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Abstract

Microgrids with distributed generators have changed how protection and control systems
are designed. Protection systems in conventional U.S. distribution systems are radial with the
assumption that current flows always from the utility source to the end user. However, in a
microgrid with distributed generators, currents along power lines do not always flow in one
direction. Therefore, protection systems must be adapted to different circuit paths depending on
distributed generator sites in the microgrid and maximum fuse ampere ratings on busses.

Adaptive overcurrent protection focuses on objectives and constraints based on operation,
maximum load demand, equipment, and utility service limitations. Adaptive overcurrent
protection was designed to protect the power lines and bus feeders of the microgrid with
distributed generators by coordinating fuses and relays in the microgrid. Adaptive overcurrent
protection was based on the relay setting group and protection logic methods. Non-real-time
simulator (NRTS) and real-time simulator (RTS) experiments were performed with computer-
based simulators. Tests with two relays in the loop proved that primary relays tripped faster than
backup relays for selectivity coordination in the adaptive overcurrent protection system. Relay
test results from tripping and non-tripping tests showed that adaptive inverse time overcurrent
protection achieved selectivity, speed, and reliability.

The RTS and NRTS with two relays in the loop techniques were described and compared
in this work. The author was the first graduate student to implement real-time simulation with
two relays in the loop at the Burns & McDonnell - K-State Smart Grid Laboratory. The RTS
experimental circuit and project are detailed in this work so other graduate students can apply
this technique with relays in the loop in smart grid research areas such as phasor measurement

units, adaptive protection, communication, and cyber security applications.
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Chapter 1 - Introduction

Diesel generators have been the primary choice for distributed generator application in
distribution systems for utilities in the United States [1]. Distributed generation refers to the
production of electricity near the consumption. The concept of distributed generation has
received widespread attention in the power industry because the use of distributed generators has
changed how power distribution systems are designed, operated, and maintained [2]. Distributed
generators are typically utilized as backup generators in case the utility source is not available
because of equipment (utility source, breakers and/or power lines) failure or maintenance
operations. Conventional distribution systems in the United States are radial with an inherent
assumption that power flow always occurs from the utility source to the end user [2]. Distributed
generation must implement protection, control and communication system that could be
integrated into the utility source and bus feeders. Application of distributed generators in radial
systems requires that protection systems control breakers in various circuit paths formed by
breakers, fuses, and relays that require an adaptive overcurrent protection system fitted in those
circuit paths. In this research, proposed adaptive overcurrent protection was tested by two relay
in the loop techniques. Non-real-time simulator (NRTS) and real-time simulator (RTS)
experiments were performed using SEL-AMS [3] and OP5600 [4] computer-based simulators,

respectively, with two SEL-451 relays [5] in the loop.

1.1 Research application

Distributed generators located at various places in the microgrid require protective relays
in order to change their protection and control settings. For example, when distributed generators
are placed at no identical sites, power system improves because of the resulting increased

number of circuit paths to feed users in case of equipment (utility source, breakers and/or power



lines) failure or maintenance operations. In certain circuit paths with distributed generators,

currents along power lines could flow in different directions depending on what type of

distributed generator was connected to end users. Figure 1.1 shows the Utility (A) and distributed

generator (B) circuit paths. In these two microgrid modes, red arrows indicate current directions

along the power lines, feeder fuses, utility source, and distributed generator branches.
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Figure 1.1: Utility (A) and distributed generator (B) modes



In a microgrid with distributed generators, diesel generators can be connected at islanding
modes. Islanding refers to the condition in which a distributed generator feeds a location when
the utility source is not available (blackout). In islanding applications, the absent utility source is
disconnected from the grid, and the distributed generators are connected to local circuits. In
Utility (A) mode, the circuit path was formed by the utility source and two branches. These two
branches were formed by Busses 1 to 4 and 5 to 8. However, in distributed generator (B) mode,
the DG1, DG2, and DG3 distributed generators were connected to islanding applications. As
shown in Figure 1.1, protection and control settings of Relays 2 and 3 had to be adapted to
specific circuit paths because currents did not flow always in identical direction. Feeder fuses
coordinated with Relays 2 and 3 differ in circuits shown in Figure 1.1. In Figure 1.1 (A), Relays
2 and 3 are coordinated with 50E and 80E fuses, respectively. However, in Figure 1.1 (B),
Relays 2 and 3 are coordinated with 100E and 80E fuses, respectively. In addition, as shown in
circuits of Figure 1.1, Relays 2 and 3 must not trip always the same breakers at fault overcurrent.
In Figure 1.1 (A), Relays 2 and 3 must trip “BK6” and “BK8” breakers, respectively, at fault
overcurrent. However, in Figure 1.1 (B), Relays 2 and 3 must trip “BK5” and “BK7” breakers,
respectively. Application of distributed generators in a microgrid requires adaptive overcurrent
protection that selects inverse time overcurrent settings of relays based on maximum ampere
rating fuses on busses and expected tripped breakers at fault overcurrents for circuit paths in the

microgrid.

1.2 Adaptive overcurrent protection

In this dissertation, adaptive overcurrent protection is defined for circuit paths in the
microgrid based on calculation of inverse time overcurrent settings and relay’s breaker protection

logic for circuit paths by grouping identical inverse time overcurrent settings and protection logic



gates into relay setting groups. Protection logic gates (“AND” or “ZERO”) depended on initial
breaker states of relay and expected tripped and not-tripped relay breakers at fault overcurrents
for the circuit paths. Microgrid circuits (test modes) were selected based on microgrid constraints
(operation, maximum load demand, equipment and utility service limitations). Adaptive
overcurrent protection was formed by six relays, but verified by RTS and NRTS with two relays
in the loop. This research focused on circuit paths for Relays 2 and 3 in the microgrid. Power
flow and fault analysis were performed for circuit paths in order to collect current magnitudes
on the relay’s breakers. In order to find maximum and minimum fault currents in power lines,
fault analysis was performed at line-to-line (LL), three-phase balanced (3PB), single-line-to
ground (SLG), and double-line-to ground (DLG) faults. Power lines of the microgrid were
defined as protection areas in circuit paths. Based on circuit paths and fault locations, expected
tripped and non-tripped relay breakers were selected, and maximum ampere rating fuses on
busses for circuit paths were chosen in order to calculate inverse time overcurrent settings of
relays.

Inverse time-current curve models of relays and fuses were created based on
manufacturer literature [5, 6]. Inverse time overcurrent elements of the relays were set by U3
(very inverse) time-current curve, and time dial settings (TDS) and secondary overcurrent
pickups (Ip) were calculated. For all circuit paths of Relays 2 and 3, inverse time-current curves
of the relay’s overcurrent elements and maximum ampere rating fuses were plotted for each
branch of circuit paths. Selectivity coordination between upstream (backup) and downstream
(primary) protective devices was verified in time-current logarithmic plots. Maximum load and
fault currents were plotted, verifying that calculated inverse time overcurrent settings did not trip

and did trip the relay’s breakers, respectively. Coordination time intervals (CTIs) between



backup and primary protection devices at maximum fault currents were calculated, verifying that
calculated CTls were not less than the minimum CTI. The RTS experiment was set without a
breaker operation time in order to validate the RTS experiment with minimum CTI between
backup and primary relays (without breaker operation time) based on IEEE Std. 242-2001 [7].
“AND” and “ZERO” protection logic gates were created in order to trip and not trip the relay’s
breakers, respectively, at fault overcurrents. Although the breaker nearest to the fault location
tripped, other breakers feeding the bus loads did not trip. In addition, breakers inside the
protection areas cleared fault overcurrents more quickly than breakers outside the protection

areas. Primary relays tripped faster than backup relays.

1.3 Relay in the loop techniques

Electrical engineers commonly verify relay settings with relay test systems before placing
relays in substations. In this research, two relay in the loop techniques were applied in order to
verify adaptive overcurrent protection. Equipment and software of the Burns & McDonnell - K-
State Smart Grid Laboratory [8] were integrated into this research. This author built and operated
the K-State Smart Grid Laboratory (2011-14) in order to apply NRTS and RTS with relays in the
loop. Protective relays are devices that make decisions in power systems and have protection,
control, measurement, and communication functions. By exploring new relay applications in the
Burns & McDonnell - K-State Smart Grid Laboratory [8], control and protection power systems
were studied in real-time simulation scenarios. Figure 1.2 shows control (A) and equipment (B)

areas used in this research.



HC = host computer, HMIC = human machine interface computer, WC = webcam computer,
OCR = Overcurrent relay (SEL 451), HVIP = high voltage interface panel, NRTS = non-real
time simulator (SEL-AMS), RTS = real time simulator (OP5600), OSC = oscilloscope,
WWMA = webcam with magnetic arm, VDCS = voltage source (125 Vdc)

Figure 1.2: Control (A) and equipment (B) areas in the NRTS and RTS experiment

Adaptive overcurrent protection for the microgrid with distributed generation was
verified with an NRTS and RTS with two SEL-451 relays [5] in the loop. In the NRTS
experiment, relay settings were verified by individual experimental circuits; each relay was
connected to a specific SEL-AMS [3]. Therefore, Relays 2 and 3 were not synchronized in time.
Results were collected individually from each relay test, and the performance of both relays
working together as primary and backup protections was observed. In addition, the NRTS
experiment was not a real-time simulation because secondary currents and voltages of the pre-
fault, fault, and post-fault states had to be calculated in order to set the NRTS before running the
relay tests. In the RTS experiment, relay settings were verified with a common experimental
circuit for both relays. The microgrid with distributed generators was simulated in real-time.
Therefore, Relays 2 and 3 were synchronized in time, and relay test results were collected from
both relays working together. In the RTS experiment, the primary relay was observed to trip

more quickly than the backup relay for circuit paths of the microgrid.



1.4 Research impact

Current distribution power systems have more fuses than protective relays because fuses
are less expensive than protective relays. Application of fuses in conventional radial power
systems (utility source - end users) is very common. Although fuses are a metallic strip that
melts and opens an electric circuit if the current exceeds a safety level, protective relays are
microprocessors that select various safety levels in order to open an electrical circuit at fault
overcurrent. In addition, although fuses only have protection functions, protective relays have
protection, communication, control, and measurement functions. Because application of
distributed generators in distribution power systems has increased during the last decade [1],
fuses must be integrated with protective relays in order to create adaptive overcurrent protections
for microgrids with distributed generators. In this research, a protection and control system was
developed in order to protect power lines and feeder busses of a microgrid with distributed
generators based on adaptive inverse time overcurrent protection.

In order to include a topic of interest for the utility industry, the research impact of this
application was verified with three original equipment manufacturers (OEMs) of protective
relays before initiating work. Results of the research impact questionnaire submitted to ten
engineers in protection power system areas are presented in Figure 1.3. The questionnaire is
included in Table A.1 of Appendix A. As shown in Figure 1.3 (A), no engineers were aware of
fuses that can communicate with relays in a power distribution system; therefore, feeder fuses
that communicate with relays could be an innovative application. For example, integration of
power line wireless sensors with fuses could create hybrid smart fuses that communicate fuse
ampere rating, currents, and on-off line states to relays. As shown in Figure 1.3 (B), 90% of
engineers thought that relays could be integrated to fuses with communication in a real

distribution system. As shown in Figure 1.3 (C), 50% and 40% of engineers thought that fuse-



relay adaptive protection could improve selectivity in an original distribution system with fuses
“Some” and “A lot”, respectively. As shown in Figure 1.3 (D), 50% and 30% of engineers
thought that fuse-relay adaptive protection provides innovation to a distribution system “A lot”
and “Some”, respectively.

Have you ever seen fuses that could communicate Do you think relays could be integrated to fuses with
with relays in a real distribution system? communicationin a real distribution system?

0,
100% i Ves 10% H Yes
H No H No
@ 90%
0%
How much does a fuse-relay adaptive pratection How much does a fuse-relay adaptive protection
improve selectivityin a distribution system with fuses? innovate a distribution system?
10%
40% mAlot 20% 50% ®Alot
H Some H Some
50% u Little 30% H Little
H Nothing H Nothing

@ 0%

Figure 1.3: Research impact questionnaire

©

Adaptive overcurrent protection that integrates fuses with relays in a real distribution
system results in an innovative application. In the NRTS experiment, relay setting groups with
inverse time overcurrent settings were selected manually. However, in the RTS experiment, relay
setting groups with inverse time overcurrent settings were selected from the host computer that
simulated the power system through the relay’s control outputs.

Another impact of this research is related to application of OP5600 (real-time simulator)
with two relays in the loop. This author was the first graduate student to implement real-time

simulation with two relays in the loop by integrating relay digital and analog signals with



OP5600 [4] at Burns & McDonnell - K-State Smart Grid Laboratory [8]. The RTS experimental
circuit and project is fully explained in this dissertation so that other graduate students can apply
this technique in research areas such as phasor measurement units, adaptive protection systems,

and communication and cyber security applications.

1.5 Research

The work presented in this dissertation describes steps to design an adaptive overcurrent
protection in a microgrid with distributed generators focused on relay setting groups, inverse
time overcurrent element, and protection logics. In addition, relay in the loop techniques based
on RTS and NRTS to verify adaptive overcurrent protection are described. Adaptive overcurrent
protection was developed in order to protect power lines and feeders in distribution power
systems represented by a microgrid with distributed generators, integrating feeder fuses, and
protective relays for circuit paths in the microgrid. The process to establish adaptive overcurrent
protection was systematically described, and RTS and NRTS experiments were developed in
order to verify settings of Relays 2 and 3 located at line and distributed generator busses,
respectively. Relays 2 and 3 were tested at maximum load (pre-fault state) and fault currents
(fault states). Also, selectivity coordination between backup and primary protective relays was
verified measuring CTls at maximum fault currents for circuit paths of Relays 2 and 3 in the
microgrid.

Chapter 2 reviews literature of various adaptive overcurrent protection methods and relay
in the loop techniques in order to verify relay settings. Adaptive overcurrent protection
algorithms from the literature review are described and compared to the adaptive overcurrent
protection system. Types of relay test systems based on computer-based simulators with relays in

the loop are also described and compared. In this research, the RTS and NRTS with relays in the



loop were applied in order to verify adaptive overcurrent protection. RTS and NRTS used the
OP5600 [4] and SEL-AMS [3] systems, respectively. In this research, RTS OP5600 [4] was
configured in order to operate as a real-time relay test system.

Chapter 3 describes the equipment and circuit of the microgrid and the single-line-
diagram and equipment of the microgrid with distributed generators. The microgrid was formed
by the utility source and three distributed generators. The microgrid with distributed generators
had two main feeders formed by three power lines on each main feeder. These two main
branches were formed by Busses 1 to 4 and 5 to 8, corresponding to 650-632-671-680 nodes of
IEEE 13-Node test feeder [9]. Medium voltage (MV) fuses were selected for load feeders. The
chapter also describes the steps to create the power lines, transformers, generators, and loads of
the microgrid with the Power World® software [10] in order to prepare the microgrid to run the
power flow and fault analysis.

Chapter 4 presents adaptive overcurrent protection based on relay setting groups and
protection logics, and creation of adaptive overcurrent protection is systematically described.
Microgrid circuits (test modes) were selected based on microgrid constraints (operation,
maximum load demand, equipment and utility service limitations). Circuit paths were selected
for Relay 2 and 3 busses in the microgrid circuits (test modes), and power flow and fault analysis
were performed in order to collect current magnitudes on the relay’s breakers. In the microgrid,
power lines were defined as protection areas for circuit paths. Fault locations and expected
tripped and non-tripped relay breakers were selected, and maximum ampere rating fuses on
busses were selected in order to calculate inverse time overcurrent settings of relays. Inverse
time-current curve models of relays and fuses were created in order to plot inverse time-current

curves of protection devices. For all circuit paths of Relays 2 and 3, inverse time-current curves
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of the relay’s overcurrent elements and maximum ampere rating fuses were plotted for each
branch of circuit paths. Maximum load and fault currents were plotted, verifying that calculated
inverse time overcurrent element settings did and did not trip relay breakers, respectively. CTls
between backup and primary protection devices at maximum fault currents were calculated,
verifying that calculated CTIs were not less than the minimum CTI. Protection logics of the
relay’s control outputs were created to trip or not trip relay breakers at fault overcurrents. In
adaptive overcurrent protection, setting groups of Relays 2 and 3 were selected by grouping
identical inverse time overcurrent settings and protection logic gates of relay breakers for circuit
paths in the microgrid.

Chapter 5 describes how Relays 2 and 3 were set before running the NRTS and RTS
experiments. Relays 2 and 3 contained four and six setting groups, respectively, and each relay
had to control two breakers. Inverse time overcurrent elements of setting groups for Relays 2 and
3 were set with AcSELerator Quickset® software [11]. The Global, Breaker monitor, Groups,
Outputs, Front panel, and Report options were set, and the setting groups were established for
adaptive overcurrent protection.

Chapter 6 describes RTS and NRTS experimental circuits for testing Relays 2 and 3 in
adaptive overcurrent protection of the microgrid with distributed generators. Hardware and
software of experimental circuits are also described. SEL-AMS [3] and OP5600 [4] were
connected for the NRTS and RTS experiments, respectively. The low level test interface (LLTI),
mainboard input voltages, and control inputs and outputs are described for Relays 2 and 3 based
on the SEL-451 relay instruction manual [5]. Analog and digital signals applied to experimental
circuits are described based on the SEL-AMS instruction manual [3] and OP5600 user guide [4].

High voltage interface panel (HVIP) circuits between control inputs of Relays 2 and 3 and digital
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outputs of OP5600 are also described. NRTS and RTS experiments were segregated into
subcircuits: (1) current and voltage measurement, (2) breaker trip, (3) breaker state pole, (4)
setting group, and (5) breaker record event circuits. Diagrams of subcircuits were compared for
NRTS and RTS experiments.

Chapter 7 describes test steps to run non-real-time simulation with relays in the loop. In
the NRTS experiment, tripping and non-tripping tests were run for adaptive overcurrent
protection of the microgrid with distributed generators. NRTS simulated the trip coil and
auxiliary contacts of the breakers and pre-fault, fault, and post-fault states. The calculation (1),
preparation (2), execution (3), and collection (4) steps for tripping and non-tripping tests are also
described. Relays 2 and 3 were verified during tripping and non-tripping tests. In the collection
phase of tripping tests, measured relay times were collected in order to estimate the fault state
time for non-tripping tests, and then tripping tests were run before non-tripping tests. Tripping
and non-tripping tests for Relays 2 and 3 were run with SEL-5401® software [12]. In the NRTS
experiment, tripping and non-tripping tests were run individually for each relay.

Chapter 8 presents NRTS experiment results for Relays 2 and 3. The NRTS experiment
was segregated into tripping tests, including backup protection tests, and non-tripping tests.
Tripped breaker states, and measured relay and fault clearing time values were collected during
tripping tests. In the tripping tests, the fault state time was greater than the expected fault clearing
time required if relays tripped. However, in the non-tripping tests, the fault state time was less
than the relay time required if relays did not trip. Percent error values of Relays 2 and 3 were
calculated for measured and theoretical relay times of tripping tests. Measured CTls between
backup and primary relays were estimated using measured relay times collected during the

tripping tests.
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Chapter 9 describes how the project model was built for adaptive overcurrent protection
of the microgrid. The project model was created with RT-LAB® software [13] integrated with
libraries from Matlab®/Simulink® software [14]. The project model was run with the real-time
simulator OP5600 [4] with two SEL-451 relays [5] in the loop. In the RTS experiment, the
project model was built before running real-time tests. The project model was formed by the
SM_Network (master) and SC_console subsystems. The SM_Network (master) subsystem
simulated the microgrid and recorded test results after real-time simulation. However, the
SC_console subsystem triggered the external control signal for the fault block and supervised the
real-time test during execution of the RTS experiment.

Chapter 10 presents test steps to run real-time simulation with relays in the loop,
including steps to run tripping and non-tripping relay tests. The edition (1), preparation (2),
compilation (3), execution (4), and collection (5) phases to run real-time simulations are also
described. In the RTS experiment, tripping and non-tripping tests were run for Relays 2 and 3. In
the tripping tests, relays tripped for an overcurrent fault situation, collecting the Matlab® and
relay record event files from the host and human machine interface (HMI) computers,
respectively. However, in the non-tripping tests, only Matlab® files were collected because
relays did not save the record events if relays did not trip.

Chapter 11 presents results of the RTS experiment. The RTS experiment was segregated
into tripping and non-tripping tests; backup protection tests were included in the tripping tests.
Setting groups, A-B-C line currents, trip signals, and breaker states of Relays 2 and 3 were
collected in the tripping and non-tripping tests. In tripping tests, real-time simulation was
stopped at a time greater than the sum of pre-fault and fault clearing times in order to observe if

relays tripped. However, non-tripping tests were stopped at a time less than the sum of pre-fault
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and relay times in order to observe if relays did not trip. Relays 2 and 3 were tested in the loop
with OP5600 [4]. Analysis of the relay’s record events was performed, and A-B-C line currents
of tripped breaker and digital variables of the protection logic gate (“AND”) were plotted.
Percent error values of Relays 2 and 3 were calculated by measured and theoretical relay times
for tripping tests. Measured CTls between primary and backup relays were collected for backup
tests in order to verify protection coordination scenarios.

Chapter 12 presents conclusions about inverse time overcurrent adaptive protection for
microgrid with distributed generators and comparison of relay in the loop techniques used in this
research. Selectivity, speed, and reliability were achieved in adaptive overcurrent protection and
verified with collected results of tripping and non-tripping relay tests. Selectivity was validated
by collecting breaker state sequences of Relays 2 and 3 for tripping and non-tripping tests. Speed
was validated by collecting measured fault clearing times of Relays 2 and 3 for tripping tests. In
addition, the speed of protection logic gate (“AND”) to trip relay breakers generated the trip
signal without delay, confirming non-delay in protection logic applied in adaptive inverse time
overcurrent protection. Reliability was validated by performing backup relay tests in order to
disconnect the LLTI of primary relays (simulating a failure in current transformers of primary
relays) and observe whether or not backup relays tripped, thereby validating reliability of the
protection system. In this research, adaptive overcurrent protection was verified by testing
Relays 2 and 3 with NRTS and RTS experiments. NRTS and RTS experiments were performed
with SEL-AMS [3] and OP5600 [4] as NRTS and RTS, respectively. Conclusions were drawn

from the application of these two relay in the loop techniques to test Relays 2 and 3.
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Chapter 2 - Literature review

Adaptive overcurrent protection has attracted the attention of electrical engineers because
it improves the selectivity and reliability of protection and control systems in power systems in
which circuit paths could be available based on circuit breaker states. Adaptive overcurrent
protection topics have increased in relevancy because of application of distributed generators in
utility distribution power systems. This chapter introduces literature contributions and topics of
interest related to adaptive overcurrent protection, such as microgrid and distributed generators,
experimental methods to validate adaptive overcurrent protections, wireless power line sensors,
hybrid smart fuses, and technical-economical evaluation (reliability, selectivity, speed, and cost)

of protection systems.

2.1 Microgrid and distributed generators

A microgrid, a small electric power system connected to the utility grid through a point of
common coupling. uses on-site distributed generators to supply all or portions of local demands.
Key features of microgrid operation include logical islanding from the utility grid and the ability
to be self-controlled in island mode. When a fault is at a distribution network, local microgrids
can enhance power system reliability by switching to island mode as local distributed generators
continue to supply microgrid loads [15]. However, integration of distributed generators in radial
distribution systems regarding selectivity and coordination of existing overcurrent protection
schemes must be studied in order to implement adaptive protection in a microgrid with
distributed generators [16]. The amount of distributed generation connected to distribution
networks currently creates challenges for traditional protection of distribution networks due to
bidirectional power flows, and fault current contribution of distributed generators [17].

Typically, a relay system is designed to achieve the highest levels of speed, reliability,
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selectivity, simplicity, and cost-efficiency [18]. Oudalov et al, 2014 [19] presented an application
of a protection solution for a microgrid with distributed generators. This application was based
on automatic adaptive protection that changes protection settings according to microgrid
configurations. Gupta et al, 2013 [20] presented a critical review of existing adaptive protection
schemes, technical challenges, and advancement regarding suitability for operating in a smart
grid scenario. The conventional overcurrent protection scheme faces selectivity and sensitivity
issues in grid and microgrid faults because the fault current levels could differ for the same relay.
Adaptive protection is the most promise technique in microgrid configurations. However,
feasibility, reliability, and cost benefits are associated with implementation of adaptive microgrid

protection schemes.

2.2. Adaptive multifunction and overcurrent protections

Types of adaptive protection systems for a microgrid with distributed generators could be
segregated into multifunction (overcurrent, distance, and differential protections) and overcurrent
(directional, instantaneous, and/or inverse time overcurrent) protection groups. In adaptive
protection systems of a microgrid with distributed generators, the overcurrent protection group
has more publications than the multifunction protection group because overcurrent protection is
used more often in distribution systems than distance and differential protections.

Publications related to the multifunction protection group for adaptive protection systems
in a microgrid with distributed generators are listed below:

Ramaswamy et al, 2011[21] proposed a genetic algorithm, or optimization technique, in
order to achieve microgrid objectives and constraints, such as voltage control, grid
reconfiguration, and adaptive overcurrent and distance protection. The presence of distributed

generators in smart grids introduces factors that require additional consideration for solving the
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multi-objective optimization. This publication enlisted objectives and constraints for voltage
control, grid reconfiguration, and protection applications that require additional consideration for
solving multi-objective optimization.

Abdulhadi et al, 2011 [22] presented an adaptive protection architecture for smart grid
applications which reflected the utility and functional requirements at various life cycle stages of
a scheme. These life cycle stages demonstrated the physical mapping of the architecture’s
adaptive functionality in a prototype scheme, thereby facilitating the integration of modern
digital substations and the integration of de-risking schemes and self-contained modules suitable
for reuse of the smart grid.

Sham et al, 2011 [23] proposed the design and development of a new adaptive distance
relaying scheme in order to overcome the adverse effects of the static synchronous compensator
(STATCOM). Because conventional relays cannot provide reliable protection in midpoint
STATCOM application, this new adaptive distance relaying scheme was designed and developed
to mitigate the adverse effects of STATCOM in transmission lines.

Islam et al, 2012 [24] suggested a microgrid protection and safety concept with a central
control and monitoring unit in which a multifunctional intelligent digital relay was used. Central
control and monitoring infrastructure was used as an adaptive relay setting strategy for the
microgrid, and protection strategies were investigated for adaptive safety protection in grid-
connected and islanded modes at various types of faults.

Ojaghi et al, 2013 [25] suggested a full adaptive technique to set all overcurrent relays in
high voltage substations which can be used online with no need to employ a communication
infrastructure. This technique was based on an appropriate equivalent circuit of the power grid in

the substation, online estimation of the equivalent circuit parameters, and application of the
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equivalent circuit in order to estimate required short-circuit currents. The full adaptive technique
was used to set overcurrent relays of a typical 230/20-kV substation connected to a sample 9-bus
grid, and a function to initially remove faults along the line was created by setting the
overcurrent relay of a power line as backup for its distance relay. If the distance relay failed to
punctually remove fault, the overcurrent relay operated in order to resolve the problem. This
coordination between relays was studied by solving overcurrent settings for two critical points, at
the beginning of the first and second zones of the distance relay.

Laaksonen et al, 2014 [26] emphasized focus on design aspects of the adaptive
multifunction protection system, addressing issues such as selection of alternative setting groups,
components, and system architecture; system configuration; and programmed logic. The adaptive
multifunction protection system was based on a centralized controller that ran real-time analysis
of data received from field intelligent electronic devices and communicated with them via
International Electrotechnical Commission (IEC) 61850 communications. The adaptive
protection and microgrid control system was developed and installed at Hailuoto Island in
Finland.

Relevant publications regarding the overcurrent protection group for adaptive protection
systems in a microgrid with distributed generators are listed below:

Laway et al, 1993 [27] presented an adaptive protection algorithm applied to setting and
coordinating directional overcurrent relays in an interconnected power system. The algorithm
was developed to set and coordinates relays in an online mode; therefore, relays self-adaptively
responded to changing conditions, operational or structural, of the power system.

Sachdev et al, 1995 [28] presented a topology detection technique suitable for use in

adaptive directional overcurrent relaying applications. While the substation control computer at

18



each substation determined topology of the substation, the central control computer determined
system wide topology from information supplied by the substation control computer. The
technique was applied to three networks, and three operating states of each network were used
for the tests. Execution times required to identify topology of the selected systems for various
states were monitored and found to be acceptable for implementing the proposed technique in the
developed adaptive protection scheme.

Zhang et al, 2008 [29] presented a setting group method as a solution to the adaptive
overcurrent protection scheme in a shipboard power system. Use of setting groups of relays and a
simple logic applied by directional overcurrent protection relay allowed comparison of the
magnitude of the relay input current to the threshold value (pickup current setting) in order to
verify the fault status in the power system. When the input current exceeded the pickup value, a
trip signal was sent to the circuit breakers.

Mahat et al, 2011 [30] proposed an adaptive protection system that updated trip
characteristics of relays when distribution system conditions were urged to change into grid,
island, and losing generator modes. This adaptive protection overcame challenges of overcurrent
protection in distribution systems with distributed generation. Relay trip characteristics were
updated by detecting operating states (grid connected or island) and the faulted section. The
adaptive protection also proposed a faulted section detection using time overcurrent
characteristics of directional overcurrent relays. Simulation results showed that the operating
state and faulted section could be correctly identified and protection system settings could be
updated to more quicly clear the faults.

Liu et al, 2012 [31] proposed a novel adaptive protection method that measured only

local information rather than use of the communication in order to adapt protection settings to
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the change of grid-connected or islanded modes, network topology (radial or meshed), and
disconnection of distributed generators. Directional overcurrent relays were adopted in the
distributed system to shorten the tripping time in order to maintain the distributed generator
connection. Relay settings were calculated offline and modified online according to state
detection, including islanding detection, power flow detection, and fault section detection.

Matic-Cuka et al, 2012 [32] presented a new Hierarchically Coordinated Protection
(HCP) approach to mitigate effects of increased grid complexities. The proposed approach
utilized local and wide area measurements and relied on three HCP framework levels: fault
anticipation and prediction, adaptive fault detection, and overcurrent relay operation correction
in case of unwanted tripping. The HCP offered intelligence to directional overcurrent relays at all
voltage levels and using information and statistics from the systems, such as weather, lightning,
animal and bird migration patterns, and component outage history, to enhance protection system
tripping dependability and security.

Khederzadeh, 2012 [33] presented a setting group method as a solution to numerical
relays in order to adapt their settings to the microgrid status. Settings for inverse time overcurrent
relays were calculated offline and saved in the relays, and settings were automatically changed to
the associated group of settings. Status of the microgrid was transferred by a communication link
typically available in a microgrid to the relays.

Buque et al, 2012 [34] developed an adaptive overcurrent relaying scheme for a
microgrid using intelligent inverse time overcurrent relay models that detect the mode of
operation of the microgrid. Results showed that the relaying scheme adjusted its setting by

sensing the mode of operation of the microgrid with practically no delay time.
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Montoya et al, 2013 [35] suggested a methodology to set up overcurrent directional
protection. Adaptability was achieved through a self-adaptive algorithm that allowed the operator
to change the setup of any overcurrent devices remotely. This method for the coordination of
inverse time overcurrent characteristics using an adaptive scheme was validated through two co-
simulation techniques.

Rones et al, 2013 [36] presented an adaptive overcurrent protection of overhead
distribution feeder system using inverse time overcurrent relay, recloser, and sectionalizer. The
impact of distribution generator on radial overhead distribution feeder system with overcurrent
relay, recloser, and sectionalizer was evaluated for distributed generation conformed by wind
farms.

Jafari et al, 2013 [37] proposed a protection scheme to avoid changing the setting of
protective devices for various operating conditions. Traditional distribution networks have radial
and unidirectional topology, so the protection system of these networks was based on time and
current coordination of inverse time overcurrent protection devices affected by distributed
generators. This protection scheme was based on a self-adaptive method for a microgrid in which
under reach fault currents were detected and compensated by relays to adapt overcurrent
protection scheme.

Singh, 2013 [38] presented an adaptive overcurrent protection coordination approach that
restored directional and inverse time overcurrent relay coordination according to changing fault
current contribution from distributed generation sources. A microgrid model was simulated and
relay settings were optimized with help of a robust and fast covariance mean evolution strategy

based on optimization of the algorithm.
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Mishra et al, 2014 [39] presented an approach that utilized local and wide area
measurements and relied on fault anticipation and prediction, adaptive fault detection, and relay
operation correction for unwanted tripping. This proposed scheme provided time flexibility to
protect the system in order to adjust biasing between dependability and security for each
disturbance, thereby reducing the missed operation rate of relay. The main contribution of this
paper was implementation of adaptive relaying using variable time setting multiplier or dial
setting for inverse time overcurrent relays depending on severity of short circuit, fault

impedance, and fault location.

2.3 Adaptive overcurrent protections

Overcurrent is the most popular protection function used in microgrids with distributed
generators. Overcurrent protections can be classified as instantaneous (50), inverse time-current
(51), and overcurrent directional (67) protections [40]. In a microgrid with distributed generators,
application of adaptive overcurrent protections could be presented for radial and non-radial
power systems. Protective devices used in a distribution power system integrated to a microgrid
could include relays, fuses, and/or reclosers. Methods to validate adaptive overcurrent protection
systems are based on use of software programs and/or computer-based simulations which can be
developed for non-real-time and real-time simulators with or without hardware-in-the-loop
(HIL). Table 2.1 shows a comparison of relevant literature based on publication years, protective
devices, power systems, overcurrent protection, and experimental methods for adaptive

overcurrent protection studies in microgrid with distributed generators.
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Table 2.1: Adaptive overcurrent protection literature review
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Protective devices ) . :
system protection (simulations)
References - IS S o 4|3 £
2| 8 | & 2 | % S5 | eI s, |E s
gl 38| 5 | ¢ 2SI |22/52/2¢8%
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Laway et al, 1993 [27] X X X | X X 0
Sachdev et al, 1995 [28] X X X X 0
Zhang et al, 2008 [29] X X X X X X 1
Mahat et al, 2011 [30] X X X X | X X 0
Liu et al, 2012 [31] X X X X | X | X X 0
Matic-Cuka et al, 2012[32] X X X X 0
Khederzadeh 2012 [33] X X X X 2
Buque et al, 2012 [34] X X X X 0
Montoya et al, 2013 [35] X X X X | X X X 0
Rones et al, 2013 [36] X X X X X X 0
Jafari et al, 2013 [37] X X X X 0
Singh, 2013 [38] X X X X | X X 0
Mishra et al, 2014 [39] X X X | X X 0

Winstantaneous (50), inverse time (51), and directional (67) overcurrent protections based on IEEE Std. C37.2-2008 [40],

NRTS: non-real-time simulation, RTS: real-time simulation, HIL: Hardware-in-the-loop
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Figure 2.1: Publication years (A), protective devices (B), power systems (C), overcurrent
protection (D), and experimental methods (E) for adaptive overcurrent protection studies in
microgrid with distributed generators collected from relevant literature review
Figure 2.1 illustrates information collected from Table 2.1 with most relevant
publications regarding adaptive overcurrent protection in microgrid with distributed generators
since 1993. More than 70% of reports were published between 2011 and 2014 (Figure 2.1 (A)).
Relays are the most popular protective devices in the analysis and study of adaptive overcurrent

protection in a microgrid with distributed generators due to protection, control, communication,

and measurement functions of relays (Figure 2.1 (B)). However, in the proposed research,
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adaptive overcurrent protections had to be integrated into conventional radial power systems in
which fuses were the most frequently used protective devices and power line sensors were used
at fuse locations. Relays and fuses could comprise adaptive overcurrent protection that integrates
the microgrid with conventional radial power systems protected with fuses.

Microgrids with distributed generators are required in order to study adaptive overcurrent
protection in radial and non-radial power systems (Figure 2.1 (C)). Application of distributed
generators connected in parallel to other distributed generators and/or utility sources allow power
to flow from the utility source to the end user, from the distributed generator to the end user, and
from the distributed generator to the utility grid. In the proposed research, adaptive overcurrent
protection was based on a microgrid application with constraints (operation, maximum load
demand, equipment, and utility service limitations). Objectives and constraints to develop
algorithms in adaptive overcurrent protections are crucial in order to solve control problems [21].

Directional and inverse time overcurrent protections typically are used more often than
instantaneous overcurrent protection (Figure 2.1 (D)). Although directional overcurrent
protection is related to application of adaptive overcurrent protections in a radial power system,
inverse time overcurrent protection is related to coordination of relays and/or fuses with inverse
time-current curves. In the proposed research, adaptive overcurrent protection was based on
integration of inverse time overcurrent relays and fuses in power lines and feeders, respectively.
Relays were coordinated to other relays and fuses, selecting maximum ampere rating fuses on
busses in the microgrid.

Computer software is the most common tool for studying adaptive overcurrent
protections in a microgrid with distributed generators (Figure 2.1 (E)). However, the real-time

simulator with relays in the loop is the most recommended technique to study adaptive
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overcurrent protections because relays are connected in a real-time environment that allows
integration of HIL. In the proposed research, adaptive overcurrent protection was verified with a

real-time and non-real-time simulator with two relays in the loop.

2.4 Experimental methods to validate adaptive overcurrent protections

A microgrid can operate as a radial or non-radial power system in which currents no
always flow in identical directions. The microgrid can use protective relays, reclosers, and/or
fuses. Methods to validate the adaptive overcurrent protection system can be developed based on
computer software, non-real-time, and real-time simulators. Non-real-time and real-time
simulators allow installation of relays in the loop, and relay in the loop techniques are essential
for verification of the adaptive overcurrent protection system with a relay application. In Table
2.1, adaptive overcurrent protection schemes presented in the literature review were simulated by
the following experimental methods:

Laway et al, 1993 [27] validated an adaptive directional and inverse time overcurrent
protection for a non-radial power system, testing an adaptive overcurrent algorithm with a
computer program.

Sachdev et al, 1995 [28] demonstrated an adaptive protection scheme, testing three
networks with computer software simulation. Execution times required to identify topology of
the selected systems for various states were monitored during the tests.

Zhang et al, 2008 [29] simulated a shipboard power system for a shipboard and adaptive
overcurrent protection using various techniques. The protective device was thoroughly modeled
with Matlab® Simulink® [41] software and then downloaded to a DSpace® [42] controller
board that was interfaced with a real-time simulator in order to perform corresponding HIL tests.

Results of these HIL tests were compared to similar tests using an SEL351-S relay [43].
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Mahat et al, 2011 [30] and Liu et al, 2012 [31] simulated the same distribution system in
Denmark. The verification method was implemented with DigSILENT® PowerFactory [44] and
Matlab® Simulink® [41] software.

Matic-Cuka et al, 2012 [32] developed the IEEE 39-bus New England test system in
order to perform the proposed HCP scheme for transmission applications with a computer
software simulation.

Khederzadeh, 2012 [33] presented a setting group method as a solution for numerical
relays in order to adapt their settings to the microgrid status. In order to validate this setting
group method, various settings for the overcurrent relays were calculated offline and saved in the
relays. Settings were automatically changed to the associated group of settings.

Buque et al, 2012 [34] developed an adaptive relaying scheme for a microgrid that could
detect the mode of operation in the microgrid. Matlab® Simulink® [41] software was used to
simulate the relay and power system models.

Montoya et al, 2013 [35] proposed an adaptive protection scheme to coordinate
overcurrent relays. This scheme was validated through two co-simulation techniques: real-time
simulation and HIL simulations. These techniques required integration of a power system
analysis toolbox called PSAT® [45] and LabVIEW™ [46] software. Results of real-time and
HIL simulations were compared and validated with the offline ETAP® [47] software.

Rones et al, 2013 [36] developed and evaluated an adaptive overcurrent feeder protection
scheme and an adaptive recloser and sectionalizers feeder protection scheme in order to vanquish
the impact of wind turbines as distributed generators. Distribution system conductor sizing and
protection coordination studies were performed with a Power System Computer Aided software

called PSCAD® [48] and Matlab® Simulink® [41] software package for simulations.
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Jafari et al, 2013 [37] presented a self-adaptive method for the smart microgrid that
compensated the underreached fault current detected by the relay system. The microgrid test
system is part of the Himmerlands Elforsyning distribution network in Aalborg, Denmark, that
was simulated with PSCAD ® [48] software.

Singh, 2013 [38] presented an adaptive overcurrent protection coordination approach that
restored overcurrent relay coordination based on changing fault current contribution from
distributed generation sources. The microgrid model was simulated with Matlab® Simulink®
[41] software.

Mishra et al, 2014 [39] proposed adaptive protections that analyzed adaptability of the
relay based on a fuzzy inference system in which the action and response time of the relay were
considered by taking the short circuit current, fault impedance, and location of the fault from the
end as inputs. The microgrid was based on an IEEE14 bus system simulated by ETAP® [47]
software in order to calculate fault currents, and the fuzzy inference system was simulated using
Matlab® Simulink® [41] software.

In the proposed research, adaptive overcurrent protection was based on overcurrent relays
applied in a nonconventional radial power system with the assumption that power always flows
from the utility source to end user or distributed generator to end user. However, depending on
the selected circuit path, the distributed generator could be located at various sites of the
microgrid, thereby allowing power to flow along power lines in not always the identical
direction. In the proposed research, inverse time-current curves of relays and fuses were
coordinated in adaptive overcurrent protection, and the assumption was made that adaptive
overcurrent protection was created in order to protect the power lines and feeders. Depending on

circuit paths in the microgrid and maximum ampere rating fuses on busses, inverse time
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overcurrent settings of relays were calculated. Although 75% of adaptive overcurrent protection
studies shown in Figure 2.1 were validated by software and computer programs, the proposed
research was verified with relay in the loop techniques. Verification of the adaptive overcurrent
system was based on two relay test methods: the non-real-time simulator and real-time simulator
with relays in the loop. Real relays were advantageously applied during verification; therefore,
logic functions inside relays were applied in order to implement the adaptive overcurrent
algorithm. Wiring connections of relays were also performed in order to create the real circuit of
this adaptive overcurrent protection system simulated with a non-real-time and real-time power

system.

2.5 Algorithms of adaptive overcurrent protection

Design of an adaptive protection system requires a method for detecting all circuit
topologies along the power system. In this research, the topology detection technique was based
on identification of circuit topologies in power systems, and the adaptive relay system was based
on the fact that power system status can change. Therefore, relay settings were modified based
on power system modifications [18]. Protective relays along the power system provide a
continuous service, detecting failures or abnormalities inside control protection areas. Protective
relay tasks are accomplished by opening breakers in the protection area in order to isolate the
fault, thereby avoiding excessive damage to equipment or possible collapse of the power system.
Protection systems are designed to achieve the highest level of speed, reliability, selectivity,
simplicity, and cost-efficiency. Current application of adaptive relaying techniques in protection
systems is more feasible than previous application because current protective relays are
programmable devices with extensive logic, memory, data transfer, communication, and

reporting capabilities. Therefore, relays are protective devices to develop adaptive relay
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techniques in power systems. Adaptive overcurrent algorithms systematically describe the
process to set relays as adaptive overcurrent protections. From Table 2.1, published algorithms of
adaptive overcurrent protection were plotted and compared as flow charts [27, 30, 34, 35, and
38].

Figure 2.2 shows the algorithm for adaptive coordination of directional overcurrent relays
described by Laway et al, 1993 [27]. The flow chart of the algorithm can be explained with
descriptions of the following phases: (1) topology processor, (2) load flow program, (3) adaptive
selection of pickup overcurrent, (4) fault analysis program, (5) primary/ backup relay pairs, (6)

optimal relay setting, and (7) communication of the settings to the relays [27].
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Figure 2.2: Adaptive coordination of directional overcurrent relays [27]
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Figure 2.3 shows the algorithm for the adaptive setting of relays presented by Mahat et al,
2011 [30]. The flow chart describes an adaptive overcurrent algorithm that allows the
distribution generation system to operate in islanded or grid mode. In this algorithm, current
measurements were needed in order to update down-stream relay settings, and voltage and
frequency measurements were needed in order to change directional relay settings for islanding

and grid connected conditions, according to Mahat et al, 2011 [30] and Liu et al, 2012 [31].
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Figure 2.3: Flow chart for adaptive setting for relays [30]

Figure 2.4 shows the algorithm of adaptive relaying scheme presented by Buque et al,
2012 [34]. The adaptive overcurrent relay model was designed according to the IEC standard

equation for normal inverse definite minimum time. The adaptive overcurrent relaying scheme
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automatically selects the pickup current setting of the relays after setting the operation mode in
the microgrid. Based on initial relay parameters (current transformer ratios, time multiplier, and
plug setting) and the root mean square (RMS), current values are determined in order to calculate
the operating time of relays. If the secondary current is smaller than the pickup current, operating
time of relays is re-calculated. However, if the secondary current is higher than the pickup

current, the calculated trip time is sent to the circuit breaker [34].
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Figure 2.4: Flow diagram of adaptive relaying scheme [34]

Figure 2.5 shows the algorithm of the adaptive protection methodology presented by
Montoya et al, 2013 [35]. This methodology makes an initial configuration of overcurrent
protective devices when the utility is the only power source of the radial distribution network.
Then the methodology checks the state of the distributed generators and power flow analysis to

determine if changes have occurred. If so, power flow validation is performed in order to
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reconfigure all overcurrent protective devices according to estimation parameters. Parameters

that allow adaptive behavior are well-known by the utility. These parameters include line current

flow along the breaker, symmetric fault current, and inverse time overcurrent settings (pickup

current and time dial setting parameters) of protective devices [35]. Inverse time overcurrent

settings were established according to the American National Standards Institute (ANSI) or IEC.
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Figure 2.5: Adaptive protection methodology [35]

Figure 2.6 shows the algorithm of adaptive overcurrent protection presented by Singh,

2013 [38]. The flow chart in Figure 2.6 is based on an adaptive protection system for a

distributed generation source in the power distribution system and an expert adaptive overcurrent

protection coordination approach that restores overcurrent relay coordination according to the

changing fault current contribution from distributed generation sources. Relay settings are

optimized with the help of a robust and fast covariance mean evolution strategy based on an

optimization algorithm [38].
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Flow charts steps defined in Figures 2.2 to 2.6 were useful tools for developing the

34

algorithm in the proposed research. The proposed adaptive overcurrent algorithm was based on
non-conventional radial distribution formed by distributed generators at various locations in the
microgrid that allowed currents in power lines no always flow in identical direction. In order to
develop algorithms in adaptive protection, the presence of objectives and constraints is required
to solve control problems [21]. Ramaswamy et al, 2011 [21] listed voltage control, grid
reconfiguration, and adaptive protection objectives and constraints. Mantawy et al, 2003 [49]
listed voltage control objectives and constraints for optimization in adaptive overcurrent
protection. Distribution grid reconfiguration is defined as altering the topological structure of
distribution feeders by changing open/closed states of breakers so that the objective function is

minimized and constraints are met. Objectives and constraints in grid reconfiguration are listed




by De Oliveira et al, 2004 [50], Mendoza et al, 2006 [51], Enacheanu et al, 2008 [52], and Hong
et al, 2005 [53]. According to Damborg et al, 2000 [54], “Adaptive protection is a protection
philosophy which permits and seeks to make adjustment to various protection functions in order
to make them more attuned to prevailing power system conditions.” The need for adaptive
protection arises because rapid switching actions, including islanding, load shedding, and
generator tripping, are beneficial for maintaining synchronism in unstable situations. Damborg et
al, 2000 [54], Bittencourt et al, 2009 [55], Chattopadhyay et al, 1991 [56], So et al, 1997 [57],
and Ghanbarian et al, 2008 [58] listed adaptive protection objectives and constraints.

In this proposed research, voltage control, grid reconfiguration, and adaptive protection
constraints and objectives were added to the adaptive overcurrent protection algorithm. In
addition, the proposed adaptive overcurrent algorithm was based on coordinating fuses-relays
and relays-relays compared to only relays-relays in the algorithms shown in Figures 2.2 to 2.6.
Table 2.2 shows a comparison of adaptive overcurrent protection algorithms from the literature

review versus proposed research.
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Table 2.2: Adaptive overcurrent protection algorithms from literature review versus proposed research

— — _ ©
o | _ IR N R N
Characteristics of adaptive overcurrent protection algorithms E2n[58a9|58c|530|58m 28
» c - — = = | O O
226 |20 |80 2E0|2VWo| &0
L © — | N | 2N o N|iT N| o~
- P 0 S
:%") S Busses Bus voltage service limit range in microgrid X X
= c
g 8 Transformers Tap changer limits of transformers X
Grid mode Utility source feed loads X X X X X
S Island mode Distributed generators feed loads X X X X X
= © | Emergency mode | Utility source and distributed generators feed loads
(_C,) 5‘: Loads Maximum load demand scenario X
[V
g S Distributed No parallel connection of distributed generators X
'S o generators Maximum prime real and reactive power X
)
g Stability Frequency measurements X
O Maximum load current (relays do no trip) X
= Setti Minimum fault current (relays trip) X X X X X X
3 eting Maximum fault current (relays trip) X X X X X X
> verification — —
5 - Selectivity coordination X X X X X X
f—;' % Minimum coordination time interval X X X X X X
o 2 o Instantaneous overcurrent protection
s vercurrent Inverse time overcurrent protection X X X X X X
® protection — } )
2 Directional overcurrent protection X X X X X
=3 _ Relays X X X X X X
° Protection
< . Fuses X
devices
Reclosers
. Power lines X X X X X X
Protection areas
Bus feeders X

"Based on creating protection logic gates (AND, ZERO) for circuit paths in microgrid

36




2.6 Wireless power line sensors and hybrid smart fuses

Today’s digital society requires efficient fault management and load monitoring of
electrical distribution networks. Processing data requirements from the distribution network by
installing no wireless sensors at different locations, such as incoming and outgoing power lines
of secondary substations, requires a substantial cabling effort. Wireless sensors are promising
technical and economical product alternatives for smart grid projects [59]. As utilities attempt to
implement personalized concepts of the smart grid, the need for accurate sensor data and
utilization of that data in individual smart grid implementations is essential [60]. Leon et al, 2007
[61] presents application of wireless sensor network technology to detect mechanical failures in
transmission lines, obtain a complete physical and electrical picture of the power system in real-
time, diagnose imminent and permanent faults, and determine appropriate control measures that
could be automatically suggested to system operators.

An application based on integration of equipment in order to create smart grid network
architectures that are not commercially available in the market was developed by Salvadori et al,
2013 [62]. In this application, the smart grid network is denominated by hybrid smart grid
network architecture [62]. The hybrid network architecture for monitoring, diagnosis, and
supervisory control applied to smart grids consists of wireless sensor network, power line
communications, and a controller area network based on easy/low cost implementation. This
hybrid network architecture has simple set up implementation of redundant routines. Hybrid
network architecture was implanted in one underground electric substation power distribution,
characterized as an extremely hostile environment for supervisory control applications. The main
challenge of the hybrid network architecture was to establish a communication system installed

inside the substation [62].
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In this proposed research, adaptive overcurrent protection system must communicate in
order to implement the relay setting group changes. The communication link between the relays
and power system was needed to select the setting groups of the relays in the adaptive
overcurrent protection system, based on the maximum fuse ampere rating on bus feeders, and
circuit paths based on breakers states in the microgrid. In this research, the real relay interface
was implemented using two SEL 451 relays [5] in the loop with an OP5600 [4] real-time
simulator.

Although “fuse-relay” communication is not implemented with real fuses, the literature
review revealed a need to find answers related to “fuse-relay” communication. Initially, the
concepts of a smart fuse that could implement a “fuse-relay” communication was selected as an
option to integrate radial and non-radial power systems; therefore, information about smart fuses
in distribution systems was collected. Design, development, and application of a smart fuse in
medium voltage distribution system were presented by Radhakrishnanand et al, 1994 [63], but no
smart fuse product or vendor was found in the market. In addition, in response to the research
questionnaire, all colleagues stated that they had never encountered fuses that could
communicate with relays in a real distribution system. Therefore, the concept of a hybrid smart
fuse was developed by integrating a fuse with a power line sensor, LineWatchTM [64], for
medium voltage power distribution system. As a result, “fuse communication” could be
implemented by adding a power line sensor at each fuse at bus feeders in order to collect the fuse
location (feeder and bus names), ampere ratings, measured currents, and states (blow out or
closed). If a fuse is blown or closed, power line sensors could measure current along the power
line. Information collected from the power line sensor could be received by relays in order to

make decisions regarding relay settings. Although the hybrid smart fuse was not implemented in
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this research, communication between relays and microgrid to change setting groups of relays
based on selected circuit path and maximum fuse ampere ratings was implemented by a real-time

simulator with two relays in the loop.

2.7 Relay in the loop techniques

A literature review on relay test techniques, apparatus, modes, and applications was
developed in IEEE Xplore. Sachdev et al, 2000 [65] presented relay test systems for testing
numerical relays. This publication was useful to understand relay in the loop test techniques.
Testing techniques were based on the nature of output data for testing relays, including analog
test sets based on the simulation of outputs of analog waveform generators to test relays (1),
digital-analog test sets based on the simulation of disturbances and usage of outputs of
simulations to test relays (2), and data-recorder test sets based on the application of disturbance
data recorded by relays and data-recorders (3).

The test apparatus used to test relays included the relay test set (1), real-time playback
digital simulator (2), and real-time digital simulator (3). The relay test set was the most
economical alternative and was able to simulate fundamental frequency and transient waveforms
while quantifying data from the simulation after running the test. The relay test set consisted of a
computer (laptop or PC) and a test set. In this case, computer-generated numerical data were
converted to analog form by digital/output converters. The real-time playback digital simulator
was similar to the relay test set except that functions performed in the computer and test set were
integrated into one device. The real-time digital simulator was based on a target computer that
generated a signal source created by a real-time operating system and completed the simulation
for each time step within the step. Time steps to provide simulations were in the order of 50

microseconds [65]. The target computer sent data to the tested relay/s and the relay/s received
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data in real-time output from the target computer. The real-time digital simulator used
instantaneous values instead of stored waveforms to perform simulations. The real-time digital
simulator simulated the entire power system in order to perform relay tests.

