
which has the ability to create a protection free form logic. Using this feature, a
customized protection element can be created that can implement this algorithm
on a wider scale and won’t be limited to just 4 pickup values. The limitation,
in that case, would only be the hardware limitation, which is the availability of
input contacts. The current SEL-451 relays have 16 input contacts which can

provide 16 different pickup values for different 16 states of the microgrid.

1 Large systems with multiple pickup settings can be developed using protection

free form logic in SEL-451 relay.

T Number of pickup settings available is equal to number of input contacts or the

number of remote bits available. Thus, algorithm with remote bits as can be
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developed and verified for larger systems.

1 Combined Solar and Wind with diesel simulation can be done by performing
control parameter tuning to achieve stable operation then test the system for

adaptive settings algorithms.

1 Battery Energy Storage was not simulated. It can be done as future work.
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Figure A.3: Settings for Grid Connected mode Relay 1
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Figure A.5: Settings for Relay 1 in Islanded Microgrid with Solar
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