Relay tests are typically performed in four modes: (1) open-loop, (2) closed-loop, (3)
semi-closed loop, and (4) end-to-end. Open-loop tests do not consider power system response
after a relay tripping for a fault situation. Open-loop tests are used to verify the relay when a
fault is in its primary zone of protection. In addition, open-loop tests are used to check operating
boundaries of the relays. A relay test set and real-time playback digital simulator test apparatus
can be used to perform open-loop tests [65]. Closed-loop tests consider power system response
after a relay trip for a fault, and a breaker is opened. The application of closed-loop tests is
important when the relay operation impact must measure possible disturbances in the power
system. The necessity of sensing the power system after clearing the fault made of the closed-
loop test an important tool to verify relay speed and power system response. Real-time digital
simulator test apparatus are typically used to perform closed-loop tests [65]. The real-time digital
simulator for closed-loop is a useful tool to test protection and control systems in a large-scale
power system [66]. The type of relay test depends on the size of the power system that must be
simulated. Real-time simulator and real-time playback digital simulator test apparatus can
simulate limited power systems and model a typical power line with equivalent power sources at
each end. However, real-time digital simulator test apparatus can model complex power systems
[65]. A relay test apparatus matrix based on cost, test mode, simulator types, and power system
size is shown in Figure 2.7. In this matrix, the SEL-AMS [3] is indicated as a relay test set, the
FREJA 300 [67] is indicated as a real-time playback digital simulator, and the OP5600 [4] is

indicated as a real-time digital simulator.

40



Power system sizes

Simple Complex power
power system system
Real-time digital simulator
% ¥ 3
©“>
&+
-.(7)‘ — m
Q Real-time playback o g g
8 digital simulator = |2
S| & — o
-— m, -—
g o
>
al E
< ?3 n
o)
—
c E
o -—
zZ
Open-loop without Closed-loop with

power system response after relay tripping

Test modes

Figure 2.7: Relay test apparatus matrix: SEL-AMS relay test system [3], FREJA 300 relay test
system [67], and OP5600 real-time simulator [4]

The SEL-AMS [3] is the commercial relay test system manufactured by Schweitzer
Engineering Laboratories (SEL) to test SEL relays. However, OP5600 [4] is a real-time
simulator adapted to work as a real-time digital simulator test apparatus. OP5600 real-time
simulator uses RT-LAB® [13] software to integrate host and target (OP5600) computers and
Matlab® Simulink® [41] software to simulate the power system. Results of a relay test using
OP5600 [5] real-time simulator and FREJA 300 [67] relay test system validated OP5600 as a
relay in the loop test technique [68]. In addition, an overcurrent relay model was validated for
real-time simulation without and with HIL; validation was done using the overcurrent protection
feature from the SEL-487E [69] relay. Event reports generated by the SEL-487E [69] relay
during HIL testing were compared to results obtained from stand-alone testing and software
model in order to validate the overcurrent relay model [70]. Almas et al, 2013 [68] and 2012 [70]

performed real-time tests with one relay in the loop.
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The first fully digital real-time power system simulator was introduced more than 20
years ago. Prior to this time, real-time simulations were performed using scaled down analogue
models of actual power system components; however, many difficulties and inaccuracies were
inherent in this approach. Moreover, operating and purchase costs of real-time simulators were
so high that many organizations could not afford the acquisition and maintenance of such
expensive tools. The introduction of real-time digital simulators contributed significantly to the
power industry [71]. Modeling accuracy and flexibility of the real-time digital simulator have
improved because operating and purchase costs have decreased significantly, and the real-time
digital simulator has gained widespread acceptance among equipment manufacturers, electrical
utilities, and engineering colleges in academic and research areas [72].

In this research, SEL-AMS [3] and OP5600 [4] were used as non-real and real-time
simulators, respectively. Based on the test apparatus used in this work, non-real-time and real-
time simulators allowed simulations of limited and complex power systems, respectively. SEL-
AMS [3] and OP5600 [4] were used to verify relay setting groups for adaptive overcurrent
protection. SEL-AMS [3] was a valid relay test system for this research because the proposed
adaptive protection system was based on a radial power system in which circuit paths could be
converted to an equivalent one-power-source circuit for each test. In addition, the application of
non-real-time and real-time simulators with relays in the loop allowed comparison of relay times
by double verification. In the proposed research, the real-time simulator was connected to two
relays in the loop that allowed verification of selectivity coordination between primary and

backup relays, demonstrating that primary relays tripped faster than backup relays.
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2.8 Reliability, selectivity, speed, and cost

Design of a new protection system for a distribution system requires the study of
variables such as reliability (security, and dependability), selectivity, and cost in order to define
an appropriate technical and economical solution [73]. Based on IEEE Standard C37.100-1992
[74], reliability, security, selectivity, and dependability of a relay or relay system (protection
system) are indicated in Table 2.3.

Table 2.3: Reliability (security and dependability) and selectivity, IEEE Std. C37.100-1992 [74]

1. Reliability 1.a Security 1.b Dependability

A measure of the degree of That facet of reliability that The facet of reliability that
certainty that the relay, or relates to the degree of certainty | relates to the degree of

relay system, will perform that a relay or relay system will | certainty that a relay or relay
correctly. operate correctly. system will operate correctly.
2. Selectivity

A general term describing the interrelated performance of relays and breakers and other protective
devices; complete selectivity is obtained when a minimum amount of equipment is removed from
service for isolation of a fault or other abnormality.

Although protective relays should quickly detect all system abnormalities, other
considerations may detract from this primary objective. In general, a relay system is designed to
achieve the highest level of speed, reliability, selectivity, simplicity, and cost-efficiency [18]. In
power distribution systems, utilities have utilized fuses instead of protective relays because fuses
are less expensive than protective relays. However, cost of protective relays has decreased in the
last years, and protective relays allow creation of protection systems with higher reliability than
fuses. In addition, use of backup and primary protective devices and adaptive overcurrent
protection systems based on relay applications allows creation of protection systems with a high
selectivity for microgrid with distributed generators. Application of a protection system for a
microgrid with distributed generators using fuses (with wireless line sensors) and relays with

communication could be an acceptable technical-commercial solution to increase reliability and
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selectivity at low equipment cost. Protection of power lines and feeders in a microgrid with
distributed generators could be implemented using fuse-relay communication.

Protective relays are more reliable than fuses because current-time curves on protective
relays are based on microprocessors. However, current-time curves on fuses are represented by
minimum melting and clearing time curves that depend on fuse thermal models. Application of
backup and primary protective devices to protect power lines and feeders improves selectivity
because when primary protection fails, backup protection could clear the fault currents. Also,
adaptive overcurrent protection systems improve selectivity because relay settings could be fit to
various circuit paths of the microgrid and maximum ampere rating of fuses on feeders. Fuses
require a drop-out fuse switch in order to place fuses in power lines or feeders. However,
overcurrent relays are more expensive than fuses, and overcurrent relay applications require
circuit breakers, VVdc external sources, current transformers (CTs), and communication devices.
Table 2.4 shows comparison of four protection systems (A, B, C, and D) in order to evaluate
reliability, selectivity, speed, and equipment cost of protection systems. Utilities most often use
cases A and B for protection systems to protect power lines and feeders in a radial distribution
system. Use of relay communication (Case C) increases reliability and selectivity for the
protection system, but cost also increases because relays require breakers to control circuits, Vdc
external sources to feed trip and control circuits, CTs to measure line currents, and
communication devices to connect relays to a control center computer.

Case D was proposed in this research. Selectivity was better than in Cases A and B
because communication was implemented in order to select setting groups of relays based on

maximum ampere fuse rating located in feeder busses and fuse states (blow out or closed). Case
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D was also more reliable than Case A because relays instead of fuses were used to protect power
lines and feeders.

Cases A and B could have some speed issues because if a maximum ampere rating fuse
on a feeders blew out, overcurrent settings of protective devices in power lines could not be
adapted to the new active maximum ampere rating fuse on feeders. However, Cases C and D
demonstrated significant speed because they contained relay and power system communication,
thus allowing adaptation of overcurrent settings of relays in power lines to actual maximum
ampere rating fuses on feeders.

Cases B, C, and D could be used in the design of an adaptive overcurrent protection
system, but only Cases C and D integrated power lines and feeders into adaptive overcurrent
protection. Case B integrated only power lines into adaptive overcurrent protection, and relay
overcurrent settings were selected based only on circuit paths of the microgrid. Therefore, if a
fuse blew out, relay overcurrent settings could not be adapted to a new maximum ampere rating
fuse. Case D demonstrated more economic advantages than Case C because no circuit breakers,
CTs, or relays were required on feeders. In this research, adaptive overcurrent protection for
power lines and feeders with selective coordination was based on calculation and selection of
relay setting groups based on maximum fuse ampere ratings on bus feeders and circuit paths in

the microgrid.
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Table 2.4: Protection and control systems for microgrid in a distribution power system

. L Protection, communication, and
Protective devices in L . . . .
) Communication control equipment in protection Conclusions
protection areas
areas
4
3 4 o 2 |2 =
O = & P @ Power lines Feeders = = D E B Observations
S 2 T > < 2] g8 2 8
= D x e = 2 n S
3 L Q [N} o
a o % |
No application of
Drop-out fuse Drop-out fuse . . . adaptive
A Fuses Fuses No No . P . P Little | Little | Some | Little P
switches, fuses switches, fuses overcurrent
protection
Overcurrent .
Power line
relays, breakers, Drop-out fuse adaptive
B Relays Fuses Yes NO | cTs, vdc external op Some | Some | Some | Some P
2 switches, fuses overcurrent
sources*”’, comm. .
. protection
devices
Overcurrent
Overcurrent .
relays, breakers, Power line and
relays, breakers, CTs, Vdc feeder adaptive
Relays Relays Yes NO | cTs, Vdc external ’ Alot | Alot | Alot | Alot P
2 external overcurrent
sources*”’, comm. @ .
. sources*”, protection
devices .
comm. devices
Overcurrent Drop-out fuse .
. Power line and
@ relays, breakers, | switches, fuses, feeder adaptive
D Relays Fuses Yes Yes | cTs, Vdc external power line Some | Alot | Alot | Some
2 overcurrent
sources*”, comm. | sensors, comm. )
. . protection
devices devices

CTs: current transformers, ) Fuses with wireless line sensors to detect fuse states (blow out or closed) and maximum ampere fuse
rating, ®Vdc external sources to feed trip and control circuits
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2.9 Chapter summary

This chapter introduced contributions reported in the literature related to adaptive
overcurrent protection and topics such as microgrid and distributed generators, experimental
methods to validate adaptive overcurrent protections, wireless power line sensors and hybrid
smart fuses, and technical-economical evaluation (reliability, selectivity, speed, and cost) of
protection systems. The literature review was segregated into multifunction (overcurrent,
distance, and differential protections) and overcurrent (directional, instantaneous, and/or inverse
time overcurrent) protection groups.

The literature review focused on microgrid and distributed generators and descriptions of
microgrid operations such as grid-connected and islanded modes and adaptability were
developed. The review highlighted the necessity of implementing adaptive protection and control
systems in the microgrid with distributed generators, where feasibility, reliability, and cost
benefit issues are concerns associated with implementation of adaptive microgrid protection
schemes. Relevant literature to adaptive overcurrent protection in microgrid with distributed
generators was compared by publication year, protective devices, power systems, overcurrent
protection, and experimental methods. Published algorithms of adaptive overcurrent protections
were plotted as flow charts [27, 30, 34, 35, and 38] and compared to this research.

A literature review of smart fuses was also conducted in the chapter, and the concept of a
hybrid smart fuse was developed by integrating a fuse with a power line sensor for medium
voltage applications with communication for distribution system applications. A literature review
of relay test techniques, apparatus, modes, and applications was done in IEEE Xplorer. A relay
test apparatus comparison based on apparatus cost, test modes (open and closed-loop), types of
simulations (non-real-time and real-time simulation), and power system sizes (simple and
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complex power system) was done between relay test set, real-time playback digital, and real-time
digital simulators.

The primary objective of the literature review was to find parameters that must be
considered in order to design a new relay or relay system (protection system) for a distribution
power system. Four protection systems were compared based on reliability (security and
dependability), selectivity, and cost in order to define an appropriate technical-economical

solution for this research.
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Chapter 3 - Microgrid

This chapter presents a single-line diagram of the microgrid, explains equipment of the
microgrid with distributed generators, and describes utilization of Power World® software to
apply the per-unit method [10]. Per-unit impedances of power lines, distribution and utility
transformers, utility source, and distributed generators were estimated based on equal voltage
areas of the microgrid. Steps to create power lines, transformers, generators, and microgrid loads
with Power World® software [10] are described in order to prepare the microgrid to run power

flow and fault analysis.

3.1 Microgrid

For this study, the circuit of the microgrid with distributed generators was based on a
distribution system with two main feeders formed by three power lines on each main feeder. The
two main branches were formed by the 1-2-3-4 and 5-6-7-8 busses that corresponded to the 650-
632-671-680 nodes of the IEEE 13 node test feeder [9]. The microgrid had three distributed
generators and one utility source. When no failures were presented in the microgrid (normal
operation), the microgrid was connected to the utility substation. In the event of a failure in the
utility substation and/or microgrid power lines, distributed generators were connected as
auxiliary generators in island modes; therefore, the distributed generators were not connected in
parallel with other microgrid generators. Figure 3.1 shows a single-line diagram of the microgrid
with distributed generators. The per-unit method [75] was applied using Power World® software
[10], and 100 MV A was set as the base power of the new system. In the microgrid, line-to-line
voltages of the 1 (7.2 kV), 2 (115 kV), and 3 (0.48 kV) areas were limited by utility and
distribution transformers. Impedances of areas were named impedances of the old system, and

base impedances were named impedances of the new system (S pase = 100 MVA).
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Figure 3.1: Microgrid with distributed generators using Power World® software [10]

In Figure 3.1, the violet, red, and green dashed lines represent Areas 1 (7.2 kV), 2 (115 kV), and

3 (0.48 kV), respectively. Table 3.1 indicates the areas, equipment, line-to-line voltage of areas,

total power of areas, and impedances of the old and new systems.

Table 3.1: Areas and eq

uipment in the microgrid (Spuse = 100 MVA)

Line-to-line | . . . power Impedances [Q]
A Eaqui ¢ voltage of P
reas quipmen area ol area Old szystem New szystem
Varea [kV] Sar ea [MVA] VA old = V area / Sarea VA new — V area / Sbase

Power lines 100 0.5184

1 Utility 72 5 10.368 0.5184
transformer
Distribution 25 20.736
transformer

2 Utility source 115 1500 1013.916 132.25

3 Distributed 0.48 2281 0.101 0.002304

generators
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In order to create the microgrid shown in Figure 3.1, Power World® software [10] was

opened, and the “File” menu and “New Case” option were selected. The “Options” menu and

“Simulator Options” were selected, and then the “General” setting for the power flow solution

window was set at 100 MVA as assumed base total power. Figure 3.2 shows the steps to create a

new case and set per-unit base total power using Power World® software [10].

PowerWaorld Simulator 12 G5O Educational, OPF, Transient. Licensed only for Evaluation and University Educational Use  Status: No Case - [Display: New] =
MER) Edr_Insert Format Case Information  Onelnes (Options), Tooks  Window  Help _ -8 x|
(= WE QewCse ) —————> ki ~ [* i ewton |
co B Ooen Case... ttr+0 "% Onelne Dsply Options... »
i s Colss e Default Drawing Values... |
; PowerWorld Simulator Options E@ﬁ
o Vadate Gase :::noéﬁ;:nizugwﬁ Pomer Flow Soluton | =Y
Switch To Run Mode R Envrorment Conrnon Optons | Advanced Optons | 1sand-ased AGC | 0 Optons (General Dtarace |
Eﬁg‘mm‘ I~ Restore Inital State on Restart MonitorEnforce Contingent Interface Elements
& New Onelne Message Log ) = " Never
mm ) Assumed MVA Per Unit Base (| 100.00 T L Lt CATSCOeT
FOIERESE] e e R D ) | | £ Al Applcations including CA/SCOPF _
@ Do Not Caladate Bus Loss Sensitivities (For Contingency Analysis, only applicable with
" Each Blectrical [sland Full Power Flow Method and AC Power Flow)
Save Onelne As...  Each Area . Power Linits for ve
Export Onelne... " Each Area or Superarea @ M Mar/MyA
. . " Areas Selected on Loss Sensitivity Form (ol
Close Onelne " User-Spedified (leave at present values)
&% Load Auxilary File
IS Load Display Audary Fie...
Open Project ...
Save As Project ...
s us or Jacobin...
S Print Onelne..
Prnter Setup...
| 1 C:\Users|EMILIO\Desktop\R...\Micro-grid PWB
2 C\Users\EMILIO\Desktop\R...\Micro-grid PWB Restore Defaults
3 C:\Users|EMILIO\Desktop|M...\Micro-gnid. PWB ' o [ X Cancel ‘ ? teb
4 C:\Program Files (x86)\Po...\Problem?_24.pwb \
5 C:\Users\EMILIO\Deskto...\Experiment_1.PWB
& C:\Program Files (x86)\...\Problem11_26.PWB v’
K| | r
Extt Program .

LD o s M= o]

Figure 3.2: Opening new case and setting per-t base total power using Power World®
software [10]

8:57 AM
4/15/2015
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Positive, negative, and zero sequence impedances per-unit for the power lines, distribution and

utility transformers, utility source, and distributed generators were converted to a new system (

Sbase = 100 MVA) for Areas 1 (7.2 kV), 2 (115 kV), and 3 (0.48 kV) and set using Power

World® software [10].
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estimated in Area 1 (7.2 kV). Total power of the power lines and utility and distribution

3.2 Area l (7.2 kV)

Per-unit impedances of the power lines and utility and distribution transformers were

transformers were 100, 5, and 2.5 MVA, respectively. Positive, negative, and zero sequence

impedances per-unit in the new system, based on 100 MVA, were estimated to create the power

lines and utility and distribution transformers using Power World ® software [10].

3.2.1 Power lines

In the power lines of the microgrid, characteristics of the overhead conductor, presented

as Configuration 601 for the IEEE 13 node test feeder [9], were considered. Table 3.2 shows

characteristics of the overhead conductor for Configuration 601 in Figure 3.3.

Table 3.2: Characteristics of the overhead conductor for Configuration 601

. M . 2) 3)
Cable | Size Type Re51staf1ce D.lameter GMR | Ampacity | ppaging| 1D
[AWG] [Q/mile] | [inches] | [feet] | [Amps]
Phase | 556,5 | ACSR 0.186 0.927 0.0311 730 BACN | 500
Neutral 4/0 ACSR 0.592 0.56 0.0081 340

- ) 6] ] ) ; ) ]
ACSR: Aluminum Conductor Steel Reinforced, ~ 60 Hz resistance at 50 °C, ~ Geometric Mean Radius, = Ampacity at 50 °C

€25 e 45—
® @ ®
4.0
e 4
- =
0.5
240
TR,
ID-500

Figure 3.3: Power line of 601Configuration [9]
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Three-phase balanced loads were considered in the microgrid because the Power World®
software [10] allowed simulation of only a three-phase balanced power system during power
flow analysis. In addition, neutral cables of the power lines for Configuration 601 were neglected
in the microgrid. Table 3.3 shows positive, negative, and zero sequence impedances in ohms per

mile for the overhead conductor of Configuration 601 collected from IEEE 13 node test feeder

[9].
Table 3.3: Sequence impedances per mile for overhead conductor of Configuration 601
Real Imaginary
Impedances Part Part

[€2/mile] [Q2/mile]

Positive sequence [z1; = rr; +j x11] 0.3375 j 1.0478

Negative sequence [z,2=rr> +j x| 0.3414 j 1.0348

Zero sequence (7.9 =rrg +Jj xr9] 0.3465 j1.0179

In the microgrid, power lines 1-2, 2-3, 7-8, and 6-7 had lengths of 6000 ft, but power lines 3-4
and 5-6 had lengths of 3000 ft. Original lengths of power lines on the IEEE 13 node test feeder
were multiplied by 3 in the microgrid. Table 3.4 shows lengths of power lines in the microgrid.

Table 3.4: Lengths of power lines in the microgrid

IEEE 13 Node Test Feeder Microgrid
Initial Node | End Node | Initial Node | End Node | -m8th
ft. (miles)
Bus 1 Bus 2 6000
650 632 Bus 8 Bus 7 (1.136)
Bus 2 Bus 3 6000
632 671 Bus 7 Bus 6 (1.136)
Bus 3 Bus 4 3000
671 680 Bus 6 Bus 5 (0.568)

When positive and negative sequence impedances of a transmission line were set using
Power World® software [10], only positive and zero sequence impedances per-unit were

available. Using the identical values for positive and negative sequence impedances per-unit,
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positive and zero sequence impedances per mile and power line lengths from Tables 3.3 and 3.4,
respectively, were collected in order to calculate positive and zero sequence impedances per-unit.
The positive sequence reactance of a breaker was j 0.0005 per-unit based on the Power World®
presentation [76]. Because the power lines had two breakers, reactance of j 0.001 per-unit was
added to the positive sequence reactance. Positive sequence impedances of the power lines per-

unit were estimated using Equation (3.1).

[
VAR RS I rra Xl

1
I x11 X1
ZL new [VL area J
Shase

[
I
I
lVL area

ZL1 pu —

]
I
I

+j +0.001 (3.1)

Sbase

where Z1 p iS positive sequence impedance of the power line per-unit, z 1 is positive sequence
impedance of the power line in ohms per mile, Z | ney is base impedance of the new system of the
power line in ohms, | is length of the power line in miles, V | areq i area line-to-line voltage of
the power line in KV, S as is base total power of the new system in MVA, r_ 1 is positive
sequence resistance of the power line in ohms per mile, and x 1 is positive sequence reactance of
the power line in ohms per mile.

The zero sequence impedance of power lines per-unit were estimated using Equation (3.2).

1 1 ]
TroXl | n Xpoxl | (3.2)

- 2 2
VL area/ VL area/
Sbase Sbase

Z1oXl

ZLO pu —

ZL new

where Z; ., 1s zero sequence impedance of the power line per-unit, z; is zero sequence
impedance of the power line in ohms per mile, Z; ,.,, 1s base impedance of the new system of the
power line in ohms, / is length of the power line in miles, V; 4., 1s area line-to-line voltage of the

power line in kV, S 4. is base total power of the new system in MVA, ris zero sequence
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resistance of the power line in ohms per mile, and x; is zero sequence reactance of the power
line in ohms per mile.

Power line resistances and reactances for positive and zero sequence impedances per-unit
were estimated using Equations (3.1) and (3.2), respectively. As shown in Table 3.1, line-to-line
voltage of power lines for Area 1 was 7.2 kV, and the base total power of the new system was
100 MVA. Positive, negative, and zero resistances and reactances in ohms per mile were
collected from Table 3.3, and lengths of power lines were collected from Table 3.4. As shown in
Table 3.5, positive and zero sequence resistances and reactances per-unit of power lines in the
microgrid were calculated using Equations (3.1) and (3.2), respectively.

Table 3.5: Positive and zero sequence resistances and reactances of power lines in p.u.

Positive sequence impedance Zero sequence impedance
Power lines of [Zi1pu = Rutpu +j Xiapul [Z10pu = Riopu +J Xiopd
the microgrid Resistance Reactance Resistance Reactance
RLl pu [DU] J XLl pu [pU] RLO pu [pU] J XLO pu [pU]
1-2, 2-3, 7-8, 6-7 0.700 2.301 0.800 2.201
3-4,5-6 0.400 1.101 0.400 1.101

Resistances and reactances of power lines were rounded to 1 digit before summing breaker reactances of j 0.001

Power World® software [10] in the “Edit Mode” was used to insert Busses 1, 2, 3, 4, 5,
6, 7, and 8 into the microgrid, and busses of power lines were set at line-to-ground voltage of
4.16 kV. Once all busses were installed, the power lines were connected to 4.16 kV busses of the

microgrid. Figure 3.4 illustrates the steps to insert power lines into the microgrid.
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Figure 3.4: Steps to insert power lines using Power World® software [10]

Positive and zero sequence impedances of power lines per-unit, as shown in Table 3.5,
were then set using Power World® software [10]. In the “Line Information Dialog” box, the
positive sequence resistance and reactance per-unit of power lines were set in the “Parameters”
option, and the zero sequence resistance and reactance per-unit of power lines were set in the
“Fault Info” option. Figure 3.5 shows positive (A) and zero (B) sequence resistance and
reactance per-unit set using Power World® software [10] for 1-2, 2-3, 6-7, and 7-8 power lines
of the microgrid. Figure 3.6 shows positive (A) and zero (B) sequence resistance and reactance

per-unit set using Power World® software [10] for 3-4 and 5-6 power lines of the microgrid.
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Figure 3.6: Positive (A) and zero (B) sequence impedances of 3-4 and 5-6 power lines

3.2.2 Utility and distribution transformers
The microgrid with distributed generators had one utility and three distribution

transformers. Figure 3.7 presents a transformer bay with two-bus (A) and one-bus (B) substation
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configurations. The transformer bay with two-bus configuration was applied for utility and DG1
distribution transformers. However, the transformer bay with one-bus configuration was applied

for the DG2 and DG3 distribution transformers.

ORI IR
QD= | —>— s

—\ @-@—\—
Busn

i NAZ— Transformerbay |~ ———s
Transformer bay with one bus

with two busses M Busn

N Breaker 7 Switch ﬁ Fuse switch @ Transformer
Figure 3.7: Transformer bay with two-bus (A) and one-bus (B) substation configurations

In substation configurations of Figure 3.7, switches ensured that breakers were not
energized during maintenance operations [77]. In substations of the microgrid, breakers and MV
fuse-switches operated power lines and load feeders, respectively. The utility and three
distribution transformers in the microgrid had a Delta-high / Wye-low side configuration,

creating a line-to-line / line-to-ground voltage distribution system of 7.2/4.16 kV, as shown in

t 4.16 kV I I4.16kv
115 kV 0.48 KV
@ 7.2kV

High side Low side High side Low side
115 kV-D | 4.16 kV—y (ground) 4.16 kV-Y (ground) | 0.48 kV—d

Figure 3.8.

Figure 3.8: Utility (A) and distribution transformer (B) configurations
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Utility and distribution transformer data were collected from IEEE 13 node test feeder [9]
and manufacturer publication [78], respectively. Total power, voltage levels, configurations, and
resistance and reactance of utility and distribution transformers are indicated in Table 3.6.

Table 3.6: Utility and distribution transformers

Transformers power ) in percent | in percent
ST [MVA] kV'hlgh kV'IOW RT% [%] J XT% [%]
Utility 5 115-D 4.16 —y (ground) 1 8
Distribution 2.5 4.16 — Y (ground) 0.48-d 0.66 5.71

In utility and distribution transformers, values of positive, negative, and zero sequence
impedances were considered identical. Because resistance and reactance of utility and
distribution transformers are in percent in Table 3.6, resistances and reactances in percent were
multiplied by area (old system) impedances in ohms. Transformer resistance and reactance in
ohms were then converted per-unit by dividing resistances and reactances in ohms of the old
system by base (new system) impedances in ohms. Reactance of a breaker was j 0.0005 per-unit
based on the Power World® presentation [76]. Because utility and distribution transformers
contained two breakers, reactance of j 0.001 per-unit was added to reactances of transformers
per-unit. Resistance and reactance per-unit of utility and distribution transformers were estimated
using Equation (3.3).

X9,

m x 2T% « 0, 0
Zy = [m zmd] +]-[m zTozd+0_001] _ [RM Xsbase]+j["mxsbase +o.oo1] (3.3)

ZT new ZT ne 100 X ST grea 100 X ST area

where Zr,, 1s impedance of the transformer per-unit, Z 7, is area impedance of the transformer
for the old system in ohms, Z7,.,, is base impedance of the transformer for the new system in

ohms, Ry is resistance of the transformer in percent, X7, is reactance of the transformer in
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percent, S . 1s base total power of the new system in MVA, and S7 ., is area total power of the
transformer for the old system in MVA.

As shown in Table 3.1, line-to-line voltage of utility and distribution transformers for
Area 1 was 5 and 2.5 MVA, respectively, and base total power of the new system was 100 MVA.
Resistance and reactance in percent of utility and distribution transformers were collected from
Table 3.6. Positive, negative, and zero sequence impedances of the distribution and utility
transformers were estimated using Equation 3.3. Resistance and reactance of utility and
distribution transformers at the new base per-unit are shown in Table 3.7.

Table 3.7: Resistance and reactance of utility and distribution transformers in p.u.

Resistance Reactance
Transformers in per-unit, in per-unit,
Rrpu [pu] J Xtpu [pul
Utility 0.200 1.601
Distribution 0.264 2.285

RTpu = RTlpu = RT2pu = RTOpw XTpu = XTlpu: xTZpu: XTOpu
Resistances and reactances of transformers were rounded to 3 digits before summing breaker reactances of j 0.001

Figure 3.9 shows steps required to create a transformer with Power World® software
[10], including a description of necessary tasks to create the distribution transformer on Bus 6 in
the microgrid. The microgrid was placed in “Edit Mode,” the “Insert” menu and “Transformer”
option were selected, and the transformer object was connected between two busses. The
“Parameter” tab was selected in the “Transmission Line / Transformer” window, and series
resistance and reactance per-unit were completed based on Table 3.7. The “Fault Info” tab was
then selected, zero sequence resistance and reactance per-unit were completed based on Table

3.7, and “Delta-Grounded Wye” configuration was selected.
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Figure 3.9: Steps to create a transformer with Power World® software [10]
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3.3 Area 2 (115 kV)

Per-unit impedances of the utility source were estimated in Area 2 (115 kV). Total power

of the utility source was 1500 MVA. Positive, negative, and zero sequence impedances per-unit

in the new system based on 100 MV A were estimated in order to create the utility source with

Power World ® software [10].

3.3.1 Utility source

The microgrid was formed by one utility source connected to the microgrid in normal

operation, but the utility source was not connected in parallel with the distributed generators.

Utility source data were collected from a short-circuit current calculation manual [79]. Table 3.8

shows the reactance/resistance ratio and ratio-1 of the utility source.
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Table 3.8: Utility source
Source ratio=X/R | ratio’ = R/X

Utility 15 0.0666

In the utility source, positive, negative, and zero sequence impedances had the identical
values; utility impedance was calculated using the reactance/resistance ratio indicated in Table
3.8. Breaker reactance was j 0.0005 per-unit based on Power World® presentation [76]. Because
the utility source had one breaker, reactance of j 0.0005 per-unit was added to reactance of the
utility source per-unit. The impedance, resistance, and reactance of the utility source are

represented by the triangle in Figure 3.10.

[Q] Z=Zyola

Z?=R*+X*

ZU old [Q]

1+ (%)

Figure 3.10: Impedance resistance and reactance of utility source

R:

In Figure 3.10, horizontal (real part) and vertical (imaginary part) vectors represent resistance
and reactance of the utility source, respectively. After dividing resistance and reactance of the
utility source in ohms by the base (new system) impedance in ohms, resistance and reactance of

the utility source per-unit were estimated using Equation (3.4).

Zy old Zy old
ZU pu / Unew“ |: / Unew + 00005“ — [Sbase/SUarea +

Sbase/SU area
. +0.0005| (3.4)
Je ‘ [ I}

where Zy p, 1s impedance of the utility source per-unit, Z y .4 1s area impedance of the utility

source for the old system in ohms, Zy ., is base impedance of the utility source for the new
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system in ohms, X'is reactance of the utility source in ohms, R is resistance of the utility source in
ohms, S, 15 base total power of the new system in MVA, and Sy 4., 1s area total power of the
utility source for the old system in MVA.

As shown in Table 3.1, line-to-line voltage and total power of the utility source for Area 2 were
115 kV and 1500 MVA, respectively, and base total power of the new system was 100 MVA. The
reactance/resistance ratio and ratio™ of the utility source were collected from Table 3.7. Using
Equation (3.4), positive, negative, and zero sequence impedances of the utility source per-unit
were estimated and presented, as shown in Table 3.9.

Table 3.9: Resistance and reactance of the utility source in p.u.

Resistance in per- | Reactance in per-
unit, RUpu [p“] unit,j XUpu [pll]
Utility 0.00443 0.06702

RUpu = RUlpu = RU2pu = RUOpu, XUpu = XUlpu: XUZpu: xUOpu
Resistances and reactances of the utility source were rounded to 5 digits before summing breaker reactance of j 0.0005

Source

Figure 3.11 shows steps to create the utility source using Power World® software [10].
The microgrid was placed in “Edit Mode,” and the “Insert” menu and “Bus” option were selected
in order to place the utility bus. After selecting the “Bus Information” tab, the utility bus was
placed as slack bus and a line-to-ground voltage of 66.5 kV was set at slack bus. The “Insert”
menu and “Generator” option were selected, and the generator object was connected to the slack
bus. In the “Generator Options” window, the “Fault Parameters” tab was selected, and positive,
negative, and zero sequence resistances and reactances per-unit were completed based on Table
3.9. Generator base total power was set at 100 MV A, and the “Neutral Grounded” option was
clicked. In the “Generator Options” window, the “Power and Voltage Control” tab was selected,

and the maximum output was set at 5 MW for the utility source.
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igure 3.11: Steps to create utility bus (A) and source (B) by Power World® software [10]

3.4 Area 3 (0.48 kV)

Per-unit impedances of distributed generators were estimated in Area 3 (0.48 kV). Total
power of distributed generators was 2281 MVA based on the diesel generator manufacturer data
sheet [80]. Positive, negative, and zero sequence impedances per-unit in the new system based

on 100 MVA were set using Power World ® software [10].

3.4.1 Distributed generators
The microgrid was formed by three distributed generators (DG1, DG2, and DG3)

connected to the microgrid whenever a power line or utility source failure occurred (non-normal
operation). The distributed generators were not connected in parallel with other generators.
Diesel generators were presented as the most common application for utilities in distributed

generation. Distribution projects that utilized generators of 1 to 10 MW power output range were
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presented in the Electric Power Research Institute (EPRI) publication [1] in which utilities
supplied distribution project data. Results showed that diesel-fueled distributed generation
dominates the diesel segment of utility applications compared to natural gas and small
combustion turbine units [1].

Each diesel generator contains standby, prime, and continuous power. Standby power
diesel generators are used in emergency applications, such as power outages (i.e., backup
generators for hospitals and commercial buildings). However, prime power diesel generators are
used for unlimited run-time applications, such as when they are used as reliable continuous
power sources (i.e., distributed generators for the utility microgrid). Continuous power is similar
to prime power, but continuous power has a base load rating, meaning that the diesel generator
can supply power continuously at a constant load, but it cannot handle overload conditions.

In the microgrid, data from the DG1, DG2, and DG3 distributed generators were
collected from the diesel generator manufacturer data sheet [80]. Prime power and line-to-line
voltage of the diesel generator was 2281 kVVA and 0.48 kV, respectively. Table 3.10 shows the
subtransient-direct axis (positive sequence), negative sequence, and zero sequence reactances of

DG1, DG2, and DG3 diesel generators.

Table 3.10: Positive, negative, and zero sequence impedances of distributed generators [80]
Sources X’6a=Xq1 [Q] Xg2 [Q] Xeo [Q]
Distribution 0.0143 0.0130 0.0008

Positive, negative, and zero sequence impedances in ohms of distributed generators were
collected from Table 3.10 in order to calculate positive, negative, and zero sequence reactances
per-unit of distributed generators. Breaker reactance was j 0.0005 per-unit based on Power

World® presentation [80]. Because the distributed generators had one breaker, reactance of
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j0.0005 per-unit was added to positive, negative, and zero sequence reactances of distributed
generators. Positive sequence reactance of distributed generators per-unit was estimated using
Equation (3.5).

[ ]
Xer 4 o.ooo5| (3.5)

2
VG area/
Shase

_ Xg1 _ -
XGlpu_ =]

ZG new

where X¢ ; 5 1s positive sequence impedance of the distributed generator per-unit, X¢; is positive
sequence impedance of the distributed generator in ohms, Zg ., 1s base impedance of the new
system of distributed generator in ohms, Vg 4, 1s area line-to-line voltage of the distributed
generator in kV, and S .. 1s base total power of the new system in MVA.

Negative sequence reactance of distributed generators per-unit was estimated with Equation
(3.6).

1

Xgopu = =22 =j[ XG2 +0.0005‘ (3.6)

2
ZG new VG area/
base

where Xg > 1s positive sequence impedance of the distributed generator per-unit, X is positive
sequence impedance of the distributed generator in ohms, Z ., 1S base impedance of the new
system of the distributed generator in ohms, Vg 4., 1s area line-to-line voltage of the distributed
generator in kV, and Sy is base total power of the new system in MVA .

Zero sequence reactance of distributed generators per-unit was estimated with Equation (3.7).

| ]

Xoopu = Zi‘izw = [Vé XZ/O + 0.0005| (3.7)

base
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where X ¢ pu 1s zero sequence impedance of distributed generators per-unit, X¢ 1S zero sequence
impedance of the distributed generator in ohms, Zg ,.,, is base impedance of the new system of
the distributed generator in ohms, Vg 4., 1s area line-to-line voltage of the distributed generator
in Kv, and § p.. is base total power of the new system in MVA.

Reactances for positive, negative, and zero sequence impedances of distributed
generators per-unit were estimated using Equations (3.5), (3.6), and (3.7), respectively. As
shown in Table 3.1, line-to-line voltage of distributed generators for Area 3 was 0.48 kV, and
base total power of the new system was 100 MVA. Positive, negative, and zero reactances of the
distributed generator in ohms were collected from Table 3.10. Positive, negative, and zero
sequence reactances of distributed generators per-unit for the microgrid are indicated in Table
3.11.

Table 3.11: Positive, negative and zero sequence reactances of distributed generators in p.u.

Distributed Positive sequence Negatlve sequence Zero sequence
enerators reactance |pu] reactance [pu] reactance [pu]
" jXGIP" jXGZpu jXG0pu
DGI1, DG2, DG3 6.2075 5.6425 0.3475

Reactances of distributed generators were rounded to 3 digits before summing breaker reactance of j 0.000

Figure 3.12 shows the steps to create distributed generators using Power World®
software [10]. The microgrid was placed on “Edit Mode,” and the “Insert” menu and “Bus”
option were selected to place the distributed generator bus. After selecting the “Bus Information”
tab, the distributed generator bus was placed as slack bus and set to a line-to-ground voltage of
0.27 kV. The “Generator” option was then selected from the “Insert” menu, and the generator
object was connected to the slack bus. In the “Generator Options” window, the “Fault
Parameters” tab was selected, and positive, negative, and zero sequence reactances per-unit were

completed based on Table 3.11. Generator base total power was set to 100 MVA, and the
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“Neutral Grounded” option was clicked. In the “Generator Options” window, the “Power and
Voltage Control” tab was selected, and the maximum output was set to 1.825 MW based on

diesel generator prime power [80].
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Flgure 3.12: Steps to create distributed generator bus (A) and generator (B) by Power World®
software [10]

3.5 Loads

In the microgrid, three-phase-balanced loads were set on feeder busses. The loads had a
Wye configuration and were P-Q constant. Table 3.12 shows the maximum three-phase-balanced
loads on bus feeders of the microgrid. In order to create loads on busses using Power World®
software [10], the microgrid was placed in “Edit Mode,” and the “Insert” menu and “Load”
option were selected. In the “Load Options” window, the “Load Information” tab was selected,
and the MW and MVAR values from Table 3.12 were placed in the “Constant Power” column

for each load. Figure 3.13 shows the steps to create a P-Q constant load using Power World®
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software [10]. For example, the maximum three-phase-balanced loads were referenced by the

bus and load numbers: Load 61 corresponded to Load 1 placed on Bus 6, 175 kW / 140 kVar.

Table 3.12: Maximum three-phase-balanced loads on bus feeders of the microgrid

Branch No 1 Branch No 2
Real Reactive Real Reactive
Feeder Feeder
Nodes loads | POWer power Nodes loads | POVer power
[kW] [kVar] [kW] [kVar]
11 250 190
Bus 1 T 250 190 Bus 5 51 300 230
21 175 140 61 175 140
Bus2 1 175 140 Bus 6 62 175 140
71 300 230
Bus 3 31 200 160 Bus 7 7 200 150
41 250 200
Bus 4 40 200 150 Bus 8 81 350 280
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Figure 3.13: Steps to create a load using Power World® software [10]

3.6 Medium voltage fuses

Methods to select MV fuses for bus load feeders were based on the maximum full load

and feeder conductor size methods. Use of the maximum full load method to select MV fuses of
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load feeders ensures that MV fuses do not open overloads. In general, the minimum MV fuse
rating should be at least 1.4 times the circuit’s maximum load current [81]. Equation (3.8)
indicates the condition to select MV fuses of load feeders in the microgrid based on the

maximum full load method.

Ifuse rating =14 Imax.full load (3-8)

where | fuse rating 1S the MV fuse rating current in amps, and | max. full 1oad 1S maximum full load
current in amps.

Use of the feeder conductor size method to select MV fuses of load feeders guarantees
conductor overcurrent protection at load feeders. According to the National Electrical Code
article, NEC 240.101-A [82], in the conductor size method, MV fuse rating cannot be more than
3 times the conductor ampacity. Equation (3.9) indicates the condition to select MV fuses of load

feeders in the microgrid based on the feeder conductor size method.

Ifuse rating <31 conductor rated ampacity (39)

where | fuse rating 1S MV fuse rating current in amps, and | conductor rated ampacity 1S rated ampacity of
load feeder conductors in amps.

MV fuses of load feeders in the microgrid were selected based on the maximum full load
and feeder conductor size methods, thereby ensuring that MV fuses were not open for overloads
and that MV fuses provided overcurrent protection for conductors, respectively. In Table 3.13,
selection of MV fuses based on maximum full load (rule of thumb) and feeder conductor size
(NEC 240.101-A) methods were verified for the microgrid. In the load feeders, Raven and
Penguin aluminum conductor steel-reinforced (ACSR) conductors had 1/0 and 4/0 American
wire gauge (AWG) size, respectively. The name, size, and ampere ratings of ACSR conductors

were collected from a cable manufacturer publication [83].
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Table 3.13: MV fuse selection based on maximum full load (rule of thumb) and feeder conductor
size (NEC 240.101-A.) methods

Branch Feeder ACSR Conductor MY Fuse Selection
Max. . . T fise rating | 1 fuse rating | Selected
Line| Node [Feeder L[‘X‘]d kV | Type| Name [AS&Z/E;] R?fif ; Eq.2(3.8) Eq.<(3.9) x;]e kv
[A] [A] rating
Bue 1| 1L | 434 Raven | 1/0 | 242 | 60.7 726 65E
12 | 43.4 Raven | 1/0 | 242 | 60.7 726 65E
21 | 31.0 > | Raven | 10 | 242 | 433 726 50E
1 [BS2 5 310 |416] @ [Raven | 10 | 242 | 433 726 50E |4.16
Bus3| 31 | 354 ? [Raven | 1/0 | 242 | 495 | 726 | SOF
41 | 442 Raven | 1/0 | 242 | 61.9 726 65E
Bus 410 345 Raven | 10 | 242 | 483 | 726 | SOE
Bus5| 51 | 522 Penguin| 4/0 | 357 | 73.1 | 1071 | SOE
Bus 6 |61 | 310 Raven | 1/0 | 242 | 43.3 726 50E
) 62 | 310 |, Z | Raven | 1/0 | 242 | 433 726 S
Bus 7 71| 52.2 % |Penguin| 4/0 | 357 | 73.1 1071 80E
72 | 345 Raven | 1/0 | 242 | 483 726 50E
Bus8| 81 | 61.9 Penguin| 4/0 | 357 | 86.7 | 1071 | 100E

ACSR = Aluminum Conductor Steel Reinforced
As shown in Table 3.13, the 100E, 80E, 65E, and 50E fuses corresponded to SMU-40®

standard speed fuses at 4.8 kV nominal rating [6]. As shown in Figure 3.14, maximum load
currents and selected MV fuse ratings were based on the rule of thumb and NEC 240.101-A

article.

u Maximum load current u MV fuse rating current (rule of thumb) = Selected MV fuse rating

1071

MV fuse rating current (NEC 240.101-A)

1071 1071
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Figure 3.14: Maximum load current and selected MV fuse rating based on rule of thumb [81] and
NEC 240.101-A article [82]
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Figure 3.14 illustrates how the MV fuse ratings were placed between current ratings of
rule of thumb and the NEC 240.101-A article. Therefore, MV fuses for load feeders selected by
conditions of Equations (3.8) and (3.9) provided MV fuses that did not open for overloads and
overcurrent protection for conductors.

In the 100E, 80E, 65E, and 50E MYV fuses, the current-time area was limited by melting
and clearing curves. When an MV fuse reached the area between melting and clearing curves,
the fuse began the melting process, thereby limiting MV fuse current capacity and protecting

feeder conductors. In Figure 3.15, dashed and full lines represent MV fuse melting and clearing
curves, respectively. The brown, green, pink, and blue lines represent 100E, 80E, 65E, and 50E

MV fuse curves, respectively. Based on load feeder names, MV fuses in Table 3.13 were placed

in the microgrid, as shown in Figure 3.16.
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Figure 3.15: Current-time curves of 100E, 80E, 65E, and 50E standard speed 4.8 kV SMU-40®
fuses [6]
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Figure 3.16: Microgrid with MV fuses for bus load feeders

Because the microgrid contained distributed generators, currents of power lines along
branches 1 and 2 could flow in both directions; therefore, adaptive overcurrent protection with
SEL 451relays [5] instead of MV fuses were applied to control breakers along the power lines.
Consequently, adaptive overcurrent protection could select the relay setting group in order to
maintain selectivity coordination with MV fuses and relays placed on load feeders and busses,
respectively, based on circuit paths of the microgrid. Adaptive overcurrent protection for power
lines of branches 1 and 2 allowed selective coordination of MV fuses for circuit paths of utility
and distributed generators of the microgrid. Adaptive overcurrent protection was based on use of
SEL-451 relays [5] on each bus to control power line breakers that measured fault overcurrents
using current transformers (CTs). Adaptive overcurrent protection of the microgrid with

distributed generators is described in Chapter 4.
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3.7 Chapter summary

This chapter included a single-line diagram and description of equipment of a microgrid with
distributed generators. The per-unit method was applied using Power World® software [10], and
per-unit impedances of power lines, distribution and utility transformers, and generators were
estimated based on equal voltage areas of the microgrid. Table B.1 of Appendix B details data
and per-unit results of power lines, utility and distribution transformers, utility sources, and
distributed generators. The steps to create power lines, transformers, generators, and loads of the
microgrid using Power World® software [10] were described in order to simulate power flow
and fault analysis described in the following chapter.

MV fuses of load feeders were selected based on a rule of thumb that states that the
minimum MV fuse rating should be at least 1.4 times the circuit’s maximum load current [81],
and the NEC 240.101-A [82] article that states that the rating of MV fuse cannot be more than 3
times the conductor ampacity. Because the microgrid had distributed generators, currents of
power lines along Branches 1 and 2 could flow in both directions, and adaptive overcurrent
protection instead of MV fuses were applied to control breakers along the power lines. Adaptive

overcurrent protection is further described in Chapter 4.
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Chapter 4 - Adaptive overcurrent protection

This chapter describes adaptive overcurrent protection based on relay setting groups and
protection logics. Microgrid circuits (test modes) were selected based on microgrid constraints
(operation, maximum load demand, equipment, and utility service limitations). Adaptive
overcurrent protection was verified by real-time and non-real-time simulators with Relays 2 and
3 in the loop. Circuit paths for Relay 2 and 3 busses were selected from microgrid circuits (test
modes). Power flow and fault analysis were performed for circuit paths, collecting current
magnitudes on relay breakers. Fault analysis was performed at line-to-line (LL), three-phase
balanced (3PB), single-line-to ground (SLG), and double-line-to-ground (DLG) faults. Power
lines of the microgrid were defined as protection areas in circuit paths. Based on circuit paths
and fault locations, the expected tripped and non-tripped relay’s breakers were selected, and
maximum ampere rating fuses on busses for circuit paths were picked up to calculate inverse
time overcurrent settings of relays.

Inverse time-current curve models of relays and fuses were created. In the inverse time
overcurrent elements of relays, based on U3 (very inverse) time-current curve, the time dial
settings (TDS) and secondary overcurrent pickups (Ip) were calculated. For all circuit paths of
Relays 2 and 3, inverse time-current curves of the relay’s overcurrent elements and maximum
ampere rating fuses were plotted for each branch of circuit paths. Selectivity coordination
between upstream (backup) and downstream (primary) protective devices was verified in time-
current logarithmic plots. Maximum load and fault currents were plotted, verifying that the
calculated inverse time overcurrent element settings did and did not trip the relay’s breakers,
respectively. CTIs between backup and primary protection devices at maximum fault currents

were calculated, verifying that the calculated CTIs were not less than the minimum CTI.
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Protection logics of relay’s control outputs based on “AND” and “ZERO” gates were
created to trip or not trip the relay’s breakers at fault overcurrents, respectively. Breakers inside
the protection areas needed to clear the fault overcurrents. In adaptive overcurrent protection, the
setting groups of Relays 2 and 3 were selected by grouping the same inverse time overcurrent

settings and protection logic gates of the relay’s breakers for circuit paths in the microgrid.

4.1 Constraints of the microgrid

The microgrid with distributed generators was formed by one utility source and three
diesel generator units. Utility and distributed generators were not allowed to be connected in
parallel. Depending on what distributed generators were connected to the microgrid, power lines
inside the dashed red circles allowed currents to flow in both directions, while branches inside
the dashed blue circles allowed currents to flow in one direction. In addition, depending on
current direction along the power lines, the relays needed to be coordinated with different feeder
fuses and relays. Therefore, non-adaptive and adaptive overcurrent protection had to be
developed for load feeders and power lines, respectively, as shown in Figure 4.1.

In the microgrid shown in Figure 4.1, inverse time overcurrent relays and MV fuses were
applied in power lines and load feeders, respectively. Adaptive overcurrent protection was
formed by six overcurrent relays. However, only adaptive overcurrent protection for Relays 2

and 3 was calculated and verified with relays in the loop test techniques.
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Figure 4.1: Non-adaptive and adaptive overcurrent protection in the microgrid

In adaptive overcurrent protection, circuit paths were allowed based on microgrid

constraints. Constraints are limitations of the microgrid to operate breakers conforming to

various paths. These constraints corresponded to operation, microgrid loads, equipment, and

utility service limitations. Table 4.1 shows microgrid constraints.

Table 4.1: Constraints of the microgrid

Group | N° Constraints
Operation 1 Normal operation: Utility source was connected to microgrid
2 | Non-normal operation: Distributed generators were connected to microgrid®
Loads 3 Load scenarios of microgrid were based on maximum load demand.
- 4 Distributed generators and utility source were not connected in parallel.
] 5 Loads connected to distributed generators were limited by the
g_ prime real (1825 kW) and reactive (1368 kVar) power [80].
g 5 Tap changers of distribution and utility transformers were
L sized from 0.9-1.1 per-unit.
Service y Bus voltage limit range was from 95-105 % (0.95-1.05 per-unit)

based on Service Voltage Limits [84, 85]

W Utility source was connected to microgrid, © Distributed generators were connected to microgrid in case of
equipment (utility source, power lines, and/or breakers) failure, and/or maintenance operation.
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4.2 Microgrid test modes

Circuit paths of the microgrid were grouped into microgrid test modes. These test modes
could be segregated into non-normal and normal operations. In normal operation, the utility
source was connected to the microgrid. In non-normal operation, distributed generators were
connected to the microgrid in case of equipment (utility source, power lines, and/or breakers)
failure, and/or maintenance operation. For maximum load demand and normal operation, the
utility source was connected to the microgrid, feeding all loads by two branches (UTILITY -
8765/1234). However, the utility source could not feed all loads of the microgrid with one
branch (UTILITY-87654321 or UTILITY-12345678) because voltages on busses dropped below
95% minimum service voltage limits [84, 85]. However, for maximum load demand and non-
normal operation, distributed generators could not be connected in parallel. Also, the maximum
prime real (1825 kW) and reactive (1368 kVar) power of DG1, DG2, and DG3 distributed
generators limited the number of load feeders (busses) that could be connected to circuit paths.
As an example, Figure 4.2 shows the test mode No 14 formed by the DG1-45, DG2-678, and

DG3-21/23 circuit paths with maximum load demand.
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Figure 4.2: Microgrid with maximum load demand
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Because circuit paths in the microgrid were limited by the prime real (1825 kW) and
reactive (1368 kVar) power of DG1, DG2, and DG3 distributed generators, the real and reactive
power of circuit paths were calculated without considering transformer tap ratios and power
losses in the microgrid, adding real and reactive power of loads for circuit paths in the microgrid.
As a result, DG1-43218 (1850 kW, 1450 kVar), DG1-4321/5 (1800 kW, 1400 kVar), DG1-
56781(2000 kW, 1550 kVar), DG1-5678/4 (1950 kW, 1520 kVar), DG2-67812 (2050 kW, 1600
kVar), DG2-6781/65 (2000 kW, 1550 kVar), DG2-654321 (2150 kW, 1680 kVar), DG2-
65432/67 (2150 kW, 1680 kVar), DG2-6543/67 (1800 kW, 1400 kVar), DG3-234567 (2150 kW,
1680 kVar), DG3-23456/21(2150 kW, 1680 kVar), DG3-2345/21(1800 kW, 1400 kVar), DG3-
21876 (2050 kW, 1600 kVar), and DG3-2187/23 (1900 kW, 1480 kVar) circuit paths in the
microgrid were not allowed. Also, DG2-65432 and DG3-23456 circuit paths were not permitted
because Bus 1 and 8 were not allowed to connect to DG3 and DG2 distributed generators,
respectively (distributed generators must not be connected in parallel).

Circuit paths allowed in the microgrid are shown in Table 4.2. In non-normal operation
microgrid test modes, equipment (utility source, power lines, and/or breakers) failure, and
maintenance operations were presented as possible scenarios. Although the Test Mode 1
represented the microgrid in normal operation, the 2-22 test modes represented the microgrid in
non-normal operation. As shown in Table 4.2, opened breakers were indicated for circuit paths
of the microgrid test modes. These breakers could be repaired (maintenance operations),
allowing all busses in the microgrid to be fed. Microgrid test modes with distributed generators
improved the reliability in case of equipment (utility source, power lines, and/or breakers)
failure, and maintenance operation. Adaptive overcurrent protection was based on the 22

microgrid test modes indicated in Table 4.2.
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Table 4.2: Circuit paths of microgrid test modes and non-operational equipment (utility source, power lines, and/or breakers)
in case of failure and maintenance operation

Microgrid test modes

Non-operational equipment in case of failure and/or maintenance operation

L Utility and distributed generators Power lines
Test Modes Circuit paths Opened breakers
UTILITY | DG1 | DG2 | DG3 | L12 | L23 | L34 | L56 | L67 | L78
1 UTILITY-8765/1234 9,11, 12,13, 17
2 DG1-4321, DG2-678/65 1,2,3,11,17
3 DG1-432/5, DG2-6781 2,8,10,17,19,20
4 DG1-5678, DG3-21/234 1,2,3913
5 DG1-34/56, DG3-2187 2,6,7,9,16,18
6 DG2-678/65, DG3-21/234 1,2,3,11,12,13
7 DG2-6781, DG3-2345 2,8,10,12,19,20
8 DG2-6543, DG3-2187 2,6,7,12,16,18
9 DG1-4, DG2-678/65, DG3-21/23 1,2,3,11,14,15
10 DG1-4, DG2-67/65, DG3-218/23 2,4,5,11,14,15
11 DG1-5, DG2-678, DG3-21/234 1,2,3,8,10,13
12 DG1-5, DG2-6781, DG3-234 2,8,10,13,19,20
13 DG1-4/5, DG2-67, DG3-218/23 2,4,5,8,10,14,15
14 DG1-4/5, DG2-678, DG3-21/23 1,2,3,8,10,14,15
15 DG1-4/5, DG2-6781, DG3-23 | 2,8,10,14,15,19,20
16 DG1-34, DG2-67/65, DG3-218 2,4,5,11,16,18
17 DG1-34, DG2-65, DG3-2187 2,6,7,11,16,18
18 DG1-34, DG2-678/65, DG3-21 1,2,3,11,16,18
19 DG1-34/5, DG2-678, DG3-21 1,2,3,8,10,16,18
20 DG1-34/5, DG2-6781, DG3-2 | 2,8,10,16,18,19,20
21 DG1-34/5, DG2-67, DG3-218 2,4,5,8,10,16,18
22 DG1-34/5, DG2-6, DG3-2187 2,6,7,8,10,16,18
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4.2.1 Microgrid test modes at 1.00 tap ratio

With Power World® software [10], a power flow analysis was run for circuit paths of
microgrid test modes indicated in Table 4.2. Power flow analysis was run at a transformer tap
ratio of 1.00 in order to verify that the calculated real and reactive power of DG1, DG2, and DG3
distributed generators were not greater than the prime real (1825 kW) and reactive (1368 kVar)
power of distributed generators, respectively [80], and that the calculated bus voltages were
within the service voltage limit range (95-105 %) of ANSI Std. C84.1 [85]. Figure 4.3 shows the
calculated real (A) and reactive (B) power of utility source and DG1, DG2, and DG3 distributed
generators at transformer tap ratio of 1.00. Based on the prime reactive (1368 kVar) power of
DG1, DG2, and DG3 distributed generators, test modes 3, 5, 7, 8, 12, 15, 17, 20, and 22 were not
permitted because the calculated reactive power of distributed generators was greater than 1368
kVar. Figure 4.4 shows calculated bus voltages of microgrid test modes at a transformer tap ratio
of 1.00. Because all microgrid test modes had bus voltages outside the 95.0-105.0% service
voltage range, all 22 test modes were not permitted at transformer tap ratio of 1.00. Calculated
real and reactive power of distributed generators and bus voltages of the microgrid test modes at
transformer tap ratio of 1.00 are shown in Table C.1 of Appendix C. At a transformer tap ratio of
1.00, circuit paths of the microgrid test modes were not acceptable based on the service voltage
limit range (95-105 %) constraint, according to the ANSI Std. C84.1 [85]. However, because
transformer tap ratios could be regulated from 0.9 to 1.1, a new transformer tap ratio of 0.95 was

defined to run another power flow analysis case.
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4.2.2 Microgrid test modes at 0.95 tap ratio

With Power World® software [10], power flow analysis was run at a transformer tap
ratio of 0.95 in order to verify that the calculated real and reactive power real of DG1, DG2, and
DG3 distributed generators were not greater than the prime real (1825 kW) and reactive (1368
kVar) power of distributed generators, respectively [80], and that the calculated bus voltages
were within the service voltage limit range (95-105 %) of ANSI Std. C84.1 [85]. Figure 4.5
shows the calculated real (A) and reactive (B) power of the utility source and DG1, DG2, and
DG3 distributed generators at transformer tap ratio of 0.95. At a transformer tap ratio of 0.95, the
calculated real and reactive power of DG1, DG2, and DG3 distributed generators were less than
1825 kW and 1368 kVar. Figure 4.6 shows calculated bus voltages of microgrid test modes at a
transformer tap ratio of 0.95. Because all microgrid test modes had bus voltages within the 95.0-
105.0% service voltage range, all 22 test modes were permitted. Calculated real and reactive
power of distributed generators and bus voltages of microgrid test modes at a transformer tap
ratio of 0.95 are shown in Table C.2 of Appendix C. At a transformer tap ratio of 0.95, circuit
paths of microgrid test modes were acceptable based on the service voltage limit range (95-105
%) constraint, according to the ANSI Std. C84.1 [85] and prime real (< 1825 kW) and reactive

(<1368 kVar) power limit constraint of distributed generators [80].
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4.3 Circuit paths for Relays 2 and 3

In this research, adaptive overcurrent protection of the microgrid with distributed
generators was verified for Relays 2 and 3 placed on Bus 7 and 6, respectively. Microgrid test

modes that included circuit paths for Relays 2 and 3 represented the cases of study for adaptive

overcurrent protection. These microgrid test modes are shown in Table 4.3.Circuit paths

corresponding to Relays 2 and 3 are indicated in bold. Circuit paths of Relays 2 and 3 were

collected. Circuit paths for Relays 2 and 3 corresponded to circuit paths with Bus 7 and 6,

respectively. In Table 4.3, the microgrid had 12 circuit paths for Relays 2 and 3. Circuit paths for

test modes are shown in Figures D.1-12 of Appendix D.

Table 4.3: Microgrid test modes and circuit paths

Microgrid test modes
I\;Irdecj::s Circuit paths Circuit paths of Relays 2 and 3
1 UTILITY-8765/1234
2 DG1-4321, DG2-678/65
3 DG1-432/5, DG2-6781
4 DG1-5678, DG3-21/234
5 DG1-34/56, DG3-2187
6 DG2-678/65, DG3-21/234 UTILITY-1234/5678 (Test mode:1)
7 DG2-6781, DG3-2345 DG2-678/65 (Test modes: 2, 6, 9 and 18)
8 DG2-6543, DG3-2187 DG2-67/65 (Test modes: 10 and 16)
9 DG1-4, DG2-678/65, DG3-21/23 DG2-6543 (Test mode: 8)
10 DG1-4, DG2-67/65, DG3-218/23 DG2-65 (Test mode: 17)
11 DG1-5 DG2-678, DG3-21/234 DG2-6781 (Test modes: 3, 7, 12, 15 and 20)
12 DG1-5 DG2-6781 DG3-234 DG2678 (Test modes: 11, 14 and 19)
: : DG2-67 (Test modes: 13 and 21)
13 DG1-4/5, DG2-67, DG3-218/23 DG1-5678 (Test mode: 4)
14 DG1-4/5, DG2-678, DG3-21/23 DG1-34/56 (Test mode: 5)
15 DG1-4/5, DG2-6781, DG3-23 DG2-6 (Test mode 22)
16 DG1-34, DG2-67/65, DG3-218 DG3-2187 (Test modes: 5, 8, 17 and 22)
17 DG1-34, DG2-65, DG3-2187
18 DG1-34, DG2-678/65, DG3-21
19 DG1-34/5, DG2-678, DG3-21
20 DG1-34/5, DG2-6781, DG3-2
21 DG1-34/5, DG2-67, DG3-218
22 DG1-34/5, DG2-6, DG3-2187




4.4 Protection areas for Relays 2 and 3

In this research, adaptive overcurrent protection for Relays 2 and 3 was implemented and
verified with a real-time and non-real-time simulator with relays. Based on circuit paths in
Figures D.1-12 of Appendix D, Relays 2 and 3 had to protect microgrid power lines by selective
coordination inverse time overcurrent protection. Table 4.4 shows the backup and primary

protection relays for circuit paths in the microgrid with distributed generators.

Table 4.4: Microgrid test modes, circuit paths, protection areas, and selectivity

Microgrid test modes Protection areas and
Test Circuit selectivity for Relays 2 and 3
es N
Circuit paths aths
modes P P Relay 2 | Relay 3 P(.)Wﬂ
lines
UTILITY- Backup | Primary L56
1 UTILITY-8765/1234 -
8765/1234 Primary L67
DG1-4321, DG2-678/65 Primary L56
DG2-678/65, DG3-21/234
! DG2-678/65 i
9 DG1-4, DG2-678/65, DG3-21/23 Primary | L67
18 DG1-34, DG2-678/65, DG3-21 Primary | Backup L78
10 DG1-4, DG2-67/65, DG3-218/23 DG2-67/65 Pr!mary L56
16 DG1-34, DG2-67/65, DG3-218 Primary L67
8 DG2-6543, DG3-2187 DG2-6543 Ba_lckup L34
Primary L56
17 DG1-34, DG2-65, DG3-2187 DG2-65 Primary L56
3 DG1-432/5, DG2-6781
7 DG2-6781, DG3-2345 Primary L67
12 DG1-5, DG2-6781, DG3-234 DG2-6781
15 DG1-4/5, DG2-6781, DG3-23 .
20 DG1-34/5, DG2-6781, DG3-2 Primary | Backup | L78
11 DG1-5, DG2-678, DG3-21/234 Primar L67
14 DG1-4/5, DG2-678, DG3-21/23 DG2-678 y
19 DG1-34/5, DG2-678, DG3-21 Primary [ Backup L78
13 DG1-4/5, DG2-67, DG3-218/23 .
21 DG1-34/5, DG2-67, DG3-218 DG2-67 Primary |- L67
Primary L67
4 DG1-5678, DG3-21/234 DG1-5678 -
Primary | Backup L78

Protection areas (power lines) for Relays 2 and 3 were not available for test modes 5 (DG1-34/56, DG3-2187) and 22 (DG1-34/5,
DG2-6, DG3-2187).
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In DG1-34/56, DG3-2187, and DG2-6 circuit paths, breakers of Relays 2 (Bus 7) and 3

(Bus 6) did not have to trip. Table 4.5 shows observations of DG1-34/56, DG3-2187, and DG2-6

circuit paths. Based on observations in Table 4.5, inverse time overcurrent elements for “BK8

(Relay 3)” and “BK5 (Relay 2)” breakers must not be enabled for the DG1-34/56 and DG3-2187

circuit paths, respectively. However, the DG2-6 circuit path could allow the inverse time

overcurrent settings of Relay 2 for any circuit path because the “BK7”” and “BK8” breakers were

opened. As an example, Figure 4.7 shows the DG1-34/56 circuit path.

Table 4.5: DG1-34/56, DG3-2187, and DG2-6 circuit paths

Microgrid test modes .
— . Observations
Test modes Circuit paths
5 DG1-34/56 BK7” and “BKS8” breakers controlle_d by Relay 3
were open and closed, respectively.
5,8,17 “BKS5” and “BK6” breakers controlled by Relay 2
DG3-2187 .
and 22 were closed and open, respectively.
99 DG2-6 BK7” and “BK8” breakers controlled by Relay 3
were open.
0G3
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Figure 4.7: DG1-34/56 (Test Mode: 5)
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At overcurrent fault on Bus 6, Relay 3 (Bus 6) must not trip “BKS8” breaker and Relay 4
(Bus 5) must trip “BK10” breaker. Therefore, the L56 power line was completely de-energized
after clearing overcurrent fault on Bus 6. In order to set adaptive inverse time overcurrent
protection for Relays 2 and 3, protection areas of circuit paths in Table 4.4 were defined,
calculating the magnitude of maximum and minimum fault overcurrents of the power lines
defined as protection areas. Since the setting of Relays 2 and 3 as backup-primary or primary-
backup protections depended on the circuit paths, minimum CTI between the backup and
primary relays was defined to coordinate protective devices, expecting primary relays to trip

faster than backup relays at fault overcurrent in the power lines (protection areas).

4.5 Inverse time-current curves

In the microgrid, MV fuses and overcurrent relays were considered to be protective
devices. Although MV fuses were placed on load feeders, overcurrent relays were placed on
power line busses. In order to define inverse time overcurrent settings of overcurrent relays
based on selectivity coordination, models of inverse time-current curves for MV fuses and

overcurrent relays were developed.

4.5.1 Inverse time-current curves of relays

Inverse time-current curves of Relays 2 and 3 were collected from SEL 451 relay’s
manufacturer manual [5]. In SEL 451 relays, IEC (International Electrotechnical Commission)
and U.S. (United States) families were presented as inverse time-current curves. The IEC family
had the C1 (Standard Inverse), C2 (Very Inverse), C3 (Extremely Inverse), C4 (Long-Time
Inverse), and C5 (Short-Time Inverse) curves, and the US family had the U1 (Moderately
Inverse), U2 (Inverse), U3 (Very Inverse), U4 (Extremely Inverse), and U5 (Short-Time Inverse)

curves. In adaptive overcurrent protection in the microgrid, the U3 (Very Inverse) curve was set
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to Relays 2 and 3. Based on the U3 (Very Inverse) curve from the SEL 451 relay’s instruction

manual [5], the relay time of U3 (Very Inverse) curve was represented by Equation (4.1):

Tp = TDS x (0.0963 + 1) (4.1)
where T is the relay time in seconds, TDS is the inverse time overcurrent time dial setting, and
M is the multiple of pickup.

In order to coordinate relays with fuses, Equation (4.1) was represented as a function of the

primary current instead of a multiple of pickup, considering that the multiple of pickup of relay

was defined by Equation (4.2):

M=—" (4.2)

" CTRX Ip

where M is the multiple of pickup, I is the primary pickup fault current in amps, CTR is the
current transformer ratio, and Ip is the secondary overcurrent pickup in amps.
Placing Equation (4.2) into (4.1), the U3 (Very Inverse) relay time curve as a function of the

primary current was represented by Equation (4.3):

3.88

where Tr is the relay time in seconds, TDS is the inverse time overcurrent time dial setting , | is
the primary pickup fault current in amps, CTR is the current transformer ratio, and Ip is the
secondary overcurrent pickup in amps.

With Equation (4.3), the CTI was calculated at maximum fault overcurrent for relay-relay and
relay-fuse protection devices in adaptive overcurrent protection. Inverse time-current curves of
SEL 451 relays were represented by Equation (4.3). The relay time represented the interval the
relay took to trip the signal in order to open the breaker at fault overcurrent. Each relay measured

primary currents by current transformers to control the breakers at overcurrent faults. In the
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NRTS experiment, the current transformer ratios were 200. In the SEL 451 relays, the U3 (Very
Inverse) curve was selected, and the TDS and Ip in amps were selected in order to set the inverse

time-current curves of Relays 2 and 3 for the setting groups.

4.5.2 Inverse time-current curves of 4.8 kV fuses
The 100E, 80E, 65E, and 50E 4.8 kV fuses were placed on load feeders of the microgrid.

In the MV fuses, the time-current area was limited by the melting and clearing curves. Relay
times were calculated by relay curves represented by Equation (4.3). However, clearing times of
fuses were calculated based on clearing time curves. Clearing curves of 100E, 80E, 65E, and 50E

MV fuses were represented by the red, green, pink, and blue lines, respectively, shown in Figure

4.8.
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Figure 4.8: Clearing time curves of 100E, 80E, 65E, and 50E standard speed 4.8 kV SMU-40®
fuses [6]

In Figure 4.8, clearing curves of 100E, 80E, 65E, and 50E 4.8 kV fuses were plotted by data

points provided by the manufacturer’s literature [6]. Clearing time curves of 100E, 80E, 65E, and
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S0E 4.8 kV fuses had to be represented by a mathematical model instead of a curve by points in
order to coordinate fuses with relays. The clearing time curve for 65E standard speed 25 kV
SMU-20® fuse based on logarithmic coefficients was presented by Yang and Gu [86]. The fuse

model of this clearing time curve was represented by Equation (4.4):
6 dn
T, = 10(ZR=0 7 ) (4.4)

where T is fuse total clearing time in seconds, / is current passing through the fuse in amps,
S

and d are logarithmic coefficients from Table 4.5.
Table 4.5: Coefficients of 65E standard speed 25 kV SMU-20® fuse based on Yang and Gu [86]

do d1 d2 d3 d4 dSs dé
1943.968 -3743.1245 | 2986.37123 | -1261.72 | 297.4204 | -37.0748 | 1.909126

1000.00

100.00

=

(@]

o
sopivhe (0 o @
‘_‘,nr"' |

=)
5]
L2,
@
£
2 \\
5 1.00 -
@D i H i ’\
(&
0.10 : = : - _ \
« 65E fuse ¢ (manufa tu:}!" <
| ! 1 .M
—==G5E us're c¢learing curve (Yang|et. al. model)
0.01
10 100 1000 10000

Primary current [Amps]

Figure 4.9: Yang and Gu [86] model and manufacturer clearing time curve of 65E standard speed
25 kV SMU-20® fuse
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In Figure 4.9, Yang and Gu’s [86] model based on Equation (4.4) and manufacturer
clearing time curve of 65E fuse are plotted. The full and dotted blue curves represent the Yang
and Gu [86] model and manufacturer clearing time curve of 65E standard speed 25 kV SMU-
20® fuse [87].

In the microgrid, standard speed fuses of 4.8 kV instead of 25 kV were located on bus
feeders. A new fuse model of clearing time curves based on fitting curves was presented for 50
E, 65E, 80E, and 100E standard speed 4.8 kV SMU-40® fuses placed in the microgrid. This new
model was based on fitting clearing time curves with points of clearing time curves of S0E, 65E,
80E, and 100E standard speed 4.8 kV SMU-40® fuses provided by the manufacturer [6].

The fitted clearing time curves of 50E, 65E, 80E, and 100E standard speed 4.8 kV SMU-
40® fuses were based on US curves as a function of primary current. The U4 (Extremely
Inverse) and U5 (Short-Time Inverse) curves were considered in order to create 4.8 kV fuse
clearing time curves from 0-3000 and 3001-12000 amps, respectively. From Equation (4.3),
TDS, Ip, and CTR were named Fs, Fp, and 200, respectively. Equation (4.5) represents clearing

time curves of 4.8 kV fuses up to a primary current of 12000 amps.

Ty = Fs % (Kl + (I/200/Fp)K3—1) (4.5)

where T; is clearing time of 4.8 kV fuse in seconds, Fs is the fuse factor setting, | is the primary
pickup fault current in amps, and Fp is the secondary overcurrent pickup factor in amps. Table
4.6 shows US curve constants and selected Fs and Fp values to fit clearing time curves of S0E,

65E, 80E, and 100E 4.8 kV fuses.
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Table 4.6: US curve constants, Fss, and Fp values for clearing time curve models of MV fuses

Primary US curve constants 50E 65E 80E 100E
pickup us

fault curves K1 Kz Ks Fs | Fe | Fs | Fo | Fs | Fo | Fs | Fp
currents [A] [A] [A] [A]
[A]

o | us |002434| 564 | 2 | 117 |051| 119 | 067 |115|083|115 | 108
oo | Us | 000262 | 0.00342 | 0.02 | 0.367 | 2.78 | 0.336 | 3.90 | 0.30 | 550 | 0.28 | 7.00

In Figure 4.10,the fuse model and manufacturer clearing time data from 0-3000 (A) and
3001-12000 (B) amps for 100E, 80E, 65E, and 50E standard speed 4.8 kV SMU-40® fuses are
shown. Because the maximum fault current of the microgrid was not higher than 12000 amps,

clearing time curve models for 100E, 80E, 65E, and 50E fuses were represented up to 12000

amps.
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Figure 4.10: Model and manufacturer clearing time curves from 0-3000 (A) and 3001-12000 (B)
amps for 100E, 80E, 65E, and 50E standard speed 4.8 kV SMU-40® fuses

In Figure 4.10, clearing time curve models for 100E, 80E, 65E, and 50E 4.8 kV fuses were

plotted with Equation (4.5).Clearing time models of 4.8 kV fuses were needed to calculate

selectivity coordination between relays and fuses in the adaptive overcurrent protection.
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4.6 Minimum coordination time interval

In the microgrid with distributed generators, upstream (backup) and downstream
(primary) protective devices were coordinated. Backup-primary protective devices in the
microgrid were relay-fuse or relay-relay devices. For a backup and primary protective device, the
maximum interrupting current was the value at which the protection devices reached the
minimum CTI. Table 4.7 shows CTIs between upstream (backup) and downstream (primary)
protective devices based on IEEE Std. 242-2001 [7]. CTls for static relay were the sum of the
circuit breaker operating time (0.08 sec. = 5 cycles) and the relay tolerance and setting error time
(0.12 sec. = 7.2 cycles) based on IEEE Std. 242-2001 [7]. Table 4.8 shows components of CTls
with field calibration for static relays.

Table 4.7: Coordination time intervals, IEEE Std. 242-2001 [7]

Upstream
Downstream )
Static relay
Fuse 0.12 sec. (7.2 cycles)
Static relay (5 cycles) 0.20 sec.(12.2 cycles)

Table 4.8: Components of coordination time intervals with field testing for static relay [7]

Combonents Coordination time intervals with
P field testing for static relay
Circuit breaker operating time 0.08 sec. (5 cycles)
Relay tolerance and setting error time 0.12 sec. (7.2 cycles)
Total coordination time interval 0.20 sec. (12.2 cycles)

In the RTS and NRTS experiments, Relays 2 and 3 tests for minimum and maximum
fault currents were run, verifying selective coordination between backup and primary relays.
Minimum CTI between the fuse and static relay was 0.12 sec. (7.2 cycles) based on Table 4.8.

However, the minimum CT]1 between backup and primary relays was 0.12 sec. (7.2 cycles)
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instead of 0.20 sec. (12.2 cycles) because the circuit breaker operating time was not added in the
real-time simulation. Therefore, inverse time overcurrent settings of relays were calculated
considering the minimum CTI of 0.12 sec. (7.2 cycles) for relay-fuse and relay-relay selectivity
coordination. Figure 4.11 shows fuse-relay minimum CTI and relay-relay CTI components based
on IEEE Std. 242-2001 versus relay-relay minimum CTI based on RTS experiment (without

circuit breaker operating time).

16
Fuse-relay CTI Circuit breaker operating time
14 Relay tolerance and setting error time Relay-relay CTI
12—
E 0 - ] - _CTl =coordination time Interval
© (Uwithout circuit breaker operating time
s 8, | 122
£ 6 I [
= 61 {1 Static relay-relay minimum CTl = 7.2 cycles (Experiment)
47 7.2 7.2
2 [ — . 2 2@
0 T T 1
Relay-relay CTI Relay-relay CTIl (components) Fuse-relay CTI

Figure 4.11: Relay-relay and relay-fuse CTls

Measured CTIs were estimated by the difference between the backup and primary
measured relay times at maximum fault overcurrents. In the NRTS experiment, Relays 2 and 3
were tested individually, and CTIs were calculated by collecting measured relay times. However,
in the RTS experiment, Relays 2 and 3 were tested with a real-time simulator (power system
real-time simulation) that allowed both relays to be tested simultaneously (synchronized). Then
selectivity coordination between Relays 2 and 3 could be observed during real-time tests. The
primary relay tripped faster than the backup relay, validating application of the minimum CTI of
0.12 sec. (7.2 cycles) instead of 0.20 sec. (12.2 cycles) between Relays 2 and 3 for the RTS

experiment.
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4.7 Power flow and fault analysis

Power flow and fault analysis of circuit paths for Relays 2 and 3, were run with Power
World® software [10]. Power flow analysis allowed calculation of maximum load current
magnitudes of relay breakers for circuit paths in the microgrid, and fault analysis allowed
calculation of maximum and minimum fault current magnitudes of relay breakers for circuit
paths. Table 4.9 shows calculation methods, results, and application of power flow and fault
analysis.

Table 4.9: Calculation methods, results, and applications of power flow and fault analysis
Calculation

Results Application
methods P
Select maximum load current Plot maximum fault current
Power flow . . .
. magnitudes on relay breakers | magnitudes and verify that relays
analysis . . .
at power lines. did not trip.

Plot maximum and minimum fault
Select maximum and current magnitudes and verify

minimum fault currents on relays tripped.

relay breakers from the LL, )

Fault analysis | 3PB, SLG, and double-line- | Calculate CTls at maximum fault

to-ground (DLG) faults at currents between backup and
power lines and feeder primary protective devices and
busses. verify that calculated CTI were not

less than 7.2 cycles

WRelay-relay and relay-fuse minimum CTIs based on RTS experiment (without breaker operating time)
and IEEE Std. 242-2001 [7], respectively.

Maximum load current magnitudes on relay breakers were calculated to verify that the
relays did not trip at inverse time overcurrent settings. Maximum and minimum fault current
magnitudes on relay breakers in power lines were calculated to verify that the relays tripped at
inverse time overcurrent settings, protecting power lines (protection areas) in the microgrid. In
addition, maximum fault current magnitudes at power lines and feeder busses allowed
calculation of protection device times and CTIs between backup and primary protection devices,

verifying that calculated CTls for maximum fault currents were not less than 7.2 cycles.
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Minimum CTI of 7.2 cycles refers to relay-relay and relay-fuse minimum CTlIs based on RTS

experiment (without breaker operating time) and IEEE Std. 242-2001 [7], respectively.

4.7.1 Power flow analysis

Power flow analysis with Power World® software [10] was run for all circuit paths of

Relays 2 and 3 in the microgrid. Circuit paths are shown in Figures D.1-12 in Appendix D. Once

power flow analysis was run, current magnitudes of power lines for relay breakers were

collected. Table 4.10 shows calculated maximum load current magnitudes of relay breakers from

circuit paths by power flow analysis.

Table 4.10: Maximum load current magnitudes of relay breakers for circuit paths

Microgrid test modes

Maximum load current magnitudes of relay breakers [A]

Bus 1/8 Bus 7 Bus 6 Bus 4/5 Bus 3 Bus 2
. Relay 1 Relay 2 Relay 3 | Relay 4 Relay 5 Relay 6
Test Circuit Paths of S = T = — = ST 5 S =T o
modes Relays 2 and 3 VI X | X |X|X | X | |L|| ¥ |¥ |
m | @ |0 0|00 | on|o o0 m | o
1 UTILITY-8765/1234 | 191 | 215 [ 215|122 | 122 | 56 | 56 | 86 | 86 | 124 | 124 | 191
2,6,9, 18 DG2-678/65 65 | 156 | 156 | 55 [ 55
10, 16 DG2-67/65 90 | 90 | 54 | 54
8 DG2-6543 173 | 173 | 37 | 37
17 DG2-65 53 | 53
315? 215 ’ DG2-6781 160 | 160 | 253 | 253
11, 14,19 DG2-678 65 | 65 | 156 | 156
13,21 DG2-67 89 | 89
4 DG1-5678 66 | 66 | 158 | 158 | 224 | 224
5 DG1-34/56 64 | 64 | 37 | 37
22 DG2-6 0 0
5,22 DG3-2187 252193193 | 0 252

In Table 4.10, maximum load current magnitudes of relay breakers also represent pre-

fault current magnitudes. Inverse time overcurrent settings of relays and maximum load current
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magnitudes of relay breakers are represented by inverse time-current curves and current lines,
respectively. For each circuit path, inverse time-current curves of relays and maximum load
current lines of relay breakers were plotted at a logarithmic time-current (vertical - horizontal)
plane, verifying that maximum load current lines of relay breakers did not intersect the inverse

time-current curves of relays, confirming that relays must not trip at maximum load currents.

4.7.2 Fault analysis

Fault analysis by Power World® software [10] was run at circuit paths for Relays 2 and 3
in the microgrid. Circuit paths are shown in Figures D.1-12 in Appendix D (UTILITY-
8765/1234, DG2-678/65, DG2-67/65, DG2-6543, DG2-65, DG2-6781, DG2-678, DG2-67,
DG1-5678, DG1-34/56, DG2-6, and DG3-2187). For power lines as protection areas, maximum
and minimum fault currents of the power lines were located near and far away of power lines,
respectively. Fault analysis was run for all circuit paths except the DG2-6 circuit path because
that circuit path was not connected to power lines. The LL at B-C, 3PB at A-B-C, SLG at A, and
DLG at B-C phase faults were estimated at 10% and 90% of power line lengths, collecting A, B,
and C phase current magnitudes on power lines. Fault current magnitudes on relay breakers at
faults located in power lines are indicated in Tables E.1-12 of Appendix E.

In adaptive overcurrent protection, three-pole breakers instead of single-pole breakers
were controlled by relays. Each breaker was tripped by one overcurrent element pickup that
tripped A-B-C phases for the LL, 3PB, SLG, and DLG faults. In the minimum faults, relays
tripped the three-pole breakers for the greatest A, B, C current magnitude. Therefore, the
minimum fault current was the greatest A, B and C current magnitude at minimum fault. From
calculated fault currents in Tables E.1-12 of Appendix E, maximum and minimum fault currents
of relay breakers were collected; maximum fault currents of relay breakers for common power
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lines and maximum fault currents of relay breakers and fuses for feeder busses were collected.
Maximum and minimum fault currents of relay breakers were needed in order to verify that the
relays tripped at inverse time overcurrent settings of relays. Maximum fault currents of relay
breakers for common power lines were needed to verify minimum CTIs between backup and
primary relays. Maximum fault currents of relay breakers and fuses for feeder busses were
needed to verify the minimum CT]I between relays and fuses as backup and primary protections,
respectively. As an example, Figure 4.12 shows maximum (red) and minimum (green) fault
currents of relay breakers, maximum fault currents of relay breakers for common power lines
(pink), and maximum fault currents of relay breakers and fuses at feeder busses (brown) in the
DG2-678/65 circuit path for Relays 2 and 3.

\ \ Single line-to-ground fault at 10% of power line length

\ Line-to-line fault at 90% of power line length

0G3 Bus 2 \ Single line —to-ground fault at 90% of power line length

Bus 3 Bus 4
Bus 1 H
st [*—2
=
WL |l ] s Y “ cr| v | ki3
uTLITY (] | Relay 6 | | Relay 5 | [] oet
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Figure 4.12: Location and type of fault currents for the DG2-678/65 circuit path

In order to verify that the relays tripped at inverse time overcurrent settings of relays,

thereby protecting the power lines, maximum and minimum fault current magnitudes of relay
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breakers had to be collected from Tables E.1-12 of Appendix E. For the utility source circuit
path, maximum and minimum fault currents corresponded to the DLG (BC) and LL (BC) faults,
respectively. However, for the DG1, DG2, and DG3 distributed generators circuit paths,
maximum and minimum fault currents corresponded to the SLG (A) and LL (BC) faults,
respectively. Maximum (DLG and SLG) and minimum (LL) fault currents were referenced to
faults located at 10% and 90% of power line lengths, respectively. In addition, when the relay
breakers were working as backup protective devices, minimum fault current magnitudes were
referenced to common fault locations for all relay breakers in the same branch. Table 4.11 shows
maximum and minimum fault current magnitudes in order to verify that the relays tripped the

breakers at inverse time overcurrent settings.
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Table 4.11:

Maximum and minimum fault current magnitudes of relay breakers for circuit paths of Relays 2 and 3

D o g ] Maximum fault current magnitudes ] Minimum fault current magnitudes
Circuit paths of 5‘ x Protection Protection 2
Relays 2and 3 4 £ areas Fault location | Fault type Cu[r;ﬁnts areas Fault location | Fault type ClE;\r]ents

3 | BK8 L56 Bus 6 (10% L56) | DLG(BC) 2046 LL(BC) 1539
2 | BK6 L67 Bus 7 (10% L67) | DLG(BC) 3170 L56 Bus 5 (90% L56) LL(BC) 1564
BK4 L78 Bus 8 (10% L78) | DLG(BC) 7279 LL(BC) 1622
UTILITY-8765/1234 | 1 BK20 L12 Bus 1 (10% L12) | DLG(BC) 7266 LL(BC) 1624
4 | BK18 L23 Bus 2 (10% L23) | DLG(BC) 3162 L34 Bus 4 (90% L34) LL(BC) 1581
5 | BK15 L34 Bus 3 (10% L34) | DLG(BC) 2047 LL(BC) 1567
3 BK8 L56 Bus 6 (10% L56) | SLG(A) 2371 L56 Bus 5 (90% L56) LL(BC) 1392
DG2-678/65 BK7 L67 Bus 6 (10% L67) | SLG(A) 2369 LL(BC) 1036
L7 B % L7

2 | BK5 L78 Bus 7 (10% L78) | SLG(A) 1650 8 us 8 (90% L 78) LL(BC) 996
DG2-67/65 3 BK8 L56 Bus 6 (10% L56) | SLG(A) 2330 L56 Bus 5 (90% L56) LL(BC) 1369
BK7 L67 Bus 6 (10% L67) | SLG(A) 2327 L67 Bus 7 (90% L67) LL(BC) 1221
4 | BK14 L34 Bus 4 (10% L34) | SLG(A) 1942 LL(BC) 1235

DG2-6543 L34 Bus 3 (90% L34
3 | BKS L56 | Bus6(10% L56) | SLG(A) 2355 us3(80% L34) 1 g 1275
DG2-65 3 | BK8 L56 Bus 6 (10% L56) | SLG(A) 2282 L56 Bus 5 (90% L56) LL(BC) 1342
3 | BKY L67 Bus 6 (10% L67) | SLG(A) 2400 LL(BC) 1088

DG2-6781 L7 B % L7

G2-678 2 | BK5 L78 Bus 7 (10% L78) | SLG(A) 1681 8 us 8 (90% L 78) LL(BC) 1047
3 | BK7 L67 Bus 6 (10% L67) | SLG(A) 2339 . LL(BC) 1031
DG2-678 2 | BK5 L78 | Bus7 (10% L78) | SLG(A) 1639 L7g | Bus8(90%L78) g 989
DG2-67 3 | BK7Y L67 Bus 6 (10% L67) | SLG(A) 2298 L67 Bus 7 (90% L67) LL(BC) 1209
4 | BK10 L56 Bus 5 (10% L56) | SLG(A) 2350 LL(BC) 992
DG1-5678 3 | BK7Y L67 Bus 6 (10% L67) | SLG(A) 1940 L78 Bus 8 (90% L78) LL(BC) 955
2 | BK5 L78 Bus 7 (10% L78) | SLG(A) 1453 LL(BC) 915
DGL1-34/56 4 | BK14 L34 Bus 4 (10% L34) | SLG(A) 2303 L34 Bus 3 (90% L34) LL(BC) 1387
4 | BK10 L56 Bus 5 (10% L56) | SLG(A) 2306 L56 Bus 6 (90% L56) LL(BC) 1399
6 | BK19 L12 Bus 2 (10% L12) | SLG(A) 2330 LL(BC) 1112

DG3-2187 L78 Bus 7 (90% L78
1 | BK4 L78 Bus 8 (10% L78) | SLG(A) 1671 us 7 (90% L78) LL(BC) 1038

The DG2-6 circuit path was not included above because it did not have power lines, “’/Current fault magnitudes at relays tripped the three-pole breakers.
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In order to verify minimum CTIs between backup and primary relays, current magnitudes
of relay breakers at maximum faults for common protection areas (power lines) had to be
collected from Tables E.1-12 of Appendix E. Maximum fault current magnitudes of relay
breakers for common protection areas were located at 10% of power lines. Table 4.12 shows
maximum fault current magnitudes to calculate relay times for relay-relay CTls.

Table 4.12: Maximum fault current magnitudes of relay breakers for common power lines.

WCircuit paths Protection Maximum fault current magnitudes
(Branch) of Relays 2 | Relays | Breakers . Currents
and 3 areas Fault location Fault type [A]
3 BK8 2046
UTILITY-8765/1234 2 BK6 L56 Bus 6 (10% L56) DLG(BC) 2101
wniuTyeres) || B 2143
L67 Bus 7 (10% L67 DLG(B
1 BK4 6 us 7 (10% L67) G(BO 3108
5 BK15 2047
UTILITY-8765/1234 6 BK18 L34 Bus 3 (10% L34) DLG(BC) 2059
(UTILITY-1234) é Eﬁg ;233
0,
1 BK20 L23 Bus 2 (10% L23) DLG(BC) 211
DG2-678/65 2 BK5 1650
0
(DG2-678) 3 BK7 L78 Bus7 (10% L78) SLG(A) 1709
3 BK8 1989
- 0,
DG2-6543 2 BK14 L34 Bus 4 (10% L34) SLG(A) 1942
2 BK5 1681
DG2-6781 L7 Bus7 (10% L7 LG(A
G2-678 3 BK7 8 us7 (10% L78) SLG(A) 1742
2 BK5 1639
DG2-67 L7 Bus7 (10% L7 LG(A
G2-678 3 BK7 8 us7 (10% L78) SLG(A) 1698
2 BK5 1453
3 BK7 L78 Bus 8 (10% L78) SLG(A) 1503
DG1-5678 4 BK10 1523
3 BK7 1940
0,
2 BK10 L67 Bus 7 (10% L67) SLG(A) 1950
6 B19 1702
- 0,
DG3-2187 1 BKd L78 Bus 8 (10% L78) SLG(A) 1671

BDG2-67/65, DG2-65, DG2-67, DG1-34/56, and DG2-6 circuit paths were not included above because they did not
have common protection areas (power lines).

In order to verify minimum CTI between relays and fuses as backup and primary

protections, respectively, maximum fault current magnitudes of relay breakers and fuses for
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feeder busses were collected from Tables E.1-12 of Appendix E. Power World® software [10]

allows calculation of faults in power line or bus locations but not load feeders. In order to

calculate CTls between relays and fuses, maximum faults were located near feeder busses (90%

of power line length), and magnitudes of maximum fault currents for fuse feeders and relay

breakers were considered to have the same value. Table 4.13 shows maximum fault currents

magnitudes to calculate fuse and relay times and CTIs between the fuse and relay.

Table 4.13: Maximum fault current magnitudes of relay breakers and feeder fuses.

2 Maximum fault current magnitudes
WCircuit paths Rel £ @ | Protection >
of Relays 2 and 3 e S T areas Fault location Fault type Currents
m [A]
3 BK8 | 80E Bus 5 Bus 5 (90% L56) | DLG(BC) 1781
2 BK6 | 50E Bus 6 Bus 6 (90% L67) | DLG(BC) 2182
UTILITY- L BK4 | 80E Bus 7 Bus 7 (90% L78) | DLG(BC) 3597
8765/1234 BK20 | 50E Bus 2 Bus 2 (90% L12) DLG(BC) 3583
4 BK18 | 50E Bus 3 Bus 3 (90% L23) DLG(BC) 2179
5 BK15 | 65E Bus 4 Bus4 (90% L34) | DLG(BC) 1785
3 BK8 | 80E Bus 5 Bus 5 (90% L56) SLG(A) 2013
DG2-678/65 BK7 | 80E Bus 7 Bus 7 (90% L67) SLG(A) 1762
2 BK5 | 100E Bus 8 Bus 8 (90% L78) SLG(A) 1340
BK8 | 80E Bus 5 Bus 5 (90% L56) SLG(A) 1956
DG2-67/65 3 BK7 | 80E Bus 7 Bus 7 (90% L67) SLG(A) 1680
DG2-6543 4 BK14 | 50E Bus 3 Bus 3 (90% L34) SLG(A) 1715
3 BK8 80E Bus 5 Bus 5 (90% L56) SLG(A) 2022
DG2-65 3 BK8 80E Bus 5 Bus 5 (90% L56) SLG(A) 1928
DG2.-6781 3 BK7 | 80E Bus 7 Bus 7 (90% L67) SLG(A) 1403
2 BK5 | 100E Bus 8 Bus 8 (90% L78) SLG(A) 1373
DG2.678 3 BK7 | 80E Bus 7 Bus 7 (90% L67) SLG(A) 1364
2 BK5 | 100E Bus 8 Bus 8 (90% L78) SLG(A) 1336
DG2-67 3 BK7 80E Bus 7 Bus 7 (90% L67) SLG(A) 1669
4 BK10 | 50E Bus 6 Bus 6 (90% L56) SLG(A) 2051
DG1-5678 3 BK7 | 80E Bus 7 Bus 7 (90% L67) SLG(A) 1545
2 BK5 | 100E Bus 8 Bus 8 (90% L78) SLG(A) 1204
BK14 | 50E Bus 3 Bus 3 (90% L34) SLG(A) 1995
DG1-34/56 4 BK10 | 50E Bus 6 Bus 6 (90% L56) SLG(A) 2001
DG3.2187 BK19 | 65E Bus 1 Bus 1 (90% L12) SLG(A) 1799
1 BK4 | 80E Bus 7 Bus 7 (90% L78) SLG(A) 1353

"The DG2-6 circuit path was not included above because it did not have available power lines, “Maximum fault
currents for fuse feeder and relay breaker were considered to have the same value.
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4.8 Relay settings in circuit paths

In this research, adaptive overcurrent protection of the microgrid with distributed
generators was verified for Relays 2 and 3 placed on Busses 7 and 6, respectively. Therefore,
adaptive overcurrent protection was developed for circuit paths corresponding to Relays 2 (Bus
7) and 3 (Bus 6), shown in Figures D.1-12 of Appendix D. In adaptive overcurrent protection,
inverse time overcurrent settings of the relays were calculated for all circuit paths. The microgrid
with distributed generators had six relays, and each relay controlled two breakers. Pickup
overcurrent elements of the relays were enabled or disabled based on the current direction for the
circuit paths. In the microgrid, MV fuses and relays were the protective devices. Although the
MYV fuses were placed on load feeders, the relays were placed on power line busses.

Adaptive overcurrent protection was created by the relays. In order to set inverse time
overcurrent protection of the relays for each circuit path, clearing time curves of maximum
ampere rating fuse on busses were plotted into Equation (4.5). Then inverse time-current curves
of the relays were plotted into Equation (4.3) before selecting the TDS and Ip of relays.
Therefore, verifications that relays did not trip at maximum load currents and relays tripped at
maximum and minimum fault currents were observed in logarithmic time-current plots. Also,
CTls between backup and primary protective devices were calculated, verifying that CTls of
protective devices at maximum faults were less than minimum CTI (7.2 cycles). Inverse time
overcurrent settings of relays for adaptive overcurrent protection in the UTILITY-8765/1234,
DG2-678/65, DG2-67/65, DG2-6543, DG2-65, DG2-6781, DG2-678, DG2-67, DG1-5678,
DG1-34/56, and DG2-6, DG3-2187 circuit paths are shown in Table 4.14. The pink and gray

cells indicate inverse time overcurrent settings of Relays 2 and 3, respectively.
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Table 4.14: Adaptive inverse time overcurrent settings of protective devices for circuit paths of Relays 2 and 3 (U3 curve and CTR = 200)

Busses

1/8

6

5/4

3

2

MV fuses

65E-65E / 100E

50E-80E

S0E-50E

80E / 50E-65E

S0E

S0E-50E

Relays

Relay 1

Relay 2

Relay 3

Relay 4

Relay 5

Relay 6

Breakers

BK20 BK4

BKS5

BK6

BK7

BKS8

BK10 [ BK14

BK

15 [ BK16

BK

18

BK19

Overcurrent element pickup

2 1

2

1

2

1

2 1

2

1

2

1

Time dial setting (TDS)
Secondary overcurrent pickup (1p)

o

Ip

TDS

o

Ip

TDS

Ip

Ip

o o

TDS
TDS

o o

TDS

o

TDS

o

Circuit paths (micro grid test modes)

UTILITY-8765/1234

@)

2.10 [TDS
2.10 [TDS

2.50
2.50

1.13 | TDS

2.25

0.68 | TDS

2.01

1.13 | TDS

2.25

DG2-678/65
(2,6,9, 18)

0.78

1.86

DG2-67/65
(10, 16)

DG2-6543
(8)

1.50
2.00

DG2-65
(17)

0.77 [ 0.77 [ 0.77 | 0.77 | 0.68 | TDS

197(1.97(1.97|197 | 2.01

DG2-6781
(3,7, 12, 15, 20)

DG2-678
(11, 14, 19)

0.78 [ 0.78

1.86 | 1.86

DG2-67
(13, 21)

DG1-5678
(4)

0.71

1.89

112(067(119(1.19|1.18(1.18(1.18|1.18

190|197 (197 |197{1.95(1.95|195]|1.95

DG1-34/56
)

071154

1.892.25
0.71
1.89

DG3-2187
(5, 8, 17, 22)

2.30
1.35

1.22

1.46

UpG2-6
(22)

MV = medium voltage, CTR = current transformer ratio, " DG1-34/56, DG2-6 and DG3-2187 circuit paths did not have available tripped breakers for Relays 2 and 3.

Bold TDS and Ip settings were added to minimize the number of setting groups for Relay 3, grouping DG2-6543 and DG2-6 with DG2-678/65 and DG2-67/65 circuit paths.
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In order to validate settings of relays in Table 4.14, inverse time-current curves of relays

and fuses (maximum ampere rating fuse on each bus) were plotted for the UTILITY-8765/1234,

DG2-678/65, DG2-67/65, DG2-6543, DG2-65, DG2-6781, DG2-678, DG2-67, DG1-5678,

DG1-34/56, and DG3-2187 circuit paths, verifying conditions in Table 4.15

Table 4.15: Conditions of inverse time overcurrent settings for relays.

Currents
N° Conditions Comments
Analysis Tables
i . Inverse time-current curves of relays were
1 Reﬁﬁi?&%?};&p at g = Table 4.10 plotted with maximum load currents of
currents 5 = relay br_eakers, veflfylng that relays did
not trip for maximum load currents
Relays tripped at Inverse time_-curren_t curves of re_la}ys were
maximum and plotted with maximum and minimum
2 minimum fault Table 4.11 fault current of relay breaker_s, verifying
currents that relays_trlpped for maximum and
minimum fault currents.
Relay-relay CTls at . CTls betwe_en backup and primary relays
maximum fault z at maximum fault currents were
3 currents must be less E Table 4.12 | calculated, verifying that_ca_tlculated CTlIs
than minimum CT| < were not less tha_n the minimum CTI for
E RTS experiment (7.2 cycles)
- CTIs between relays and fuses as backup
Relay-fuse CTls at and primary protections, respectively,
4 maximum fault Table 4.13 were calculated at maximum fault
currents must be less ' currents, verifying that calculated CTIs
than minimum CTI were not less than 7.2 cycles based on
IEEE Std. 242-2001 [7].

CTI: coordination time interval, RTS: real-time simulation

Inverse time-current curves of relays for circuit paths were plotted into Equation (4.3),

considering a CTR of 200. The TDS and Ip of relays were collected from Table 4.14. Inverse

time-current curves of MV fuses in circuit paths were plotted based on fuse models represented

by Equation (4.5) at maximum fuse ampere ratings (50E, 65E, 80E, and 100E) of each bus

collected from Table 4.14.
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In maximum load current verification of relay settings, a logarithmic time-current
(vertical-horizontal) plane was plotted for each circuit path; inverse time-current curves of
relays and maximum load current of breakers were compared, verifying that maximum load
currents of the breakers did not intersect the inverse time-current curves of the relays, so relays
did not trip at maximum load currents. Maximum load currents of breakers for circuit paths
were collected from Table 4.10.

In maximum and minimum fault current verification of relay settings, inverse time-
current curves of relays and fuses (maximum ampere rating fuse on each bus) were plotted for
each circuit path. Also, maximum and minimum fault currents of the relay breakers were plotted,
verifying that maximum and minimum fault currents of the relay breakers intersected the inverse
time-current curves of the relays, so relays tripped at minimum and maximum fault currents.
Maximum and minimum fault currents of relay breakers were collected from Table 4.11.

In CTI verification of primary and backup protective devices at maximum fault currents,
the relay-relay and relay-fuse CTIs were calculated. CTIs between the backup and primary
protective devices were estimated with Equation (4.6):

CTI = [Tz — Tp] X 60 (4.6)
where CTl is the calculated CT1 between backup (upstream) and primary (downstream)
protective devices in cycles, Tgis the calculated time of backup (upstream) protective device in
seconds, and Tp is the calculated time of primary (downstream) protective device in seconds.

For the relay-relay CTI calculation, backup and primary relay times at maximum fault
currents were calculated with Equation (4.3) and relay breaker currents (primary pickup fault

currents) and relay settings (time dial settings and secondary overcurrent pickups) were collected
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from Tables 4.12 and 4.14, respectively. Calculated relay-relay CTIs must not be less than 7.2
cycles, the minimum relay-relay CTI without breaker operating time for the RTS experiment.

For the relay-fuse CTI calculation, backup (upstream) relay times and primary
(downstream) fuse clearing times at maximum fault currents were calculated with Equations
(4.3) and (4.5), respectively. In order to calculate relay times, relay breaker currents (primary
pickup fault currents) and relay settings (time dial settings and secondary overcurrent pickups)
were collected from Tables 4.13 and 4.14, respectively. However, in order to calculate fuse
clearing times, fuse currents were collected from Table 4.13. Power World® software [10]
allows calculation of faults in power line or bus locations but not load feeders. In order to
calculate CTls between relays and fuses, maximum faults were located near feeder busses (90%
of power line length), and magnitudes of maximum fault currents for the fuse feeder and relay
breaker were considered to have the same value.

Inverse time overcurrent settings of relays in Table 4.14 were validated for the UTILITY-
8765/1234, DG2-678/65, DG2-67/65, DG2-6543, DG2-65, DG2-6781, DG2-678, DG2-67,

DG1-5678, DG1-34/56, and DG3-2187 circuit paths, verifying conditions in Table 4.15.

4.8.1 UTILITY-8765/1234 (Test mode 1)
The UTILITY-8765/1234 circuit path represented normal operation of the microgrid. A

utility source was connected to all microgrid loads. The UTILITY-8765/1234 circuit path is
shown in Figure D.1 of Appendix D. This circuit path was formed by the UTILITY-1234 and
UTILITY-8765 branches. Although the UTILITY-1234 branch had the L12, L23, and L34
power lines, the UTILITY-8765 branch had the L56, L67, and L78 power lines.

In the UTILITY-1234 branch, fault overcurrents at L12, L23, and L34 power lines were
cleared by Relays 1 (BK20), 6 (BK18), and 5 (BK15), respectively. Relays 1 (BK20) and 6
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(BK18) were coordinated as backup and primary protection of L23 power line, respectively.
Relays 6 (BK18) and 5 (BK15) were coordinated as backup and primary protection of L34
power line, respectively. Relays 1 (BK20), 6 (BK18), and 5 (BK15) were coordinated as backup
protection of fuses on Busses 2, 3, and 4, respectively. In the UTILITY-8765 branch, fault
overcurrents at L56, L67, and L78 power lines were cleared by Relays 3 (BK8), 2 (BK6), and 1
(BK4), respectively. Relays 1 (BK4) and 2 (BK6) were coordinated as backup and primary
protection of L67 power line, respectively. Relays 2 (BK6) and 3 (BK8) were coordinated as
backup and primary protection of L56 power line, respectively. Relays 1 (BK4), 2 (BK®6), and 3
(BK8) were coordinated as backup protection of fuses on Buses 7, 6, and 5, respectively.

Figure 4.13 shows inverse time-current curves of relays and maximum ampere rating
fuses for busses in the UTILITY-8765(A) and UTILITY-1234(B) branches versus maximum
load currents of breakers. Maximum load currents of breakers were not intersected by inverse
time-current curves of relays, verifying that relays did not trip to maximum load currents of
breakers in the microgrid. Figure 4.14 shows inverse time-current curves of relays and maximum
ampere rating fuses for busses in the UTILITY-8765(A) and UTILITY-1234(B) branches and
maximum and minimum fault currents. Maximum and minimum fault currents flowing along
breakers were intersected by inverse time-current curves of relays, verifying that relays tripped at
fault overcurrents, thereby protecting power lines of UTILITY-8765(A) and UTILITY-1234(B)
branches.

Figure 4.15 shows calculated CTls between backup and primary protective devices at
maximum fault currents for the UTILITY-8765(A) and UTILITY-1234(B) branches. The blue
and pink bars represent calculated relay-relay and relay-fuse CTIs, respectively. Calculated CTls

between backup and primary protection devices at maximum fault currents were not less than 7.2
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cycles. Minimum CTI of 7.2 cycles refers to the relay-relay and relay-fuse minimum CTIs based

on RTS experiment (without breaker operating time) and IEEE Std. 242-2001 [7], respectively.
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Figure 4.13: Maximum load currents versus fuse and relay curves of UTILITY-8765 (A) and
UTILITY-1234 (B) branches for UTILITY-8765-1234 circuit path
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Figure 4.14: Maximum and minimum fault currents versus fuse and relay curves of UTILITY -
8765 (A) and UTILITY-1234 (B) branches for UTILITY-8765/1234 circuit path
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Figure 4.15: CTls between backup and primary protections at maximum fault currents for
UTILITY-8765 (A) and UTILITY-1234 (B) branches of UTILITY-8765/1234 circuit path

4.8.2 DG2-678/65 (Test modes 2, 6, 9, and 18)

The DG2-678/65 circuit path represented a non-normal operation of the microgrid; the
DG2 source was connected to Busses 5, 6, 7, and 8. The DG2-678/65 circuit path is shown in
Figure D.2 of Appendix D. This circuit path was formed by the DG2-678 and DG2-65 branches.
Although the DG2-678 branch contained the L67 and L78 power lines, the DG2-65 branch had
the L56 power line. In the DG2-678 branch, fault overcurrents at L67 and L78 power lines were
cleared by Relays 3 (BK7) and 2 (BKS5), respectively. Relays 3 (BK7) and 2 (BK5) were
coordinated as backup and primary protection of the L78 power line, respectively. Relays 3
(BK7) and 2 (BK5) were coordinated as backup protection of fuses on Busses 7 and 8,
respectively. In the DG2-65 branch, fault overcurrents at L56 power lines were cleared by Relay
3 (BK8). Relay 3 (BK8) was coordinated as backup protection of fuses on Bus 5.

Figure 4.16 shows inverse time-current curves of relays and maximum ampere rating
fuses for busses in the DG2-678(A) and DG2-65(B) branches versus maximum load currents of

breakers. Maximum load currents of breakers were not intersected by inverse time-current curves
111
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of relays, verifying that the relays did not trip to maximum load currents of breakers in the
microgrid.

Figure 4.17 shows inverse time-current curves of relays and maximum ampere rating
fuses for busses in the DG2-678(A) and DG2-65(B) branches versus maximum and minimum
fault currents. Maximum and minimum fault currents flowing along breakers were intersected by
the inverse time-current curves of relays, verifying that the relays tripped at fault overcurrents,
thereby protecting power lines of the DG2-678(A) and DG2-65(B) branches.

Figure 4.18 shows calculated CTls between backup and primary protective devices at
maximum fault currents for the DG2-678/65 circuit path. The blue and pink bars represent the
calculated relay-relay and relay-fuse CTIs, respectively. Calculated CTls between backup and
primary protection devices at maximum fault currents were not less than 7.2 cycles. Minimum
CTI of 7.2 cycles refers to the relay-relay and relay-fuse minimum CTIs based on RTS

experiment (without breaker operating time) and IEEE Std. 242-2001 [7], respectively.
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Figure 4.16: Maximum load currents versus fuse and relay curves of DG2-678 (A) and DG2-65
(B) branches for DG2-678/65 circuit path
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Figure 4.17: Maximum and minimum fault currents versus fuse and relay curves of DG2-678 (A)
and DG2-65 (B) branches for DG2-678/65 circuit path
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4.8.3 DG2-67/65 (Test modes 10 and 16)

The DG2-67/65 circuit path represented a non-normal operation of the microgrid. The
DG2 source was connected to Busses 5, 6, and 7. The DG2-67/65 circuit path, formed by the
DG2-67 and DG2-65 branches, is shown in Figure D.3 of Appendix D. The DG2-67 and DG2-65
branches had the L67 and L56 power lines, respectively. In the DG2-67 branch, fault
overcurrents at L67 power lines were cleared by Relay 3 (BK7). Relay 3 (BK7) was coordinated
as backup protection of fuses on Bus 7. In the DG2-65 branch, fault overcurrents at L56 power
lines were cleared by Relay 3 (BK8). Relay 3 (BK8) was coordinated as backup protection of
fuses on Bus 5.

Figure 4.19 shows inverse time-current curves of relay and maximum ampere rating fuses
for busses in the DG2-67(A) and DG2-65(B) branches versus maximum load currents of
breakers. Maximum load currents of breakers were not intersected by inverse time-current curves
of the relay, verifying that the relay did not trip to maximum load currents of breakers in the
microgrid.

Figure 4.20 shows inverse time-current curves of relay and maximum fuse for the DG2-
67 (A) and DG2-65 (B) branches versus maximum and minimum fault currents. Maximum and
minimum fault currents flowing along breakers were intersected by inverse time-current curves
of the relay, verifying that the relay tripped at fault overcurrents, thereby protecting power lines
of the DG2-67(A) and DG2-65(B) branches.

Figure 4.21 shows calculated CTIs between backup and primary protective devices at
maximum fault currents for the DG2-67/65 circuit path. The pink bars represent calculated relay-

fuse CTls. Calculated CTls between backup and primary protection devices at maximum fault
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currents were not less than 7.2 cycles; the relay-fuse minimum CTIs were based on IEEE Std.

242-2001 [7].
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Figure 4.19: Maximum load currents versus fuse and relay curves of curves of DG2-67 (A) and
DG2-65 (B) branches for DG2-67/65 circuit path
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Figure 4.20: Maximum and minimum fault currents versus fuse and relay curves of curves of
DG2-67 (A) and DG2-65 (B) branches for DG2-67/65 circuit path
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Figure 4.21: CTls between backup and primary protections at maximum fault currents for DG2-
67/65 circuit path

4.8.4 DG2-6543 (Test mode 8)

The DG2-6543 circuit path represented a non-normal operation of the microgrid. The
DG2 source was connected to Busses 3, 4, 5, and 6. The DG2-6543 circuit path is shown in
Figure D.4 of Appendix D. This circuit path had one branch (DG2-6543) formed by the L56 and
L34 power lines. In the DG2-6543 branch, fault overcurrents at L56 and L34 power lines were
cleared by Relays 3 (BK8) and 4 (BK14), respectively. Relays 3 (BK8) and 4 (BK14) were
coordinated as backup and primary protection of the L34 power line and were coordinated as
backup protection of fuses on Busses 5-4 and 3, respectively.

Figure 4.22 (A) shows inverse time-current curves of relays and maximum ampere rating
fuses for busses in the DG2-6543 branch versus maximum load currents of breakers. Maximum
load currents of breakers were not intersected by inverse time-current curves of relays, verifying
that the relays did not trip to maximum load currents of breakers in the microgrid.

Figure 4.22 (B) shows inverse time-current curves of relays and maximum ampere rating
fuses for busses in the DG2-6543 branch versus maximum and minimum fault currents.

Maximum and minimum fault currents flowing along breakers were intersected by inverse time-
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current curves of relays, verifying that the relays tripped at fault overcurrents, thereby protecting

power lines of the DG2-6543 branch.
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Figure 4.22: Maximum load (A), maximum and minimum fault currents (B) versus fuse and
relay curves of DG2-6543 circuit path
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Figure 4.23 shows calculated CTls between backup and primary protective devices at
maximum fault currents for the DG2-6543 circuit path. The blue and pink bars represent the
calculated relay-relay and relay-fuse CTls, respectively. Calculated CTls between backup and
primary protection devices at maximum fault currents were not less than 7.2 cycles. Minimum
CTI of 7.2 cycles refers to the relay-relay and relay-fuse minimum CTIs based on RTS

experiment (without breaker operating time) and IEEE Std. 242-2001 [7], respectively.

4.8.5 DG2-65 (Test mode 17)

The DG2-65 circuit path represented a non-normal operation of the microgrid. The DG2
source was connected to Busses 5 and 6. The DG2-65 circuit path is shown in Figure D.5 of
Appendix D. This circuit path had one branch (DG2-65) formed by the L56 power line. In the
DG2-65 branch, fault overcurrents at the L56 power line were cleared by Relay 3 (BK8). Relay 3
(BK8) was coordinated as a backup protection of fuses on Bus 5.

Figure 4.24 (A) shows the inverse time-current curve of the relay and maximum ampere
rating fuse for busses in the DG2-65 branch versus maximum load currents of the breakers.
Maximum load currents of the breakers were not intersected by the inverse time-current curves
of the relay, verifying that the relay did not trip to maximum load currents of breakers in the
microgrid. Figure 4.24 (B) shows inverse time-current curves of the relay and maximum ampere
rating fuse for busses in the DG2-65 branch versus maximum and minimum fault currents.
Maximum and minimum fault currents flowing along breakers were intersected by inverse time-
current curves of the relay, verifying that the relay tripped at fault overcurrents, thereby

protecting the power line of the DG2-65 branch.
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Figure 4.24: Maximum load (A), maximum and minimum fault currents (B) versus fuse and
relay curves of DG2-65 circuit path
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Figure 4.25: CTls between backup and primary protections at maximum fault currents for DG2-
65 circuit path
Figure 4.25 shows calculated CTls between backup and primary protective devices at
maximum fault currents for the DG2-65 circuit path. The pink bars represent the calculated
relay-fuse CTls. Calculated CTls between backup and primary protection devices at maximum

fault currents were not less than 7.2 cycles, the relay-fuse minimum CTIs based on IEEE Std.

242-2001 [7].
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4.8.6 DG2-6781 (Test modes 3, 7, 12, 15, and 20)

The DG2-6781 circuit path represented a non-normal operation of the microgrid. The
DG2 source was connected to Busses 6, 7, 8, and 1. The DG2-6781 circuit path is shown in
Figure D.6 of Appendix D. This circuit path had one branch (DG2-6781) formed by the L67 and
L78 power lines. In the DG2-6781 branch, fault overcurrents at L67 and L78 power lines were
cleared by Relays 3 (BK7) and 2 (BK5), respectively. Relays 3 (BK7) and 2 (BK5) were
coordinated as backup and primary protection of the L78 power line, respectively. Relays 3
(BK7) and 2 (BK5) were coordinated as backup protection of fuses on Busses 7 and 8-1,
respectively.

Figure 4.26 (A) shows inverse time-current curves of relays and maximum ampere rating
fuses for busses in the DG2-6781 branch versus maximum load currents of breakers. Maximum
load currents of breakers were not intersected by inverse time-current curves of relays, verifying
that the relays did not trip to maximum load currents of breakers in the microgrid. Figure 4.26
(B) shows inverse time-current curves of relays and maximum ampere rating fuses for busses in
the DG2-6781 branch and maximum and minimum fault currents. Maximum and minimum fault
currents flowing along breakers were intersected by inverse time-current curves of relays,
verifying that the relays tripped at fault overcurrents, thereby protecting power lines of the DG2-
6781 branch.

Figure 4.27 shows calculated CTIs between backup and primary protective devices at
maximum fault currents for the DG2-6781 circuit path. The blue and pink bars represent the
calculated relay-relay and relay-fuse CTIs, respectively. Calculated CTls between backup and

primary protection devices at maximum fault currents were not less than 7.2 cycles. Minimum

120



CTI of 7.2 cycles refers to the relay-relay and relay-fuse minimum CTls based on RTS

experiment (without breaker operating time) and IEEE Std. 242-2001 [7], respectively.
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Figure 4.26: Maximum load (A), maximum and minimum fault currents (B) versus fuse and
relay curves of DG2-6781 circuit path
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Figure 4.27: CTls between backup and primary protections at maximum fault currents for DG2-
6781 circuit path
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4.8.7 DG2-678 (Test modes 11, 14, and 19)
The DG2-678 circuit path represented a non-normal operation of the microgrid. The DG2

source was connected to Busses 6, 7, and 8. The DG2-678 circuit path is shown in Figure D.7 of
Appendix D. This circuit path had one branch (DG2-678) formed by the L67 and L78 power
lines. In the DG2-678 branch, fault overcurrents at L67 and L78 power lines were cleared by
Relays 3 (BK7) and 2 (BK5), respectively. Relays 3 (BK7) and 2 (BK5) were coordinated as
backup and primary protection of the L78 power line, respectively. Relays 3 (BK7) and 2 (BK5)
were coordinated as backup protection of fuses on Busses 7 and 8, respectively.

Figure 4.28 (A) shows inverse time-current curves of relays and maximum ampere rating
fuses for busses in the DG2-678 branch versus maximum load currents of breakers. Maximum
load currents of breakers were not intersected by inverse time-current curves of relays, verifying
that the relays did not trip to maximum load currents of breakers in the microgrid. Figure 4.28
(B) shows inverse time-current curves of relays and maximum ampere rating fuses for busses in
the DG2-678 branch versus maximum and minimum fault currents. Maximum and minimum
fault currents flowing along breakers were intersected by inverse time-current curves of relays,
verifying that the relays tripped at fault overcurrents, thereby protecting power lines of the DG2-
678 branch.

Figure 4.29 shows calculated CTIs between backup and primary protective devices at
maximum fault currents for the DG2-6781 circuit path. The blue and pink bars represent the
calculated relay-relay and relay-fuse CTls, respectively. Calculated CTls between backup and
primary protection devices at maximum fault currents were not less than 7.2 cycles. Minimum
CTI of 7.2 cycles refers to the relay-relay and relay-fuse minimum CTIs based on RTS

experiment (without breaker operating time) and IEEE Std. 242-2001 [7], respectively
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Figure 4.28: Maximum load (A), maximum and minimum fault currents (B) versus fuse and
relay curves of DG2-678 circuit path
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Figure 4.29: CTls between backup and primary protections at maximum fault currents for DG2-
678 circuit path

4.8.8 DG2-67 (Test modes 13 and 21)
The DG2-67 circuit path represented a non-normal operation of the microgrid. The DG2

source was connected to Busses 6 and 7. The DG2-67 circuit path is shown in Figure D.8 of
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Appendix D. This circuit path had one branch (DG2-67) formed by the L67 power line. In the
DG2-67 branch, fault overcurrents at the L67 power line were cleared by Relay 3 (BK7). Relay 3
(BK7) was coordinated as a backup protection of fuses on Bus 7.

Figure 4.30 (A) shows inverse time-current curves of the relay and maximum ampere
rating fuse for busses in the DG2-67 branch versus maximum load current of breakers.
Maximum load current of breakers was not intersected by the inverse time-current curve of relay,
verifying that the relay did not trip to maximum load current of breakers in the microgrid. Figure
4.30 (B) shows inverse time-current curves of the relay and maximum ampere rating fuses for
busses in the DG2-67 branch versus maximum and minimum fault currents. Maximum and
minimum fault currents flowing along breakers were intersected by the inverse time-current
curve of the relay, verifying that the relay tripped at fault overcurrents, thereby protecting power

lines of the DG2-67 branch.
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67 circuit path
Figure 4.31 shows calculated CTls between backup and primary protective devices at
maximum fault currents for the DG2-67 circuit path. The pink bars represent the calculated
relay-fuse CTls. Calculated CTls between backup and primary protection devices at maximum

fault currents were not less than 7.2 cycles, the relay-fuse minimum CTls based on IEEE Std.

242-2001 [7].

4.8.9 DG1-5678 (Test mode 4)
The DG1-5678 circuit path represented a non-normal operation of the microgrid. The

DG1 source was connected to Busses 5, 6, 7, and 8. The DG1-5678 circuit path is shown in
Figure D.9 of Appendix D. This circuit path had one branch (DG1-5678) formed by the L56,
L67, and L78 power lines. In the DG1-5678 branch, fault overcurrents at L56, L67, and L78
power lines were cleared by Relays 4 (BK10), 3 (BK7), and 2 (BK5), respectively. Relays 4
(BK10) and 3 (BK7) were coordinated as backup and primary protection of the L67 power line,
and Relays 3 (BK7) and 2 (BK5) were coordinated as backup and primary protection of the L78
power line. Relays 4 (BK10), 3 (BK7), and 2 (BK5) were coordinated as backup protection of

fuses on Busses 6, 7, and 8, respectively.
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Figure 4.32 (A) shows inverse time-current curves of relays and maximum ampere rating

fuses for busses in the DG1-5678 branch versus maximum load currents of breakers. Maximum

load currents of breakers were not intersected by inverse time-current curves of relays, verifying

that the relays did not trip to maximum load currents of breakers in the microgrid. Figure 4.32

(B) shows inverse time-current curves of relays and maximum ampere rating fuses for busses in

the DG1-5678 branch versus maximum and minimum fault currents. Maximum and minimum

fault currents flowing along breakers were intersected by inverse time-current curves of relays,

verifying that the relays tripped at fault overcurrents, thereby protecting power lines of the DG1-

5678 branch.
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Figure 4.32: Maximum load (A), maximum and minimum fault currents (B) versus fuse and
relay curves of DG1-5678 circuit path

Figure 4.33 shows calculated CTls between backup and primary protective devices at

maximum fault currents for the DG1-5678 circuit path. The blue and pink bars represent the
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calculated relay-relay and relay-fuse CTls, respectively. Calculated CTls between backup and
primary protection devices at maximum fault currents were not less than 7.2 cycles. Minimum
CTI of 7.2 cycles refers to the relay-relay and relay-fuse minimum CTIs based on RTS

experiment (without breaker operating time) and IEEE Std. 242-2001 [7], respectively.

Backup - Primary device Relay-relay coordination time interval
Fault type, Bus (Location) Relay-fuse coordination time interval

Relay 4, BK10 - 50E Fuse L
SLG, Bus 6 (90% L56) ’
Relay 3, BK7 - 80E Fuse

SLG, Bus 7 (90% Le7)  7©

1]

Relay 2, BK5 - 100E Fuse

SLG, Bus 8 (90% L78) 43

11D wnwiuiw asnj-Aeja1 31jeis

(awpadx3) sappAaZ’L = 11D wnwiuw Aefai-Aejal 211€lS g

Relay 4, BK10 - Relay 3, BK7

SLG, Bus 7 (10% L67) 12:2

awi} Sunesado 3212 JaXe3Iq INOYIM )
[BAI2)UI W] UOIJBUIPIO0)

Relay 4, BK10 - Relay 3, BK7
SLG, Bus 8 (10% L78) ’

Relay 3, BK7 - Relay 2, BK5
SLG, Bus 8 (10% L78)

(T00Z-7vZ P3S 3331) s3pAa G = awnBuiauado Jayeaq ynau
(1002-2b PLS333N) S8R 7' 2T = 11D Wnwiuiw Aejau-Aefal aneis

(To0z-ziz pis333l) sephogL

o} 5 15 20 25
Coordination time interval [cycles]
Figure 4.33: CTls between backup and primary protections at maximum fault currents for DG1-
5678 circuit path
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4.8.10 DG1-34/56 (Test mode 5)

The DG1-34/56 circuit path represented a non-normal operation of the microgrid. The
DG1 source was connected to Busses 3, 4, 5, and 6. The DG1-34/56 circuit path is shown in
Figure D.10 of Appendix D. This circuit path was formed by the DG1-34 and DG1-56 branches
that had the L34 and L56 power lines, respectively. In the DG1-34 branch, fault overcurrents at
the L34 power line were cleared by Relay 4 (BK14). Relay 4 (BK14) was coordinated as backup
protection of fuses on Bus 3. In the DG1-56 branch, fault overcurrents at L56 power lines were
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cleared by Relay 4 (BK10). Relay 4 (BK10) was coordinated as backup protection of fuses on
Bus 6.

Figure 4.34 shows inverse time-current curves of relay and maximum ampere rating fuses
for busses in the DG1-34(A) and DG1-56(B) branches versus maximum load currents of
breakers. Maximum load currents of breakers were not intersected by inverse time-current curves
of relay, verifying that the relay did not trip to maximum load currents of breakers in the
microgrid.

Figure 4.35 shows inverse time-current curves of relay and maximum ampere rating fuses
for busses in the DG1-34 (A) and DG1-56 (B) branches versus maximum and minimum fault
currents. Maximum and minimum fault currents flowing along breakers were intersected by
inverse time-current curves of relay, verifying that the relay tripped at fault overcurrents, thereby

protecting power lines of the DG1-34(A) and DG1-56 (B) branches.
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Figure 4.34: Maximum load versus fuse and relay curves of DG1-34 (A) and DG1-56 (B)
branches for DG1-34/56 circuit path
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Figure 4.35: Maximum and minimum fault currents versus fuse and relay curves of DG1-34 (A)
and DG1-56 (B) branches for DG1-34/56 circuit path

Figure 4.36 shows calculated CTls between backup and primary protective devices at
maximum fault currents for the DG1-34/56 circuit path. The pink bars represent the calculated
relay-fuse CTls. Calculated CTls between backup and primary protection devices at maximum
fault currents were not less than 7.2 cycles, the relay-fuse minimum CTls based on IEEE Std.
242-2001 [7].
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Figure 4.36: CTls between backup and primary protections at maximum fault currents for DG1-
34/56 circuit path
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4.8.11 DG3-2187 (Test modes 5, 8, 17, and 22)

The DG3-2187 circuit path represented a non-normal operation of the microgrid. The
DG3 source was connected to Busses 2, 1, 8, and 7. The DG3-2187 circuit path is shown in
Figure D.12 of Appendix D. This circuit path had one branch (DG3-2187) formed by the L12
and L78 power lines. In the DG3-2187 branch, fault overcurrents at L12 and L78 power lines
were cleared by Relays 6 (BK19) and 1 (BK4), respectively. Relays 6 (BK19) and 1 (BK4) were
coordinated as backup and primary protection of the L78 power line, respectively. Relays 6
(BK19) and 1 (BK4) were coordinated as backup protection of fuses on Busses 8-1 and 7,
respectively.

Figure 4.37 (A) shows inverse time-current curves of relays and maximum ampere rating
fuses for busses in the DG3-2187 branch versus maximum load currents of breakers. Maximum
load currents of breakers were not intersected by inverse time-current curves of relays, verifying
that the relays did not trip to maximum load currents of breakers in the microgrid. Figure 4.37
(B) shows inverse time-current curves of relays and maximum ampere rating fuses for busses in
the DG3-2187 branch versus maximum and minimum fault currents. Maximum and minimum
fault currents flowing along breakers were intersected by inverse time-current curves of relays,
verifying that the relays tripped at fault overcurrents, thereby protecting power lines of the DG3-
2187 branch.

Figure 4.38 shows calculated CTIs between backup and primary protective devices at
maximum fault currents for the DG3-2187 circuit path. The blue and pink bars represent the
calculated relay-relay and relay-fuse CTIs, respectively. Calculated CTls between backup and

primary protection devices at maximum fault currents were not less than 7.2 cycles. Minimum
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CTI of 7.2 cycles refers to the relay-relay and relay-fuse minimum CTIs based on RTS

experiment (without breaker operating time) and IEEE Std. 242-2001 [7], respectively.
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Figure 4.37: Maximum load (A), maximum and minimum fault currents (B) versus fuse and
relay curves of DG3-2187 circuit path
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4.9 Protection logic for Relays 2 and 3

In the circuit paths for Relays 2 and 3, protection logics to control the relay’s breakers
were created based on initial breaker states and expected breaker operations (no trip or trip) at
overcurrent faults. Because each relay controlled two breakers, relays always tripped one breaker
at fault overcurrent based on the circuit path and fault location. As an example, Figure 4.39
shows the DG2-678 circuit path and breaker operations at overcurrent faults located on power

lines L67 and L78.

DG3
BK17

Bus 2
R it : I < :
.._I = ‘l \ Single line-to-ground fault at 10% of power line length.

i Bus 3 Bus 4
Bus 1 E
BK14 ;

| H
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respectively. But relay 2 must
s ” breaker open.
not trip “BK6” breaker.

Figure 4.39: Breaker operations of Relays 2 and 3 in the DG2-678 circuit path

For Relay 2, “BK5” breaker was tripped at overcurrent fault in power line L78, while
“BK6” breaker was always closed. For Relay 3, “BK7” breaker was tripped at overcurrent fault
in power lines L78 and L67 as backup and primary protection, respectively, while “BK8” was
always open. Therefore, at the DG2-678 circuit path, “BK7” or “BKS5” breakers were tripped at
overcurrent faults, and “BK6” and “BK8” breakers were always closed and open, respectively.

Tables 4.16 and 4.17 show breaker operations at overcurrent faults, initial breaker states, current
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directions, and protection logic gates for Relays 2 and 3, respectively. Based on initial state

(open or closed) and current direction of breakers for relays in circuit paths, breakers of Relays 2

and 3 allowed the Trip (1), No Trip (2), and Any (3) breaker operations. “Trip” and “No Trip”

breaker operations were represented by “AND” and “ZERO” protection logic gates. However,

the “Any” breaker operation could be represented by the “AND” or “ZERQO” protection logic

gates.
Table 4.16: Initial breaker states and current directions of breakers for Relay 2
Microgrid test modes Relay 2 (Bus 7)
o Initial breaker states Brea_ker(z) Protection
Circuit paths of operations logic gates
Test modes and
Relays 2:and 3 current directions®
BK5 | BK6 BK5 BK6
BKS5 BK6
—{ No .
1 UTILITY-8765/1234 L Tri Trip | ZERO | AND
. p
Closed breaker
2,6,9,18 DG2-678/65 BK5 BK6
— | «—
3,7,12,15,20 DG2-6781 —_—— No
. Trip . AND ZERO
11, 14,19 DG2-678 [ Trip
4 DG1-5678 LA Closed breaker
BK5 BK6
10, 16 DG2-67/65 -l
@ | No
— Any Trip
13, 21 DG2-67 L= Closed breaker
[ Open breaker
ZER ZER
8 DG2-6543 BK5 BK6 ° °
17 DG2-65 e I g
No 3)
5 DG1-34/56 — Trip | AW
22 DG2-6 LA Closed breaker
5,8, 17,22 DG3-2187 [ Open breaker

WAL pre-fault sate, @At fault sate, ®Permit “AND” or “ZERO” gates because breaker was always open.

133




Table 4.17: Initial breaker states and current directions of breakers for Relay 3

Microgrid test modes

Relay 3 (Bus 6)

Test modes

Circuit paths of
Relays 2 and 3

Initial breaker states
and
current directions®

Breaker
operations®

Protection
logic gates

BK7 | BKS8

BK7 BK8

UTILITY-8765/1234

BK7 BK8
—s | —
e %t o o Dt

P .

(e,
L2 Closed breaker
[ open breaker

No

Trip Trip

ZERO | AND

2,6,9,18

DG2-678/65

10, 16

DG2-67/65

BK7 BKS
— | —

{'.I" o A

= e
[ Closed breaker
[ Open breaker

Trip | Trip

DG2-6543

17

DG2-65

BK7 BK38
—_—

—_—
TN —
(et

Closed breaker
[ Open breaker

Any® | Trip

AND AND

3,7,12, 15, 20

DG2-6781

11, 14,19

DG2-678

13,21

DG2-67

BK7 BK8
—

— A

.
[,

(DG H=H
A Closed breaker
[ Open breaker

Trip | Any®

DG1-5678

BK7 BK8
— | —
— A=
.".‘7- A —
elchy mm o BN
LA Closed breaker
[ Open breaker

No

iFTE Trip

AND | ZERO

DG1-34/56

5,8,17, 22

DG3-2187

BK7 BK8
—

(e H=H__,
L Closed breaker
[ Open breaker

No

®
Any Trip

22

DG2-6

BK7 BK8

— ]
fr—
b

(DG -=H
LA Closed breaker
[ Open breaker

Any(3) Any(3)

ZERO | ZERO

WALt pre-fault sate' @At fault sate, “Permit “AND” or “ZERO” gates because breaker was always open.
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The “Trip” operation allowed the relay’s breakers to trip at fault overcurrent. However,
the “No Trip” operation prevented the relay’s breaker from tripping at fault overcurrent. While
the “Trip” operation was for relay breakers protecting a protection area (power lines and/or bus
feeders), the “No trip” operation was for relay breakers that were not tripping and that had
energized load feeder busses. The “Any” operation for relay breakers allowed a “Trip” or “No
trip” operation because relay breakers were always open in circuit paths and no fault currents
could flow along an open breaker. In addition, the “Any” operation allowed any inverse time
overcurrent setting because relay breakers did not trip at an open breaker. Protection logic gates
of Relays 2 and 3 were created based on the relay’s breaker operations (trip, no trip, and any), as

shown in Table 4.16 and 4.17.

BK5 Breaker RELAY 2 BK6 Breaker
Test mode =1
T3P1
PSV04=0 PSV03=T3P1AND 5151
— P
5151

Test modes =2, 3, 4,6, 7,9, 11,12, 14,15, 18, 19 and 20
T3P2

PSV04=T3P2 AND 5152 PSV03=0
—_— —
5182
Testmodes =5, 8, 10, 16, 13, 17, 21 and 22
Peved=0 PSV03=0
—_ — —_— —

Figure 4.40: “AND” and “ZERO” gates for Relay 2 trip logics

Because Relay 2 had to trip “BKS5” or “BK6” breakers, the inverse time overcurrent
element pickup 51S2 and 51S1 digital signals were selected for “BK5” and “BK6” breakers,

respectively. Based on breaker operations of Relay 2 in Table 4.16, Figure 4.40 shows the trip
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logic gates of Relay 2. For test mode 1, “ZERO” and “AND” gates were selected for “BK5” and
“BK6” breakers, respectively. For test modes 2, 3,4, 6, 7,9, 11, 12, 14, 15, 18, 19, and 20,
“AND” and “ZERO” gates were selected for “BK5” and “BK6” breakers, respectively.
However, for test modes 5, 8, 10, 13, 16, 17, 21, and 22, “ZERQO” gates were selected for “BKS5”
and “BK6” breakers. “AND” gate inputs were formed by the inverse time overcurrent element
pickup (51S1 or 51S2) and trip circuit breaker (T3P1 or T3P2) digital signals. The “AND” gate
output was a SELogic variable (PSVO0 3 or PSV04). The “ZERO” gate was represented by
SELogic variable (PSV03 or PSV04) set to zero. Relay control outputs to trip the breakers were
activated by the SELogic variables (PSV03 or PSV04).

BK7 Breaker RELAY 3 BK8 Breaker
Test mode =1

T3P1 _
PSV04 =0 el PSV03 =T3P1 AND 5151

—_— —

AND

5181

Test modes =2, 6, 9, 10, 16 and 18

T3P2 -
PSV04 = T3P2 AND 51S2 T3P1) PSV03 = T3P1 AND 51S1

AND

5152 9131

Test modes = 3,4, 7, 11,12, 13, 14, 15, 19, 20 and 21

T3P2
PSV04 =T3P2 AND 51582 PSV03 =0

— f—

5182

Test modes =5, 8, 17 and 22
PSV04 =0 PSV03 =0

Figure 4.41: “AND” and “ZERO” gates for Relay 3 trip logics
Because Relay 3 had to trip “BK7” or “BK8” breakers, the inverse time overcurrent
element pickup 51S2 and 51S1 digital signals were selected for “BK7”” and “BKS8” breakers,
respectively. Based on breaker operations of Relay 3 in Table 4.17, Figure 4.41 shows trip logic

gates of Relay 3. For test mode 1, “ZERO” and “AND” gates were selected for “BK7” and
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“BKS8” breakers, respectively. For test modes 2, 6, 9, 10, 16, and 18, “AND” gates were selected
for “BK7” and “BK®” breakers. For test modes 3,4, 7, 11, 12, 13, 14, 15, 19, 20, and 21, “AND”
and “ZERO” gates were selected for “BK7”” and “BK8” breakers, respectively. However, for test
modes 5, 8, 17, and 22, “ZERQO” gates were selected for “BK7” and “BK&8” breakers.

As an example, Figure 4.42 shows A-B-C line currents and digital signals of HR 13115
event that corresponded to DG2-678/65-SLG(A)-Bus6-BK7 test from RTS experiment. The
“BK7” breaker was tripped by Relay 3 at SLG fault near Bus 6 (10% of L67 power line length).
When the inverse time overcurrent element pickup (51S2) and trip circuit breaker (T3P2) digital
signals were activated, the SELogic variable (PSV04) was turned on, generating a trip signal at
the relay’s normally closed (NC) control output (OUT107) in order to trip “BK7” breaker at fault

overcurrent. The “BK7” breaker state changed from closed to open according to the relay’s

control input (IN104).
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Figure 4.42: Trip logic digital signals of “AND” gate corresponded to “BK7” breaker of Relay 3
from collected HR_13115 event in RTS experiment
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4.10 Setting groups for Relays 2 and 3

The adaptive overcurrent protection system was based on the setting group method and
protection logics to control breakers of Relays 2 and 3. Setting groups for Relays 2 and 3 were
created by collecting the identical inverse time overcurrent settings of Relays 2 and 3 from Table
4.14 and identical protection logic gates of Relays 2 and 3 from Tables 4.16 and 4.17,
respectively. In this research, adaptive overcurrent protection was tested by a real and non-real-
time simulator with Relays 2 and 3 in a loop. The setting group method was based on the
application of up to six setting groups for each relay. Based on “AND” (trip) and “ZERO” (non-
trip) protection logic gates, TDS, and Ip of Relays 2 and 3 for circuit paths, Relay 2 and 3 setting
groups were grouped into SS1, SS2, SS3, SS4 and SS1, SS2, SS3, SS4, SS5, SS6, respectively.
Table 4.18 shows the setting groups of Relays 2 and 3 in adaptive overcurrent protection of the
microgrid. The “Any” breaker operation that allowed “AND” or “ZERO” gates permitted
minimization of the number of setting groups for relays by grouping relay breakers with the

identical protection logic gates.
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Table 4.18: Settings groups of Relays 2 and 3 based on grouping same protection logic gates and inverse time overcurrent settings

Circuit paths of
Relays 2 and 3

(Microgrid test modes)

Protection logic gates

Inverse time overcurrent settings

Setting groups

Relay 2

Relay 3

Relay 2

Relay 3

BK5 BK6

BK7 BKS8

BK5

BKG6

BK7

BKS8

DS | Ip

DS | Ip

TDS

Ip

TDS | Ip

Relay | Relay
2 3

UTILITY-8765/1234

@)

ZERO AND

ZERO AND

1.13

2.25

0.68 | 2.01

SS1 SS1

DG2-678/65
(2,6,9,18)

AND ZERO

DG2-67/65
(10, 16)

DG2-6543
(®)

DG2-65
17)

ZERO ZERO

AND AND

0.78 1.86

1.18

1.95

0.77 | 1.97

SIS

SS2
SS3

DG2-6781
(3,7, 12, 15, 20)

DG2-678
(11, 14, 19)

AND ZERO

DG2-67
(13, 21)

ZERO ZERO

DG1-5678
4

AND ZERO

AND ZERO

0.78 1.86

1.19

1.97

SS2 SS3

0.67

1.97

SS3 SS4

0.71 1.89

1.12

1.90

SS4 SS5

DG1-34/56
®)

DG3-2187
(5, 8,17, 22)

DG2-6
(22)

ZERO ZERO

ZERO ZERO

SS3 SS6

TDS : Time dial setting, Ip: Secondary overcurrent pickup [A].
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Based on Table 4.18, circuit paths were segregated into Relay 2, 3 and 2-3 groups. The
DG3-2187 circuit path was in the group of Relay 2. However, the DG2-65, DG2-6543, DG1-
34/56, and DG2-6 circuit paths were in the group of Relay 3. In the group of Relays 2-3, Relays
2 and 3 share circuit paths (DG1-5678, DG2-678/65, UTILITY-8765/1234, DG2-6781, DG2-

678, DG2-67/65, and DG2-67). Figure 4.43 shows circuit paths (A) and setting groups (B) for

Relay 3 h @ Relay 2 ¢ ssasss " Relay 3
) \‘«\ \ SS ~,\“\

(
DG2-678/65 DG2-65 \ .
(TM =2,6,9,18) (TM=17) sSs2ss2

Relays 2 and 3.

UTILI;I'TY’\;l81615)I1 234 D(T;a-ssgs sSs1sS1 -
eay | s arizisz e S
3_‘;:/'2-:5;’(/)“5?6) Cone ~sssssz
DG2-67 (TM=22) SS6

(TM =13,21) SS3Ss4

Figure 4.43: Circuit paths (A) and setting groups (B) for Relays2and 3

Setting groups of Relays 2 and 3 were selected based on the grouping of similar circuit
paths with the identical protection logic gates and inverse time overcurrent settings. In adaptive
overcurrent protection, each relay controlled two breakers and each breaker was controlled by
“AND” or “ZERO” protection logic gates to trip or not trip the relay’s breakers, respectively.
“AND” protection logic gates depended on the inverse time overcurrent element pickup digital
signals (51S1 or 51S2) of the relay’s breakers. Inverse time overcurrent element settings of
Relays 2 and 3 were selected based on upstream (backup) and downstream (primary) protective
devices in the microgrid and circuit paths that had the identical current directions along the
breakers of the same relay. Relays 2 and 3 were located at power line bus (Bus 7) and distributed

generator bus (Bus 6), respectively. Because Relays 2 and 3 were located at power line and
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distributed generator busses, respectively, Relay 2 required less setting groups than Relay 3.

Relays 2 and 3 had four (SS1-2-3-4) and six (SS1-2-3-4-5-6) setting groups, respectively.

4.11 Algorithm of adaptive inverse time overcurrent protection

The algorithm to calculate and select adaptive inverse time overcurrent protection for
Relays 2 and 3 in the microgrid with distributed generators is represented by a flow chart in
Figure 4.44. The adaptive inverse time overcurrent protection algorithm was based on selection
of inverse time overcurrent settings (US curve, TDS, Ip), creation of protection logic gates
(AND, ZERO), and grouping of identical inverse time overcurrent settings and protection logic

gates for circuit paths of Relays 2 and 3 in the microgrid.

Select microgrid circuits
based on constraints

|
Select circuit paths
for Relays 2 and 3
I
Power flow and
fault analysis
I
Select protection areas, tripped relay breakers
and maximum ampere rating fuses on busses
|
Select U.S. curve, TDS

and Ip of overcurrent
elements

Calculation of
power flow and
fault analysis

Verify maximum load and
fault currents, protection
selectivity and CTis

time overcurrent settings

Create protection
logics
|
Define setting
groups of relays
]
Set overcurrent elements (U.S. curve, 7DS and Ip)
and protection logics for relay setting groups

Calculation of adaptive inverse

of relays

Select setting groups of Relays 2 and 3
based on circuit paths in the microgrid

Figure 4.44: Adaptive inverse time overcurrent protection based on protection logic and setting
group method
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W Microgrid circuits (test modes) were selected based on microgrid constraints on operation,
maximum load demand, equipment, and utility service limitations.

@ Circuit paths for Relays 2 and 3 were selected because non-real and real-time experiments
were performed with Relays 2 and 3 in the loop.

@) power flow and fault analysis were run for circuit paths, collecting current magnitudes on
relay breakers. Fault analysis was performed at LL, 3PB, SLG and DLG faults located at 90%
and 10% of power line lengths.

“ power lines of the microgrid were defined as protection areas based on circuit paths and fault
locations. Expected tripped relay breakers were selected and maximum ampere rating fuses on
busses of circuit paths were picked in order to calculate inverse time overcurrent settings for
relay’s breakers.

®) Based on very-inverse U3 time-current curve for relays and current transformer ratio of 200,
the TDS and Ip of inverse time overcurrent elements for expected tripped breakers on relays at
overcurrent faults were selected.

©) Inverse time-current curves of relay’s overcurrent elements and maximum ampere rating fuses
on busses were plotted for each branch of circuit paths, and selectivity coordination between
upstream (backup) and downstream (primary) protective devices were verified in time-current
logarithmic plots. Maximum load current magnitudes were plotted, verifying that the relays did
not trip, and maximum and minimum fault current magnitudes were plotted verifying that the
relays tripped. CTls between backup and primary protection devices at maximum fault currents
were calculated, verifying that calculated CTIs were not less than 7.2 cycles. If selectivity
coordination, maximum load, maximum and minimum fault currents, and minimum CTI

conditions were not satisfactory, the TDS and/or Ip had to select again.
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() protection logic gates of relay’s control outputs were formed by “AND” and “ZERO” gates;
the “AND” and “ZERO” gates represented the trip and non-trip breakers at overcurrent faults,
respectively.

®) Setting groups of Relays 2 and 3 were selected by grouping the relay’s breakers with the
identical inverse time overcurrent settings (US curve, TDS, Ip) and protection logic gates (AND,
ZERO) for circuit paths of Relays 2 and 3.

® Inverse time overcurrent settings (U.S. curve, TDS, and Ip) and protection logic gates (AND,
ZERO) for inverse time overcurrent elements of relay setting groups were set on Relays 2 and 3
(Chapter 5).

19 In the non-real and real-time simulator experiments with Relays 2 and 3 in the loop, setting
groups of Relays 2 and 3 were selected before running relay tests based on the circuit paths

corresponding to the microgrid configurations (test modes).

4.12 Chapter summary

Adaptive overcurrent protection was based on the grouping of the identical inverse time
overcurrent settings (U.S. curve, TDS, and Ip) and protection logic gates (AND, ZERO) into
relay setting groups. Microgrid configurations (test modes) were selected based on microgrid
constraints (operation, maximum load demand, equipment, and utility service limitations). In this
research, adaptive overcurrent protection was verified by real and non-real-time simulators with
Relays 2 and 3 in the loop. Circuit paths for Relay 2 and 3 busses were selected from microgrid
configurations (test modes).

Power flow and fault analysis were run for circuit paths by collecting current magnitudes
on relay breakers. Fault analysis was performed for LL, 3PB, SLG, and DLG faults at 90% and
10% of power line lengths. Power lines of the microgrid were defined as protection areas in
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circuit paths. Based on circuit paths and fault locations, the expected tripped relay’s breakers
were selected, and maximum ampere rating fuses on busses for circuit paths were picked up in
order to calculate inverse time overcurrent settings of the relay’s breakers. Inverse time
overcurrent settings (U.S. curve, TDS, and Ip) were assigned to each inverse time overcurrent
element on the relays.

Inverse time-current curve models of relays and fuses were created. Based on very-
inverse U3 time-current curve, the TDS and Ip of inverse time overcurrent elements were
calculated in relays. In the UTILITY-8765/1234, DG2-678/65, DG2-67/65, DG2-6543, DG2-65,
DG2-6781, DG2-678, DG2-67, DG1-5678, DG1-34/56, and DG3-2187 circuit paths, inverse
time-current curves of relay’s overcurrent elements and maximum ampere rating fuses were
plotted for each branch of circuit paths. Selectivity coordination between upstream (backup) and
downstream (primary) protective devices were verified in time-current logarithmic plots.
Maximum load currents and fault currents were plotted, verifying that the relay’s inverse time
overcurrent settings did not trip and trip, respectively. CTls between backup and primary
protection devices at maximum fault currents were calculated, verifying that calculated CTls
were not less than 7.2 cycles. Minimum CTI of 7.2 cycles refers to the relay-relay and relay-fuse
minimum CTIs based on RTS experiment (without breaker operating time) and IEEE Std. 242-
2001 [7], respectively.

In adaptive overcurrent protection, setting groups of Relays 2 and 3 were selected by
grouping the relay’s breakers with the identical inverse time overcurrent settings (U.S. curve,
TDS, and Ip) and protection logic gates (AND, ZERO) for circuit paths. Relays 2 and 3 were

grouped into four and six setting groups, respectively.
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Chapter 5 - Relay settings

This chapter describes how settings of Relays 2 and 3 were defined for adaptive
overcurrent protection of a microgrid with distributed generators, based on the setting group
method. Relays 2 and 3 had four and six setting groups, respectively, and each relay had two
breakers. Overcurrent elements of the setting groups trip a signal during an overcurrent fault
situation. The setting groups needed protection logic variables to trip breakers by the relay’s

control outputs. Figure 5.1 shows parameters set for Relays 2 and 3.

General Global Settings

Global -—-1 Settings Group Selection

Current and Voltage Source Selection |

- Breaker 1.
- Breaker 2 Switch-Onto Fault
4E Line Configuration

\ Breaker Monitor =

{ Set 1 Phase Inst. 0/C

Relay Configuration

| Group 1 S— Time Overcurrent
| Group 2 L Protection Logic 1 | Trip Logic
| Group 3
| Group 4
| Group 5* . .
*Not available settings for relay 2
| Group 6*

Qutputs H Main Board

{ Pushbuttons

\ Front Panel { Selectable Screens
{ Event Display
{ Event Reporting
\ Report —

{ Event Reporting Digitals

Figure 5.1: Parameters set for Relays 2 and 3

Global, Breaker Monitor, Groups, Outputs, Front Panel, and Report options were set for
Relays 2 and 3. In the Global setting, power system characteristics were identified as station
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names, system phase rotation, and nominal system frequency. In the Breaker Monitor setting,
relay control inputs were defined in order to sense breaker pole states. In the Group setting,
inverse time overcurrent settings and protection logic variables were set for overcurrent elements
of the setting groups. In the Outputs relay control outputs were set to trip relay breakers. In the
Front Panel setting, push-button light-emitting diodes (LEDs) and selectable screens were
defined on the relay’s front panel. In the Report setting, characteristics of the record event files
were defined, including event reporting digital variables. The setting of Relays 2 and 3 were
established for adaptive overcurrent protection of the microgrid with distributed generators.

Default settings were used for other parameters.

5.1 Relay communication

In order to set SEL 451 relays and collect event files, the Human Machine Interface
(HMI) computer had to communicate with the SEL 451 relays using AcSELerator Quickset®
software [11]. Communication and setting parameters of the relays were needed to initiate the
communication and relay setting process.

The relay communication process began by connecting the SEL C662 cable from the
USB connection of the computer to the Port F (front panel) of the SEL 451 relay and opening the
AcSELerator Quickset® program. The “Communication” option was selected using a SERIAL
communication port device “SEL CP210x USB to UART Bridge.” Data speed, data bits, stop
bits, parity, Level 1 and 2 passwords were filled during the relay communication process based
on SEL 451 relay’s instruction manual [5]. The process to communicate with SEL 451 relays
was:

« The SEL 451 relay was powered on.

146



* The SEL C662 cable was connected from the HMI computer’s USB connector to
the SEL 451 relay Port F located on the front panel.

» The AcSELerator Quickset® software [11] was opened and the “Communication”
option was selected from the “Setup” list, Figure 5.2 (A).

* The “Serial” communication option was selected, and communication parameters
were completed based on the SEL 451 relay instruction manual [5]. Then, Level 1
(OTTER) and 2 (TAIL) passwords were placed on the cells, Figure 5.2 (B).

« The communication status at the bottom of the computer screen was verified.

[senal -] @

Device
[com4: sEL cP210x USB to UART Bridge ~|
Data Speed
) Auto detect () 2400 ) 38400
) 300 ) 4800 ) S7600
) 600 ©) 9600 @ 115200
) 1200 ) 19200
Data Bits Stop Bits Parity
o8 ™2 © None
) Odd
24 @1 ) Even
Communication RTS/CTS DTR
Configure communcaton s> s for & connecton © Off ) On O off ©) On
Manage XON/XOFF RTS
Manage oMfine settrgs and Gatabuses off ©Oon O off © On
Update Level One Password
Tt and updabe Qucaet software and divers ecssee
Level Two Password

o) e ) [ oo
Figure 5.2: Setup (A) and communication parameters (B) of Relays 2 and 3

The relay setting process began after a successful relay communication was obtained and the
“Create new setting” option was selected. Relays 2 and 3 had a rack-mount and panel-mount

chassis, respectively. Firmware Identification (FID) and part numbers of SEL 451 relays were
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needed to complete the “Setting Editor Selection” and “Device Part Number,” respectively.
Table 5.1 shows FID and part numbers of Relays 2 and 3.

Table 5.1: FID and part numbers of SEL 451 relays

Relay name Relay 2 Relay 3
Chassis Rack-mount chassis Panel-mount chassis
Part # 045126152B0B4H224 X XXX 045124152XXAX3243X XXX
FID # SEL-451-2-R125-V0-2014011- SEL-451-2-R126-V0-2100011-
D2011906 D20121207

The process to begin setting SEL 451 relays required the following steps:

» After communicating with the SEL 451 relay, the “Create new setting” option
was selected, as shown in Figure 5.3 (A).

* The “FID” number was completed based on Table 5.1, and “Device Family,”
“Device Model,” and “Version” were selected from the “Settings Editor
Selection.” Then “OK” was selected, as shown in Figure 5.3 (B).

* The “PART” number of the relay was selected from Table 5.1, and the “Device

Part Number” was completed. Then “OK” was selected, as shown in Figure 5.4.

New
Creste new settrgs
Keaa
Read settngs fom a comecind devioe
oo Device Famiy Device Model Version Example FID
A — SEL-87 | |sEL45LL 004 SEL-451-2-R.00(-Z0 1410X-VX-DX00000X
SEL-300 SEL-451-2 005
Device Manager SEL-311 SEL-451-4 006 The first three numbers following the -Z is the Device
Open Devce Marager SEL-321 B SEL-451-5 008 Setting Version Number (SVN).
Q SEL-351 009
SEL-352 010
SEL-387 011 Driver Information
muﬂa“ﬂmmmlmw gj;: (FENIN  Name: SEL-451014 Settings Driver @
Manage V«Ds::f :/:72/.2:)12 10:46:18 AM
M oM settrgn and Gatates SEL-487 e ' o
Update 5 C |
h?.dd..dmhb(,\nlx(»'!ueniawt [ lnsum ] [ Lw ] [ m ] [ ]

Figure 5.3: Settings (A) and settings editor selection (B) for Relay 2
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Part Number: 0451 [?[F[Trs*ﬁrs‘[ﬁ,a_z:ﬂ_z_z.a|X|x * %

[[2=s:andacd v}]
Power Supply
[6=1251250Vdcor120ﬂ40\l’ac - ]
ctor Type
[B=scw1mm -] ]
-Secondary Inputs
[[S-SDWPhase-Nemlemm(\'ﬁB).ﬁﬁmpﬁiase -] ]
Sesial Communications Protocol
[[2=DNP3Le\reI2SIave Pius Dial-out and Vitual Teminal (s v | ]

Bhemet Communications Protocol:
(B = FTP. Telnet. Synchrophasors. and DNP3LANAWAN | ]

—

Ehemet Connection Opti
0 = Ethemet Card with Two 10/100BASE-T Connectors '} ]

—)

(B = Standard, wth 3 High Curent Intemupting Outputs. 2 Stan_~ |

Mainboard 1/0 Configuration- ]

—

Sosbond bt Voliog
[4:125\;@ - ]

{ H = Horizontal Rack Mount -] ]

ﬁ;- 4U. Up To One Addtional 1/0 Board - ]

1/0 Board Position B For 4U or 5U Chassi

{[2=80ptoisofated Independent Level-Senstive Inputs. 13 Star v | ]

1/0 Board Position B Input Voltage
[e=125vec -] ]

N/A v

N/A v

{/’O Board Position C For 5U Chassis Only ]

1/0 Board Position C Input Voltag ]

Figure 5.4: Device part number for Relay 2

5.2 Relay settings
Settings of Relays 2 and 3 were based on setting paths of SEL 451 relays indicated in

Figure 5.5. In SEL 451 relays, main menu setting options were divided into “Aliases, Global,
Breaker Monitor, Groups, Automation Logic, Outputs, Front Panel, Report, Ports, DNP MAP
Settings, and Bay Control”. Relay manufacturer default settings were used for the “Aliases,
Automation Logic, DNP MAP Settings, Bay Control and Port F, 1, 2, 3, 4, and 5”. However,
“Global, Breaker Monitor, Outputs, Front Panel, Report, and Group 1, 2, 3, 4, 5, and 6” options

were set to create adaptive overcurrent protection and run NRTS and RTS experiments with
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relays in the loop. “Group 1, 2, 3, and 4” were set for Relay 2, and the “Group 1, 2, 3, 4, 5, and

6” were set for Relay 3.

@ Alases @ @ Aliases
O Global Vv O Global Vv
© Breaker Monitor v/ © Breaker Monitor v/
O Groupl1l vV O Groupl1l
O Group2 VYV O Group2 VYV
O Group3 VvV O Group3 VvV
© Groupd VvV © Groupd4 VvV
© Group 5 O GroupS5 VvV
© Group B O Groupb VvV
O Automation Logic O Automation Logic
© Outputs Vv © Outputs Vv
& FrontPanel Vv & FrontPanel Vv
O Report O Report
O PortF O PortF
O Port1 O Port1
O Port2 © Port2
O Port3 O Port3
O Ports O Ports
O DNP MAP Settings © DNP MAP Settings
© Bay Control O Bay Control

Figure 5.5: Settings of Relays 2 (A) and 3 (B)

5.2.1 Global

The main menu setting, “Global”, was divided into sub-menu options shown in Figure
5.6. From the “Global” menu, “General Global Settings, Settings Group Selection, and Current
and Voltage Source Selection” were set. However, relay manufacturer default settings were used
for other sub-menu options.

+@® Global

General Global Settings v
Station DC Monitoring

Control Inputs

Settings Group Selection v

Data Reset Control

Frequency E stimation

Time-Error Calculation

Current and Voltage Source Selection v
Synchronized Phasor Measurement
Time and Date Management

Figure 5.6: Global setting path of Relays 2 and 3
“General Global Settings” and identifiers of Relays 2 and 3 are shown in Figure 5.7. For

P0000000O0CG

the SEL 451 relay setting located on bus 7, “Bus 7” and “Relay 2 were chosen as the station
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(SID) and relay (RID) identifiers, respectively. Breaker 1 (BID1) and 2 (BID2) identifiers of

Relay 2 were named “BK6” and “BKS5,” respectively. For the SEL 451 relay setting located on

bus 6, “Bus 6” and “Relay 3” were chosen as the SID and RID, respectively. BID1 and BID2

identifiers of Relay 3 were named “BK8” and “BK7,” respectively.

General Global Settings and Global Enables General Global Settings and Global Enables

General Global Settings

SID Station Identifier (40 characters)
Bus 7

RID Relay Identifier (40 characters)
Relay 2

NUMBK Number of Breakers in Scheme
1 92

BID1 Breaker 1 Identifier (40 characters)
BK6

BID2 Breaker 2 Identifier (40 characters)
BK5

NFREQ Nominal System Frequency (Hz)

50 9 60
PHROT System Phase Rotation
@ ABC ACB

DATE_F Date Format
9 MDY YMD DMY

FAULT Fault Condition Equation (SELogic)

®

51S10R 5152

Global Enables
EGADVS Advanced Global Settings

N v | Select: Y, N

General Global Settings

SID Station Identifier (40 characters)
Bus 6

RID Relay Identifier (40 characters)
Relay 3

NUMBK Number of Breakers in Scheme
1 Q02

BID1 Breaker 1 Identifier (40 characters)

BK8
BID2 Breaker 2 Identifier (40 characters)
BK7
NFREQ Nominal System Frequency (Hz)
50 9 60
PHROT System Phase Rotation
9 ABC ACB

DATE_F Date Format
@ MDY YMD DMY

FAULT Fault Condition Equation (SELogic)

S51S10R 5152

Global Enables

EGADVS Advanced Global Settings
v v select: v,

Figure 5.7: General global settings of Relays 2 (A) and 3 (B)

For Relays 2 and 3, the number of breakers in scheme (NUMBK) was “2” to activate two

breakers for each relay. Nominal system frequency (NFREQ), system phase rotation (PHROT),

and date format (DATE_F) were set at 60 Hz, ABC, and MDY, respectively. The fault condition

equation “51S1 OR 51S2” was used to activate the inverse time overcurrent setting for

overcurrent elements of BID1 and BID2. Advanced global settings (EGADVS) were not

activated, selecting “N.”
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In the RTS experiment with relays in the loop, Relays 2 and 3 were disabled for less than
1 sec. during the process of switching active setting groups, according to the relay instruction
manual [5]. Hypothetically, if an overcurrent fault situation occurred in which Relays 2 and 3
were disabled, both relays may not detect the fault current at the time of disabling. Figure 5.8
shows the switch of setting groups of Relays 2 (B) and 3 (A) when the group change delay for
both relays was 60 cycles. In this case, both relays were disabled at the same time, leaving no

protection for less than 1 sec. and possibly leading to failure to detect an overcurrent fault.

ssn-3 1 ss1 SS2 (A)
ssn-2 TGR3 = TGR2 = 60 cycles (B)

Time [sec. or cycles]

SSn-3 = setting group of relay 3, SSn-2 = setting group of relay 2
TGRnN = group change delay of relay n, TDISn = disabled time of relay n < 1 sec.

Figure 5.8: Switch of Relays 3 (A) and 2 (B) setting groups with identical group change delay

However, setting Relays 2 and 3 with different group change delays improved the
situation illustrated in Figure 5.8. Figure 5.9 shows the switch of the setting groups of Relays 2
(B) and 3 (A) when the group change delay was 0 and 120 cycles, respectively. In this case,
Relay 3 was disabled later than Relay 2, allowing consistent protection of one relay when the

other relay was disabled.

e ] ol ss2 (A
ssn-2 | TGR2 = 0 cycles TGR3 = 120 cycles, TGR2 = 0 cycles B
A/TDIS2

Time [sec. or cycles]

SSn-3 = setting group of relay 3, SSn-2 = setting group of relay 2
TGRnN = group change delay of relay n, TDISn = disabled time of relay n < 1 sec.

Figure 5.9: Switch of Relays 3 (A) and 2 (B) setting groups with no identical group change delay
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Therefore, in order to provide constant protection, group change delay of Relays 2
(TGR2) and 3 (TGR3) was set at 0 cycles and 120 cycles, respectively. In NRTS and RTS
experiments with relays in the loops, prefault states were > 3 seconds in order to allow enough
time to switch the setting group of the relays before establishing fault states. In the NRTS
experiment, the setting groups of relays were switched manually from the push buttons of the
relay’s front panel. However, in the RTS experiment, control inputs of the relay’s rear side
switched the relay setting groups. The “Settings Group Selection” of Relays 2 and 3 is shown in
Figure 5.10. For Relay 2, control inputs 201, 202, 203, and 204 were applied to select the setting
group 1 (SS1), 2 (SS2), 3 (SS3), and 4 (SS4), respectively. However, for Relay 3, control inputs
201, 202, 203, 213, 214, and 215 were applied to select the setting group 1 (SS1), 2 (SS2), 3
(SS3), 4 (SS4), 5 (SS5), and 6 (SS6), respectively. In order To avoid simultaneously switching
the setting groups of Relays 2 and 3, group change delays (TGR) for Relay 2 and 3 were set at 0

and 120 cycles, respectively.

Settings Group Selection

Settings Group Selection
§S1 Select Setting Group 1 (SELogic)

@ Settings Group Selection

Settings Group Selection
SS1 Select Setting Group 1 (SELogic)

IN201 Q IN201 Q
52 Select Setting Group 2 (SELogic) 552 Select Setting Group 2 (SELogic)

IN202 = IN202 ™
53 Select Setting Group 3 (SELogic) S53 Select Setting Group 3 (SELogic)

IN203 @ IN203 Q
554 Select Setting Group 4 (SELogic) S§54 Select Setting Group 4 (SELogic)

IN204 = IN213 -
S5 Select Setting Group 5 (SELogic) 555 Select Setting Group 5 (SELogic)

NA = IN214 &
§S6 Select Setting Group 6 (SELogic) 556 Select Setting Group 6 (SELogic)

NA @ IN215 Q
TGR Group Change Delay (cydes) TGR Group Change Delay (cydles)

0 Range =0 to 54000 120 Range =0 to 54000

Figure 5.10: “Settings Group Selection” of Relays 2 (A) and 3 (B)
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Figure 5.11 shows current source assignments from the relay instruction manual for SEL
451 relays [5]. The “Current and Voltage Source Selection” of SEL 451 relays allows the main
and alternate line (A), combined currents for line (B), and breaker (C) current source
assignments. Relays 2 and 3 of adaptive overcurrent protection in the microgrid required two
breakers for each relay, so the main and alternate line current source assignment (A) was selected
for Relays 2 and 3. The main and alternative breakers were Breakers 1 and 2, respectively.
Breaker 1 represents “BK6” and “BK8” breakers from Relays 2 and 3, respectively, and Breaker

2 represents “BK5” and “BK7” breakers from Relays 2 and 3, respectively.

. [ W IX i
Main I:] Alternate
Breaker \ SEL-451 Breaker
LINEI = IW
ALINEI := 1X !
| |
i
\

SEL-451
W BK2I = IW @
W
I I I_I I_I i1 I
L [[Fo— - =

SEL-451

LINEI := COMB
Figure 5.11: Main and alterne::eI line (A), combined currents for line (B), and breaker (C) current
source assignments

“Current and Voltage Source Selection” of Relays 2 and 3 is shown in Figure 5.12. The
“Current and Voltage Selection” (ESS) was activated by selecting “Y” and then “Line” (LINEI)
and “Alternate Current Source” (ALINEI) were selected as “IW” and “IX,” respectively.
“Alternate Current Source” (ALTI) was activated by the relay’s IN105 control input, meaning

that relays recorded “IW” and “IX” currents when IN105 control input was turned off and on,

respectively. “IW” and “IX” represented line currents of Breakers 1 and 2, respectively.
154



Breaker 1 (BK1I) and 2 (BK2I) “Current Source” were set as “IW” and “IX” currents,
respectively. “Polarizing Current” (IPOL) and “Alternate Line Voltage Source” (ALINEV)
registered as “not available” (NA). For the NRTS experiment, no record event files were
collected from Relays 2 and 3; however, record event files were collected from Relays 2 and 3
for the RTS experiment. In RTS experiment tests, IN105 control inputs from Relay 2 or 3 were
activated according to the selected circuit path and fault location, saving the record event file

from the breaker that was tripped during the relay tests.

Current and Voltage Source Selection

ESS Current and Voltage Source Selection
Y w | Select: Y, N, 3, 4

I and V Source Selection

LINEI Line Current Source
w w | Select: IW, COMB

ALINEI Alternate Line Current Source
[1x v | Select: IX, NA

ALTI Alternate Current Source (SELogic)
IN105 -

BK1I Breaker 1 Current Source
Iw w | Select: IX, IW, NA

BK2I Breaker 2 Current Source
X w | Select: IX, COMB, NA

IPOL Polarizing Current
|NA ~ | Select: NA

ALINEV Alternate Line Voltage Source
[nA ~ | Select: vZ, NA

ALTV Alternate Voltage Source (SELogic)

Figure 5.12: “Current and Voltage Source Selection” for Relays 2 and 3

5.2.2 Breaker monitor

The “Breaker Monitor” setting was divided into sub-menu options of Breaker 1 and 2. As
shown in Figure 5.13, the “Breaker Monitor” for Relays 2 and 3 were set to monitor breaker

status from relay control inputs.
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® Breaker Monitor
) Breaker1 v
D Breaker2

Figure 5.13: Breaker monitor setting path of Relays 2 and 3

Breaker 1 (EBIMON) and 2 (EB2ZMON) monitoring were not activated for Relays 2 and
3, and 52AA1 and 52AAZ2 represented open or closed states for Breakers 1 and 2, respectively.
Relays 2 and 3 sensed their breaker states by using the relay control inputs. Breaker 1 inputs
(52AA1) were activated by IN101 and IN103 control inputs for NRTS and RTS experimental
circuits, respectively. However, Breaker 2 inputs (52AA2) were activated by IN102 and IN104
control inputs for NRTS and RTS experimental circuits, respectively. Figure 5.14 shows monitor

settings of Breakers 1 and 2 for Relays 2 and 3.

Breaker 1 Breaker 2
EB 1IMON Breaker 1 Monitoring @ EB2MON Breaker 2 Monitoring
Y @N Y @N
Breaker 1 Inputs Breaker 2 Inputs
52AA1 NfO Contact Input -BK1 (SELogic) 52AA2 N/O Contact Input -BK2 (SELogic)
IN101 OR IN103 [:J IN102 OR IN104 [;]

Figure 5.14: Monitor settings of Breakers 1(A) and 2 (B)

5.2.3 Groups

The setting group method was based on application of up to six setting groups for each
relay. The U.S. time-current curve (U3) time dial settings (TDS) and secondary overcurrent
pickups (Ip) were set at inverse time overcurrent elements of Relays 2 and 3. Overcurrent setting
groups of Relays 2 and 3 were selected based on grouping same inverse time overcurrent settings
(TDS, Ip) and protection logic gates (AND, ZERO) for relay’s breakers of circuit paths for
Relays 2 and 3. Figure 5.15 and 5.16 show the initial breaker states and current directions for

setting groups of relays 2 and 3, respectively.
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Breaker 2 __ Breaker 1 Breaker 2 Breaker 1 Breaker 2 Breaker 1
(BK5) (BK®) (BK5) (BK6) (BKS) (BKS)
(IDS=113,1,=225) (IDS=0.78, I,= 1.86) (IDS=0.71, 1,=1.89)
{ZERO} | {AND} {AND} { ZERO} {ZERO} [{AND}
— | — «— | «— “— | &—
—{ - — e —{ A
. . —
[, — —
Breaker 2 Breaker 1 Breaker 2 Breaker 1
(BK5) (BKS) (BKS) (BK®)
{ZERO} , {ZERO} {ZERO} | {ZERO}
«— —_—
= ——1{ 1
. —
e ——

[A Closed breaker [] Open breaker

TDS = time dial setting, I, = secondary overcurrent pickup in Amps

Figure 5.15: Initial breaker states and current directions for setting groups of Relay 2

(Inverse time overcurrent setting), {Protection logic gate}

Breaker 2 Breaker 1 Breaker 2 Breaker 1 Breaker 2 Breaker 1
(BKT7) (BK8) (BKT7) (BK8) (BKT7) (BK8)
(TDS=0.68, I,=2.01) (IDS=1.18,1,=1.95) (IDS=0.77, I,=1.97) (TDS=1.19, I,=1.97)

{ZERO} | {AND} _ {AND} | {AND} {AND}| {ZEROC}
—_—{ A i Pt o o P e Pt oy o B
— — — E— — E—

Coany G, e e e
Breaker 2 Breaker 1 Breaker 2 Breaker 1
(BK7) (BK8) (BK7) (BK8)
(IDS =067, I=1.97) (IDS=1.12, I, = 1.90)
{AND} | {ZERO} {AND} {ZERO}
—{ T —
—
[~ >
- [
Breaker 2 Breaker 1 Breaker 2 Breaker 1
Breaker 2 Breaker 1
BK7) (BK8) (BK7) (BK8) (BK7) (BK8)
{ZERO} | {ZERO} (ZERO} {ZERO} {ZERQ} | {ZERC}
— e
—_— e T o B — A1
e e o e o

A Closed breaker [] Open breaker

TDS = time dial setting, I, = secondary overcurrent pickup in Amps

Figure 5.16: Initial breaker states and current directions for setting groups of Relay 3
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In adaptive overcurrent protection, each relay controlled two breakers, and each breaker
corresponded to an overcurrent element of the setting groups. The inverse time overcurrent
element settings of relays 2 and 3 were selected based on upstream (backup) and downstream
(primary) protective devices in the microgrid, and circuit paths that had the similar current
directions along breakers of the same relay. Relays 2 and 3 had four and six setting groups,
respectively. Although Relay 2 was located at line bus (Bus 7), Relay 3 was located at distributed
generator bus (Bus 6). Line and distributed generator busses had two and three feeders,
respectively. Relay 3 required more setting groups than Relay 2 because Relay 2 breaker currents
were able to flow in the same direction and Relay 3 breaker currents flowed in the same and
opposite direction, as shown in Figures 5.15 and 5.16, respectively. While the relays 2 had the
SS1, SS2, SS3 and SS4 setting groups, Relay 3 had the SS1, SS2, SS3, SS4, SS5 and SS6
setting groups.

In relay 2, SS1 was selected for UTILITY-8765/1234 circuit, SS2 was selected for DG2-
678/65, DG2-6781 and DG2-678 circuits, SS3 was selected for DG2-67/65, DG2-6543, DG2-65,
DG2-67, DG1-34/56, DG3-2187 and DG2-6 circuits, and SS4 was selected for DG1-5678
circuit.

In Relay 3, SS1 was selected for UTILITY-8765/1234 circuit, SS2 was selected for DG2-
678/65, DG2-67/65, DG2-6543 and DG2-65 circuits, SS3 was selected for DG2-6781 and DG2-
678 circuits, SS4 was selected for DG2-67 circuit, SS5 was selected for DG1-5678 circuit, and
SS6 was selected for DG1-34/56, DG3-2187 and DG2-6 circuits.

In the adaptive overcurrent protection system for a microgrid with distributed generators,
the number of available circuit paths was limited by the constraint of maximum power of the

distributed generators and bus loads along the microgrid. Based on this constraint, breaker states
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along the microgrid were defined for up to 22 test modes grouped by circuit paths identified by
four and six setting groups for Relays 2 and 3, respectively. In Relays 2 and 3, Breakers 1 and 2
were tripped by overcurrent elements 1 and 2, respectively. Overcurrent fault trip situations for
circuit paths depended on breaker state configurations shown in Figures 5.15 and 5.16. In Relays
2 and 3, overcurrent elements 1 and 2 were set with the inverse time overcurrent setting for
Breakers 1 and 2, respectively. Inverse time overcurrent settings of Relays 2 and 3 were
estimated for a current transformer ratio (CTR) of 200, and overcurrent elements were set for
maximum line current. Inverse time overcurrent settings for groups of Relays 2 and 3 were
defined by the selected U3 curve presented in the relay instruction manual [5]. The overcurrent
pickup and time dial were selected based on feeder fuses and selectivity of primary and backup
protections. Based on the setting group method, Relays 2 and 3 had four and six setting groups
for circuit paths of the microgrid with distributed generators. Figure 5.17 shows the group setting
path for Relays 2 (A) and 3 (B). “Set” and “Protection Logic” settings were used in the active
groups of Relays 2 and 3. “Protection Logic” instead of “Graphical Logic” was used to set

protection logic variables for the relay setting groups.
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4'® Groupl
O Setl v
O ProtectionLogic1 v/
O Graphical Logic 1
4 -0 Group 2
@ Set2 vV
O Protection Logic2 v/
O Graphical Logic 2
4-0O Group 3
O Set3 vV
O Protection Logic3 v/
O Graphical Logic 3
4-0 Group 4
O Setd v
O Protection Logic 4 v/
O Graphical Logic 4
Group 5
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®

Group 1 v

© Set1

O Protection Logic 1 4
O Graphical Logic 1
Group 2

O Set2 v

O ProtectionLogic2 v/
© Graphical Logic 2
Group 3

O Set3 v

O Protection Logic3 v/
O Graphical Logic 3
Group 4

O Setd v

© Protection Logic 4 v/
© Graphical Logic 4
Group 5

O Sets5 v

© Protection Logic5 v
O Graphical Logic 5
Group 6

O Setb v/

© Protection Logic6 v
© Graphical Logic 6

Figure 5.17: Group setting of Relays 2 (A) and 3 (B)

Figure 5.18 shows the setting path of the “Set 1” option, divided into “Line and Relay

Configurations”. For all active groups, “Line Configuration, Switch-Onto-Fault, Phase Inst O/C,

Time Overcurrent, Trip Logic, and Protection Logic” were set. However, default settings

provided by the relay manufacturer were used for “Load Encroachment, Residual Ground Inst

O/C, Negative-Seq Inst O/C, Directional, Pole Open Detection, Trip Schemes, Breaker 1 and 2

Failure Logic, Synchronism Check, Reclosing and Manual Closing, Demand Metering and

Graphical Logic” options.



-@® Group 1
4-0O Setl
O Line Configuration v~

4 - O Relay Configuration
Switch-Onto-Fault v~
Load Encroachment
Phase Inst 0/C v
Residual Ground Inst 0/C
Negative-Seq Inst 0/C
Time Overcurrent v~
Directional
Pole Open Detection
Trp Schemes
Breaker 1 Failure Logic
Breaker 2 Failure Logic
Synchronism Check
Reclosing and Manual Closing
Demand Metering
Trplogic
O ProtectionLogic1 v~
O Graphical Logic 1

000000 POPOPOPOOOG

Figure 5.18: Set and protection logic of Relays 2 and 3

The “Line Configuration” setting of Relays 2 and 3 for NRTS (A) and RTS (B)
experiments is shown in Figure 5.19. CTRW and CTRX values represented current transformer
ratios of secondary currents of Breakers 1 (IAW, IBW and ICW) and 2 (IAX, IBC and ICX) for
Relays 2 and 3. In NRTS and RTS experiments, current transformer ratios (CTRW and CTRX)
were set to 200 and 50, respectively. Potential transformer ratios (PTRY and PTRZ) were set at
60. Nominal line-line secondary voltages for potential transformers (VNOMY and VNOMZ)

were estimated by Equation (5.1).

VNOM, = 1 (5.1)

where VNOM, is nominal line-line secondary voltage of the potential transformer in volts, V| is

nominal line-line primary voltage of the potential transformer in volts, and PTR,, is the ratio of

161



the potential transformer. Nominal line-line primary voltage of the potential transformer was
7200 volts, and the potential transformer ratio was 60. From Equation (5.1), “VNOMY” and
“VNOMZ” values were set at 120. Positive and negative line impedance secondary magnitudes
and angles were the default values provided by the relay manufacturer because the fault location
(EFLOC) was set as “N,” meaning that the fault location was not activated.

Line Configuration Line Configuration

®

Line Configuration Settings

CTRW Current Transformer Ratio - Input W
200 Range = 1 to 50000

CTRX Current Transformer Ratio - Input X
200 Range = 1 to 50000

PTRY Potential Transformer Ratio - Input Y
60 Range = 1 to 10000

VNOMY PT Nominal Voltage (L-L) - Input Y (volts, sec)
120 Range = 60 to 300

PTRZ Potential Transformer Ratio - Input Z
60 Range = 1 to 10000

VNOMZ PT Nominal Voltage (L-L) - Input Z (volts, sec)
120 Range = 60 to 300

Z1MAG Pos.-Seq. Line Impedance Magnitude (ohms, sec)
2.14 Range = 0.05 to 255.00

Z1ANG Pos.-Seq. Line Impedance Angle (degrees)
68.86 Range = 5.00 to 90.00

ZOMAG Zero-Seq. Line Impedance Magnitude (ohms, sec)
6.38 Range = 0.05 to 255.00

ZOANG Zero-Seq. Line Impedance Angle (degrees)
72.47 Range = 5.00 to 90.00

EFLOC Fault Location

Line Configuration Settings

CTRW Current Transformer Ratio - Input W
50 Range = 1 to 50000

CTRX Current Transformer Ratio - Input X
50 Range = 1 to 50000

PTRY Potential Transformer Ratio - Input Y
60 Range = 1 to 10000

VNOMY PT Nominal Voltage (L-L) - Input Y (volts, sec)
120 Range = 60 to 300

PTRZ Potential Transformer Ratio - Input Z
60 Range = 1 to 10000

VNOMZ PT Nominal Voltage (L-L) - Input Z (volts, sec)
120 Range = 60 to 300

Z1MAG Pos.-Seq. Line Impedance Magnitude (ohms, sec)
2.14 Range = 0.05 to 255.00

Z1ANG Pos.-Seq. Line Impedance Angle (degrees)
68.86 Range = 5.00 to 90.00

ZOMAG Zero-Seq. Line Impedance Magnitude (ohms, sec)
6.38 Range = 0.05 to 255.00

ZOANG Zero-Seq. Line Impedance Angle (degrees)
72.47 Range = 5.00 to 90.00

EFLOC Fault Location

Figure 5.19: Line configuration setting of Relays 2 and 3 for NRTS (A) and RTS (B)
experiments

Figure 5.20 shows “Switch-Onto-Fault (A) and Phase Instantaneous Overcurrent (B)”
settings. The “Switch-Onto-Fault” (ESOTF) setting was set as “N” to disable the “Switch-Onto-
Fault Trip” (TRSOFT) in the “Trip Logic” setting of Relays 2 and 3. The “Phase Instantaneous

Overcurrent” setting was set as “N” for “Phase Inst./Definite-Time O/C Elements” (ES0P)
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because Relays 2 and 3 had to be set as an inverse time overcurrent instead of instantaneous

overcurrent protection.

Phase Instantaneous Overcurrent

ESOP Phase Inst./Definite-Time O/C Elements
| N | | Select: N, 1-4
Phase Instantaneous Overcurrent 1
H v ¥ S50P1P Level 1 Pickup (amps, sec)
SWItCh Onto Fal'“t \15.00 Range = 0.25 to 100.00, OFF
ESOTF Switch-Onto-Fault 67P1D Level 1 Time Delay (cydes in steps of 0.125)
D] Select: Y, N [0.000 Range = 0.000 to 16000.000
Switch-Onto-Fault Scheme 67P1TC Level 1 Torque Control (SELogic)
EVRST Switch-OntoFault Voltage Reset 1 )
_Y v] Select: ¥, N Phase Instantaneous Overcurrent 2
S2AEND 52A Pole-Open Time Delay (cydes in steps of 0.125) r-’vaPZF’ Level 2 Pickup (amps, sec)
10.000 | Range =0.000 to 16000.000, OFF |OFF | Range = 0.25 to 100.00, OFF
CLOEND Close Enable Time Delay (cydes in steps of 0.125) MDS‘“ (cydgsu:osipf;uzg';;?
oOFF | Range =0.000 to 16000.000, OFF | 0-000 I | So00= e, :

67P2TC Level 2 Torque Control (SELogic)
SOTFD Switch-Onto-Fault Enable Duration (cydes in steps of 0.125) [ 1 ] E]

10.000 Range =0,500 to 16000.000

CLSMON Close Signal Monitor (SELogic)
NA o J E] SOP3P Level 3 Pickup (amps, sec)
LOFF Range = 0.25 to 100.00, OFF

Phase Instantaneous Overcurrent 3

67P3D Level 3 Time Delay (cydes in steps of 0.125)
‘Lo(ooo Range = 0.000 to 16000.000

67P3TC Level 3 Torque Control (SELogic)
2 | (=)
Figure 5.20: “Switch-Onto-Fault” (A) and “Phase Instantaneous Overcurrent” (B) settings of
Relays 2 and 3

Figure 5.21 shows the “Time Overcurrent” element 1 (A) and 2 (B) of Group 2 for Relay
3. “Selectable Inverse-Time O/C Elements” (E5S1S) was set at “2” to activate time overcurrent
elements 1 and 2 for Breakers 1 and 2 of Relay 2. “Operating Quantity” for the time overcurrent
element 1 (51S10) and 2 (51S20) was defined by the maximum current of Phase A, B, or C,
placing the “Imax1” and “Imax2” in the 51S10 and 51S20 cells, respectively. “Inv-Time O/C
EM Reset” for the time overcurrent element 1 (51S1RS) and 2 (51S2RS) were not activated by
setting “N,” and the Torque Control (SELogic) for the time overcurrent element 1 (51S1TC) and
2 (51S2TC) were set to “1.” Inverse time overcurrent settings of time overcurrent elements 1 and

2 for each group were secondary overcurrent pickups (51S1P and 51S2P), inverse time
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overcurrent curves (51S1C and 51S2C), and time dials (51S1TD and 51S2TD). The “U3” curve

based on the relay instruction manual [5] was selected to set time overcurrent elements 1 and 2.

In Group 2 of Relay 3, secondary overcurrent pickups for time overcurrent elements 1(51S1P)

and 2 (51S2P) were set at 1.97 and 1.95 amps, respectively. Inverse overcurrent time dials for

time overcurrent elements 1 (51S1TD) and 2 (51S2TD) were set at 0.77 and 1.18, respectively.

Time Overcurrent

ES1S Selectable Inverse-Time O/C Elements
2 v | Select: N, 16
Time Overcurrent Element 1

51510 5151 Operating Quantity

Imax1 M

5151P 51510/C Pickup (amps, sec)
1.97 Range = 0,25 to 16.00

5151C 5151 Inv-Time O/C Curve
u3 v | Select: U1, U2, U3, U4, US, C1, C2, C3, C4, C5

51S1TD 5151 Inv-Time O/C Time Dial
0.77 Range =0.50 to 15.00

51S1RS 5151 Inv-Time O/C EM Reset
N v | Select: Y, N

S1SITC 5151 Torque Control (SELogic)
: —

=

Time Overcurrent Element 2

51520 5152 Operating Quantity
{Imaxz v

5152 5152 O/C Pickup (amps, sec)

1.95 Range = 0,25 to 16.00

5152C 5152 Inv-Time O/C Curve
| U3 v | Select: U1, U2, U3, U4, US, C1, C2, C3, C4, C5

51S2TD 5152 Inv-Time O/C Time Dial
1.18 Range = 0.50 to 15.00

S1SRS 5152 Inv-Time O/C EM Reset

N v | Select: Y, N
|

51S2TC 5152 Torque Control (SELogic)

! )

Figure 5.21: Time overcurrent element 1 (A) and 2 (B) of Group 2 for Relay 3

Current transformer ratios of 200 and 50 were used for relays in NRTS and RTS

experiments, respectively. Secondary overcurrent pickups for time overcurrent elements 1

(51S1P) and 2 (51S2P) were not similar enough to maintain identical relay times for identical

relay setting groups. Based on the inverse time overcurrent U3 curve from the relay instruction

manual [5], relay time was represented by Equation (5.2).

MZ-1

Ty = TDS X (0.0963 +-22) x 60 (5.2)

where Tr is relay time in cycles, TDS is the inverse time overcurrent time dial setting, and M is

the multiple of pickup. The multiple of relay pickup was defined by Equation (5.3).
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o
" CTR Ip

(5.3)

where M is the multiple of pickup, I is the primary pickup fault current in amps, CTR is the
current transformer ratio, and Ip is the secondary overcurrent pickup in amps. Equations (5.2)
and (5.3) revealed that the relay time was similar, using no identical current transformer ratios if
the multiple of relay pickup was identical for NRTS and RTS experiments as is shown in
Equation (5.4).

Mygrrs = Mgrs (5.4)
where Myrtsand Mgrs are the multiples of relay pickups for NRTS and RTS experiments,
respectively. By representing the multiple of pickups of the relay for NRTS and RTS

experiments as a function of Equation (5.3), Equation (5.4) is represented by Equation (5.5).

I _ I (5.5)

CTRNRTS XIp NRTS ~ CTRRTS XIpRTS

where | is the primary pickup fault current in amps, CTRyrrs and CTRgrs are current transformer
ratios for NRTS and RTS experiments, respectively, and Ip nrrs and Ip rrs are secondary
overcurrent pickups of relays in amps for NRTS and RTS experiments, respectively. Because
primary pickup fault currents for NRTS and RTS experiments were identical, the secondary
overcurrent pickup for relay settings during the RTS experiment was estimated by Equation
(5.6).

CTR NRTS (5 6)

I =1
PRTS = IPNRTS ® “orp

Using Equation (5.6), secondary overcurrent pickup for relay settings during the RTS
experiment were estimated based on secondary overcurrent pickup for the relay setting during
NRTS experiments in Table 5.2 and current transformer ratios of 200 and 50 for NRTS and RTS

experiments, respectively.
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In Table 5.2, “TDS” represents time dial settings to set groups of relays for NRTS and
RTS experiments. The “lp nrrs” and “lp grs” represent secondary overcurrent pickups for inverse
time overcurrent elements 1 and 2 in order to set groups of Relays 2 and 3 during NRTS and
RTS experiments. Inverse time overcurrent elements that must not trip were default settings
provided by the relay manufacturer, but their overcurrent elements were disabled by not setting
“51S1T” and “51S2T” trip logic equations for time overcurrent elements 1 and 2, respectively.

Table 5.2: Time overcurrent settings of groups for Relays 2 and 3

Breaker Time Overcurrent Settings
Relays [ Groups
No | Name | Element | US Curve | Ipygrrs | Ipgrrs DS
1 BKo6 1 U3 2.25 9.00 1.13
! 2 BK5 2 No trip No trip | No trip | No trip
) 1 BK6 1 No trip No trip | No trip | No trip
) 2 BKS5 2 U3 1.86 7.44 0.78
3 1 BK6 1 No trip | Notrip | No trip | No trip
2 BKS5 2 No trip | No trip | No trip | No trip
4 1 BK6 1 No trip | No trip | No trip | No trip
2 BKS5 2 U3 1.89 7.56 0.71
i 1 BKS 1 U3 2.01 8.04 0.68
2 BK7 2 No trip No trip | No trip | No trip
) 1 BKS 1 U3 1.97 7.88 0.77
2 BK7 2 U3 1.95 7.80 1.18
3 1 BKS 1 No trip | No trip | No trip | No trip
2 BK7 2 U3 1.97 7.88 1.19
3 4 1 BKS 1 No trip No trip | No trip | No trip
2 | BK7 2 U3 1.97 7.88 0.67
5 1 BKS 1 No trip No trip | No trip | No trip
2 | BK7 2 U3 1.90 7.60 1.12
6 1 BKS 1 No trip No trip | No trip | No trip
2 BK7 2 No trip No trip | No trip | No trip

Figure 5.22 shows the “Trip Logic” setting of Group 2 for Relay 3. The “TR Trip” of
Group 2 for Relay 3 tripped for time overcurrent elements 1 and 2 by selecting “51S1T OR

51S2T”. “Switch-Onto-Fault Trip” (TRSOFT) was disabled because the “Switch-Onto-Fault”
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(ESOTF) setting was set as “N.” Breakers 1 (BK1MTR) and 2 (BK2MTR) “Manual Trip”
settings were set as “OC1 OR PB8 PUL” and “OC2 OR PB9 PUL”, respectively, meaning that
Breakers 1 and 2 were opened by open circuit breakers (OC1 and OC2) or pulse push buttons (8
and 9). The “Unlatch Manual Trip” of Breakers 1 (ULMTR1) and 2 (ULMTR?2) were set as
“NOT 52AA1” and “NOT 52AA2,” respectively. The “52AA1” and “52AA2” represented
auxiliary contacts that sensed phase “A” pole status for Breakers 1 and 2, respectively. "Event
Report Trigger Equations” (ER) was set as “R_TRIG 51S1 OR R_TRIG 51S2” in order to record

event files when time overcurrent element 1 or 2 tripped during an overcurrent fault situation.

Trip Logic

Trip Logic
TR Trip (SELogic)
51S1T OR 51S2T

TRCOMM Communication Aided Trip (SELogic)
NA

TRSOTF Switch-Onto-Fault Trip (SELogic)
50P1

BKIMTR Breaker 1 Manual Trip (SELogic)
OC1OR PB8_PUL

BK2MTR Breaker 2 Manual Trip (SELogic)
OC2 OR PB9_PUL

ULTR Unlatch Trip (SELogic)
TRGTR

ULMTR 1 Unlatch Manual Trip -BK1 (SELogic)
NOT 52AA1

ULMTR2 Unlatch Manual Trip -BK2 (SELogic)
NOT 524A2|

O O 0 0 O 0 O o

TULO Trip Unlatch Option

TDUR3D 3PT Min Trip Duration Time Delay (cydes in steps of 0.125)
12.000 Range = 2.000 to 8000.000

ER Event Report Trigger Equation (SELogic)
R_TRIG 5151 OR R_TRIG 5152 &

Figure 5.22: “Trip Logic” setting of Group 2 for Relay 3
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In adaptive overcurrent protection for a microgrid with distributed generators, “Trip
Logic” functions of overcurrent elements were activated to trip Breakers 1 and 2 operated by
overcurrent elements from Relays 2 and 3. Therefore, if time overcurrent elements 1 and 2
needed to trip relay’s breakers at fault overcurrents, “51S1T OR 51S2T” was used in “TR Trip”
settings. If time overcurrent element 1 needed to trip relay’s breaker at fault overcurrent,
“51S1T” was used in “TR Trip” settings. However, if time overcurrent element 2 needed to trip
relay’s breaker at fault overcurrent, “51S2T” was used in “TR Trip” settings. If time overcurrent
elements 1 and 2 did not need to trip relay’s breakers at fault overcurrents, “NA” was used in
“TR Trip” settings. Using Table 5.2, “TR Trip” SELogic settings for all groups of Relays 2 and 3
were created based on trip and non-trip situations of Breakers 1 and 2. Table 5.3 indicates “TR
Trip” settings for groups of Relays 2 and 3.

Table 5.3: Trip settings of groups for Relays 2 and 3

Relays | Groups N]:re?\l;:;le Element Ol:)reerzl:ie‘:'n (’gllrfL];)rgi!)c)
| ; gg é Nzrifip 51S1T
O R o il
I 0 o Y ha
B e
1 | BKS 1 Trip
3 ) ? EE; ? N](;rg)ip 51S1T OR 51S2T
245 B | 2 Trip o
6 1 | BKS 1 No tr%p NA
2 BK7 2 No trip

Adaptive overcurrent protection system for a microgrid with distributed generators was

based on the setting group method and protection logic to control Breakers 1 and 2 of the relays.
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Protection logic variables controlled the trip of overcurrent elements 1 and 2 for setting groups of
Relays 2 and 3. Control outputs OUT101and OUT106 tripped Breaker 1 of Relays 2 and 3 for
NRTS and RTS experimental circuits, respectively. However, control outputs OUT102 and
OUT107 tripped Breaker 2 of Relays 2 and 3 for NRTS and RTS experimental circuits,
respectively. OUT101-2 and OUT106-7 were normally open (NO) and close (NC) control
outputs, respectively.

Control outputs OUT101 and OUT106 tripped Breaker 1, and control outputs OUT102
and OUT107 tripped Breaker 2. Control outputs that tripped Breakers 1 and 2 needed SELogic
variables PSV03 and PSV04, respectively. Therefore, Breakers 1 and 2 of Relays 2 and 3 needed
to set protection logic variables for each setting group. Figure 5.23 shows protection logic
variables of setting groups for Relay 2. In the adaptive overcurrent protection system, Relay 2
used four setting groups: SS1, SS2, SS3, and SS4. The “AND” gate was applied to Breaker

1/setting groupl and Breaker 2/setting groups 2 and 4.

Relay 2
Breaker 1 (BK6) Breaker 2 (BK5)
SS1 SS1
T3P1
PSV03 = T3P1 AND 5181 PSV04 =0
— G
5181
SS2 & SS4 SS2 & SS4
T3P2
PSV03 =0 PSV04 = T3P2 AND 51S2
- 5152
SS83 SS3
PSV03 =0 PSV04 =0

— G — G

Figure 5.23: Protection logic variables of setting groups of Relay 2
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Figure 5.24 shows protection logic variables of setting groups for Relay 3. In the adaptive
overcurrent protection system, Relay 3 used six setting groups: SS1, SS2, SS3, SS3, SS4, SS5,
and SS6. The “AND” gate was applied for Breaker 1/setting groups 1 and 2 and Breaker

2/setting groups 2, 3, 4, and 5.

Relay 3
Breaker 1 (BKS8) Breaker 2 (BK7)
SS1 SS1
T3P1 PSV03 = T3P1 AND 5181
o PSV04 =0
5151 -
SSs2 SS2
T3P PSV03 = T3P1 AND 51S1 T3Pz PSV04 = T3P2 AND 5152
(=] [a]
5181 | T 5152 | &
SS83, SS4 & SS5 SS3, SS4 & SS5
T3P2 | PSV04 = T3P2 AND 51S2
PSV03 =0 =)
—_— — 5182 | <
SS6 SS6
PSV03 =0 PSV04 =0

— G —

Figure 5.24: Protection logic variables of setting groups of Relay 3

The “AND” gate was applied to protection logic variables that must trip the breakers. The
“AND?” gate generated the relay’s trip to open the breakers during an overcurrent fault situation.
The “AND” gate had to add the inverse time overcurrent element pickup (51S1 or 51S2) and trip
circuit breaker (T3P1 or T3P2) digital signals in order to generate the trip signal. However, the
“ZERQO” gate (open circuit) gate was applied to protection logic variables that must not trip the
breakers. Protection logic variables of Figures 5.23 and 5.24 were set on groups of Relays 2 and
3. Figure 5.25 shows protection logic variables for the setting group 2 of Relay 3. In this case,

lines 15-16 were added to default protection logic settings provided by the relay manufacturer.
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Protection Free-Form Logic Settings: PROTSEL1 - PROTSEL250

1 PLT01S :=PB1_PUL AND NOT PLTO1 # GROUND ENABLED
2 PLTO1R :=PB1_PUL AND PLTO
3 PLT02S := PB2_PUL AND NOT PLT02 # RECLOSE ENABLED
4 PLTO2R := PB2_PUL AND PLT02 OR NOT PLTO4 # HOT LINE TAG DISABLES RECLOSE
5 PLTO03S := PB3_PUL AND NOT PLTO3 # REMOTE ENABLED
6 PLTO3R := PB3_PUL AND PLTO3
7 PLT04S := PBS_PUL AND NOT PLTO4
8 PLTO4R := PBS_PUL AND PLTO04 # HOT LINE TAG (WHEN DEASSERTED)
9 PLTO05S := PBE_PUL AND NOT PLTO5 # AUX
10 PLTO5R := PBE_PUL AND PLTO05
11 PSV01 :=5151 OR 5152 OR 50P1
12 PCTO1PU := 3.000000
13 PCT01D0 := 0.000000
14 PCTO1IN := PSV01 # FOR INST TARGET LED
15 PSV03 := T3P1 AND 5151
16 PSV04 := T3P2 AND 5152

Figure 5.25: Protection logic for the setting group 2 of Relay 3

In protection logic settings, protection SELogic variables “PSV03:= T3P1 AND 51S1”
and “PSV04:= T3P2 AND 51S2” were applied to trip Breakers 1 and 2 of Relay 3. Protection
logic of each setting group for Relays 2 and 3 were defined by PSV03 and PSV04 variables in
order to trip Breakers 1 and 2, respectively. Based on setting groups for Relays 2 and 3,

protection logic settings were defined by “PSV03” and “PSV04” variables, as shown in Table

5.4.
Table 5.4: Protection logic settings
Setting groups of . . .
Relay 2 Relay 3 Protection Logic Variables
SS1 SS1 PSV03 :=T3P1 AND 51S1, PSV04 :=0
- SS2 PSVO03 :=T3P1 AND 51S1, PSV04 :=T3P2 AND 51S2
SS2,SS4 | SS3,SS4,SS5 | PSVO03 :=0, PSV04 := T3P2 AND 5182
SS3 SS6 PSVO03 :=0, PSV04 :=0
5.2.4 Outputs

The “Outputs” settings of Relays 2 and 3 for adaptive overcurrent protection were
identical. The “Outputs” setting defined relay control outputs of Relays 2 and 3 for NRTS and
RTS experimental circuits. Figure 5.26 shows the setting path of “Outputs” for Relays 2 and 3,

was segregated into the “Main Board, Interface Board Outputs, Communication Card Outputs,
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and Mirrored Bits Transmit Equations”. The “Main Board” option was set for Relays 2 and 3.
However, default settings provided by the relay manufacturer were used for “Interface Board
Outputs, Communication Card Outputs, and Mirrored Bits Transmit Equations” options.
“Outputs” settings for Relays 2 and 3 were based on tripping relays’ breakers in NRTS and RTS
experimental circuits. Control outputs of Relays 2 and 3 for NRTS and RTS experiments
represented trip signals that opened breakers during the tests. These trip signals were represented

by “PSV03” and “PSV04” variables in order to trip Breakers 1 and 2, respectively.

O Aliases

O Global

O Breaker Monitor

O Group 1

O Group 2

O Group 3

O Group 4

O Group 5

Group 6

Automation Logic

Qutputs

O MainBoard v/

O Interface Board Outputs
O Communication Card Outputs
O Mirrored Bits Transmit Equations
O Front Panel

O Report

O PortF

O Port1

@ Port2

@ Port3

O Ports

O DNP MAP Settings

O Bay Control

Figure 5.26: Setting path of outputs

N
®C

In the NRTS experiment, Relays 2 and 3 had OUT101 and OUT102 control outputs to
trip Breakers 1 and 2, respectively. However, in the RTS experiment, Relays 2 and 3 had
OUT106 and OUT107 control outputs to trip Breakers 1 and 2, respectively. OUT101 and

OUT102 were typically open (NO) control outputs, and OUT106 and OUT107 were typically
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closed (NC) control outputs. Figure 5.27 shows settings of “Main Board Outputs” for Relays 2
and 3.After placing PSV03 and PSV04 variables on the cells, the “#” symbol allowed to indicate

a reference, as e.g. the operational breaker and available experiment for each control output.

Main Board Outputs

Main Board Outputs
OUT101 Main Board Output OUT101 (SELogic)
PSV03 #BREAKER 1 TRIP — NRTS EXPERIMENT

OUT102 Main Board Output OUT 102 (SELogic)
PSV04 #BREAKER 2 TRIP — NRTS EXPERIMENT

OUT103 Main Board Output OUT103 (SELogic)
NA (&)
OUT104 Main Board Output OUT 104 (SELogic)
NA (=)

OUT105 Main Board Output OUT 105 (SELogic)
NA

OUT106 Main Board Output OUT 106 (SELogic)
PSV03 #BREAKER 1 TRIP — RTS EXPERIMENT

OUT107 Main Board Output OUT 107 (SELogic)
PSV04 #BREAKER 2 TRIP — RTS EXPERIMENT @

OUT108 Main Board Output OUT 108 (SELogic)
NOT (SALARM OR HALARM)

Figure 5.27: Main board outputs for Relays 2 and 3

5.2.5 Front panel

“Front Panel” settings of Relays 2 and 3 for adaptive overcurrent protection were similar.
The “Front Panel” setting defined push-button LEDS on the front panel of the relays and
selectable screens of the relay’s display. These selectable screens were defined based on
information desired to be seen during tests for NRTS and RTS experiments with relays in the
loop. These selectable screens could also be synchronized, showing selectable screens during a
period of time that could be set on “Selectable Screen” settings, by sizing the “Front Panel

Display Update Rate” in order to keep a selectable screen frozen for up to 15 sec..
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Figure 5.28 shows the setting path of the “Front Panel” for Relays 2 and 3. Default
settings provided by the relay manufacturer were used for “Front Panel, Target LEDs, Selectable
Operator Pushbuttons, Display Points and Aliases, Local Control, and Local Bit SELogic”
options. However, “Pushbuttons, Selectable Screens, and Event Display” options were set on
Relays 2 and 3.

Aliases

Global

Breaker Monitor
Group 1

Group 2

Group 3

Group 4

Group 5

Group 6
Automation Logic
Outputs

Front Panel

O Pushbuttons v
O Target LEDs

O Selectable Screens

O Selectable Operator Pushbuttons
© EventDisplay v/
O
O
O

1S - §
P X XoXoXe X Xe Xe Xe Xe Xe

Display Points and Aliases
Local Control
Local Bit SELogic

Report

Port F

Port 1

Port 2

Port 3

Port 5

DNP MAP Settings

Bay Control

CNeNoRoNoNO RO RO

Figure 5.28: Setting path of the front panel

The “Pushbuttons” option was used to set functions of push-button LEDs on the front
panel of Relays 2 and 3. Figure 5.29 (A) and (B) show the settings and location of push-button
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LEDs, respectively. Push-button LEDs “PB1_LED,” “PB2_LED,” and “PB3_LED” indicated
enabled ground, reclose, and remote functions, respectively. Push-button LEDs “PB4 LED”
indicated alternative setting groups (2, 3, 4, 5, and 6). Push-button LEDs “PB5 LED” and
“PB6_LED” indicated the close and trip of Breaker 1, and push-button LEDs “PB7 LED” and
“PB8_LED” indicated the close and trip of Breaker 2.

Pushbuttons @

Pushbutton LEDs

PB1_LED Pushbutton LED 1 (SELogic)

PLTO1 #GROUND ENABLED|

0

PB2_LED Pushbutton LED 2 (SELogic)
PLT02 #RECLOSE ENABLED

GROUND | BREAKER 1 )
‘ CLOSED
ENABLED
CLOSE
PB3_LED Pushbutton LED 3 (SELogic) v g

0 = REMOTE ENABLED

C RECLOSE | C BREAKER 1 |
PB4_LED Pushbutton LED 4 (SELogic) O ENABLED Q OPEN
NOT SG1 #ALT SETTINGS m ! TRIP
PBS_LED Pushbutton LED 5 (SELogic) @ REMOTE | @ BREAKER? |
S2ACL1 #BREAKER 1 CLOSED ENABLED CLOSED

) CLOSE ‘

PB6_LED Pushbutton LED 6 (SELogic)

0

0

J

Ol

1

NOT 52ACL1 #BREAKER 1 OPEN (&) ALT i BREAKER 2]
SETTINGS OPEN

PB7_LED Pushbutton LED 7 (SELogic) TRIP

52ACL2 #BREAKER2 CLOSED (<) ’ .

PBS_LED Pushbutton LED 8 (SELogic)
NOT 52ACL2 #BREAKER2 OPEN g

Figure 5.29: Settings (A) and location (B) of push-button LEDs

The “Event Display” setting is shown in Figure 5.30. “Enable HMI Auto Display of
Event Summaries” (DISP_ER) was set as “N” in order to avoid seeing record events on the
relay’s display every time the relay tripped. Only currents of Breakers 1 and 2 were shown on

relay displays during tests for NRTS and RTS experiments.

175



Event Display

Event Display
DISP_ER Enable HMI Auto Display of Event Summaries

N v] Select: N, Y
TYPE_ER Types of Events for HMI Auto Display
ALL Select: ALL, TRIP

NUM_ER Operator Pushbutton Events to Display
10 Range = 1 to 100

Figure 5.30: Event display settings

Figure 5.31 shows “Selectable Screens” settings of Relays 2 and 3. “Selectable Screens”
had shown information on the relay’s front panel displays by periodically updating the screens.
However, screens of Relays 2 and 3 for NRTS and RTS experiments were kept fixed indicating
currents of Breakers 1 and 2 in the relay settings. The “Front Panel Display Update Rate”
(SCROLD) in sec. was set to “OFF,” and only the “Fundamental Breaker Currents Screen”
(FUND_BK) was activated by selecting the “Y” option. Therefore, selectable screens allowed
simultaneous views of currents of Breakers 1 and 2 on the relay’s front display during tests of

NRTS and RTS experiments.

Selectable Screens

Selectable Screens
SCROLD Front Panel Display Update Rate (Seconds) (secs) RMS BK1RMS Breaker 1 Currents Screen
OFF Range = 1 to 15, OFF -
Y 9N
RMS_V RMS Line Voltage Screen
Y o N RMS_BK2 RMS Breaker 2 Currents Screen
Y 9N
RMS_I RMS Line Current Screen
Y O'N STA_BAT Station Battery Screen
oY @'N

RMS_VPP RMS Line Voltage Phase to Phase Screen

oY 9N FUND_VI Fundamental Voltage and Current Screen

Y QN
RMS_W RMS Active Power Screen
Y N
FUNDSEQ Fundamental Sequence Quantities Screen
FUNDVAR Fundamental Reactive Power Saeen DY @ N
Y ON
FUND_BK Fundamental Breaker Currents Screen
RMS_VA RMS Apparent Power Screen B¢ N
'Y @' N
ONELINE One Line Bay Control Diagram
RMS_PF RMS Power Factor Screen Y @ N
Y O N

Figure 5.31: “Selectable Screens” setting
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5.2.6 Report

The “Report” setting of Relays 2 and 3 for adaptive overcurrent protection were similar.

The “Report” setting defined characteristics of record event files, including event reporting

digital variables and cycle length of pre-fault, fault, and post-fault states for record event files of

Relays 2 and 3. Figure 5.32 shows the setting path of “Report” for the record event of Relays 2

and 3. Default settings provided by the relay manufacturer were used for “SER Chatter Criteria”

and “SER Points and Aliases” options. However, “Event Reporting” and “Event Reporting

Digitals” were set on Relays 2 and 3 to record event files for tests of the RTS experiment.

N

900000000000 OG

0P OG

Aliases

Global

Breaker Monitor

Group 1

Group 2

Group 3

Group 4

Group 5

Group 6

Automation Logic
Outputs

Front Panel

Report

O SER Chatter Criteria
O SER Points and Aliases
O Event Reporting v/
O Event Reporting Digitals
Port F

Port 1

Port 2

Port 3

Port 5

DNP MAP Settings

Bay Control

Figure 5.32: Setting path of the “Report” setting
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“Event Reporting” settings for Relays 2 and 3 are shown in Figure 5.33. The “Sample
Rate of Event Report” (SRATE) was 8 kHz in order to record an event file up to 3.0 sec. based
on the relay instruction manual [5]. “Length of Event Report” (LER) was 2.00 sec. (120 cycles),
and “Length of the Pre-Fault” (PRE) was set at 0.1 sec. (6 cycles). “Length of Event Report” was
based on sizing a period of time that allowed view of breaker currents at fault state for the
maximum clearing time, 120 cycles, during RTS experiments.

Event Reporting

Event Reporting

SRATE Sample Rate of Event Report (kHz)
1 2 < )

LER Length of Event Report (seconds)
2.00 Range = 0.25 to 3.00

PRE Length of Pre-Fault (seconds)
0.1 Range = 0.05 to 2.95

HIF Event Reporting

HIFLER Length of HIF Event Report (minutes) (kHz)
10 Select: 2, 5, 10, 20, 40

Figure 5.33: Event reporting setting

“Event Reporting Digitals” of Relays 2 (A) and 3 (B) are shown in Figure 5.34. “Event
Reporting Digitals” settings allowed collection of relay word bits that corresponded to relay
variables as trip signals (TRIP), SELogic variables (PSV03-4), trip circuit breaker 1 and 2 digital
signals (T3P1-2), inverse time overcurrent element pickup 1 and 2 digital signals (51S1-2), 52A
auxiliary contact of Breaker 1 and 2 (52AA1-2), relay control inputs of NRTS (IN101-2) and
RTS (IN103-4) experiments, relay control outputs of NRTS (OUT101-2) and RTS (OUT106-7)
experiments, setting groups of relays (SG1-6), relay control inputs of setting groups for the RTS
experiment (IN201-4 and IN213-5), and relay control input for breaker record events (IN105) of
the RTS experiment. These relay variables were collected from record event files in order to
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analyze breaker status, setting groups, logic variables, control inputs and outputs, and trip signals

during pre-fault, fault, and post-fault states.

Event Reporting Digitals @
ERDG Utilization: 8% | | ]

Relay Word Category Relay Word Bits Ewent Reporting Digitals [ERDG)
Enable and Tripping Bits » | | <Blank Column> - TRIP SG4 -
Series Compensated Line Logic RLY_EN [EN] PSV03 IN201
Qut-of-Step Elements TRIPLED PSY04 |N202
Directional Elements _ || TLED_1 T3P1  |N203
Overcurrent Elements =|/|TLED_2 T3P2  |N204
Synchronism Check Elements TLED_3 5151 IN105
Reclosing Elements ||| TLED_4 | 5152 =
Miscellaneous Logic Elements TLED_5 = 52641
Trip Logic Elements TLED_& 52842 [E
Pilot Tripping Elements TLED_?7 IN101
Circuit Breaker 1 Failure TLED_8 IM102
Circuit Breaker 2 Failure TLED_9 IN103 8
52 Status and Open Phase Detector TLED_10 IN104
Breaker Monitor TLED_11 - ouT1m
RTD Status Bits TLED_12 ouTinz
Battery Monitor TLED_13 ouTi06
Metering TLED_14 ouT107
Open and Close TLED_15 SG1
Local Bits _ ||TLED_18 AL SG2 1
Remnte Rits TIFD 17 SGR2

Event Reporting Digitals

ERDG Utilization: 8% | | ]

Relay Word Category Relay Word Bits Ewvent Reporting Digitals [ERDG)
Enable and Tripping Bits »~ | | <Blank Column> - TRIP 5G4 ~
Series Compensated Line Logic — || RLY_EN [EN] = PSv03 SG5 =
Qut-of-Step Elements TRIPLED PSV04 SG6
Directional Elements _ ||| TLED_1 T3P1
Owercurrent Elements =|||TLED_2 T3P2 IN201
Synchronism Check Elements TLED_3 5151 IN202
Reclosing Elements ||| TLED_4 i 5152 IN203 =
Miscellaneous Logic Elements TLED_5S = 52641 IN213
Trip Logic Elements TLED_B E] 52842 IN214
Pilot Tripping Elements TLED_7 INT101 IN215
Circuit Breaker 1 Failure TLED_8 IN102 IN105
Circuit Breaker 2 Failure TLED_S E] IN103 | |
52 Status and Open Phase Detector TLED_10 | IN104
Breaker Monitor TLED_11 B ouT10
RTD Status Bits TLED_12 ouTi02
Battery Monitor TLED_13 ouT106
Metering TLED_14 ouT107
Open and Close TLED_15 SG1
Local Bits _ ||TLED_18 A SG2 -
Remnte Rits TIFND 17 |SGR3

Figure 5.34: “Event Reporting Digitals” setting of Relays 2 (A) and 3 (B)

5.3 Chapter summary

This chapter described settings of Relays 2 and 3 for adaptive overcurrent protection of a
microgrid with distributed generators. Using AcSELerator Quickset® software [11] and the SEL

451 relay instruction manual [5], Relays 2 and 3 were set. Adaptive overcurrent protection of
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Relays 2 and 3 were based on the setting group method. The number of setting groups depended
on available circuit paths and current directions along breakers of the relays. Relays 2 and 3 were
located on a line and generator bus, respectively. In Relay 2, breaker currents could flow in the
identical direction. However, in Relay 3, breaker currents could flow in the identical and
opposite directions. Relays 2 and 3 had four and six setting groups, respectively.

In adaptive overcurrent protection, overcurrent elements of setting groups tripped a signal
during an overcurrent fault situation. Each relay had two breakers, and setting groups had
protection logic variables to trip breakers by relay control outputs. Protection logic variables
“PSV03” and “PSV04” corresponded to Breakers 1 and 2 of Relays 2 and 3. Current transformer
ratios for NRTS and RTS experiments were 200 and 50, respectively. Therefore, inverse time
overcurrent settings of overcurrent elements 1 and 2 of Relays 2 and 3 were set with no identical
overcurrent pickups for the setting groups based on Equation (5.6) but with the identical multiple
of pickup for setting groups of relays in NRTS and RTS experiments.

“Global, Breaker Monitor, Groups, Outputs, Front Panel, and Report” options were set
for Relays 2 and 3. In the “Global” setting, power system characteristics were identified as
station names, system phase rotation, and nominal system frequency. In “Breaker Monitor”
setting, relay control inputs were defined in order to sense breaker pole states. In the “Group”
setting, inverse time overcurrent settings and protection logic variables were set for overcurrent
elements of setting groups. In “Outputs”, relay control outputs were set to trip relay breakers. In
“Front Panel” setting, push-button LEDs and selectable screens were defined on the relay’s front
panel. Finally, in the “Report” setting, characteristics of record event files were defined,
including event reporting digital variables and length in cycles of pre-fault, fault, and post-fault

states for record event files of the relays.
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Chapter 6 - Experimental circuits

The adaptive overcurrent protection for a microgrid with distributed generation was
verified with a NRTS and RTS with two SEL 451 relays in loop experiments. This chapter
defines the hardware and software for both experiments and experimental circuits using an SEL-
AMS and OP5600 as a NRTS and RTS, respectively. The relay’s LLTI, mainboard input
voltages, and control inputs and outputs were described for the relays using the SEL 451 relay
instruction manual [5] and SEL website.

The NO and NC relay trip circuits for NRTS and RTS experiments were described during
pre-fault, fault, and post-fault sequence. Analog and digital signals applied on experimental
circuits were described based on the SEL-AMS instruction manual [3] and OP5600 user guide
[4]. The interface between relay control inputs and RTS digital outputs was presented as a high
voltage interface panel (HVIP). NRTS and RTS experiments were segregated into sub-circuits
that were named current and voltage measurement, breaker trip, breaker state pole, setting group,
and breaker record event circuit. Diagrams of the sub-circuits were compared for NRTS and RTS

experiments.

6.1 Equipment and software

NRTS and RTS experiments with two relays in the loop were developed in the Burns &
McDonnell — K-State Smart Grid Laboratory [8], Kansas State University, Manhattan, Kansas,
using computers located on the power desk (A) and RTS, NRTS, HVIP, and relays installed on

the rack panels (B), as shown in Figure 6.1.
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Oscilloscope
H:)st computer  HMI computer —— Relay 3
’ — \[ ‘ (SEL 451)
R ) RTS !
T 7 (OP5600) -
| Relay 2
(SEL 451)
High voltage
interface panel
(HVIP) e NRTS
X (SEL — AMS)

External
NG - source i e :
Webcam computer (125 Vdc) T | o

Figure 6.1: Power desk (A) and rack panels (B)

The power desk, a human machine interface (HMI) area applied to set SEL451 relays and
NRTS and RTS, runs the tests and collects results from the experiments. The power desk
contained an HMI computer, host computer, and webcam computer. The HMI computer was
used to set SEL451 relays and NRTS tests, collect the relay and clearing time from the NRTS
experiment, and relay record events from the RTS experiment. The host computer created the
RT-LAB® project, set RTS tests, run the RTS experiment, and collected breaker currents, states,
and trips after running RTS tests. The webcam computer was used to record relay display and
supervise relay front panel LEDs during the tests. Tasks developed for each computer during
NRTS and RTS experiments are shown in Table 6.1.

Table 6.1: Computers and experiments

Computer NRTS Experiment RTS Experiment

Set SEL451 relays and NRTS tests,
run the NRTS experiment, collect
the relay and clearing time from tests

HMI Set SEL451 relays and collect relay

record events after running tests

Create the RT-LAB® project, set RTS

Host Not available tests, run the RTS experiment, and
collect breaker currents, states, and
trips after running RTS tests

Webcam | Make relay videos and supervise Supervise relay front panel LEDs
relay front panel LEDs during tests during tests
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In the NRTS and RTS experiments, an SEL-AMS and OP5600 were installed as relay
test systems, respectively. The NRTS experiment required calculation of pre-fault, fault, and
post-fault currents and line-ground voltages in order to set the NRTS tests. However, the RTS
experiment was based on building the microgrid with distributed generators and running tests in
real-time. In the NRTS experiment, Power World Simulator software [10] was used to calculate
bus line-ground voltages and line currents and AcSELerator Quickset software [11] was used to
communicate and set SEL 451 relays. SEL-5401 software [12] was used to set NRTS tests, run
the NRTS experiment, and collect the relay and clearing time. In the RTS experiment,
AcSELerator Quickset software was used to communicate, set, and collect record events of SEL
451 relays; the Redhat software [88] was used to connect the OP5600 target and host computer;
the RT-LAB® 10.5 software [13] was used to create the RT-LAB® project, run the RTS
experiment, and collect breaker states (closed or open) and currents after running the tests.
Matlab® Simulink® software [14] was also integrated into the RT-LAB® 10.5 software to
create the RT-LAB® project using Simulink®, Simscape, Artemis, RT-LAB®, and RT-LAB®
I/O libraries. Figure 6.2 shows the software for NRTS (A) and RTS (B) experiments with SEL

451 relays in the loop.

Setandrun [ SEL

tests .
SEL-5401

Connect target

@ NRTS (OP5600) and

) host computer
Experiment

Set
relays

/

Calculate RTS

load and fault Expe riment m
cus / Create power b

@ microgrid
— Create RT-LAB g
Simutator project and run test
RT-LAB 10.5

Figure 6.2: NRTS and RTS experiments and software
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Before running the tests of RTS experiment, the LabView Signal Express software [89]

was applied to measure analog output and input signals of OP5600 that represented breaker

currents and bus line-ground voltages and relay trip signals, respectively. Table 6.2 lists

equipment applied in the NRTS and RTS experiments, including equipment name, description,

and manufacturer.

Table 6.2: List of equipment

Equipment
£ .
3 | Qty. Name Description Manufacturer
SEL 451-2 relay, 300 V phase -
1 1 SEL 451 neutral maximum (wye), 5 A phase,
125 Vdc mainboard input
Schweitzer
SEL 451-2 relay, 300V phase - Engineering
2 1 SEL 451 neutral maximum (wye), 5 A phase, | [ aboratories
110 Vdc mainboard input
3 2 SEL-AMS SEL relay test system, 110 Vac
Oscilloscope with digital storage,
4 1 Oscilloscope | 200MHz, 2GS/s, 4-CH, TFT color Tektronix
display, USB ports
OP5600 HIL box real-time OPAL-RT
5 1 OP5600 HIL computer 3.46 GHz, 12 cores Technologies
(OP5142 platform) Inc.
High voltage . . OPAL-RT
. High voltage solid state relay box, .
6 1 interface 16 channels (250 Vdc, 250 mA) Technologies
panel Inc.
Linear regulated power supply, 125 i
% [ Source Vde, = 1V, model L125MC50 Acopian
/ Microsoft LifeCam, 720p HD
8 1 Webcam widescreen, autofocus for desktop Microsoft
with windows OS

" Desktop computers and cables are not indicated in this equipment list
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6.2 NRTS and RTS with relays in the loop circuit

Methods to verify adaptive overcurrent protection for a microgrid with distributed
generators were based on use of two relay test systems with relays in the loop. Relay test systems
used in this research were SEL-AMS and OP5600 as NRTS and RTS, respectively. Application
of SEL-AMS [3] and OP5600 [4] as relay test systems validated the adaptive overcurrent
protection system presented in this research. Relay engineers must validate a new protection
system before placing protective relays in substation panels. Figure 6.3 shows the NRTS with
relays in the loop circuits. The experimental circuit for the NRTS with two relays in the loop
used one SEL-AMS for each relay. Tasks developed from the HMI and webcam computers are
indicated in solid arrows. Setting groups of the relays were set from the HMI computer, NRTS
tests were downloaded and run, and the relay and clearing time were collected. The webcam
computer recorded relay display and supervised tests. Dot arrows represent analog and digital
signals in Figure 6.3, and analog outputs and digital outputs and inputs are referenced to the
SEL-AMS. Therefore, an output for SEL-AMS represents an input for the relay and vice versa.
NRTS analog outputs and digital inputs and outputs are represented by dash green, blue and grey
arrows, respectively. Analog outputs represent Phase A, B, and C currents for Breaker 1 (IAW,
IBW, ICW) and 2 (IAX, IBX, ICX) and line-ground bus voltages (VAY, VBY, VCY). Digital
inputs represent the trip signal sent by relay control outputs to open Breaker 1 or 2 during an
overcurrent fault situation. Digital outputs represent Breaker 1 and 2 states (closed or open)
simulated by SEL-AMS during pre-fault, fault, and post-fault states. In the NRTS experiment,

setting groups for the relays were selected manually before running the tests.
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Collect the relay and clearing time
_SEL—AMS (NRTS) ) 0 = i the test . SEL—AMS (NRTS)

. —\HMI computer/-
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Analog outputs (9): IAW, IBW, ICW, IAX, IBX, ICX, VAY, VBY, VCY

Digital inputs (2): Trip of breaker 1 and 2
Digital outputs (2): Pole state of breaker 1 and 2

Figure 6.3: NRTS with relays in the loop

The experimental circuit for RTS with two relays in the loop used an OPAL- RT OP5600

real-time simulator with two relays in the loop. Tasks developed from the HMI, host, and

webcam computers are indicated in solid arrows in Figure 6.4. The HMI computer set relay

setting groups and collected relay record events. The host computer downloaded and ran the

tests, and the webcam computer supervised relay front panel LEDs during the tests.

Host computer

J

Relay 2 i Set the relays
o — ] Collect the relay

J (9) o B . record events
S~ R ’,. : \ Supervise
Download & ‘\\ the tests
and run the test® * (2) ~ HMI Webcam
Digital outputs ,a=== computer  computer

Analog inputs (2)
Analog outputs'.'V.,

OP5600 (RTS)  *+..”~
Target computer

Digital outputs (16): Relay group, pole state and record event of breaker 1 and 2
Analog outputs (9): IAW, IBW, ICW, IAX, IBX, ICX, VAY, VBY, VCY
Analog inputs (2): Trip of breaker 1 and 2

Figure 6.4: RTS with relays in the loop

In Figure 6.4, the dotted lines represent analog and digital signals. Analog outputs and

digital outputs and inputs were referenced to OP5600 (RTS). Therefore, an output for OP5600

represented an input for the relay and vice versa. The HVIP was a voltage interface [90] between
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RTS digital outputs and relay control inputs that connected 125 Vdc external source to the HVIP.
In the RTS experiment, setting groups and breaker record event for Relays 2 and 3 were selected
from the host computer based on the circuit path and fault location, respectively. Relays 2 and 3
had to be connected to seven and nine digital outputs, respectively. Two digital outputs sensed
pole states of Breaker 1 and 2, and one digital output selected the breaker record event. Four and

six digital outputs switched setting groups of Relays 2 and 3, respectively.

6.3 Protective relays
Two SEL 451 relays were used in the NRTS and RTS experiments. In both experiments,

one relay was located on a line bus and the other relay was located on the distributed generator
bus. The line bus relay was named Relay 2 and the distributed generator bus relay was named
Relay 3. Both relays sensed currents from two feeders in order to trip Breaker 1 or 2. SEL 451
relays had two breakers named Breaker 1 and 2. Breaker 1 of Relays 3 and 2 were named “BK8”
and “BK6”, respectively, and Breaker 2 of Relays 3 and 2 were named “BK7” and “BKS5”,

respectively. Figure 6.5 shows breakers of Relays 2 and 3 for the DG2-678/65 circuit path.

s |, s,
..% 0.000 MW
BK14 0.000 Mvar
f\‘:a_
\/t.vl_, -
UTILITY
0.000 MW N L ] I 5 0.000 MW
0.000 Mvar [ Relay 5 | | @ 0.000 Mva
= R 3 L1 BK12 5
@- 1— -= 2[H Relay 3 €ay s =~ +:
- ' )
" L]
e e ' fBKil
A
BK10
> B
Bus 8 Bus 5

Figure 6.5: Breakers of Relays 2 and 3, DG2-678/65
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Serial port F, relay display, LEDs, and LLTI connector were located at the front side of
the relays. Serial port F was used to communicate to relay with HMI computer and set setting
groups of the relays. The relays were set to close and trip Breakers 1 and 2. The relay display and
LEDs were used to supervise tests of the NRTS and RTS experiments with a webcam. Currents

of Breakers 1 and 2 were read on the relay display for pre-fault, fault, and post-fault states. The

test was also supervised by reading relay front panel LEDs of the breaker states, trip, type of

fault, and time overcurrent. Figure 6.6 shows relay front panel LEDs.

Indicates the

relay trips a
breaker/s

N

Indicates the relay

Indicates the type of fault

Indicates the

~

Indicates an inverse
time overcurrent trip

<

/ is enabled / ( BC fault) “breaker 1" is
7 / closed
ENABLED / O GROUND | BREAKER 1 .
® P C ENABLED C CLOSE JK Indicates th_e
/ / “breaker 1" is
O InsT O AFAULY ‘/ O RECLOSE | seaer 1) |~ opened
@ TME @ B FauLT @ ENABLED @ ?PRTS ]( .
O COMM @ crauLt d Indicates the
o sore O GROUND @0 REMOTE C agsg;ggz]z/"breaker 2"is
O NEG-SEQ O Lo CLOSE closed
O 79RESET | O VAYON Indicates the
O 79 CYCLE O VBYON (O QIEI'TINGS O BR%?EEJR 2] ("breaker 2" is
O 79 LOCKOUT | © VCYON N TRIP opened

Indicates the relay setting groups are not
SS1 (SS2, SS3,554,SS5,SS6)

Figure 6.6: Relay front panel LEDs

In SEL 451 relays, current and voltage transformers were connected on the rear side of
the relay. However, in RTS and NRTS experiments with relays in the loop, LLTI located on the
relay’s front side was used to sense secondary currents and voltages from the breaker feeder/s
and bus, respectively. LLTI analog signals of the relays were limited to a maximum peak voltage

of 3.3 volts based on the SEL 451 relay instruction manual [5]. Maximum peak voltage must be
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avoided in order to prevent damage to the LLTI of SEL 451 relays. Figure 6.7 shows LLTI of the

SEL 451 relay formed by a 34 PIN male-connector.

Bus L-G Breaker 2 Breaker 1
voltage currents currents

+5V B2C B2D B1C B1D VCZ VBZ VAZ VCY VBY VAY| [CX IBX IAX 'ICW IBW IAW
o o o o o o o o "0 o o o o o o o o

o o o o0 o o o o o o o o o o o o o
+5V -5V -5V SDA SCL GND GND GND GND GND GND GND GND GND GND GND GND

Figure 6.7: Low level test interface of SEL 451 relay

Relay control inputs and outputs were located on the rear side of the relays. In Relays 2
and 3, control outputs tripped (opened) the breakers. Control inputs sensed breaker states,
switched relay setting groups, and selected breaker record events. Control output used a signal
generated by a 14.3 VVdc source placed on the SEL-AMS to trip relay breakers.

The control input voltage level of Relays 2 and 3 depended on the relay part number
usually located on a sticker in the rear side of the relay. Collecting the relay part number and
searching the SEL website determined the control input voltage level for SEL 451 relays. After

logging onto the relay manufacturer website (https://www.selinc.com), from the main page,

“Products” and “Product Configuration (MOT)” were selected from the main page. Relay part
numbers were placed on SEL website cells, and the “Display Configuration” tab was selected.
Consequently, the “Product Configuration” indicated mainboard input voltage for the relays: 125
Vdc and 110 Vdc for Relays 2 and 3, respectively. Figure 6.8 shows the sequence to find product

configuration on the SEL website.
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Category Selection
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What's New
Online Ordering
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Automation Systems
Rugged Computers
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(! Panels and Enclosures
Secure Communications
Fault Indicators and Sensors
Metering
Precise Timing—Clocks
SE b SEL Quality and Reliability in
Depth

JXUENM software Solutions
Accessories
Other Products

Power Supply
Connector Type
Secondary Inputs
Serial Communications
Protocols

Protocols

Ethernet Connection
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Display Configuration

Chassis

or sale are referred to as ‘Legacy Products’

or 5U Chassis

YEARS

APNNNOVATION
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Voltage
Download

PDF Order Now

)

Conformal Coat

Place the relay’ s part #,
and select the "Display
Configuration” option.

Ethernet Communications

Mainboard 'O Configuration

VO Board Position B For4U 8

VO Board Position B Input

125/250 Vdc or 1201240 Vac
Screw Terminal Block

300V Phase - Neutral Maximum (Wye), 5 Amp Phase

DNP3 Level 2 Slave Plus Dial-Out and Virtual Terminal (Includes all protocols

listed above)*
FTP, Teinet, Synchrophasors, and DNP3 LAN'WAN*

Ethernet Card with Two 10/100BASE-T Connectors®

Standard with 3 High-Current Interrupting Outputs, 2 Standard Form A

Inputs

M Input Voltage
Mounting Horzontal Rack Mount

4U, Up to One Additional VO Board

Level-S Inputs, 13

Standard Form C Outputs*
125 Vde

None

The mainboard input voltage for
the relay 2 is 125 Vdc.

Figure 6.8: SEL website and product configuration

According to the SEL 451 relay instruction manual [5], pickup voltage for 125 and 110

Vdc control inputs were 105-150 Vdc and 88 -132 Vdc, respectively. These voltage ranges

defined control inputs for both relays connected at 125 Vdc source. Table 6.3 lists characteristics

of Relays 2 and 3.

Table 6.3: Characteristics of SEL 451 relays

Relay name

Relay 2

Relay 3

Part #

045126152B0B4H224XXXX

045124152XXAX3243X XXX

Control input
voltage

125 Vdc : Pickup 105 - 150 Vdc
125 Vdc : Dropout <75 Vdc

110 Vdc: Pickup 88 - 132 Vdc
110 Vdc: Dropout < 66 Vdc

LLTI

3.3 V (peak value)
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Figure 6.9 shows the rear side of Relays 2 (A) and 3 (B). Relay 2 for NRTS and RTS
experiments had four setting groups, SS1, SS2, SS3, and SS4, enabled with relay control inputs
IN201, IN202, IN203, and IN204, respectively. However, Relay 3 for NRTS and RTS
experiments had six setting groups, SS1, SS2, SS3, SS4, SS5, and SS6, enabled with relay
control inputs IN201, IN202, IN203, IN213, IN214, and IN215 respectively. In the NRTS
experiment, relay control inputs IN101 and IN102 sensed pole states of Breakers 1 and 2,
respectively. In the RTS experiment, however, relay control inputs IN103 and IN104 sensed pole
states of Breakers 1 and 2, respectively. In the RTS experiment, the relay control input

designated IN105 for both relays in order to select the Breaker 1 or 2 record events.

oy = ¢ S e ——
|OUT01 2 OUT06 7(NC) INO1 2 3 4 ;

Flgure 6. 9 Rear side of Relay 2 (A) and 3 (B)

In the NRTS experiment, relay control outputs OUT101 and OUT102 applied trip signals
of Breakers 1 and 2, respectively. In the RTS experiment, however, relay control outputs
OUT106 and OUT107 applied trip signals of Breakers 1 and 2, respectively. OUT106 and
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OUT107 relay control outputs were NC contacts, but OUT101 and OUT102 relay control

outputs were NO contacts. Tables 6.4 and 6.5 show relay control inputs and outputs for NRTS

and RTS experiments based on Figure 6.9.

Table 6.4: Control digital inputs and outputs of Relay 2

& Breaker | Control Digital Outputs Control Digital Inputs
R | Name Name Function | Name Function
% BK6 OUTI101 |Trips Breaker 1| IN101 Sense pole states of Breaker 1
% BK5 OUT102 |Trips Breaker 2| IN102 Sense pole states of Breaker 2
BK6 [OUT106-NC|Trips Breaker 1| IN103 Sense pole states of Breaker 1
BKS5 |OUTI107-NC|Trips Breaker 2| IN104 Sense pole states of Breaker 2
IN105 [ Save record event of Breaker 2
5 IN201
IN202 Activate the group setting
IN203 SS1, SS2, SS3 and SS4
IN204
Table 6.5: Control digital inputs and outputs of Relay 3
< | Breaker Control Digital Outputs Control Digital Inputs
- Name Name Function Name Function
n BK&8 OUT101 | Trips Breaker 1 | IN101 Sense pole states of Breaker 1
E BK7 OUTI102 | Trips Breaker 2 [ IN102 | Sense pole states of Breaker 2
BKS8 | OUT106-NC [ Trips Breaker 1 [ IN103 | Sense pole states of Breaker 1
BK7 | OUT107-NC | Trips Breaker 2 [ IN104 | Sense pole states of Breaker 2
IN105 | Save record event of Breaker 2
201
2 Ezgz
IN203 | Activate the group setting SS1,
IN213 SS2, SS3, SS4, SS5 and SS6
IN214
IN215
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6.4 Trip circuits

In the NRTS experiment with relays in the loop, relay NO control outputs sent trip
signals according to the SEL 451 instruction manual [5]. The AC circuit breaker and auxiliary
contacts were based on the Device 52, ANSI/IEEE device number system [40]. An electrical
contact (auxiliary contact) associated with a circuit breaker that opens or closes to indicate the
breaker position. The 52A auxiliary contacts close when the breaker is closed and open when the
breaker is open. However, the 52B auxiliary contacts open when the breaker is closed and close
when the breaker is open. The breaker trip circuit (52) was defined by a NO control output of the
relay and the trip coil (TC) and NO auxiliary contact (52A) of the breaker. Figure 6.10 indicates

the NO trip circuit for the NRTS experiment. The breaker (52) was tripped when the TC coil was

energized.
Rellay Breall(er (52) Relay Breaker (52)
{ Control " Trip | ouT Trip Coil Main Poles | 52A
Output Coil  52A (NO) (TC) (52) | (NO)
- i i @ I | o | Close | Energized Trip (0) Open
+143 pNo U NO = | Open | No-energized | Close (1) | Close
Vdc (?2: :’) NO: Normally open, 52: Breaker

52A: NO auxiliary contact of 52 breaker

Figure 6.10: Normally open trip circuit for the NRTS experiment

In Figure 6.11, the following sequence represents the trip circuit sequence of the NRTS
experiment: (A) Pre-fault state: As the 52 breaker is closed, the 52A breaker NO auxiliary
contact is closed, the load current flows along the 52 breaker, and the TC coil is not energized,
(B) Fault state: The relay detects a fault overcurrent, thereby closing the NO control output
(Trip), and then the TC coil is energized, and (C) Post-fault state: The 52 breaker is opened
clearing the fault overcurrent, thereby the 52A breaker NO auxiliary opened, and the TC coil is

not energized.
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Relay Breaker (52)

[ : V[ |

Control  Trip Trip Trip
@ Output Coil  52A Coil  52A @ Coil 52A

. | —ro)—f— (o)A | —(Tc— |
+14.3 A +14.3 Al Al —  +143 g -
y NO . NO - NO . NO NO  +1c.o NO

Figure 6.11: Pre-fault (A), fault (B), and post-fault (C) trip circuit sequence for NRTS

Based on the sequence shown in Figure 6.11, pre-fault, fault, and post-fault RMS currents, NO

trip signal, and breaker NO auxiliary contact (52A) states are represented in Figure 6.12.

1 [RMS [A] / fault

! joad e Time, sec. [cyc]

5
>

le.

NO trip signal (14.3 Vdc)

=
 —

v

I
Il
i
<>
Tro

1
52A (NO auxiliary contact:,)

v

Pre-fault

Fault Post-fault

Tc = clearing time  T,, = fault detection time 7 = relay time 7, = delay time

Figure 6.12: Signals of normally open trip circuit

Relays detect a fault overcurrent in less than % cycle (4.16 msec), or the time relays need
to calculate operation relay time based on secondary RMS fault current and inverse time
overcurrent relay settings. Once the relay generates the trip signal, the fault is cleared after a
delay time that represents the breaker (52) and NO auxiliary contact (52A) operation, breaker

arc-flash, and relay-breaker communication time.
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An NC relay control output was used in the RTS experiment with relays in the loop.
Selection of the NC control output of the relay was based on a real-time hardware-in-the-loop
(HIL) simulation experiment that validated a relay test for instantaneous overcurrent protection
using OPAL-RT OP5600 as a real-time simulator with an SEL421 relay in the loop [68]. With
use a NC relay control output, the breaker (52) was tripped when the TC coil was de-energized.

The trip circuit for RTS with relays in the loop is presented in Figure 6.13.

Relay Breaker (52) Relay Breaker (52)
g ' i ; \ OUT | Trip Coil Main 52A
ontro P (NC) (TC) Poles (52) | (NO)
Output Coil 52A _
/\ Close Energized Close (1) | Close
. by o1 —
« 43 9 1 \_/ | | _ | Open | No-energized | Trip (0) Open
e T e NO NC: Normally closed, 52: Breaker
(52: 1) 52A: NO auxiliary contact of 52 breaker

Figure 6.13: Normally closed trip circuit for the RTS experiment

In Figure 6.14, the following sequence represents the trip circuit sequence of the RTS
experiment: (A) Pre-fault state: As the 52 breaker is closed, the 52A breaker NO auxiliary
contact is also closed, the load current flows along the 52 breaker, and the TC coil is energized,
(B) Fault state: The relay that opens the NC control output (Trip) detects a fault overcurrent and
then the TC coil begins to be de-energized, and (C) Post-fault state: The TC coil is de-energized,

the 52 breaker and the 52A breaker NO auxiliary contact are opened, then fault overcurrent is

cleared.

Relay Breaker (52)
I\

A
[ R | Trip Tri
Control = Trip : P
@ Output  Coil 52 Coil ~ 52A @ ;‘3{ S2A

. A (oA, | —(Te)—1A . /Ir/ |
° TC 4 . TC % . TC
v /N/I 72 d I P B B I AN/
Vde TC: 1 0 Vi o) TC: 10 Vde TC: 0

Figure 6.14: Pre-fault (A), fault (B), and post-fault (C) trip circuit sequence for RTS
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Based on the sequence shown in Figure 6.14, pre-fault, fault, and post-fault RMS currents, trip

signal, and breaker NO auxiliary contact (52A) states are represented in Figure 6.15.

A Lenrs (A J
' fault
I, . T,
foad ‘ Time, sec. [cyc]
| —
: Ty :
NC trip signal (14.3 Vdc)! < :
1 1
i Ty | !
B | :
R | >
Lo I 1
\ Tro ! !
52A (NO auxiliary contact)i ! !
i E
! o
1 —>
Pre-fault ! Fault : Post-fault |

T, = clearing time Ty, = fault detection time T = relay time 7= delay time

Figure 6.15: Normally closed trip circuit signals

6.5 NRTS and RTS

NRTS and RTS were used as relay test systems to verify the relay setting of adaptive
overcurrent protection for a microgrid with distributed generators. Both relay test systems had to
simulate current and voltages for pre-fault, fault, and post-fault states and breakers states

controlled by relays in the loop.

6.5.1 SEL-AMS

The non-real-time simulator, or SEL-AMS, was a Schweitzer Engineering Laboratory
relay test system [3] that simulated secondary currents and voltages, breaker NO auxiliary

contacts (52A), and breaker states during pre-fault, fault, and post-fault states. In order to run a
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test with SEL-AMS, SEL 5401 software [12] created a relay test with a pre-fault, fault, and post-
fault state. These states had to be completed with the breaker NO auxiliary contact (52A) and trip
coil states and the magnitude and angle of secondary line currents and line-ground voltages.

The breaker NO auxiliary contact (52A), or contact output, was connected to the relay
control input that sensed if the breaker was closed or open. The trip signal turned on the sense
input that represents the trip coil of the trip circuit. The sense input was connected to the relay
control output that generated a trip signal when the relay detected an overcurrent fault situation.

Figure 6.16 shows sense input and contact output LEDs on the front side of SEL-AMS.

SENSE INPUT STATUS CONTACT OUTPUT STATUS

0O O 00 O0JI00 0 0000 O 0 0
1 2 3 4 5 6] 1 2 3 4 5 6 7 8 9 40

Sense Inputs Contact Outputs

® frip < doesn't trip ® closed breaker < open breaker

Figure 6.16: SEL- AMS front side

Power flow and fault analysis had to estimate secondary currents and voltages, or analog
outputs, before the tests were run. Power flow analysis was used to calculate primary line
currents and line-ground bus voltages during pre-fault and post-fault states, and fault analysis
was used to calculate primary line currents and line-ground bus voltages during the fault state. In
the NRTS experiment, Power World software performed the power flow and fault analysis.
Secondary line currents and line-ground voltages were estimated by dividing calculated primary

line currents and line-ground voltages by current and voltage transformer ratios, respectively.
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Figure 6.17 shows contact outputs, sense inputs, analog outputs and DC supply output
connections from the rear side of the SEL-AMS. Contact outputs represented the NO auxiliary
contact (52 a) of the breakers and were connected in series with a DC supply output voltage (125

Vdc) and relay control inputs that sensed breaker states (closed or open).

CONTACT OUTPUTS are the NO
SENSE INPUTS auxiliary contact (52a) of the breaker.

are the trip coils [ ERET N 1

IOOOOOOOOOOI IOOOOOOOOOO
+143 V rSENSEINPUTSj I-!lj l|2|-| I-glj L‘(‘.J LS'J I-élj I.|7)J lgj l-|9|J ll-(ol-l

(eleeleoleoleleNoRe e

= [lleeeeee
I

- 123456

ANALOG OUTPUTS
are secondary currents

and Voltages_ DC SUPPLY // %s&w{v’\ofwarg
OUTPUTS are CONTAZIOEK Which CAN RESULT N IRy OR DEATH. o
r—— CHANNEL —— o 247 125 125
L q voltage levels - X X <

Cornes) to sense : @ ‘ @ ' :
T GROUND —— breaker (52) . . . .

states.

ANALOG QUTPUTS
Figure 6.17: SEL- AMS rear side

Sense inputs, the trip coil of the trip circuit, were connected in series with the 14.3 Vdc
source and relay control output that generated the trip signal in order to open the breaker during
an overcurrent fault situation. Analog outputs, the secondary line currents and line-ground
voltages, were connected from the rear side of the SEL-AMS to the relay’s LLTI connector.

Figure 6.18 shows the wired connection for one SEL 451 relay and SEL-AMS for the
NRTS experiment. This circuit was valid for Relays 2 and 3. For each SEL 451 relay, the 101
control input and output were used to sense and trip poles of Breaker 1, respectively, and the 102

control input and output were used to sense and trip poles of Breaker 2, respectively.
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SEL — AMS (rear side) SEL 451 Relay (rear side)

|r i
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< i1 T
IR
+ E Voo | CONTACT OUTPUTS OouT101 0OUT102 IN101 IN102
Iobéoooééooool |!> ooooool ooooooocool wol iy 3y T T T dih i T A5 "'%";"’3“‘;3""3;2"'“
i 4 Q) % ©
FHEEE NUY WWwwy G e
SENSE INPUTS Bl RELAY SETTINGS |RELAY 2|RELAY 3
DC SUPPLY ey g semanc el 425 |zzomen Breaker| IN101 BK6 BKS
OUIPUTS e Bre1aker olz?l-:)g‘l
SERIAL PORT -© -©+ -© kel arsz | BKs | BK7
© O 0 Low LEve
i TEST
INTERFACE

—— CHANNEL ——
1

?—OROUND—'“
ANALOG OUTPUTS
Jumper cables SEL - C662 (EIA-232 cable) Ribbon cable

Figure 6.18: NRTS with relay in the loop circuit

Jumper cables connected relay control inputs and outputs and SEL-AMS sense inputs and
contact outputs. A ribbon cable connected the relay LLTI and SEL-AMS analog outputs, and a
SEL-C662 cable connected the USB port of the HMI computer and serial port of the SEL-AMS.
The rear side of SEL-AMS for Relays 2 and 3 are shown in Figure 6.19.

SO« S W— D W
SENSE INPUTS CONTACT OUTPUTS

i\

Figure 6.19: SEL-AMS rear side
Table 6.6 shows sense inputs, contact outputs, and analog outputs used in the NRTS
experiment with two relays in the loop. Voltage levels of sense inputs and contact outputs were

14.3 Vdc and 125 Vdc, respectively.
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Table 6.6: NRTS experiment with two relays in the loop

Sense Inputs Contact OQutputs Analog Outputs
Name |Description| Vdc |Name| Description | Vdc [ Name | Description
o NO auxiliary Secondary
[ Tapcoilof iy 3yl | contact (52A1) | 125 V| Low | line currents
Breaker 1 :
of Breaker 1 level and line-
test ground

NO auxiliary
2 contact (52A2)
of Breaker 2

125 V | interface | voltages for
(LLTT) Breakers
1 and 2

Trip coil of | 14.3V
Breaker 2

6.5.2 OP5600
The RTS, or OP5600 [4], was an OPAL-RT real-time simulator that could be used as a

relay test system [70]. The OP5600 is the target computer that was connected to a host computer
via ethernet cable. The host computer controlled the OP5600 and ran the real-time simulation
test with relays in the loop. With the host computer and use of RT-LAB® and Matlab® software
and their libraries, a microgrid with breakers, power lines, transformers, and distributed
generators was created and sent to the OP5600. The front and rear side of the OP5600 are shown
in Figure 6.20. The OP5600 has four inputs/outputs (I/O) groups. OP5600 analog inputs and

digital outputs are limited to + 16 V. However, OP5600 analog outputs are limited to +5 V.

@ Monitoring jacks

Group 4 Group 3 Group 2 Group 1 Group 1 Group 2 Group 3 Group 4

T[S

T[S

@ | Group 3

Monitoring panel
Figure 6.20: OP5600 rear (A) and front (B) side
I/O groups on the OP5600’s front side contained monitoring jacks, and an ethernet cable

connected the jacks to the monitoring panel. Probe scope cables connected the monitoring panel

to a Tektronix oscilloscope [91]. Therefore, OP5600 analog and digital signals were verified
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before running the tests to avoid damaging OP5600 and/or hardware in the loop. Three 1/0
groups were used in the RTS experiment: Analog inputs, digital outputs, and analog outputs are
shown in green, pink, and blue, respectively (Table 6.7). Each 1/0 group was segregated into an
A and B section, and each section was divided into a P1 and P2 DB37 connector. DB37
connector pins were connected or wired to the relays and HVIP. Table 6.7 shows
group/section/connector/signals of the OP5600. The G4/B/P1/Al, G3/B/P1/DO, G2/B/P1/A0,

and G2/A/P1/A0 groups/sections/connectors/signals of the OP5600 were used in the RTS

experiment.
Table 6.7: Groups, sections, connectors, and signals of the OP5600
Group Gl
Section A B A
DB37 Connector P1 |P2 P1 |P2 [P1 (P2
Signal DI [DI AO [INA (AO [NA

Al: analog inputs, DI: digital inputs, DO: digital outputs, AO: analog outputs, NA: not available

G4/B/P2, G2/B/P2 and G2/A/P2, G1/B/P2, and G1/A/P2 connectors were not connected
to 1/O cards inside the OP5600, so those connectors were not connected in the RTS experiment.
In the RTS experiment, analog outputs in Group 2 were connected to LLTI of the relays. Digital
outputs in Group 3 were connected to relay control inputs using a high voltage interface panel.
Analog inputs in Group 4 were connected to relay control outputs.

Figure 6.21 shows I/O cards located on the rear side of the OP5600. OP5600 analog
outputs, digital inputs, and analog inputs were provided by the OP5330 [92], OP5354 [93], and
OP5340 [94] cards, respectively. A DB37M - IDC34F cable connected OP5330 analog outputs
to the relay’s LLTI. This cable was specially designed for use with the SEL 451 relay’s LLTI
connector and OP5330 card’s connector. A DB37M — DB37F cable connected OP5354’s digital

inputs to the rear side of the HVIP. An external source [95] connected to the HVIP [90]
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amplified OP5354’s digital inputs from 16 to 125 Vdc by so the relay control inputs could
receive their pick-up voltage. Jumper cables and a DB37 slim breakout board connected

OP5340’s analog inputs to relay control outputs.

07-

nnnnnnnnn

— —

16 - 31|Ga/B/P2/DO|  Relay 2 (00-06) / Relay 3

DB37 I/O connectors

DB37 I/O connectors Connector cable
o | Sect. OP5330 16 AO NA interface, type B
S| A 0-15 |G1/AP1/AQ] (DB37M - IDC34F)
< | Sect. NA
o|=| B | OP53016A0 IG5 5 lGiBP1A]
3 DB37 I/0 connectors A”S‘C"g O;“pgéség‘st‘
'y elay 2 (00-08)
B | o |Sect NA ;e
ol N3 | A | OP33018A0 s eomp A
3215 (5=t opsaan 1em0 |4
g9~ 8 0-15|G2/B/P1/AQ
el DB37 I/O connectors DB37M — IDC34F  Analog outputs (0-8)
-3 \
52 P Sect. 16 - 31| G3/A/P2/DI - ~ Relay 3(00-08)
8= OPS353 3201 45 Taapiml Digital inputs (0-15
20
0
[
3
13
=

DB37M - DB37F ' )
o | Sect. 16 - 31| G4/B/P2/DI Y
§ A OPS353 32 DI 0-15 | G4/B/P1/DI .‘| |
T | Sect. NA | -
B OPS340 16 Al 0-15 Jumper
cables
: External
NA : Not available DB37 slim Analog inputs (0-15) (1520;{;:50)

breakout board Relay 2 (00-01)/ Relay 3 (02-03)
Figure 6.21: OP5600 and 1/O cards

Figure 6.22 shows the group, section, connector, and signals connected to relays in the
RTS experiment. Figure 6.23 shows DB37 connector pins used from the OP5330, OP5340, and

OP5354 cards.

Figure 6.22: Rear side of OP5600
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In the OP5330 card, G2/A/P1/AO and G2/B/P1/AO DB37 connectors had nine pairs of
pins for Relays 2 and 3, respectively. These pairs of pins sent secondary currents for Breakers 1
(IAW, IBW, ICW) and 2 (IAX, IBX, ICX) and secondary line-ground bus voltages (VAY, VBY,
VCY). In the OP5340 card, the G4/B/P1/Al DB37 connector had two pairs of pins for each
relay, and each pair of pins received breaker trip signals from relay control outputs. In the
OP5354 card, the G3/B/P1/DO DB37 connector had seven and nine pairs of pins for Relays 2
and 3, respectively. These pairs of pins sent breaker pole states, setting groups, and breaker

record events to control inputs of Relays 2 and 3.
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Figure 6.23: OP5330-A0 (A), OP5340-Al (B), and OP5354-DO (C) DB37 connectors

Tables 6.8 and 6.9 show DB37 connector pins of OP5330 cards that were connected from
G2/B/P1/A0 and G2/A/P1/A0 to the LLTI of Relays 2 and 3, respectively. Table 6.10 shows
relay control outputs, voltage source level, and DB37 connector pins of the OP5340 card that
were connected from G4/B/P1/Al to the relay control inputs. Table 6.11 indicates relay control
inputs and DB37 connector pins of the OP5354 card that were connected from G3/B/P1/DO to

HVIP channels and relay control inputs. Tables 6.8 to 6.11 also indicate the ‘OP5142EX1 Ctrl’
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controller, DatIn Port #, and # of Channels selected to integrate the RT-LAB® project with 1/0

cards.
Table 6.8: OP5330 analog outputs for the LLTI of Relay 3
Group 2 - Section B - P1 - Analog Outputs (G2/B/P1/A0)
Relay 3 Breakers/ Bus Breaker 1 (BK8) Breaker 2 (BK7) Bus 6
LLTI IAW IBW ICW IAX IBX ICX VAY | VBY | VCY
DB37 Pin # 1 (202 |21 3 |22]4 (23| 5 [24| 6 |25| 7 |26]| 8 (27| 9 |28
Analog Outputs [+00|-00 (+01 |-01|+02|-02[+03 |-03 [+04 |-04 |+05 |-05 [+06 |-06 |+07 |-07 [+08 |-08
OP5330 Controller ‘OP5142EX1 Ctrl’
DatlIn Port # 7 8
# of Channel 8 8
Table 6.9: OP5330 analog outputs for the LLTI1 of Relay 2
Group 2 - Section A - P1 - Analog Outputs (G2/A/P1/AQ)
Relay 2 Breakers/ Bus Breaker 1 (BK6) Breaker 2 (BK5) Bus 7
LLTI IAW IBW ICW IAX IBX ICX VAY | VBY | VCY
DB37 Pin # 112012 |21 3 |22 4 [23|5 (24|16 |25| 7 |26| 8 |27 9 |28
Analog Outputs |+00 [-00|+01 |-01 [+02 |-02 [+03 |-03 |+04 |-04 [+05 |-05 [+06 |-06 |+07 |-07 |+08 |-08
OPS330 ™ Controller “OP5142EX1 Cal’
DatlIn Port # 5 6
# of Channel 8 8
Table 6.10: OP5340 analog inputs for control inputs of Relays 2 and 3
Group 4 - Section B - P1 - Analog Inputs (G4/B/P1/Al)
Relays Relay 2 Relay 3
Relays Trip Breaker 1 (BK6) | Breaker 2 (BK5) | Breaker 1 (BK8) | Breaker 2 (BK7)
106 - NC 107 - NC 106 - NC 107 - NC
Control Outputs
- + — + — + — +
SEL-AMS Source +143V Gnd (+143V | Gnd [+143V | Gnd [|+143V | Gnd
Channel 0 1 2 3
DB37 Pin # 1 20 2 21 3 22 4 23
Analog Input +00 -00 +01 -01 +02 -02 +03 -03
OP5340 | Controller ‘OP5142EX1 Ctrl’
Datin Port # 1
# of Channel 4

The front side of HVIP for the RTS experiment is shown in Figure 6.24. When HVIP
channel LEDs located on the front side of HVIP were green, HVIP switches were closed or relay
control inputs had 125 Vdc.
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Table 6.11: OP5354 digital outputs for control inputs of Relay 2 and 3

Group 3 - Section B - P1 - Digital Outputs (G3/B/P1/DO)

Relays Relay 2 | Relay 3
Sense the pole Select the relay Select the breaker | Sense the pole Select the relay
Functions state of setting group record event of state of setting group
Relays Brefker Bregker ss1 | ss2 | ss3 | ssa |Relay2 |Relay3 Brefker Bre;‘ker ss1 | ss2 | ss3 | ssa | sss | ss6
Control Inputs | 103 104 | 201 | 202 | 203 | 204 105 105 | 103 | 104 | 201 | 202 | 203 | 213 | 214 | 215
HVIP Channel 00 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15
DB37Pin# | 1 [20| 2 |21|3[22| 4 |23|5 (24| 6 |25| 7 |26]|8 |27| 9 |28|10|29|11|30(12|31|13|32(14|33|15(34[16/35
Digital Out | 100 {-00|+01(-01[+02|-02 [+03|-03|+04|-04 [+05|-05 | +06 | -06 |+07|-07 |+08|-08 [+09| -09 |+10|-10 [+11|-11 |+12|-12|[+13|-13 |+14|-14|+15|-15
OPS5354 | Controller ‘OP5142EX1 Ctrl’
Datln Port # 10
# of Channel 8
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Figure 6.24: High voltage interface panel
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Figure 6.25 illustrates an HVIP circuit [90] based on a solid-state relay carrier that
received digital outputs from the OP5600. In the RTS experiment, the HVIP was connected to
digital outputs from the OP5354 [93] card located on Group 3, Section B, and DB37 connector
P1. In this circuit, the HVIP grounded the Vuser RTN pin. When OP5600’s digital output was
activated, the solid state relay (SSR) switch was closed by collecting 125 Vdc from the external

source that activated the relay control input.

t5 Vdff& HVIP circuit
125 Vdc
Relay SSR Carrier (External
status +VDC source)

LED

O

TV

Digital output 3
o1 CHXX l..lP X l { _ +
Group 3 - section B - 0S r ©) O_

P1 — digital outputs

J

(OP5600) Fly Control
o] 0] back input
Vuser RTN GND dlode (Relay)

6.6 Sub-circuits
The circuits of the NRTS and RTS experiments with relays in the loop could be

segregated into sub-circuits: (1) current and voltage measurement, (2) breaker trip, (3) breaker
pole state, (4) setting group, and (5) breaker record event circuit. Table 6.12 lists sub-circuits for
NRTS and RTS experiments with relays in the loop.

The current and voltage measurement, breaker trip, and breaker pole state circuits were

included in the NRTS and RTS experiments with relays in the loop. However, the setting group
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and breaker record event circuits were included only in the RTS experiment with relays in the
loop. The relay signal of the current and voltage measurement circuit was the LLTI. The breaker
trip circuit was connected to relay control outputs, and the breaker state pole, setting group, and
record event circuits were connected to relay control inputs.

Table 6.12: Sub-circuits of NRTS and RTS experiments

Experiments | N° Sub-circuits Relay’s Signal
1 Current and voltage measurement circuit LLTI(I)
NRTS
2 Breaker trip circuit Control Outputs
RTS 3 Breaker state pole circuit
) .. Control Inputs
4 Setting group circuit
5 Breaker record event circuit

D Low level test interface

6.6.1 Current and voltage measurement circuit

The current and voltage measurement circuit connected NRTS and RTS analog outputs to
the relay’s LLTI, which collected secondary line breaker currents and line-ground bus voltages.
The SEL 451 relay’s LLTI had a current and voltage scaling factor for adapting secondary line
current and line-ground voltages into analog signals. Based on the SEL 451 instruction manual
[5], an analog signal of 0.0666 V corresponded to a nominal secondary current of 5 A, and an
analog signal of 0.446 V corresponded to a nominal secondary line-ground voltage of 67 V.
Dividing the nominal value by the analog signal, the current and voltage scaling factors of SEL
451 relay’s LLTI were 75 A/V and 150 V/V, respectively. In order to prevent damage to the
relay’s LLTI, maximum secondary line current and line-ground voltage could be estimated with
Equations (6.1) and (6.2), respectively.

IRMSmax == 0707 X SFA X I/pmax (61)
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Vims max = 0.707 X SFy X Vi 1o (6.2)
where lrms max and Vrvis max are RMS secondary line current and line-ground voltage in amps and
volts, respectively. SFa and SFy, are the current and voltage scaling factors in amps/volts and
volts/volts, respectively, and Vpmax is the maximum peak voltage of the SEL 451 relay’s LLTI,
3.3 volts.

Maximum secondary line current and line-ground voltages were estimated completing the
scaling factors and maximum peak voltage into Eq. (6.1) and (6.2) by. The SEL 451 relay’s
LLTI was prevented from reaching a secondary line current and line-ground voltage of 190 amps
and 350 volts, respectively. Therefore, the scaling factors and maximum peak voltage of the
LLTI limited secondary line currents and line-ground voltages during NRTS and RTS
experiments. In those experiments, the relay’s LLTI was connected by a black round and grey
ribbon control cable, respectively. Figure 6.26 shows analog cables for the SEL 451 relay’s

LLTI.

LLTI cable (OP5600) LLTI cable (SEL-AMS)

6.6.2 Breaker trip circuit

The breaker trip circuit opens the breaker during an overcurrent fault situation. Breaker
trip circuits for NRTS (A) and RTS (B) experiments are shown in Figure 6.27. The breaker trip
circuit connected the sense and analog input of the SEL-AMS and OP5600, respectively. In

208



NRTS and RTS experiments, the breaker trip circuit had a 14.3 Vdc source in order to trip the
breaker, so the same 14.3 VVdc source located on the SEL-AMS was used for the NRTS and RTS
experiments.

O,

NO Control output
(Relay)

NC Control output
Rela
(Relay) +

Analog
input (+)

| 4 .
+14.3 Vdc Group 4 - section B
(SEL - AMS) + 14.3 Vdc - P1 —analog inputs
(SEL - AMS) (OP5600)
—1 . —@
Sense input C
1 (SEL - AMS) > | Analog
input (-)
| Ground of
—1 —l_ sense input
—_ — (SEL-AMS) ~T—

Figure 6.27: Breaker trip circuit for NRTS (A) and RTS (B) experiments

In the NRTS experiment, the breaker trip circuit had a relay NO control output. In the
RTS experiment, however, the breaker trip circuit had a relay NC control output. Polarity of
relay control outputs, SEL-AMS sources and sense inputs, and OP5600 analog inputs had to be
considered in order to correctly connect breaker trip circuits correctly and avoid damaging
relays, SEL-AMS or OP5600. Control outputs and sense inputs for each relay and breaker in
breaker trip circuits of the NRTS experiment are indicated in Table 6.13.

Table 6.13: Breaker trip circuits for the NRTS experiment

Relays Relay 2 Relay 3
Relays Breakers Breaker 1 Breaker 2 | Breaker 1 | Breaker 2
Control OQutputs 101 102 101 102
SEL-AMS Sense Inputs 1 2 1 2

Control outputs and analog inputs for each relay and breaker in breaker trip circuits of the

RTS experiment are indicated in Table 6.14. In the trip circuits for the RTS experiment, pin
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polarity of the DB37 connector had to match the polarity of the 14.3 VVdc source and relay

control outputs.

Table 6.14: Breaker trip circuits for the RTS experiment

Relays Relay 2 Relay 3
Relays Breakers Breaker 1 Breaker 2 | Breaker 1 | Breaker 2
Control Outputs 106-NC 107-NC 106-NC 107-NC
) DB37 Pin # 1 20 2 21 3 22 1 4 | 23
OP5600 Analog Inputs | +00 [ -00 | <01 [ o1 [+02 ] -02 | +03 ] 03

Group 4 - Section B - P1 - Analog Inputs (OP5340)

6.6.3 Breaker state pole circuit

The breaker state pole circuit sensed if the breaker was open or closed during pre-fault,
fault, and post-fault states. Breaker pole state circuits for NRTS (A) and RTS (B) experiments
are shown in Figure 6.28. In the NRTS experiment, the breaker pole state circuit connected the
contact output of SEL-AMS to the relay control input. In the RTS experiment, the breaker pole
state circuit was connected to the OP5600 digital output and the relay control input through an
HVIP that converted OP5600’s digital output of 16 into 125 Vdc. The SEL 451 relay control
inputs needed a 125 Vdc supply to detect breaker pole states, so when the relay control input was

125 Vdc, the SEL 451 relay control input sensed that the breaker poles were closed.

@

Control input (Relay)
+

Contact output

Control input

(SEL - AMS) (Relay)
| |
| N
N S 125V
(SEL - AMS)

-+

O

125 Vdc (External source)

Connect the group 3 - section B - P1 - digital

outputs (OP5600) to HVIP’s rear side

a®
|“T\

20 ©f-L

to 0

]

ééoo 0000«
00000000000

0 © 0
%0 10

HVIP (front side)

Figure 6.28: Breaker state pole circuit for the NRTS (A) and RTS (B) experiments
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Table 6.15 indicates relay control inputs and SEL-AMS contact outputs for breakers and
relays in breaker state pole circuits of the NRTS experiment with relays in the loop.

Table 6.15: Breaker state pole circuits for the NRTS experiment

Relays Relay 2 Relay 3
Relays Breakers Breaker 1 Breaker 2 | Breaker 1 | Breaker 2
Control Inputs 101 102 101 102
SEL-AMS | Contact Qutputs 1 2 1 2

Table 6.16 indicates relay control inputs, HVIP channels, and OP5600 digital outputs for

each breaker and relay in the breaker state pole circuits of the RTS experiment with relays in the

loop.
Table 6.16: Breaker state pole circuits for the RTS experiment
Relays Relay 2 Relay 3

Relays Breakers Breaker 1 Breaker 2 Breaker 1 Breaker 2

Control Inputs 103 104 103 104

avip" Channels 00 01 08 09
@ DB37 Pin # 1 20 2 [ 21| 9 | 28 | 10 |29
OPS600 I gital Output | 00 | 00 | +01 | -01 | +08 | 08 | +09 | -09

(I)High voltage interface panel @ Group 3 - Section B - P1- Digital Outputs (OP5354)

6.6.4 Setting group circuit

The setting group circuit selects inverse time overcurrent settings of the relay based on
circuit path. The setting group circuit was used only for the RTS experiment because
pushbuttons on the relay’s front panel manually selected setting groups in the NRTS experiment
before running the tests. The setting group circuit for RTS experiments is shown in Figure 6.29.
In the RTS experiment, the setting group circuit connected OP5600 digital output and relay
control input through a HVIP that converted OP5600 digital output of 16 into 125 Vdc. SEL 451
relay control inputs required a 125 Vdc supply to activate a new setting group, so the SEL 451

relay picked up the activated setting group when the relay control input was 125 Vdc.
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Figure 6.29: Setting group circuit for the RTS experiment

In the setting group circuit of the RTS experiment, Relay 2 required four setting groups. Control
inputs, HVIP channels, and OP5600 digital outputs of Relay 2 are indicated in Table 6.17.

Table 6.17: Setting group circuits for Relay 2 in the RTS experiment

Relay 2 HvIP OP5600"
Setting Group | Control Input | Channel DB37 Pin # Digital Output
SS1 IN201 02 3 22 +02 -02
SS2 IN202 03 4 23 +03 -03
SS3 IN203 04 5 24 +04 -04
SS4 IN204 05 6 25 +05 -05

| 2
( )High voltage interface panel ( )Group 3 - Section B - P1 - Digital Outputs (OP5354)
In the setting group circuit of the RTS experiment, Relay 3 required six setting groups. Control
inputs, HVIP channels, and OP5600 digital outputs of Relay 3 are indicated in Table 6.18.

Table 6.18: Setting group circuits for Relay 3 in the RTS experiment

Relay 3 uvip” OP5600
Setting Group | Control Input [ Channel DB37 Pin # Digital Output
SS1 IN201 10 11 30 +10 -10
SS2 IN202 11 12 31 +11 -11
SS3 IN203 12 13 32 +12 -12
SS4 IN213 13 14 33 +13 -13
SS5 IN214 14 15 34 +14 -14
SS6 IN215 15 16 35 +15 -15

() High voltage interface panel ® Group 3 - Section B - P1 - Digital Outputs (OP5354)
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6.6.5 Breaker record event circuit

The record event of Breaker 1 or 2 was saved by the relay after running the tests for the
RTS experiment. This circuit was only applied to the RTS experiment because record event files
were not collected in the NRTS experiment. The breaker record event circuit for RTS
experiments is shown in Figure 6.30. In the RTS experiment, the breaker record event circuit
connected OP5600 digital output and relay control input through HVIP that converted OP5600

digital output of 16 into 125 Vdc.

Control input (Relay) +

125 Vdc (External source)
Connect the group
] 3 - section B - P1 -
| digital outputs
(OP5600) to
HVIP’s rear side

o o o o I
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©) Q) @ © @) (@) () () ) 1o
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HVIP (front side)
Figure 6.30: Breaker record event circuit for the RTS experiment
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The SEL 451 relay recorded the event file of Breakers 1 and 2 when relay control input
was connected or disconnected to the 125 Vdc supply. Relay control inputs, HVIP channels, and
OP5600 digital outputs for each relay in the breaker record event circuits of the RTS experiment
with relays in the loop are indicated in Table 6.19.

Table 6.19: Breaker record event circuits for the RTS experiment

Relays Relay 2 Relay 3
Relays Breakers Breaker 1 Breaker 2 Breaker 1 | Breaker 2
Control Inputs 105 105
avip" Channels 06 07
@) DB37 Pin # 7 26 8 27
OPS600 Digital Output +06 -06 +07 -07

(I)High voltage interface panel ® Group 3 - Section B - P1 - Digital Outputs (OP5354)
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6.7 Chapter summary
This chapter described the equipment, software, and circuits of NRTS and RTS

experiments with SEL 451 relays in the loop. NRTS and RTS were based on application of SEL-
AMS and OP5600 as relay test systems, respectively. Diagrams for NRTS and RTS experiments
were presented that described analog and digital signals of SEL 451 relay, OP5600, and SEL-
AMS. OP5600 I/O cards, external voltage sources, and high voltage interface panel were
described for the NRTS experiment.

For the NRTS and RTS experiments, the external source for relay control input circuits
had to be sized based on relay control input pickup voltage; the method to obtain this voltage
was described in this chapter. This method was based on determining the mainboard input
voltage according to the part number on the SEL website and then finding the pickup voltage
range according to the main board input voltage in the relay instruction manual. SEL’s website
indicated that mainboard input voltages for Relays 2 and 3 were 125 Vdc and 110 Vdc,
respectively. According to the relay instruction manual, the pickup voltage range for Relays 2
and 3 were 105-150 Vdc and 88-132 Vdc; therefore, a 125 Vdc voltage supply was applied for
relay control input circuits. The SEL 451 relay’s LLTI was determined to avoid relay damage.
Therefore, based on the current (75 A/V) and voltage (150 V/V) scaling factors and maximum
LLTI peak voltage (3.3 V), maximum secondary RMS current (190 A) and line-ground voltage
(350 V) that limited the LLTI of the SEL 451 relay were estimated for RTS and NRTS
experiments.

In the NRTS experiment, relay control inputs and outputs sensed breaker poles and sent
breaker trip signals, respectively. However, the relay’s LLTI sensed line breaker currents and

line-ground bus voltages. In the RTS experiment, relay control inputs also selected setting
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groups and breaker record event. Relay trip circuits were based on two circuits that applied relay
NO or NC control outputs: NO and NC trip circuits. The NRTS experiment contained NO trip
circuits based on the SEL 451 relay instruction manual [5], but the RTS experiment had NC trip
circuits based on relay test validation that applied an OPAL-RT OP5600 with a relay in the loop
[68].

NRTS and RTS experimental circuits were segregated into sub-circuits. These sub-
circuits were segregated based on their functions as (1) current and voltage measurement, (2)
breaker trip, (3) breaker state pole, (4) setting group, and (5) breaker record event sub-circuits.
Diagrams of these sub-circuits were compared for NRTS and RTS experiments. Although the
RTS experiment contained all sub-circuits, the NRTS experiment contained only current and

voltage measurement, breaker trip, and breaker state pole sub-circuits.
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Chapter 7 - Test steps of NRTS experiment

This chapter describes test steps to run non-real-time simulation with relays in the loop.
Before initiating test steps of the NRTS experiment, Relays 2 and 3 were set with adaptive
inverse time overcurrent protection and the NRTS experiment circuit was built as indicated in
Chapters 5 and 6, respectively. In the NRTS experiment, tripping and non-tripping tests were run
for adaptive overcurrent protection of the microgrid with distributed generators. The non-real-
time simulator simulated the trip coil and auxiliary contacts of the breakers and the pre-fault,
fault, and post-fault states of the non-real-time tests. As shown in Figure 7.1, test steps for
tripping and non-tripping tests were Calculation (1), Preparation (2), Execution (3), and
Collection (4). Relays 2 and 3 were verified by tripping and non-tripping tests. In the process on
a loop of Figure 7.1, when the Collection phase of the tripping test was finished, a new tripping
test began. In the Collection phase of tripping tests, measured relay times were collected to
estimate the fault state time of non-tripping tests. Then the tripping test loop (A) was run before
the non-tripping test loop (B) for Relays 2 and 3.

[ 4.Collection ]
/‘ phase /
Start a new

Non-tripping Tripping 2.P|;arr$:£2tion

l/

test loop test loop
N ) \ 7y
: 4 .Collection 3. Execution
FE

@__——
Figure 7.1: Phases of test steps for the NRTS experiment

In the NRTS experiment, tripping and non-tripping tests were run individually for each

relay; therefore, selective coordination between primary and backup relays could not be verified
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with both relays connected to the experimental circuit. Each relay was wired to an individual
non-real-time simulator called SEL-AMS [3]. Figure 7.2 presents tasks of the phases for tripping

tests in the NRTS experiment.

ault clearing times World software

0 ~a

{Push target reset button} Edit the microgrid ]

after each relay trip [ circuit
f PowerWorld \

{ Collect relay and ] [ Open Power J
fi

Simulator ~
Visualize relay’s display | — ___ | Run power flow and
and pushbutton LEDs 4.Collection 1.Calculation fault analysis )
( phase ] ( phase | I
t \
- N Collect primary
[DO\;\;]nIotad t?‘rl]d run] 3.Execution 2.Preparation [currents and voltages
© fest Tes (|  phase | ( phase ] J 4
X SEL
Select relay 78 Calculate
setting group SEL-5401 secondary currents
and voltages

X

[Prepare and save}

the test files Open SEL 5401}

[ software

Figure 7.2: Tasks of phases for tripping tests

Power World® software [10] was used to calculate currents and voltages of pre-fault,
fault, and post-fault states, SEL-5401® software [12] was used to run the tripping and non-
tripping tests. In the tripping tests, Relays 2 and 3 tripped for a fault overcurrent and measured
relay and fault clearing times of the fault states were collected from the HMI computer.
However, in the non-tripping tests, relay and fault clearing times were not collected because
relays did not trip. Table 7.1 describes the tasks and summary of each phase for tripping and

non-tripping tests of Relays 2 and 3.
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Table 7.1: Phases and tasks of tripping and non-tripping tests

Task Codes and Names

Phases Phase Descriptions
Code Name
1.1 | Open Power World® software [10] | Power World® software [10] was opened and the microgrid circuit was
12 | Edit the microgrid circuit edited based on the circuit path of each non-real-t_ime test. As Relays 2 and
i 3 controlled breakers placed on buses, breaker primary currents and bus
1. Calculation | 1.3 | Run power flow and fault analysis | primary voltages for pre-fault and post-fault states were calculated by
running a power flow analysis. However, breaker primary currents and bus
14 Collect primary currents and primary voltages for the fault state were calculated by running a fault
' voltages analysis.
2.1 Calculate secondary currents and Secondary currents and voltages for the breakers and buses of Relays 2 and
voltages 3 were estimated by dividing calculated primary currents and voltages by
2. Preparation | 2.2 | Open SEL-5401® software [12] the current and potential transformer ratios, respectively. Then SEL-5401®
software [12] was opened to create test files for tripping and non-tripping
2.3 | Prepare and save test files tests.
3.1 | Select relay setting group For each test, the relay setting group was selected from the relay’s display
3. Execution front. Then tripping and non-tripping tests were executed by downloading
3.2 | Download and run test files and running test files with SEL-5401® software [12].
41 Visualize relay’s display and push- | While non-real-time tests were run, the relay’s display and push-button
' button LEDs LEDs were evaluated at first sight from a webcam. At the end of the
tripping tests, measured relay and fault clearing times were collected from
Push target reset button after each fault state results. After each relay tripped, the target reset button on the
4. Collection 4.2 relay trip relay’s front panel was pushed to allow measurement of the relay and fault
clearing times of the next tripping test. After collecting measured relay
times of the tripping tests, the fault state time for the non-tripping tests was
43 | Collect measured relay and fault estimated to run the non-tripping tests. Therefore, in the NRTS experiment,

clearing times

tripping tests were run before non-tripping tests.
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7.1 Tripping and non-tripping tests

The NRTS experiment was divided into tripping and non-tripping tests. Figure 7.3 shows
pre-fault, fault, and post-fault states of tripping test (A) and pre-fault and fault states of non-
tripping test (B). In the tripping tests, pre-fault, fault, and post-fault state times were set at 600
cycles (10 sec). In the non-tripping tests, the post-fault state was not available because the relays
did not trip; therefore, the pre-fault state time was set at 600 cycles (10 sec) and the fault states

were set at a time less than the measured relay time of the tripping test.

Condition for tripping tests : Ty, > Tk, + Tp,, = 600 cycles
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Tpp= pre-fault state time 7, = post-fault state time 7}, = measured relay time of tripping test
T, = measured fault clearing time of tripping test Tpm = measured delay time of tripping test

Trey = fault state time of tripping test 7, = fault state time of non-tripping test

Figure 7.3: Pre-fault, fault, and post-fault states of tripping test (A) and pre-fault and fault states
of non-tripping test (B)

As shown in Figure 7.3-A, the load current flowed along the breaker during the pre-fault
state for the tripping test. The fault overcurrent then flowed along the breaker, and the relay

tripped during the fault state. Once the relay tripped, the fault overcurrent was cleared after a
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delay time at post-fault state. However, as shown in Figure 7.3-B, the load current flowed along
the breaker during the pre-fault state for the non-tripping test. The fault overcurrent then flowed
along the breaker, but the relay did not trip during the fault state because the fault state time was
less than the relay time.

Tripping tests verified adaptive overcurrent protection of the microgrid for a protection
area represented by a power line. Considering maximum and minimum faults along a power line,
tripping tests were verified for maximum and minimum fault overcurrents. Tripping tests were
formed by a pre-fault, fault, and post-fault state. In the tripping tests, fault state time was greater
than measured fault clearing time to relay trip. However, in the non-tripping tests, fault state time
was less than the measured relay time of the tripping test, so the relay did not trip. Figure 7.4
shows fault state time conditions of tripping and non-tripping tests for maximum and minimum

fault currents of a power line.
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T.,, = measured fault clearing time of trippingtest 7%, = measured relay time of tripping test
Figure 7.4: Conditions of tripping and non-tripping tests
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In Figure 7.4, the horizontal and vertical axes represent the primary currents in amps and
the relay time in cycles, respectively. The pink curve represents the inverse time overcurrent
curve set for the setting group of the relay. For tripping tests, if the fault state time for the test file
was set at 600 cycles for the maximum and minimum fault overcurrent tests, the relay tripped
based on the inverse time overcurrent curve. However, for non-tripping tests, the fault state time
for test files was set at the measured relay time of the tripping test multiplied by 0.8, so the relay
did not trip. Table 7.2 shows test characteristics and fault state conditions for tripping and non-

tripping tests.

Table 7.2: Tripping and non-tripping tests

Test Characteristics Fault State Conditions
Secondary . .
o
N Type Overcurrent Currents Condition | Time [cycles] Results
. DLG(BC)
| Maximum
" SLG(A Non-
Tripping — (A) r.>T. 600 Trip
II Minimum LL(BC)
111 Maximum Dsli%((}i()j)
Non-Tripping r,<T, |T,, =08xT,_ Trip
v Minimum LL(BC)

DLG(BC): double line-to-ground fault at B-C phases, SLG(A): single line-to-ground fault at A phase, LL(BC): line-
to-line fault at B-C phases, Trs;: fault state time of test file for tripping test, Trs,: fault state time of test file for non-
tripping test, Tcn: measured fault clearing time of tripping test, Try,: measured relay time of tripping test

Figure 7.5 shows test groupings for Relays 2 and 3 for the NRTS experiment. Non-
tripping tests were formed by pre-fault and fault states because the relays did not trip. Because
tripping tests were run before non-tripping tests, the NRTS experiment was segregated into
tripping and non-tripping tests. Because tripping and non-tripping tests were run individually for
each relay, tripping and non-tripping tests were segregated into Relays 2 and 3. Because Relays 2
and 3 were set with no identical setting groups for circuit paths of the microgrid, tests of Relays

2 and 3 were segregated into SS1 to SS4 and SS1 to SS6 setting groups, respectively. Also,
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setting groups were grouped into circuit paths and protection areas (power lines) for maximum
and minimum fault overcurrents. For tests that corresponded to utility circuit paths, maximum

and minimum fault overcurrents were DLG and LL faults, respectively. However, for tests that
corresponded to distributed generator circuit paths, maximum and minimum fault overcurrents

were SLG and LL faults, respectively.

Type of tests Relays Setting groups
S81 UTILITY-8765/1234
[LL(BC) ]
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Figure 7.5: Grouping of tripping and non-tripping test files
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Tests were referenced by source, circuit, type of fault, fault site, and desired tripped
breaker. For example, the “DG2-678/65-LL(BC)-Bus8-BK5” test means that the test was
performed for the LL (BC) fault located on “Bus8” in the circuit conformed by “distributed
generator 2” and two power line branches formed by 6-5 and 6-7-8 power lines that expected
“BK5” breaker to trip.

In adaptive overcurrent protection for the microgrid with distributed generators, Relays 2
and 3 tripped as primary and backup protections and vice versa, depending on the circuit path
selected to run the non-real-time simulation. Circuit paths of the tests are shown in Figures D.1-
12 of Appendix D. Tripping and non-tripping tests for Relays 2 and 3 are shown in Tables 7.3

and 7.4, respectively, in which the bold lines represent backup protection tests for Relays 2 and

3.
Table 7.3: Tripping and non-tripping tests for Relay 2
- Test Name Number of Tests
o w | 5
FlsE|E5 |58 Non-
c|EE|3 S g X Source — Circuit - Fault Type — Tripping | ...
3 x Fault Site - Tripped Breaker Tests Tzsts g
ss1 L56 | UTILITY-8765/1234-DLG(BC)-Bus6-BK6
= L67 UTILITY-8765/1234-DLG(BC)-Bus7-BK6
g L78 DG2-678/65-SLG(A)-Bus7-BK5
E SS2 L78 DG2-6781-SLG(A)-Bus7-BK5
= L78 DG2-678-SLG(A)-Bus7-BK5
5 SS4 L78 DG1-5678-SLG(A)-Bus7-BK5 12 12
ss1 L56 UTILITY-8765/1234-LL(BC)-Bus5-BK6
= L67 UTILITY-8765/1234-LL(BC)-Bus6-BK6
S L78 DG2-678/65-LL(BC)-Bus8-BK5
2 | ss2 | L8 DG2-6781-LL(BC)-Bus8-BK5
3 L78 DG2-678-LL(BC)-Bus8-BK5
SS4 L78 DG1-5678-LL(BC)-Bus8-BK5
Total Tests of Relay 2 24

Bold represents backup protection tests
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Table 7.4: Tripping and non-tripping tests for Relay 3

§ - Test Name Number of Tests
3 = 28 % 3 o . Non-
2 & % g 8 g 2 Source —_Clrcm_t- Fault Type — Tripping Tripping
5 s Fault Site - Tripped Breaker Tests Tests
SS1 L56 UTILITY-8765/1234-DLG(BC)-Bus6-BK8
L78 DG2-678/65-SLG(A)-Bus7-BK7
L56 DG2-678/65-SLG(A)-Bus6-BK8
L67 DG2-678/65-SLG(A)-Bus6-BK7
552 L56 DG2-67/65-SLG(A)-Bus6-BK8
L67 DG2-67/65-SLG(A)-Bus6-BK7
= L34 DG2-6543-SLG(A)-Bus4-BK8
3 L56 DG2-6543-SLG(A)-Bus6-BK8
3 L56 DG2-65-SLG(A)-Bus6-BK8
3 L78 DG2-6781-SLG(A)-Bus7-BK7
553 L67 DG2-6781-SLG(A)-Bus6-BK7
L78 DG2-678-SLG(A)-Bus7-BK7
L67 DG2-678-SLG(A)-Bus6-BK7
SS4 L67 DG2-67-SLG(A)-Bus6-BK7
Sst L78 DG1-5678-SLG(A)-Bus7-BK?7
3 L67 DG1-5678-SLG(A)-Bus6-BK7 2 2
SS1 L56 UTILITY-8765/1234-LL(BC)-Bus5-BK8
L78 DG2-678/65-LL(BC)-Bus8-BK7
L56 DG2-678/65-LL(BC)-Bus5-BK8
L67 DG2-678/65-LL(BC)-Bus7-BK7
552 L56 DG2-67/65-LL(BC)-Bus5-BK8
L67 DG2-67/65-LL(BC)-Bus7-BK7
- L34 DG2-6543-LL(BC)-Bus3-BK8
= L56 DG2-6543-LL(BC)-Bus5-BK8
3 L56 DG2-65-LL(BC)-Bus5-BK8
3 L78 DG2-6781-LL(BC)-Bus8-BK7
553 L67 DG2-6781-LL(BC)-Bus7-BK7
L78 DG2-678-LL (BC)-Bus8-BK?7
L67 DG2-678-LL(BC)-Bus7-BK7
SSs4 L67 DG2-67-LL(BC)-Bus7-BK7
ss5 L78 DG1-5678-LL(BC)-Bus8-BK7
L67 DG1-5678-LL(BC)-Bus7-BK7
Total Tests of Relay 3 64

Bold represents backup protection tests

224




7.2 Calculation phase

In the Calculation phase, line breaker primary currents and line-to-ground bus primary
voltages for Relays 2 and 3 in the microgrid with distributed generators were calculated for test
circuit paths in Figures D.1-12 of Appendix D.

Power World® software [10] was used to estimate line breaker primary currents and line-
to-ground bus primary voltages for pre-fault, fault, and post-fault states. Although line breaker
primary currents and line-to-ground bus primary voltages for pre-fault and post-fault states were
estimated by power flow analysis, line breaker primary currents and line-to-ground bus primary

voltages for the fault state were estimated by fault analysis.

7.2.1 Power flow analysis

In power flow analysis, line breaker primary currents and line-to-ground bus primary
voltages were estimated for pre-fault, fault, and post-fault states for power flow analysis,
considering test circuit paths in Figures D.1-12 of Appendix D. Test circuit paths for pre-fault
and post-fault states were also considered. In the pre-fault state, breakers were closed and load
line currents flowed along the power lines. However, in the post-fault state, the tripped breaker
opened after an overcurrent fault. For example, circuit paths for pre-fault (A) and post-fault (B)
states of the “UTILITY-8765/1234-DLG(BC)-Bus7-BK6” test are presented in Figure 7.6. As
shown in the figure, power flow analysis was run for circuit paths of pre-fault (A) and post-fault
(B) states in order to collect line primary currents for “BK6” and “BKS5” breakers and line-to-

ground primary voltage for Bus 7.
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Figure 7.6: Pre-fault (A) and post-fault (B) state circuit path for “UTILITY-8765/1234-
DLG(BC)-Bus7-BK6” test
Steps to collect magnitudes and angles of voltages on Bus 7 are shown in Figure 7.7.
After running power flow analysis, a click was made on Bus 7, the “Bus Information Dialog”
menu was selected, and the line-to-ground voltage magnitude and angle of Phase A were

collected.
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Figure 7.7: Steps to collect line-to-ground voltages on Bus 7 during power flow analysis

Because the circuit shown in Figure 7.7 represented a balanced power system, the
magnitude of A, B, and C line-to-ground voltages on Bus 7 were 3.85 kV. The angle of A line-
to-ground voltage on Bus 7 was -4.20 degrees, and the angles of B and C line-to-ground voltages
on Bus 7 were estimated by Equations (7.1) and (7.2), respectively.

8p = 8, — 120° (7.1)
8¢ =6, +120° (7.2)
where 6, is the line-to-ground voltage angle of Phase A in degrees, &z is the line-to-ground
voltage angle of Phase B in degrees, and &¢ is the line-to-ground voltage angle of Phase C in
degrees.

As shown in Figure 7.7, the magnitude and angle of A line-to-ground voltage on Bus 7

were collected. Because the microgrid was represented by a balanced power system, the

magnitude of A, B, and C line-to-ground voltages on Bus 7 was 3850 volts. The estimated angle
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of A line-to-ground voltage on Bus 7 was -4.20 degrees, and according to Equations (7.1) and
(7.2), B and C line-to-ground voltage angles on Bus 7 were -124.20 and 115.80 degrees,
respectively.

The steps to collect magnitudes and angles of line currents flowing along the “BK6”
breaker are shown in Figure 7.8. After running the power flow analysis, a click was made along
the power line between Bus 6 and 7, the “Line Information Dialog” was selected, and the line

current magnitude of Phase A, real and reactive power were collected.

Pre-fault state circuit

Bus 4

oxe [ SR

0.250 MW
0.200 Mvar

ar 140 Mvar
BK19 | BK18

Faul

i — o Bus Open";.me
By = Ba— 120

Correct Line Overloads

Bus Information... »

Bec = P4+ 120°
Flows

Active (P) and Line Flow at From Bus [Bus 7 Line Flow at To Bus o/|Bus 6 .
reactive (Q) Coomitouss > — P [ 0.7Mw fromBus 7 Magnltudes of
oty | Coemee S () [ e coree

along the 08MVE ( 1223 Am e _ | n
power line |[A | _|[B|_|[C| BK6” breaker

DO oAty (Balanced power system)

Figure 7.8: Steps to collect line currents of “BK6” breaker during power flow analysis

Apparent power of Phase A, flowing along the power line between Bus 6 and 7 as shown
in Figure 7.8, is represented by Equation (7.3):
Sa=Vy X1 (7.3)
where Sa is apparent power of Phase A in MVA, V, is line-to-ground voltage of Phase A in kV,
and I, is conjugate line current of Phase A in KA.

Equation (7.4) represents Equation (7.3) in a polar form:
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Sa = Val 84 % Iyl = Ba = Val X 14| 64 (7.4)
where |Va] is line-to-ground voltage magnitude of Phase A in kV, &4 is line-to-ground voltage
angle of Phase A in degrees, |l | is line current magnitude of Phase A in KA, Sa is line current
angle of Phase A in degrees, and 6, is the angle between the line-to-ground voltage and line
current of Phase A in degrees.

Considering a balanced power system derived from Equation (7.4), the angle between the
line-to-ground voltage and line current of Phase A was represented by the power factor angle of

Phase A, as shown in Equation (7.5):
0,=064— 4 =tan"?! (g—z) =tan™! (i—f) =tan~! (%) (7.5)
3
where Qa is reactive power of Phase A in MVAR, P4 is real power of Phase A in MW, Q is total
reactive power in MVAR, and P is total real power in MW,
Using results from Equation (7.5), the angle of line current for Phase A is represented by

Equation (7.6) and, considering a balanced power system, angles of line currents for Phases B

and C are represented by Equations (7.7) and (7.8), respectively:

Ba =64 —tan~* (2) (7.6)
Bs = Ba— 120° (7.7
Be = Ba +120° (7.8)

where S, is line current angle of Phase A in degrees, 64 is line-to-ground voltage angle of Phase
A in degrees, Q is total reactive power in MVAR, P is total real power in MW, Sz is line current
angle of Phase B in degrees, and fc is line current angle of Phase C in degrees.

As shown in Figure 7.7, the A line-to-ground voltage angle on Bus 6 was collected, and

Figure 7.8 shows that A, B, and C line current magnitude and real and reactive power were
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collected from power flow analysis before running the relay tests for NRTS experiment .
Because the microgrid was represented by a balanced power system, the magnitude of A, B, and
C line currents had identical values, and the magnitudes of A, B, and C line currents of “BK6”
breaker were 122 amps. According to Equations (7.6), (7.7), and (7.8), A, B, and C line current
angles of “BK6” breaker were -39.74, -159.74, and 80.26 degrees, respectively. Table 7.6 shows
A, B, and C line primary currents on “BK6” breaker for the pre-fault state of the “UTILITY-
8765/1234-DLG(BC)-Bus7-BK6” test.

The A, B, C line currents and line-to-ground voltages for pre-fault and post-fault states
were estimated for all circuit path tests. Line primary currents and line-to-ground primary
voltages for the pre-fault state of Relays 2 and 3 are presented in Tables F.1 and F.2 in Appendix
F. However, line primary currents and line-to-ground primary voltages for the post-fault state of

tests for Relays 2 and 3 are presented in Tables G.1 and G.2 in Appendix G.

7.2.2 Fault analysis

Based on protection areas of the adaptive overcurrent protection system, tests for Relays
2 and 3 in the fault analysis were defined by protection areas of the microgrid for maximum and
minimum fault overcurrents of the power lines. Maximum and minimum fault overcurrents were
located at the beginning and end of each power line, respectively. The maximum fault
overcurrent for the utility and distributed generator circuit paths was the DLG fault at B-C
phases and SLG fault at Phase A. The minimum fault overcurrent for utility and distributed
generator circuit paths was the LL fault at C-D phases. The A, B, and C line currents of the
breakers controlled by the relays and the A, B, and C SLG voltages of relay busses were

calculated by running a fault analysis with Power World® software [10].

230



In the fault analysis, line breaker primary currents and line-to-ground bus primary
voltages were estimated for fault states, considering test circuit paths in Figures D.1-12 of
Appendix D. For example, Figure 7.9 presents the “UTILITY-8765/1234-DLG(BC)-Bus7-BK6”
test circuit for the maximum fault overcurrent. Fault analysis was run for the DLG fault at B-C
phases located at 10% length of the power line 6-7 (L67) and line primary currents of “BK6” and

“BKS5” breakers and line-to-ground primary voltage of Bus 7 were collected.

Fault state circuit

‘

o
[] Double line

cr cr| v [ BKil
O to ground
e fault at B-C
=—> 22 lines,
0.175 MW BusS

0.140 Mvar located near
Bus 7, at 10

B Ve % length of
8 [0.0s39 | [-124.96 e —— power line
ault...
between Bus
c [ 0.055 14.19
i 6 and 7.

174 =V XV. =4160 XV Magnitudes (per unit) and angles (degrees) of A,
volts base pu . B and C single line to ground voltages on Bus 6

Figure 7.9: Steps to collect line-to-ground voltages on Bus 7 during fault analysis

Steps to collect magnitudes and angles of voltages on Bus 7 are shown in Figure 7.9.
After running the fault analysis, a click was made on Bus 7, then the “Bus Information Dialog”
menu and “Fault Voltages” tab were selected, and magnitudes and angles of the line-to-ground
voltages for Phases A, B, and C were collected. Because magnitudes of the line-to-ground
voltages were categorized per-unit and assuming a bus line-to-ground voltage level of 4160 volts
as base voltage, magnitudes of the line-to-ground primary voltages in volts were estimated by
Equation (7.9):
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Vioits = Vbase X Vpu = 4160 X 1y, (7.9)
where Vs IS the line-to-ground voltage in volts, Vpas IS the base line-to-ground voltage of 4160
volts, and Vy, is the line-to-ground voltage in per-units.

As shown in Figure 7.9, angles of A, B, C line-to-ground voltages were -3.82, -124.96,
and 114.19 degrees, respectively. Using Equation (7.9) and magnitudes of A, B, C line-to-ground
voltages per-unit from Figure 7.9, the magnitudes of A, B, C line-to-ground voltages were 3890,
224, and 230 volts, respectively.

Steps to collect magnitudes and angles of line currents on “BK6” and “BK5” breakers are
shown in Figure 7.10. After running the fault analysis, a click was made between the fault
location and Bus 7 to collect magnitudes and angles of A, B, and C line currents on “BK6”
breaker. Another click was made between Bus 7 and 8 to collect magnitudes and angles of A, B,
and C line currents on “BKS5” breaker. Then the “Line Information Dialog” menu and “Fault

Info” tab were selected.
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currents
UTLLITY
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Figure 7.10: Steps to collect line currents of breakers during fault analysis
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Magnitudes and angles of A, B, and C line currents for “BK6 and “BKS5” breakers were
read from the microgrid circuit in Figure 7.10 and are presented in Table 7.5.

Table 7.5: Line primary currents of “BK5” and “BK6” breakers for the fault state, “UTILITY -
8765/1234-DLG(BC)-Bus7-BK6” tripping test

A, B, and C line currents of “BK5” breaker A, B, and C line currents of “BK6” breaker

Ia I Ic Ia I Ic
Mag | Angle [ Mag | Angle | Mag | Angle | Mag | Angle | Mag | Angle | Mag | Angle
[Al | [] [A] [°] [Al | [T [[A]l] T[] [A] [] [A] []
146 | -35.12 | 3197 | 161.89 | 3158 | 42.70 | 82 | -34.30 | 3170 | 161.98 | 3162 | 42.05

The A, B, C line currents and line-to-ground voltages for fault states were estimated for
all circuit path tests. Line primary currents and line-to-ground primary voltages for fault states of
maximum and minimum fault overcurrents of Relay 2 tests are presented in Tables H.1 and H.2,
respectively, and line primary currents and line-to-ground primary voltages for fault states of
maximum and minimum fault overcurrents of Relay 3 tests are presented in Tables H.3 and H.4,
respectively, in Appendix H.

Similar to fault states of the tripping tests, LEDs on the relay’s front panels required
magnitudes and angles of A, B, and C line currents and line-to-ground voltages in order to detect
fault type. Magnitudes and angles of A, B, C line currents and line-to- ground voltages for fault
states estimated with Power World® software [10] were also verified when the relays tripped

during the tripping tests.

7.3 Preparation phase
In the Preparation phase, test files prepared with the SEL-5401® software [12] were

created to run the tripping and non-tripping tests. The non-real-time simulator, SEL-AMS [3],

simulated the line secondary currents and line-to-ground secondary voltages, as well as breaker
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coils (sense inputs) and auxiliary contacts (contact outputs) for pre-fault, fault, and post-fault
states of the test files.

The SEL-5401® software [12] was opened in order to create a new test file. The “File”
menu and “New” option were selected to create a new test file, and then the “Relay
Configuration” window was opened and the SEL-451 was selected as “Relay Type”. The 75 A/V
current and 150 V/V voltage scale factors for the new test file on the “Relay Configuration”
window were shown, and the “OK” tab was clicked. Figure 7.11 shows the steps to create a new

test file and select current and voltage scaling factors of the SEL-451 relay.

r Y
SEL 5401 --- Untitled (SEL-221G) Lo | - s
dit Run Result Configuration Help |

% @[] w| =] Bl 2 Ready
A CurleL Total Test States: 1
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Save As RTP ZB our2
3 r -—
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Figure 7.11: Creating a new test file and selecting scaling factors for the SEL-451 relay

In order to create states of the new test file, the “Insert State Before Current” tab was
clicked three times to insert pre-fault, fault, and post-fault sates; then the “Frequency” of 60 Hz

was set for all states. Figure 7.12 shows the steps to insert the states into a new test file.
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Figure 7.12: Steps to insert states into a new test file

The A, B, and C line secondary currents and line-to-ground secondary voltages, state

times, sense inputs, and contact outputs for pre-fault, fault, and post-fault states of the new test

file were completed.

7.3.1 Secondary currents and voltages
The non-real-time simulator, SEL-AMS [3], simulated pre-fault, fault and post-fault

states for the tripping tests and pre-fault and fault states for the non-tripping tests. Line secondary
currents and line-to-ground secondary voltages corresponded to values measured by the current
transformers and power transformers, respectively. Line secondary currents and line-to-ground
secondary voltages were simulated as analog signals, and the LLTI of the relays was connected
to the SEL-AMS [3]. The SEL-5401® software [12] was applied in order to set the line

secondary currents and line-to-ground secondary voltages for the tripping and non-tripping tests.
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Magnitudes of line secondary currents for the A, B, and C phases were estimated using Equation
(7.10):

Ipri Iyri
_ tprimary __ !primary
Isecondary ~ crrR 200 (7-10)

where | secondary IS magnitude of line secondary currents in amps, | primary i magnitude of line
primary currents in amps, and CTR is the current transformer ratio of 200.
Magnitude of line-to-ground secondary voltages for the A, B, and C phases was

estimated using Equation (7.11):

Vori Vori
_— primary __ primary
Vsecondary ~  PTR - 60 (7- 11)

where V secondary IS magnitude of line-to-ground secondary voltages in Volts, V primary IS magnitude
of line-to-ground primary voltages in volts, and PTR is the potential transformer ratio of 60. In
order to calculate magnitudes of line secondary currents and line-to-ground secondary voltages
using Equations (7.10) and (7.11), respectively, magnitude of the line primary currents and line-
to-ground primary voltages were estimated with Power World® software [10] before setting the
test files.

Although line primary currents and line-to-ground primary voltages for pre-fault and
post-fault states were estimated by power flow analysis using the Power World® software [10],
line primary currents and line-to-ground primary voltages for fault states were estimated by fault
analysis using the Power World® software [10]. Line secondary currents and line-to-ground
secondary voltages for pre-fault, post-fault, and fault states for test files of maximum and
minimum fault overcurrents are presented in Tables 1.1-.2, J.1-.2, and K.1-.2-.3-.4 of Appendixes
I, J, and K, respectively.

As an example of setting line secondary currents and line-to-ground secondary voltages

for the non-real-time simulator, the line secondary currents and line-to-ground secondary
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voltages for the “UTILITY-8765/1234-LL(BC)-Bus5-BK6” tripping and non-tripping tests are

shown in Figures 7.13 and 7.14, respectively.
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Figure 7.13: Line seconldary currents and line-to-ground secondary voltages of the “UTILITY-
8765/1234-LL(BC)-Bus5-BK6” tripping test file

Using SEL-5401® software [12], line secondary currents and line-to-ground secondary

voltages for pre-fault, fault, and post-fault states were set, and the Extended mode was selected

instead of the Standard mode in order to set the IAW- IBW- ICW, IAX- IBX-ICX, and VAY -

VBY-VCY analog signals. Pre-fault states of the “UTILITY-8765/1234-LL(BC)-Bus5-BK6”

tripping and non-tripping tests were identical in Figures 7.13 and 7.14.For the “UTILITY-

8765/1234-LL(BC)-Bus5-BK6” tripping (Figure 7.13) and non-tripping (7.14) test

files,

magnitudes and angles of line secondary currents and line-to-ground secondary voltages for the
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analog signals were set. The A, B, and C line secondary currents of Breakers 1 and 2 were
represented by the IAW-IBW-ICW and IAX-IBX-ICX analog signals, respectively. The A, B,
and C line-to-ground secondary voltages of Bus 7 were represented by VAY-VBY-VCY analog
signals. On Bus 7, Breakers 1 and 2, named “BK6” and “BKS5”, respectively, were controlled by

Relay 2 for the “UTILITY-8765/1234-LL(BC)-Bus5-BK6” tripping and non-tripping tests.

-
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Ifigure 7.14: Line secondary currents and Iine-to:ground secondary voltages of the “UTILITY -
8765/1234-LL(BC)-Bus5-BK6” non-tripping test file
In Figure 7.13, the “UTILITY-8765/1234-LL(BC)-Bus5-BK6” tripping test was formed
by the pre-fault, fault, and post-fault states. In Figure 7.14, the “UTILITY-8765/1234-LL(BC)-
Bus5-BK6” non-tripping test was formed by the pre-fault and fault states; the post-fault state was

not required because the relay did not trip.

7.3.2 Sense inputs, contact outputs, and state times

SEL-AMS [3] simulated sense inputs and contact outputs of the breakers. The sense
inputs (O symbol) and contact outputs (| | symbol) represented the breaker coils and auxiliary
contacts, respectively. Sense inputs of the SEL-AMS [3] represented the trip (TC1, TC2) and

close (CC1, CC2) coils of breakers that received 14.3 Vdc signals from the relay’s control
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outputs to open or close the breakers. However, contact outputs of the SEL-AMS [3] represented
the NO auxiliary contacts (52A1, 52A2) of breakers that sent the breaker pole status (closed or
open) to the relay. In the relay, the open state of the NO auxiliary contact (52A1, 52A2) was 0
Vdc if the circuit breaker was open, and the closed state of the NO auxiliary contact (52A1,
52A2) was 125 Vdc if the circuit breaker was closed, based on the relay’s instruction manual [5].
Figure 7.15 shows the tripping, closing, and breaker state circuits of a SEL-451 relay operating
two breakers (52AA1, 52AA2) during pre-fault (A), fault (B), and post-fault (C) states. Tripping
and closing circuits were represented by a 14.3 Vdc source, breaker coil, and relay’s control
output connected in series. However, breaker state circuits were represented by a 125 Vdc
source, breaker NO auxiliary contacts (52A1, 52A2), and the relay’s control inputs connected in

series.
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Figure 7.15: Pre-fault (A), fault (B), and post-fault (C) states
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In Figures 7.16, the RMS line breaker primary currents, breaker pole status (contact
outputs), and trip coil states (sense inputs) for pre-fault, fault, and post-fault states were plotted
for Breakers 1 (A) and 2 (B). In the NRTS experiment, the tripping and closing circuits with trip
coils (TC1, TC2) and close coils (CC1, CC2) were wired and not wired, respectively, for
experimental circuits of Relays 2 and 3. Therefore, only sense inputs represented by breaker trip
coils (TC1, TC2) and contact outputs represented by breaker NO auxiliary contacts (52A1,

52A2) were considered to create test files for the tripping and non-tripping tests.

[A] T Iams 1 @
! oadz -

v

52A1 (breaker pole status) Tom Tom

125 Vdc

v

14.3 Vde TC1 (trip coil) i h

v

Pre-fault ! Fault
T =10 sec (600 cycles) | T, = Tpnt Tom

Post-fault
Tr = 10 sec (600 cycles)

Time, sec (cycles)
f=60Hz (1cycle =16.66 ms) 7, =70 ms =4.2 cyc
Tpp= pre-fault state time 7= post-fault state time 7}, = measured relay time of tripping test

T, = measured fault clearing time of tripping test Ty, = measured delay time of tripping test

52A1 = NO auxiliary contact of breaker 1 pole status (SEL-AMS’s contact output)
TC1 = trip coil status of breaker 1 (SEL-AMS’s sense input)

A
[M 152

[A]

v

5242 (breaker pole status)
125 Vdc

v

TC2(tri il
14.3vde | 74P eol)

Y
>

Time, sec (cycles)
52A2 = NO auxiliary contact of breaker 2 pole status (SEL-AMS’s contact output)
TC2 = trip coil status of breaker 2 (SEL-AMS's sense input)

Figure 7.16: Contact outputs and sense inputs of Breaker 1 (A) and 2 (B)
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Table 7.6 shows sense inputs, contact outputs, and state times for tripping and non-

tripping test files. In the tripping tests, fault state times were set at a time greater than the

measured fault clearing time and relays tripped for fault overcurrents. Tripping test files were

formed by pre-fault, fault, and post-fault states. However, in the non-tripping tests, the fault state

was set at a time less than the measured relay time of the tripping test; therefore, the relays did

not trip. Non-tripping test files were formed by pre-fault and fault states.

Table 7.6: Sense inputs, contact outputs, and state times

Sense inputs Contact outputs
Type Time (trip coils) (NO auxiliary contacts)

tg:t States [cycles] IN1 IN2 OUT1 OUT2
(TC1) (TC2) (52A1) (52A2)

Pre-fault 600 NOOP NOOP c c

Tripping Fault 600 O=>C O=>C C C
Post-fault 600 NOOP NOOP o(or)c o(or)c

Non- Pre-fault 600 NOOP NOOP c c

tripping Fault 0.8 x Tam 0=>C 0=>C c o

NOOP: non-operation, O = >C: trip coil off = >trip coil on, c: closed contact, o: open contact
Trm : measured relay time of tripping tests

In the adaptive overcurrent protection system, fault overcurrent was cleared by the
breaker nearest to the fault. In the fault state, fault overcurrent was detected by the relay, the
relay’s control output (OUT101) was closed, and the trip coil (TC1) was energized by the 14.3
Vdc source, thereby moving the mechanical support of Breaker 1 (52AA1) to open the poles of
Breaker 1 (52AA1) at the post-fault state. Although only one trip coil (TC1) was energized in the
fault state, all sense inputs (IN1 and IN2) were set at “O =>C” for all tripping and non-tripping
test files. Based on setting groups of the relays, the breaker nearest to the fault was always
tripped for adaptive overcurrent protection. In the post-fault state, OUT1 (52A1) and OUT2

Ik

(52A2) contact outputs were set as “0” or “c” contacts, depending on which breaker of the relay
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was expected to trip or remain closed, respectively, for each tripping test. The OUT1 (52A1) and
OUT2 (52A2) NO auxiliary contacts corresponded to Breakers 1 and 2, respectively.

Fault state times for non-tripping tests were set at a time less than the measured relay
time of the tripping test. Fault state times for non-tripping tests were calculated using Equation
(7.12):

Trsy = 0.8 X Tap, (7.12)
where Tgs; is the fault state time of non-tripping tests in cycles and Tgrp, is the measured relay
time of tripping tests in cycles. As an example of setting the sense inputs, contact outputs, and
state times for the non-real-time simulator, the sense inputs, contact outputs, and state times for

the “UTILITY-8765/1234-LL(BC)-Bus5-BK6” tripping (A) and non-tripping (B) tests are

indicated in Figure 7.17.
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Figure 7.17: Sense inputs, contact outputs, and state times for the “UTILITY-8765/1234-
LL(BC)-Bus5-BK6” tripping (A) and non-tripping (B) tests
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Sense inputs, contact outputs, and state times were set with the SEL-5401® software
[12]. For the fault state, sense inputs (O =>C) were set at “C” as final state, and delay time of
the breaker was set at 70 milliseconds (4.22 cycles) based on the manufacturer’s literature [96].
In Figure 7.17-B, the fault state time for the non-tripping test was estimated using Equation
(7.12). The “UTILITY-8765/1234-LL(BC)-Bus5-BK6” tripping test was run before the non-
tripping test, and the measured relay time of the tripping tests was 30.774 cycles. A fault state
time of 24.62 cycles was calculated with Equation (7.12) and set for the “UTILITY-8765/1234-

LL(BC)-Bus5-BK6” non-tripping test file in Figure 7.17-B.

7.4 Execution phase

In the Execution phase, tripping and non-tripping tests were run. Before executing
tripping and non-tripping tests for Relays 2 and 3, the following steps were conducted in order to
manually select the setting group from the relay’s front panel:

e Push the “ENT” button on the relay’s front panel.

Select the “SET / SHOW” option and push the “ENT” button.

Select the “ACTIVE GROUP” and push the “ENT” button.

Enter the password “TAIL” and select “ACCEPT”.

Place the new relay setting group in “NEW GROUP” option and push the “ENT”
button.
Based on the circuit path of the tripping and non-tripping tests, setting groups of Relays 2

and 3 are indicated in Figure 7.18.
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created in the Preparation phase. Steps for executing tripping and non-tripping test files are
indicated in Figure 7.19. The SEL-5401® software [12] opened the test file. As shown in Figure
7.19-A, the “Configuration” menu was clicked, the “Communications” option was selected, and
then the number of the “Comm Port” was matched to the USB port of the HMI computer
connected by the SEL-C662 cable to the SEL-AMS [3]. As shown in Figure 7.19-B, the baud

date (data speed) was set at 9600, the “OK” tab was clicked, and the “Download and run this

Setting groups of relays

The SEL-5401® software [12] opened the tripping and non-tripping test files (.RTA)

Circuit path of tests
Figure 7.18: Setting groups of Relays 2 and 3 for circuit paths of tripping and non-tripping tests

test” menu was selected to run the test file.
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Figure 7.19: Configuration (A) and download and run this test (B)
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While test files of Relays 2 or 3 were run with SEL-5401® software [12], the relay’s
display and push-button LEDs from the HMI computer were observed, indicating magnitudes of
A, B, and C line currents and status of Breakers 1 and 2. At end of the Execution phase,

measured relay and fault clearing times were collected.

7.5 Collection phase

In the Collection phase, the relay’s display and push-button LEDs and measured relay
and fault clearing times were collected from the webcam and HMI computer. The relay’s display
and push-button LEDS were collected to verify adaptive overcurrent protection at first sight
during execution of the non-real-time tests. Table 7.7 shows collected data, sites, sources, and
measurements of the non-real-time tests.

Table 7.7: Collected data for the non-real-time tests

Collected Sites Sources Measurements
Data
Breaker line
Display and currents, breaker
Webcam | Relays | trips, and fault type
push-button
computer | 2and 3 were measured
LEDs ,
from the relay’s
front panel.
Relay and fault
Relayand fault | HMI | sgL- | clearing times from
T the fault states
clearing times | computer [ AMS
were measured
from test results.

HMI: Human machine interface

Figure 7.20 shows the power desk and rack area in the NRTS Experiment. Non-real-time
tests were executed and supervised from the power desk (A). In Figure 7.20-A, the webcam and
HMI computers were connected to collect the display and push-button LEDs, as well as test

results (measured relay and fault clearing times), respectively.
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button
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o

ANl
Power desk Rack area
Figure 7.20: Power desk (A) and rack area (B) in the NRTS Experiment

7.5.1 Display and push-button LEDs

The relay’s display and push-button LEDs were measured during the execution of the
non-real-time tests. The relays’ display and push-button LEDs were evaluated at first sight from
the webcam computer (Figure 7.20-A), and a webcam placed in a magnetic arm attached to the
relay rack observed the relay’s displays and push-button LEDs were for Relays 2 and 3 (Figure
7.20-B). The A, B, and C line currents of Breakers 1 and 2 were observed on the relay’s display
during execution of the non-real-time tests, verifying load and fault currents for pre-fault and
fault states, respectively, and zero current at post-fault state. Breaker 1 and 2 states (closed and
open) were observed on the push-button LEDs on the relay’s front panel, verifying breaker status
during tripping and non-tripping tests. In addition, the status of LEDs that indicated enabled
relay, trip, inverse time overcurrent protection, fault types, line-to-ground voltage level, breaker
status, and alternative setting groups were measured from the relay’s front panel. Figure 7.21
shows LEDs on the relay’s front panel according to the relay’s instruction manual [5]. As soon
as the relay tripped, the “TARGET RESET” button was pushed to reset LEDs of the relay’s front

panel.
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Figure 7.21: LEDs on SEL-451 relay’s front panel [5]

In the tripping tests, “TRIP” and” TIME” LEDs were turned on when the relay tripped.
Maximum fault overcurrents corresponded to the DLG(BC) and SLG(A) faults of the utility and
distributed generator circuit path tests, respectively. Minimum fault overcurrents corresponded to
the SLG(A) fault of the utility and distributed generator circuit path tests. Because the type of
fault detected by LEDs on the relay’s front panel depended on the magnitude and angle of the
currents and line-to-ground voltages, currents and line-to-ground voltages estimated by fault
analysis with Power World® software [10] were also verified by LEDs on the relay’s front

panel. DLG (A), SLG (B), and LL (C) faults on the relay’s front panel are shown in Figure 7.22.

@ ENABLED ENABLED @ ENABLED

@ e @ @ e @ @ rr
O INST O AFAULT O INST @ ~raur O INST O AFAULT
@ v @ sraur @ e O BFAULT @ e @ 5 raur
O COMM @ craur O COMM O CFAULT O CoMM @ craur
O SOTF @ crouno O soTF @ crouno O SOTF O GROUND
O NEG-SEQ O LoP O NEG-SEQ O LopP O NEG-SEQ O LoP
O 79 RESET @ VvAvoN O 79 RESET O VAYON O 79 RESET @ VAv ON
O 79CYCLE O VBYON O 79CYCLE . VBY ON O 79 CYCLE O VBY ON
O 79 LOCKOUT | O vcYoN O 79 LOCKOUT | @@ VY ON O 79L0cKOUT | O veyon

Figure 7.22: DLG (A), SLG (B), and LL (C) faults on SEL 451 relay’s front panel [5]
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7.5.2 Measured relay and fault clearing times

The measured relay and fault clearing times were collected from fault states of tripping
tests after the relay was tripped. The measured relay and fault clearing times represented the
sense input and total state times of the fault states, respectively. The measured relay and fault
clearing times were generated by the non-real-time simulator, SEL-AMS [3], that simulated
breaker trip coils (sense inputs) and NO auxiliary contacts (contact outputs) during pre-fault,
fault, and post-fault states. The trip coil (TC1, TC2) was energized by the relay trip signal to
open the breaker and the NO auxiliary contacts (52A1, 52A2) sensed the breaker poles. Once the
tripping tests were run, the measured relay and fault clearing times were collected by clicking on

the “Test Results” tab and selecting the fault states from the “Go To” cell, as shown in Figure
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Figure 7.23: Test results of “UTILITY-8765/1234-LL(BC)-Bus5-BK6” test

As demonstrated in Figure 7.23, time from the “Input” represented the measured relay
time in cycles and the “Total State Time” represented the measured fault clearing time in cycles.

The measured delay time was estimated using Equation (7.13):
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Tom = Tem — Trm (7.13)
where Tpp, is the measured delay time in cycles, Try IS the measured relay time in cycles, and
Tem IS the measured fault clearing time in cycles for the tripping tests. For example, State No. 2
in Figure 7.23 indicated results of the “UTILITY-8765/1234-LL(BC)-Bus5-BK6” test. The LL
fault at B-C phases was located on Bus 5, and Breaker 1 (BK6) was tripped; the measured relay
and fault clearing times were 30.774 and 35.09 cycles, respectively. According to Equation
(7.13), the measured delay time was 4.316 cycles. Although the delay time was set at 4.22 cycles
for the “UTILITY-8765/1234-LL(BC)-Bus5-BK6” test, the measured delay time was greater

than 4.22 cycles because the wired experimental circuit added delay time.

7.5.3 Percent error of relay time

Theoretical and measured relay time values for tripping tests were evaluated. Although
theoretical relay times were based on the inverse time overcurrent U3 curve from the relay’s
instruction manual [5], measured relay times were collected from test results. The percent error

of relay times was calculated with Equation (7.14):
Ergo = 2% x 100 (7.14)
R

where Etry, is percent error of relay time, Trp is measured relay time in cycles, and Tg is
theoretical relay time in cycles. Theoretical relay time values were estimated with Equation

(7.15), based on the inverse time overcurrent U3 curve from relay’s instruction manual [5]:

3.88
Tg = TDS x (0.0963 + W) X 60 (7.15)

where T is the theoretical relay time in cycles, TDS is the inverse time overcurrent time dial
setting, | is the primary pickup fault current in amps, CTR is the current transformer ratio, and Ip

is the secondary overcurrent pickup in amps.
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In the NRTS experiment, percent error values for tripping tests of maximum and minimum fault

overcurrents in Relays 2 and 3 were estimated.

7.6 Chapter summary

In this chapter, test steps to run tripping and non-tripping tests for adaptive overcurrent
protection of the microgrid with distributed generators were described. The test steps, based on
tripping and non-tripping tests, included Calculation (1), Preparation (2), Execution (3), and
Collection (4) phases. In the NRTS experiment, tripping tests were run before non-tripping tests.

In the Calculation (1) phase, the microgrid circuit was edited based on the circuit path
test. Line breaker primary currents and SLG bus primary voltages of Relays 2 and 3 were
estimated for pre-fault and post-fault states by running a power flow analysis. However, line
breaker primary currents and SLG bus primary voltages of Relays 2 and 3 were estimated for the
fault state by running a fault analysis. Power flow and fault analysis were run with Power
World® software [10].

In the Preparation (2) phase, secondary currents and voltages for the breakers and buses of
Relays 2 and 3 were estimated by dividing the calculated line breaker primary currents and SLG
bus primary voltages by the current and potential transformer ratios, respectively. Test files for
tripping and non-tripping tests were created with the SEL-5401® software [12].

In the Execution (3) phase, relay setting groups to run the tests were selected from the
relay’s display front. Tripping and non-tripping tests were then executed by downloading and
running test files with the SEL-5401® software [12].

In the Collection (4) phase, non-real-time tests were run and the relay’s display and push-
button LEDs were evaluated at first sight from a webcam. Upon completion of the tripping tests,
the measured relay and fault clearing times were collected from the fault state results. Tripping
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tests were run before non-tripping tests because fault state times of the non-tripping tests were

set with measured relay times of the tripping tests multiplied by 0.8.
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Chapter 8 - Results of NRTS experiment

NRTS experiment results are analyzed in this chapter. The NRTS experiment was
segregated into tripping tests, including backup protection tests, and non-tripping tests. Inputs
(tripped breakers), relays, and fault clearing times were collected from tripping test results. Table
8.1 shows characteristics of tests and methods used to collect test results.

Table 8.1: Characteristics and results of tests for NRTS experiment

Characteristics of tests Methods for collecting
results
Relay
Type of , Type of | Number
Test Stop Time | Overcurrent Eault of Tests Test Relays
System
. DLG(BC)
Lo Maximum ' 17
Tripping SLG(A) T
Tests N est
>pre-fault | Minimum | LL(BC) 17 results
state time + from
faultt_clearlng Maximum DLG(BC), 5 fault Pushbutton
B_?ckup Ime SLG(A) state LEDs and
ests )
Minimum | LL(BC) 5 relay’s
display
. DLG(BC),
Non- < pre-fault Maximum SLG(A) 17
Tripping time + relay NA
Tests time Minimum LL(BC) 17

DLG(BC): double line-to-ground BC fault, SLG(A): single line-to-ground A fault, LL(BC): line-

to-line BC fault, NA: not available

The fault state time in tripping tests was greater than the fault clearing time required to

observe if relays tripped. However, in non-tripping tests, the fault state time was less than the

relay time required to observe if relays did not trip. Percent error values and mean + SEM of

Relays 2 and 3 were calculated for measured and theoretical relay time values for tripping tests.

In order to observe protection coordination scenarios, measured coordination time intervals

between primary and backup relays were estimated.
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8.1 Tripping tests

Tripping tests of the NRTS experiment for adaptive overcurrent protection of the
microgrid with distributed generators were performed for nine circuit paths, as shown in
Appendix D. SEL-5401 test system software [12] was applied to run tripping tests. In the
tripping tests, fault state time had to be greater than the fault clearing time, thereby allowing the
relay to trip for the inverse time overcurrent protection curve setting on the relays. Tripping tests
were performed for each relay in the loop, using SEL-AMS [3] as a relay test system. Tripping
tests verified that Relays 2 and 3 tripped for various overcurrent fault situations along the
microgrid. Overcurrent faults were located on power line busses assuming the maximum and
minimum fault overcurrents, and power lines were defined as protection areas of Relays 2 and 3.
Table 8.2 describes tripping tests developed for the NRTS experiment.

Table 8.2: Tripping tests for the NRTS experiment

Type of tests Objectives
Maximum fault Verified that the primary relay tripped for the maximum fault
overcurrent tests overcurrent along the power line.

Minimum fault Verified that the primary relay tripped for the minimum fault
overcurrent tests overcurrent along the power line.

Verified that the primary relay tripped faster than the backup
relay for minimum and maximum fault overcurrents along the
power line.

Backup protection
tests

The maximum fault overcurrent corresponded to the double line-to-ground (DLG) faults
and single line-to-ground (SLG) faults. However, the minimum fault overcurrent corresponded
to the line-to-line (LL) fault. When considering a power line between two busses, the maximum
overcurrent fault was located on the bus closest to the source, and the minimum overcurrent fault

was located on the bus farthest away from the source.
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To define test characteristics, the tests were referenced by the source, circuit, type of
fault, fault site, and desired tripped breaker. The “DG2-678/65-LL(BC)-Bus8-BK5” test was
performed for the LL (BC) fault located on “Bus8” in the circuit conformed by “distributed
generator 2” and two power line branches formed by 6-5 and 6-7-8 power lines, with the
expectation that “BK5” breaker would trip.

Maximum and minimum fault overcurrent and backup protection tests were performed in
the NRTS experiment to complete A-B-C line breaker secondary currents and line-to-ground bus
secondary voltages for pre-fault, fault, and post-fault states. Figure 8.1 shows the “DG2-678/65”
circuit path applied to estimate A-B-C line breaker primary currents and line-to-ground bus
primary voltages before running maximum and minimum fault overcurrent and backup
protection tests for the 7-8 power line. Power World® software [10] estimated A-B-C line
breaker primary currents and line-to-ground primary bus voltages for pre-fault, fault, and post-
fault states by applying the circuit within the red dashed lines, as shown in Figure 8.1.

DG3

0.871 MW .
0.677 Mvar
Bus 4 0.250 MW
s > - > 0.200 Mva
Bus1 -
=——> : s > 0.200 MW
BK20 BK14 0.150 Mva:
Fat =1
UTLLITY BK1 3 DG1
CcT L
0.000 MW [] ' ' BK13 0.652 MW
0.000 Mvar ' - 0.527 Mvar
1

Figure 8.1: Circuit for “DG2-678/65-SLG(A)-Bus7-BKS5, -LL(BC)-Bus8-BK5, -SLG(A)-Bus7-
BK7, and -LL(BC)-Bus8-BK7” tests for protection of the 7-8 power line
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The A-B-C line breaker primary currents and line-to-ground bus primary voltages for
pre-fault and post-fault states were calculated using power flow analysis, and A-B-C line breaker
currents and line-to-ground bus voltages for the fault state were estimated using fault analysis.
Secondary currents and voltages were calculated by dividing primary currents and voltages by
current and potential transformer ratios, which were 200 and 60, respectively. Using the circuit
in Figure 8.1, the A-B-C line breaker secondary currents and line-to-ground bus secondary
voltages for pre-fault, fault, and post-fault states were calculated for the maximum and minimum
fault overcurrent tests. Pre-fault, fault, and post-fault state files were completed with SEL-5401
test system software [12] for maximum and minimum tripping tests for Relay 2. In the maximum
and minimum fault overcurrent tests for the 7-8 power line of the “DG2-678/65” circuit path,
Relay 2 tripped the BK5 breaker. Maximum fault overcurrent DG2-678/65-SLG(A)-Bus7-BK5
test verifying that the BK5 breaker tripped for an SLG fault of Line A at Bus 7. Minimum fault
overcurrent DG2-678/65-LL(BC)-Bus8-BKb5 test verifying that the BKS5 breaker tripped for an
LL fault of Lines B and C at Bus 8.

Using the circuit in Figure 8.1, A-B-C line breaker secondary currents and line-to-ground
bus secondary voltages for pre-fault, fault, and post-fault states were calculated for the backup
protection tests. SEL-5401 test system software [12] was then used to complete pre-fault, fault,
and post-fault states for backup protection tests of Relay 3 for maximum and minimum fault
overcurrent. In the backup protection tests for the 7-8 power line of the “DG2-678/65” circuit
path, Relay 3 tripped the BK7 breaker. Backup protection DG2-678/65-SLG (A)-Bus7-BK7 test
verifying that the BK7 breaker tripped for an SLG fault of Line A at Bus 7. Backup protection
DG2-678/65-LL (BC)-Bus8-BK7 test verifying that the BK7 breaker tripped for a LL fault of

Lines B and C at Bus 8.
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In the backup protection DG2-678/65-SLG(A)-Bus7-BK7 and DG2-678/65-LL(BC)-
Bus8-BK7 tests, LLTI of the primary protection (Relay 2) was not disconnected to simulate a
current transformer (CT) failure on Relay 2 because the tests were performed individually for
each relay in the NRTS experiment. Therefore, in order to confirm that the backup protection
(Relay 3) tripped after the primary protection (Relay 2), CTls between the upstream (backup
relay) and downstream (primary relay) protections were measured from the test results, verifying

that the primary relay cleared the fault faster than the backup relay.

In adaptive overcurrent protection for the microgrid with distributed generators, Relays 2
and 3 tripped as “primary and backup” or “backup and primary” protections, depending on the
circuit path selected to run the non-real-time simulation. Backup protection tests were performed
for the maximum and minimum fault overcurrent, and CTIs between the upstream (backup relay)
and downstream (primary relay) protections were measured from test results, verifying that the
primary relay cleared the fault faster than the backup relay. Tripping tests of maximum and
minimum fault overcurrent for Relays 2 and 3 are shown in Tables 8.3 and 8.4, respectively.
Backup protection tests for maximum and minimum fault overcurrent for Relays 2 and 3 are
shown in Table 8.5. Circuit paths of the tests are shown in Figures D.1-12 in Appendix D. The
DLG and SLG faults set the maximum fault overcurrents for the circuits fed by the utility source
and distributed generators, respectively. DLG and SLG faults were placed at BC and A lines-to-
ground, respectively. Minimum fault overcurrent was the LL fault at BC lines for circuit paths.
Relays 2 and 3 were verified for tripping and backup protection tests of the maximum and

minimum fault overcurrent.
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Table 8.3: Tripping tests of maximum fault overcurrent for Relays 2 and 3

" o @ o Tests
= | £3| 8§ ircui
> 9 g c :: Ne Source —_Clrcw_t - Fault Type —
o n O e Fault Site - Tripped Breaker
SS1 L67 1 UTILITY-8765/1234-DLG(BC)-Bus7-BK6
L78 2 DG2-678/65-SLG(A)-Bus7-BK5
2 SS2 L78 3 DG2-6781-SLG(A)-Bus7-BK5
L78 4 DG2-678-SLG(A)-Bus7-BK5
SS4 L78 5 DG1-5678-SLG(A)-Bus7-BK5
SS1 L56 6 UTILITY-8765/1234-DLG(BC)-Bus6-BK8
L56 7 DG2-678/65-SLG(A)-Bus6-BK8
L67 8 DG2-678/65-SLG(A)-Bus6-BK7
L56 9 DG2-67/65-SLG(A)-Bus6-BK8
SS2 L67 10 DG2-67/65-SLG(A)-Bus6-BK7
3 L34 11 DG2-6543-SLG(A)-Bus4-BK8
L56 12 DG2-6543-SLG(A)-Bus6-BK8
L56 13 DG2-65-SLG(A)-Bus6-BK8
$S3 L67 14 DG2-6781-SLG(A)-Bus6-BK7
L67 15 DG2-678-SLG(A)-Bus6-BK7
SS4 L67 16 DG2-67-SLG(A)-Bus6-BK7
SS5 L67 17 DG1-5678-SLG(A)-Bus6-BK7
Table 8.4: Tripping tests of minimum fault overcurrent for Relays 2 and 3
" o @ S " Tests
s | £3 g e —
E = 5< N° Source —_Clrcm_t - Fault Type —
n O a Fault Site - Tripped Breaker
SS1 L67 1 UTILITY-8765/1234-LL(BC)-Bus6-BK6
L78 2 DG2-678/65-LL(BC)-Bus8-BK5
2 SS2 L78 3 DG2-6781-LL(BC)-Bus8-BK5
L78 4 DG2-678-LL(BC)-Bus8-BK5
SS4 L78 5 DG1-5678-LL(BC)-Bus8-BK5
SS1 L56 6 UTILITY-8765/1234-LL(BC)-Bus5-BK8
L56 7 DG2-678/65-LL(BC)-Bus5-BK8
L67 8 DG2-678/65-LL(BC)-Bus7-BK7
L56 9 DG2-67/65-LL(BC)-Bus5-BK8
SS2 L67 10 DG2-67/65-LL(BC)-Bus7-BK7
3 L34 11 DG2-6543-LL(BC)-Bus3-BK8
L56 12 DG2-6543-LL(BC)-Bus5-BK8
L56 13 DG2-65-LL(BC)-Bus5-BK8
ss3 L67 14 DG2-6781-LL(BC)-Bus7-BK7
L67 15 DG2-678-LL(BC)-Bus7-BK7
SS4 L67 16 DG2-67-LL(BC)-Bus7-BK7
SS5 L67 17 DG1-5678-LL(BC)-Bus7-BK7
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Table 8.5: Backup protection tests for Relays 2 and 3

= § - Tests
= 2 2 = 2 @
L% 3| @ 2 % E’i’ \° Source — Circuit - Fault Type —
S o E g Fault Site -Tripped Breaker
° 3
2 SS1 L56 1 UTILITY-8765/1234-DLG(BC)-Bus6-BK6
g SS2 L78 2 DG2-678/65-SLG(A)-Bus7-BK7
g 3 ss3 L78 3 DG2-6781-SLG(A)-Bus7-BK7
g L78 4 DG2-678-SLG(A)-Bus7-BK7
sss | L8 5 DG1-5678-SLG(A)-Bus7-BK7
2 SS1 L56 1 UTILITY-8765/1234-LL(BC)-Bus5-BK6
£ ss2 | L78 2 DG2-678/65-LL(BC)-Bus8-BK7
E 3 css | L8 3 DG2-6781-LL(BC)-Bus8-BK7
= L78 4 DG2-678-LL(BC)-Bus8-BK7
ss5 | L8 5 DG1-5678-LL(BC)-Bus8-BK7

Test results from the fault states were collected after execution of each tripping test.
Figure 8.2 shows fault states and results for the DG2-678/65-SLG(A)-Bus7-BK5 and DG2-
678/65-SLG(A)-LL(BC)-Bus8-BKS5 tripping tests of Relay 2. In Figures 8.2-A and 8.2-B, “IN1”
and “IN2” inputs represent the states (trip or closed) of “BK6” and” BK5” breakers, respectively.
For both cases, the “IN1” input was not operated (NOOP) and “IN2” input was operated,

indicating that the “BKS5” breaker was tripped.
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Figure 8.2: DG2-678/65-SLG(A)-Bus7-BK5 (A) and -LL(BC)-Bus8-BKS5 (B) tripping
tests for Relay 2
Figure 8.3 shows fault states and results for the DG2-678/65-SLG(A)-Bus7-BK7 and
DG2-678/65 -LL(BC)-Bus8-BK7 backup tests of Relay 3. In Figures 8.3-A and 8.3-B, the “IN1”
and “IN2” inputs represent the states (trip or closed) of “BKS8” and” BK7” breakers, respectively.
For both cases, the “IN1” input was not operated (NOOP) and “IN2” input was operated,

indicating that the “BK7” breaker was tripped.
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Figure 8.3: DG2-678/65-SLG(A)-Bus7-BK7 (A) and -LL(BC)-Bus8-BK7 (B) backup

tests for Relay 3

Using relay test results, breaker states of the tripping and backup tests were measured for

maximum and minimum fault overcurrents. Figures 8.4 and 8.5 show the state (open or closed)

of Breakers 1 and 2 for Relays 2 and 3, respectively, verifying that the desired breaker tripped

for the maximum fault overcurrent during the tripping tests.
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W Breaker N° 2 (BK5) B Breaker N° 1 (BK6)

DG1-5678-SLG{A)-Bus7-BK5
DG2-678-SLG(A)-Bus7-BK5

DG2-6781-SLG(A)-Bus7-BK5

Source - Circuit -
Fault Type - Fault Site -
Tripped Breaker

DG2-678/65-SLG{A)-Bus7-BK5

UTILITY-8765/1234-DLG(BC)-Bus7-BK6

Closed Open
Figure 8.4: Maximum fault overcurrent, tripping tests for Relay 2

M Breaker N° 2 (BK7) ™ Breaker N° 1 (BK8)

DG1-5678-5LG(A)-Bus6-BK7
DG2-67-SLG(A)-Bus6-BK7
DG2-678-SLG(A)-Bus6-BK7
DG2-6781-5LG(A)-Bus6-BK7
DG2-65-5LG(A)-Bus6-BK3
DG2-6543-5L.G(A)-Bus6-BKS8
DG2-6543-5L.G(A)-Bus4-BK3
DG2-67/65-5LG(A)-Bus6-BK7
DG2-67/65-5LG(A)-Bus6-BKS

DG2-678/65-SLG(A)-Bus6-BK7

Source - Circuit - Fault Type - Fault Site -Tripped Breaker

DG2-678/65-5LG(A)-Bus6-BK8

UTILITY-8765/1234-DLG(BC)-Bus6-BK8

Closed Open
Figure 8.5: Maximum fault overcurrent, tripping tests for Relay 3

Figures 8.6 and 8.7 show the states (open or closed) of Breakers 1 and 2 for Relays 2 and
3, respectively, verifying that the desired breaker tripped for the minimum fault overcurrent

during the tripping tests.
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W Breaker N° 2 (BK5) W Breaker N° 1 (BK6)

DG1-5678-LL{BC)-Bus8-BK5
DG2-678-L1{BC)-Bus8-BK5

DG2-6781-LL(BC)-Bus1-BK5

Tripped Breaker

DG2-678/65-LL(BC)-Bus8-BK5

Source - Circuit -
Fault Type - Fault Site -

UTILITY-8765/1234-LL(BC)-Bus6-BK6
Closed Qpen
Figure 8.6: Minimum fault overcurrent, tripping tests for Relay 2

MW Breaker N° 2 (BK7) m Breaker N° 1 (BK8)

DG1-5678-LL(BC)-Bus7-BK7

DG2-67-LL{BC)-Bus7-BK7

DG2-678-LL(BC)-Bus7-BK7

DG2-6781-LL(BC)-Bus7-BK7

DG2-65-LL{BC)-Bus5-BK8

DG2-6543-LL(BC)-Bus5-BKS

DG2-6543-LL(BC)-Bus3-BKS8

DG2-67/65-LL{BC)-Bus7-BK7

DG2-67/65-LL{BC)-Bus5-BK8

Source - Circuit - Fault Type - Fault Site -Tripped Breaker

DG2-678/65-LL(BC)-Bus7-BK7

DG2-678/65-LL{BC)-Bus5-BKS8

UTILITY-8765/1234-LL(BC)-Bus5-BKS8

Closed Open
Figure 8.7: Minimum fault overcurrent, tripping tests for Relay 3

Figures 8.8 and 8.9 show the state (open or closed) of Breakers 1 and 2 for Relays 2 and

3, respectively, verifying that the desired breaker tripped during backup protection tests.
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Source - Circuit -
Fault Type - Fault Site -

Source - Circuit - Fault Type - Fault Site -

Tripped Breaker

Tripped Breaker

M Breaker N° 2 (BK5) B Breaker N° 1 (BK6)

UTILITY-8765/1234-LL(BC)-Bus5-BK6

UTILITY-8765/1234-DLG(BC)-Bus6-BK6

Closed Open

Figure 8.8: Backup protection tests for Relay 2

B Breaker N° 2 (BK7) B Breaker N° 1 (BK8)

DG1-5678-LL{BC)-Bus8-BK7
DG1-5678-SLG(A)-Bus7-BK7
DG2-678-LL{BC)-Bus8-BK7

DG2-6781-LL(BC)-Bus1-BK7

DG2-678-SLG{A)-Bus7-BK7
DG2-6781-SLG(A)-Bus7-BK7
DG2-678/65-LL{BC)-Bus8-BK7

DG2-6783/65-SLG(A)-Bus7-BK7

Closed Open
Figure 8.9: Backup protection tests for Relay 3

8.2 Non-tripping tests

SEL-5401 test system software [12] was applied to run non-tripping tests of the NRTS
experiment for adaptive overcurrent protection of microgrid with distributed generators. The
non-tripping tests were run for maximum and minimum fault overcurrents. Although the fault
state time was greater than the fault clearing time for tripping tests, the fault state time was less
than relay times for non-tripping tests to prohibit relays from tripping during the fault state for
non-real-time simulation, thereby preventing relays from tripping for inverse time overcurrent

protection curve setting. Figure 8.10 shows the RMS breaker current of tripping and non-tripping
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tests for maximum and minimum fault overcurrents. For tripping tests (A), relays tripped,
clearing the overcurrent fault. However, for non-tripping tests (B), relays did not trip because
fault states were stopped before relays could trip. The fault state times of non-tripping tests for
maximum and minimum (Tgsz) fault overcurrents were estimated before collecting the measured

relay times from tripping tests.

Maximum or Minimum Fault Overcurrents

| ®

amps
3

-

Tripping Tests
Tes > Ty

Tpe;= 10§sec T

Tpp =10 sec Trm time

amps
Relay time

>

Non-Tripping Tests
Trs2< Thn

TF. 52

Tpr= 10 sec

time

Figure 8.10: Tripping and non-tripping tests for minimum and maximum fault overcurrents

Based on plots (A) and (B) in Figure 8.10, the fault state time of non-tripping tests was
given by Equation (8.1):

Trs, = 0.8 X Tp, (8.1)
where Tks; is the fault state time of non-tripping tests in cycles and Try, is measured relay time in
cycles from tripping tests.

Based on Equation (8.1), tripping tests had to be performed before non-tripping tests in
order to obtain measured relay times from test results of fault states. Equation (8.1) was used to
calculate fault state time of non-tripping tests for maximum and minimum fault overcurrent.

Table 8.6 shows primary pickup fault currents of Relay 3 during the tests and fault state time
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values collected from test results of fault states for tripping tests when Relay 3 tripped. Fault

state time values of non-tripping tests for maximum and minimum fault overcurrents were

calculated with Equation (8.1).

Table 8.6: Fault state time for non-tripping tests - Relay 3 - NRTS experiment

= Test Name - < Tripping Test Non-Tripping Tests
[ S —
= g - 5 & =1 Fault State Measured Fault State Time,
E ot e hroes ™ | £SE | Time [T | oy Time, | [T eyl
3 85 cycles [Trm] cycles Tr=0.8x Ty
UTILITY-8765/1234-DLG(BC)-Bus6-BK8 2046 600 11.154 8.92
DG2-678/65-SLG(A)-Bus6-BK8 2371 600 10.146 8.12
DG2-678/65-SLG(A)-Bus6-BK7 2369 600 15.114 12.09
DG2-678/65-SLG(A)-Bus7-BK7 1709 600 22.926 18.34
DG2-67/65-SLG(A)-Bus6-BK8 2330 600 10.374 8.30
DG2-67/65-SLG(A)-Bus6-BK7 2327 600 15.426 12.34
c DG2-6543-SLG(A)-Bus4-BK8 1989 600 12.426 9.94
g DG2-6543-SLG(A)-Bus6-BK8 2355 600 10.134 8.11
E DG2-65-SLG(A)-Bus6-BK8 2282 600 10.374 8.30
= DG2-6781-SLG(A)-Bus6-BK7 2400 600 15.150 12.12
DG2-6781-SLG(A)-Bus7-BK7 1742 600 22.674 18.14
DG2-678-SLG(A)-Bus6-BK7 2339 600 15.654 12.52
DG2-678-SLG(A)-Bus7-BK7 1698 600 23.370 18.70
DG2-67-SLG(A)-Bus6-BK7 2298 600 9.594 7.68
DG1-5678-SLG(A)-Bus6-BK7 1940 600 17.898 14.32
DG1-5678-SLG(A)-Bus7-BK7 1503 600 25.398 20.32
UTILITY-8765/1234-LL(BC)-Bus5-BK8 1539 600 16.350 13.08
DG2-678/65-LL(BC)-Bus5-BK8 1392 600 20.706 16.56
DG2-678/65-LL(BC)-Bus7-BK7 1265 600 36.378 29.10
DG2-678/65-LL(BC)-Bus8-BK7 1036 600 53.142 42,51
DG2-67/65-LL(BC)-Bus5-BK8 1369 600 21.666 17.33
DG2-67/65-LL(BC)-Bus7-BK7 1221 600 38.670 30.94
c DG2-6543-LL(BC)-Bus3-BK8 1275 600 24.138 19.31
g DG2-6543-LL(BC)-Bus5-BK8 1427 600 19.914 15.93
= DG2-65-LL(BC)-Bus5-BK8 1342 600 22.410 17.93
= DG2-6781-LL(BC)-Bus7-BK7 1318 600 34.890 27.91
DG2-6781-LL(BC)-Bus8-BK7 1088 600 49.350 39.48
DG2-678-LL(BC)-Bus7-BK7 1253 600 37.878 30.30
DG2-678-LL(BC)-Bus8-BK7 1031 600 54.894 43.92
DG2-67-LL(BC)-Bus7-BK7 1210 600 23.010 18.41
DG1-5678-LL(BC)-Bus7-BK7 1145 600 39.618 31.69
DG1-5678-LL(BC)-Bus8-BK7 955 600 56.178 44.94

Bold represents the backup protection tests
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Table 8.7 shows primary pickup fault currents of Relay 2 during the tests and fault state

time values collected from test results of fault states for tripping tests when Relay 2 tripped.

Table 8.7: Fault state time for non-tripping tests - Relay 2 - NRTS experiment

- o _— Non-Tripping
§ Test Description o i Tripping Test Tests
= 2=
Q
e 2 g | Fault | Measured | ot srare
5 Source - Circuit - Type of Fault - Fault e h clay Time, [Teso]
. < S | Time, Time,
= Location - Opened Breaker g © cycles
2 = § [Tesil [Trml Trs,=0.8 X Tg
L 0 & | cycles cycles
UTILITY-8765/1234-DLG(BC)-Bus6-BK6 | 2101 [ 600 19.626 15.70
e | UTILITY-8765/1234-DLG(BC)-Bus7-BK6 | 3170 | 600 12.426 9.94
E DG2-678/65-SLG(A)-Bus7-BK5 1650 | 600 15.114 12.09
§ DG2-6781-SLG(A)-Bus7-BK5 1681 | 600 14.418 11.53
DG2-678-SLG(A)-Bus7-BK5 1639 | 600 15.102 12.08
DG1-5678-SLG(A)-Bus7-BK5 1453 | 600 16.854 13.48
UTILITY-8765/1234-LL(BC)-Bus5-BK6 1564 | 600 30.774 24.62
c UTILITY-8765/1234-LL(BC)-Bus6-BK6 1845 600 23.658 18.93
g DG2-678/65-LL(BC)-Bus8-BK5 996 600 34.254 27.40
£ DG2-6781-LL(BC)-Bus8-BK5 1047 | 600 31.842 25.47
= DG2-678-LL(BC)-Bus8-BK5 989 600 34.878 27.90
DG1-5678-LL(BC)-Bus8-BK5 915 600 38.358 30.69

Bold represents backup protection tests

8.3 Tripping and non-tripping tests

In the NRTS experiment, tripping and non-tripping tests were developed to observe if

breakers tripped or did not trip, respectively. Tripping tests were set to a fault state time greater

than the fault clearing time in order to observe if relays tripped. However, non-tripping tests

were set at a fault state time less than the relay time to observe if relays did not trip.

Measured fault clearing and relay times from tripping test results were collected to

compare ending fault times for tripping and non-tripping tests and then measured ending fault

times for tripping and non-tripping tests were estimated with Equations (8.2) and (8.3),

respectively.

TEFl == TPF + TCl = 600 + TCl
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where Tgr; IS measured ending fault time in cycles for tripping tests, Tpg is pre-fault state time
set at 600 cycles (10 sec.), and T¢; is measured fault clearing time in cycles for tripping tests.

Tepy = Tpp + 0.8 X Trp, = 600 + 0.8 X Tiyp, (8.3)
where Tgg, is measured ending fault time in cycles for non-tripping tests, Tpr is pre-fault state
time set at 600 cycles (10 sec.), and Trny IS measured relay time in cycles for tripping tests.

In order to calculate measured ending fault times for tripping and non-tripping tests from
Equations (8.2) and (8.3), respectively, measured fault clearing and relay times of test results
were collected from fault states after running non-real-time simulation. Figure 8.11 shows the
test result of the fault state for the “DG2-67-SLG(A)-Bus6-BK7” tripping test for maximum fault
overcurrent. The measured fault clearing (13.91 cycles) and relay (9.594 cycles) times were

collected after running non-real-time simulation.

.
= Resuit L
State No.5 Relay time GoTo G -] <] »|

Output Levels on new state: \Inpul:
Label Result \ SENSE TIME FINAL STATE
AW 0.00 A X IN1 BOF 0
o oo a | A-B-Cline |m2 w c
oW ooo a4 | breaker IN3 OOP Y 0
& Al secondary [N 0% 0T 0
18X 038 A | rms currents  |ing NOOP CYC 0
IcX 037 A
VAY 0.00 V] -
VBY =264 v| A-B-C line to Total State Time: 1391 cyc
vCY 5302 V| ground bus -
L Final Frequency: 50.01 HZ
3222 gg ¥ | secondary
v Next State: & No.
Iy 000 v ] MS voltages
Fault clearing time Mo | 2ue |

Figure 8.11: “DG2-67-SLG(A)-Bus6-BK7” test result

Application of Equations (8.2) and (8.3) revealed that the measured ending fault time in
cycles for tripping and non-tripping “DG2-67-SLG(A)-Bus6-BK7” tests were 613.91 cycles and

608.634 cycles, respectively.

268



From Tables L.1 and L.2 of Appendix L and Equations (8.2) and (8.3), the measured
ending fault time in cycles of all tripping and non-tripping tests were estimated for Relays 2 and
3. Figure 8.12 shows tripping and non-tripping tests for Relays 2 (A) and 3 (B), respectively. The
horizontal and vertical axes represent primary pickup fault currents and time in cycles,
respectively. The red line represents the pre-fault state for tripping and non-tripping tests, and
violet dots and green squares represent the ending fault time for tripping and non-tripping states,
respectively. For the same “source-circuit-fault type-fault site-tripped breaker” tripping and non-
tripping tests, the ending fault time of the tripping test was greater than the ending fault time of
the non-tripping test. For non-tripping tests, fault overcurrents flowed along relay breakers but
the relay did not trip, verifying the non-trip condition. However, for tripping tests, fault currents

flowed along relay breakers and the relay tripped, verifying the tripping condition.
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Figure 8.12: Ending fault time for tripping and non-tripping tests of Relays 2 (A) and 3 (B)

8.4 Measured delay time

In non-real-time simulation with relays in the loop, the measured delay time of tripping
tests for Relays 2 and 3 was defined by the sum of the setting delay time (4.22 cycles) and NRTS

experimental circuit delay time. The setting delay time of 4.22 cycles was collected from the
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vacuum circuit breaker publication [96]. In Table 8.8, the setting delay time is presented as the
sum of auxiliary relay operation, breaker operation, and arc times.

Table 8.8: Times of 5 kV vacuum circuit breaker [96]

Times of 5 kV vacuum circuit breaker
Auxiliary relay operation time [cycles] 0.5
Breaker operation time [cycles] 2.7
Arc time [cycles] 1.02
Total time (Setting delay time) [cycles] 4.22

In the tripping tests, the measured clearing fault and relay times were collected from test
results of the fault state and then measured delay times of tripping tests for Relays 2 and 3 were
estimated by Equation (8.4):

Tom =Tc1i— Trm (8.4)
where Tpp, is measured delay time in cycles, Tc; is measured fault clearing time in cycles for
tripping tests, and Tr, is measured relay time in cycles for tripping tests.

Figure 8.13 shows the test result of the fault state for the “DG2-678/65-SLG(A)-BUS7-
BKS5” tripping test for maximum fault overcurrent. The measured fault clearing and relay times

were collected after running non-real-time simulation.

r‘-. Result li,_éj
State No.5 Relay time GoTo |0 ~ ﬂ ﬂ
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Label Resuk _
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B GEA] s i e
s 825A | secondary o Nogp e 0
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Figure 8.13: “DG2-678/65-SLG(A)-BUS7-BK5” test result
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Based on application of Equation (8.4) and measured fault clearing (19.44 cycles) and
relay (15.114 cycles) times collected from Figure 8.13, the measured delay time in cycles for
tripping “DG2-678/65-SLG(A)-BUS7-BKS5” test was 4.326 cycles.

Using measured fault clearing and relay times of Tables M.1 and M.2 from Appendix M
and Equation (8.4), the measured delay time in cycles was estimated for Relays 2 and 3,

respectively. Measured delay time values of Relays 2 and 3 for tripping tests are plotted in

Figure 8.14.

4,50
3 440 s
5 ‘ 4.330
T 430 0000000 0o 0 0O o 00, o0, o
v 4.22
E 400000
& 410 _ _ _ _
£ -»-Measured delay time (relay 3)  -=-Measured delay time (relay 2)  -#-Setting delay time (4.22 cycles)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
N of tripping tests
Figure 8.14: Measured delay time of tripping tests for Relays 2 and 3
In Figure 8.14, black dots represent the setting delay time of 4.22 cycles set for relay tests
of the NRTS experiment, and red and blue dots represent measured delay times of tripping tests
for Relays 2 and 3, respectively. The maximum measured delay time for Relays 2 and 3 were
4.328 and 4.330 cycles, respectively. Based on the setting delay time for tripping tests, the

maximum delay time of the NRTS experimental circuit was 0.11 cycles (4.33 cycles - 4.22

cycles = 0.11 cycles).

8.5 Theoretical and measured relay time

Theoretical and measured relay time values were compared for the tripping tests.
Although theoretical relay time values were based on the inverse time overcurrent U3 curve from
the relay’s instruction manual [5], measured relay time values were collected from test results. In

order to verify inverse time overcurrent settings for the groups of Relays 2 and 3, theoretical and
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measured relay time values for tripping tests were evaluated. Theoretical relay time values were

estimated by Equation (8.5):

3.88
Ty = TDS X (0.0963 + m) X 60 (8.5)

where Tg is theoretical relay time in cycles, TDS is the inverse time overcurrent time dial setting,
| is the primary pickup fault current in amps, CTR is the current transformer ratio, and Ip is the
secondary overcurrent pickup in amps. Primary pickup fault currents from Tables N.1 and N.2 in
Appendix N and inverse time overcurrent settings from Table 8.9 were collected in order to use
Equation (8.5) to calculate theoretical relay time values of tripping tests for Relays 2 and 3.

Table 8.9: Inverse time overcurrent settings of active settings for Relays 2 and 3

Relay 2 Relay 3
8
o | e Secondary . Secondary .
g S Overcurrent -Birzf Overcurrent -Birgle
£ | 5 | Breakers | Curve Pickup, Setting Breakers | Curve Pickup, Setting
g amps DS amps DS
5 o | [P | TP
sy |1 BK6 U3 2.25 1.13 BK8 U3 2.01 0.68
2 BK5 BK7
ssp |1 BK6 BKS8 U3 1.97 0.77
2 BK5 us | 1.86 | 0.78 BK7 U3 1.95 1.18
ss3 |1 BK6 BK8
2 BK5 BK7 U3 | 1.97 | 119
ssq |1 BK6 BK38
2 BK5 U3 | 1.89 | 071 BK7 U3 | 1.97 | 067
1 BK8
555 15 BK7 U3 | 1.90 | 112
1 BK8
SS6 175 BK7

Current transformer ratio (CTR) = 200

Measured relay time values of Relay 2 collected from tripping test results are presented in
Tables N.1 and N.2 of Appendix N. Figure 8.15 presents measured and theoretical relay time
values for tripping tests for Relays 2 (A) and 3 (B). Horizontal and vertical axes represent
primary pickup fault currents and relay time values, respectively. As shown in Figure 8.15,

measured and theoretical relay time values represented by green square and orange dots,

272



respectively, had matched visually, verifying the inverse time overcurrent setting groups of

Relays 2 and 3 that were indicated in Table 8.9.
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Figure 8.15: Theoretical and measured relay time values for Relays 2 (A) and 3 (B)

Theoretical and measured relay time values in Figure 8.15 were used to estimate percent
error of relay time values for tripping tests. The percent error of relay time values was calculated
using Equation (8.6):

Erpoy = TR";—‘TR x 100 (8.6)

R

where Etry, is percent error of relay time, Try is measured relay time in cycles, and Tg is
theoretical relay time in cycles.

SAS® software [97] was used for correlation analysis. The correlation between primary
pickup fault currents and relay time percent error values was evaluated for each relay using
Pearson’s analysis; significance was considered when P < 0.05. No correlation existed between
the relay time percent error and pickup fault current values for Relay 2 (P = 0.2134). However,
correlation coefficient (R) was high (R = 0.7046, P < 0.0001) for Relay 3. Figure 8.16 presents

the percent error of relay time values for Relays 2 and 3 based on tripping tests. Horizontal and
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vertical axes represent primary pickup fault currents and percent error of relay time values,
respectively. The red diamonds and violet circles represent the relay time percent error values for

Relays 2 and 3, respectively.
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Figure 8.16: Percent error values of Relays 2 and 3

In Figure 8.16, the red and violet dashed lines represent trend lines of the relay time
percent error values of tripping tests for Relays 2 and 3, respectively. Based on these trend lines,
the higher the primary pickup fault current, the higher the relay time percent error. Measured and
theoretical relay time values and percent error values of tripping tests for Relays 2 and 3 are

shown in Tables N.1 and N.2 of Appendix N.

8.6 Coordination time intervals

CTIs between upstream (backup relay) and downstream (primary relay) protections were
measured from test results of Relays 2 and 3 for protection coordination scenarios. Relays 2 and
3 were applied as backup and primary relays or vice versa, depending on the selected circuit of

the microgrid and fault location. Table 8.10 shows protection coordination scenarios for Relays 2
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and 3. Each protection coordination scenario consisted of a backup and tripping test that

corresponded to the upstream (backup relay) and downstream (primary relay) protections,

respectively.

Table 8.10: Protection coordination scenarios for Relays 2 and 3

Tests Results

§ 3 Measured | Measured
E | o = Measured
5 | 8| < Relay Relay .
3|2 ¢ Y ) Coordinat
5 | © S N Time* of | Time" of - .
>|s| & Source - Circuit - Type of Fault -Fault Backup Primary ion Time
Cl|l&| & Location - Opened Breaker ; : Interval,
% n o Protection | Protection, cycles
© o , cycles cycles
L CTI,

Meom] | [Teom] | [T

1| Lss UTILITY-8765/1234-DLG(BC)-Bus6-BK6 19.626 8.47
UTILITY-8765/1234-DLG(BC)-Bus6-BK8 11.154 '
> | L7s DG2-678/65-SLG(A)-Bus7-BK7 22.926 281

e DG2-678/65-SLG(A)-Bus7-BK5 15.114 '
= DG2-6781-SLG(A)-Bus7-BK7 22.674
E|3|Ls G2-6781-SLG(A)-Bus 6 8.26
X DG2-6781-SLG(A)-Bus7-BK5 14.418
= _678- - -

4 | L7s DG2-678-SLG(A)-Bus7-BK7 23.370 8.7
DG2-678-SLG(A)-Bus7-BK5 15.102
DG1-5678-SLG(A)-Bus7-BK7 25.

5 | L7g G1-5678-SLG(A)-Bus 5.398 8.54
DG1-5678-SLG(A)-Bus7-BK5 16.854

6 | Lss UTILITY-8765/1234-LL(BC)-Bus5-BK6 30.774 14.42

UTILITY-8765/1234-LL(BC)-Bus5-BK8 16.350 '
2 | L7g DG2-678/65-LL(BC)-Bus8-BK7 53.142 18.89
c DG2-678/65-LL(BC)-Bus8-BK5 34.254
E s | L7g DG2-6781-LL(BC)-Bus8-BK7 49.350 1751
f= DG2-6781-LL(BC)-Bus8-BK5 31.842
= 9 | L78 DG2-678-LL(BC)-Bus8-BK7 54.894 20.02
DG2-678-LL(BC)-Bus8-BK5 34.878 '
DG1-5678-LL(BC)-Bus8-BK7 56.178

10 | L78 17.82

DG1-5678-LL(BC)-Bus8-BK5 38.358

Bold represents backup protection tests, *” Values from Tables N.1 and N.2 in Appendix N.

Measured relay times for backup and primary relays were collected from Tables N.1 and

N.2 in Appendix N. Measured CTlIs between backup and primary relays were estimated using

Equation (8.7):
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CTlLy, = Trgm — Trpm (8.7)
where CTly, is the measured CTI in cycles, Trgm iS the measured relay time of backup (upstream
protection) relay in cycles, and Trpn, IS the measured relay time of the primary (downstream
protection) relay in cycles. As shown in Figure 8.17, measured CTIs for protection coordination
scenarios for Relays 2 and 3 were plotted based on Table 8.10. The blue and green bars represent
measured CTIs for minimum and maximum fault overcurrents, respectively. Measured CTIs for
maximum fault overcurrent tests were expectedly smaller than the minimum fault overcurrent
tests because the inverse time overcurrent curve settings of Relays 2 and 3 for maximum fault
overcurrents tripped faster than for the minimum fault overcurrents.
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Figure 8.17: Measured CTIs for protection coordination scenarios
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Based on the IEEE Std. 242-2001 [7], the minimum CTTI for “static relay- static relay”
coordination was 0.20 sec. (12 cycles) for the maximum fault current, based on the sum of the
circuit breaker opening time (0.08 sec. = 5 cycles) and relay tolerance and setting error time
(0.12 sec. = 7.2 cycles). However, since the circuit breaker operating time was not added in the
RTS experiment, inverse time overcurrent curves of relays 2 and 3 were the same for the RTS
and NRTS experiments. The minimum CTI between primary and backup relays was 0.12 sec.
(7.2 cycles) instead of 0.20 sec. (12.2 cycles). In Figure 8.17, the measured CTIs for maximum
fault current tests were not smaller than 7.2 cycles, verifying the inverse time overcurrent
settings of relays 2 and 3.

In the NRTS experiment, relays 2 and 3 tested as primary and backup protection or vice
versa, were not simulated at the same time. Relays 2 and 3 were connected to a different non-
real-time simulator. Then, the selectivity coordination for relays 2 and 3 could not be observed in
the NRTS experiment because primary and backup relays were tested individually, and what

relay tripped and non-tripped during tests could not be compared.

8.7 Chapter summary

This chapter presented NRTS experiment results. The NRTS experiment was divided into
tripping and non-tripping tests, including backup protection tests into tripping tests. Inputs
(tripped breakers), relay, and fault clearing times were collected for relay tests.

In tripping tests, non-real-time simulation was stopped at a time greater than the sum of
pre-fault and fault clearing times in order to observe if relays tripped. However, non-tripping

tests were stopped at a time less than the sum of pre-fault and relay times in order to observe if
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relays did not trip. Breaker state plotting verified that relays tripped breakers during tripping
tests; however, during non-tripping tests, the relays did not trip breakers.

Measured and theoretical relay time values were identical, verifying inverse time
overcurrent protection settings for groups of Relays 2 and 3. Measured relay time values allowed
calculation of the percent error and measured CTIs between the backup and primary relays for
protection coordination scenarios.

Conclusions of this chapter were based on collected results that demonstrated that the
selectivity, speed, and reliability of the adaptive inverse time overcurrent protection were
achieved satisfactorily.

Selectivity: In adaptive inverse time overcurrent protection, each relay had two breakers.
The protection logic of the setting groups allowed breakers to be tripped based on circuit paths.
For maximum and minimum fault overcurrents of tripping and non-tripping tests, breaker state
sequences were verified satisfactorily, breakers were open or remained closed for tripping and
non-tripping tests, respectively.

Speed: In adaptive inverse time overcurrent protection, setting groups were set with
inverse time overcurrent settings based on upstream fuses and/or relays. Application of various
inverse time overcurrent settings achieved the speed to clear a fault overcurrent because inverse
time overcurrent settings were adequate for each circuit path. The inverse time overcurrent
settings of Relays 2 and 3 were verified by evaluating measured and theoretical relay times.

Reliability: Protection coordination was applied to achieve the reliability of adaptive
inverse time overcurrent protection. When the primary relay did not trip because of a CT failure,
the backup relay tripped the breaker, thereby clearing the fault overcurrent. Measured CTls

between primary and backup relays were verified.
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Chapter 9 - Project model of RTS experiment

This chapter describes how the project model was built for adaptive overcurrent
protection of the microgrid. The project model was based on an IEEE publication [70] that
presented an OP5600 real-time simulator with a relay in the loop. The relays were set with
inverse time overcurrent protection that tripped breakers at fault overcurrent. In the project
model created for this research, the OP5600 contained two relays in the loop that were set with
adaptive overcurrent protection; each relay controlled two breakers that tripped for a fault
overcurrent. Application of two relays displayed their integration into selective coordination as
primary and backup protections during real-time simulation. In the RTS experiment, the project

model was built before running real-time tests. Figure 9.1 shows phases of the RTS experiment.

1.Relay setting
(Ch. 5)
5.Results
(Ch. 11) Real Time \
Simulation
2.Experimental
(RTS) circuit (Ch. 6)
4. Test steps
(Ch. 10) Experiment /
\ 3.Project model
(Ch. 9)

Figure 9.1: Phases of the RTS experiment

The SM_Network (master) and SC_console subsystems were configured in the project
model. The SM_Network (master) subsystem simulated the microgrid and recorded test results
after real-time simulation. However, the SC_console subsystem triggered the external control

signal for the fault block and supervised the real-time test during execution of RTS experiment.
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9.1 Project model phase
The RT-LAB® [13] and Matlab®/Simulink® software [14] were used to create the

project model. In order to create a new project, stepl (create a new project) of the “six steps to
real time” tutorial of the RT-LAB® software [13] was described. Steps to create a new project
included the following:
+ RT-LAB® software was opened by clicking the RT-LAB® icon (Figure 9.2-A).
«  The new project wizard was opened: File > New - RT-LAB® Project.
»  The project was named, and the model to be added to the project was selected.
The project and model were named “EMILIO” and “Relay Test Model,” respectively
(Figure 9.2-B).
»  The new project was created into the Project Explorer (Figure 9.2-B).
«  The model was built by placing and configuring the SM_Network (master) and
SC_console subsystems (Figure 9.2-C).
*  The “.bin” and “.conf” files were added to the directory of the RT-LAB® project
(Figure 9.2-D).

@ Project Explorer 22
o Targets
A% OP_5600

2 EMILIO v
& Models

»| Relay_Test_Model -> OP_5600 v~

24 SC_console __] OP5142_1-EX-0000-2_2_0_282-KansasState_OP5600-01-04.bin
2] SM_Network __] OP5142_1-EX-0000-2_2_0_282-KansasState_OP5600-01-04.conf

Figure 9.2: Steps to create a new project and model

Based on an OPAL-RT website article [98], inclusion of bitstream (.bin) and
configuration (.conf) files was required in the project when the project had an OP5142 card. The

“.bin” and “.conf” files of the OP5600 were added to the directory of the project model. The
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“.bin” file configured the target computer prior to execution of real-time simulation; however,
the “.conf” file specified available inputs/outputs of the model. The purpose of the “.conf” file
was to configure the OP5142 card according to the input/output card assembled on the target
computer (OP5600), and the purpose of the “.bin” file was to link the OP5142 bitstream to the
model. Figure 9.3 shows the “OP5142 1-EX-0000-2_2_ 0_282-KansasState_ OP5600-01-
04.conf” file that corresponded to the OP5600 target computer in the Burns & McDonnell - K-
State Smart Grid Laboratory [8].

5 - | Find Files g o =
RN e f -
Compare ¥ Comment l GoTo ~
New Open Save = — A Breakpoints
- - - 3 Print ~ Indent = <z to (4 Find « -

FILE EDIT NAVIGATE BREAKPOINTS

(OPs1421-EX-0000-2 2 0 2... x|

1 PortName Description Slot Section SubSection Count Size

2 DataInli AO 1 a 1 = 16

3 DataIn2 AO i A 2 8 ié6

4 DataIn3 A0 1 3 1 z 16

S _DataInd ___AO 1 5 2 H 16

6 | DataIns Ao 2 a 1 s 26 1G2/A/P1/AO

7 DataIné AO 2 A 2 s 16

g {DataIn? AO 2 3 1 8 16 1G2/B/P1/AO

9 DataIn8___ AO 2 3 2 B 16

10 |DataIn® DO 3 3 1 e 1 iG3/B/P1/DO
11 DataIni0 DO 3 3 2 H 1

12 DataInil PWMO 3 =S 3 s 62
13 DataInl2 PWMO 3 =} 4 = 64
14 LoadInl  PWMO 3 3 3 = 64
15 LoadIn2 __ PWMO 3 3 4 s 64
16 {Datacutl AI 4 5 1 s 16 1 G4/B/P1/Al
17 DataCut2 AI a 3 2 z 16
Slot or Group Description
Section Subsection or Port
Figure 9.3: “Conf.” file of the OP5600 in the Burns & McDonnell - K-State Smart Grid
Laboratory [8]

The “conf.” file was opened with a right click, and the “Edit with Notepad++" option was
selected. In Figure 9.3, the “slot/section/subsection/description” inside the red dashed circles
refers to connectors applied in the RTS experimental circuit of Chapter 5.

Two subsystems, the SM_Network and SC_console, formed the model. In the
SM_Network (master) subsystem, the microgrid with distributed generators contained a fault

block controlled by an external signal. In the fault block, the control fault timing circuit of the
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SC_console subsystem triggered the external signal. Objectives of the SM_Network (master) and
SC_console subsystems are indicated in Table 9.1.

Table 9.1: SM_Network (master) and SC_console subsystems

Subsystems Objectives

The SM_Network (master) subsystem simulated overcurrent fault at the

SM(r—nI:stt;’\r/)o rk microgrid with distributed generators and recorded test results after real-time
simulation.
The SC_console subsystem triggered the external control fault timing block
SC_console

and supervised the real-time test during the execution of real-time simulation.

Figure 9.4 shows the model formed by SM_Network (master) and SC_console subsystem

blocks, including the ARTEMIS Guide and powergui blocks on the left-hand side of the figure.

Burns & McDonnell
K-State Smart Grid Lab out1 n1

Out2 n2

E Out3 n3
Outs ns
RT-LA

OutS nsS

Outs

\BAA

Out7 n7

Quts ns

Outs ne

Out10 n10

Owut11 ni11

Out12 n12

Cut13 n13

Outl4

ni14

TYYvy

Outis ni1s

n1 1
ocut16 n16 Out

cun7 n17

Ccut1a nis

Discrete, Cut19
Ts = 5e-005 s.

n19

Out20 n20

TYYvy

Owut21

n21
cut22 n22

powergui

out23 n23

Cut2a nze

Cut2s n2s

1

Out26 n2s

out27 n27

out2s nze

Cut29 n29

Out30 N30

SM_Network SC_console
Figure 9.4: Model formed by the SM_Network (master) and SC_console subsystems

In Figure 9.4, the powergui and ARTEMIS Guide block were environment blocks from

the Simscape/ SimPowerSystems and Artemis libraries, respectively. The powergui and
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ARTEMIS Guide blocks allowed simulation of the microgrid with distributed generators.
Settings of the powergui and ARTEMIS Guide blocks are shown in Figure 9.5.

In the powergui block, simulation parameters were set with a Discrete simulation and
Tustin solver type (Figure 9.5-A). In the ARTEMIS Guide block, the state-space nodal (SSN)
method was enabled, and the art5 state-space discretization method was applied (Figure 9.5-B).
In the powergui and ARTEMIS Guide blocks, a fixed time step of 50 microseconds was set as

sample time.

W Block Parameters: powergui (3 | | W Block Parameters: powergui W Block Parameters: powergui =)
PSB option menu block (mask) (link) PSB option menu block (mask) (link) PSB option menu block (mask) (link)
Set simulation type, simulation parameters, and preferences Set simulation type, simulation parameters, and preferences Set simulation type, simulation parameters, and preferences
Solver Load Flow I Preferences @ [ solver | Load Flow | Preferences Solver | Load Flow | Preferences
Simulation type: {DISCTGIE =) Load flow frequency (Hz): | Display SimPowerSystems warnings and messages
60 Use TLC file when in Accelerator Simulation Mode and for code generation
Solver type: | Tustin M| ~ =
| Base power Pbase (VA): Start simulation with initial electrical states from: | blocks X
Sample time (s): EE=Ea—]
100e6
Ts
PQ tolerance (pu):
le4
Max iterations:
50
Voltage units |kV 'J
Power units [kw '}
f
W BlockPaameters ARTEMS Guidel W Block Paametrs ARTENES Guidel (5 || W BockPaametes ARTENE Guidl (3| W Sk Prameters ARTENS Gl =)
ARTEMISmethode (mask) (link) ARTEMISmethode (mask) (ink) ARTEMISmethode (mask) (ink) ARTEMISmethode (mask) (ink)
The "Artemis Guide' block implements the discretization methods and The ‘Artemis Guide' block implements the discretization methods and The Artemis Guide' bock implements the discretizaion methods and || The "rtemis Guide' lock implements the dscretization methods 2nd
algorithms of the ARTEMIS add-on in SimPowerSystems Blockset algorithms of the ARTEMIS 2dd-on in SimPowerSystems Blodkset lgorkthms of the ARTEMIS 2dd-0n in SimPowerSystems Blodkset Blgorkhms of the ARTEMIS 2dd-on in SmPowerSystems Blockset
schematics. schematics. schematics. schematcs.
Generl | S SpaceSover aptos | 55 Otons [ a0 | | [ General | SaeSpace Sover Optins | st optons [ adver ) | | el | st pace oherOptons | 55 0pons | a1 [ vl st soce soeptos | ssopons | Adence [4)
Sample Time State-Space discretization method: s v SSH Soher |AtS v Bxinction angle computabon (indaidual thyristor ocly)
18 Dynarmic calculabion of switch patter makrix permutations Disable SSN swich impulse event loop Use contiouous tme machin: madels
V! Enable State-Space-odal method (SSN) Enable SSH quas-mpuse switch event check Distributed Parameter Line model type | ARTEMS DPL
Swich Impuise event oop maximum number of teraions RLC load substtion by Dypamic Load model [off
2
(o ][ |[ 1o | ot (o ) [ cmel [[ 1o | o) (om0 ] o] (o) o)

Figure 9.5: Setting of the powergui (A) and ARTEMIS Guide (B) blocks (Ts = 50e-6 seconds)

9.2 SM_Network subsystem
The SM_Network (master) subsystem was designed for application to the OP5600 and

Relays 2 and 3 as a real-time relay test system. The SM_Network (master) subsystem
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represented the microgrid with distributed generators, and the control circuits applied to Relays 2

and 3 in the loop. These control circuits were the link between the relays and microgrid with

distributed generators during real-time tests. Table 9.2 indicates SM_Network (master)

subsystem circuit and block functions.

Table 9.2: Functions of circuits and blocks of the SM_Network (master) subsystem

C'rgllgzi?nd Figure 9.6 Functions
The interface block controlled the “OP5142EX1 Ctrl”
Interface block (A) controller by the “Bitstream Filename” of the OP5600
target computer.
Microgrid (B) The microgrid circuit simulated pre-fault, fault, and post-
circuit fault states of the microgrid with distributed generators.
Fault block ©) The fault block simulated overcurrent faults (DLG, SLG,
and LL) for real-time tests.
External control The external control fault timing block received the
fault timing (D) control fault timing signal from the SC_console subsystem
block in order to trigger the fault block.
Breaker record The breaker record event selector-circuit selected the
event selector- (E) recorded event file for breakers of Relays 2 and 3 during
circuit the real-time test.
Acquisition The acquisition circuit measure_d A-B-C line brea_ker
circuit (F) currents, breaker pole states, trip signals, and setting
groups of Relays 2 and 3.
The tripping circuit received trip signals from Relays 2 and
Tripping circuit (©)) 3 in the loop and sent breaker pole states (open or closed)
to Relays 2 and 3 in the loop.
Setting group H) The setting group selector-circuit defined the setting group
selector-circuit of Relays 2 and 3 for each real-time test.
LLTI 0 LLTI circuits measured A-B-C line breaker currents and
circuits the A-B-C line-to-ground bus voltages of Relays 2 and 3.

DLG: double line-to-ground, SLG: single line-to-ground, LL: line-to-line

In Figure 9.6, the interface block (A), microgrid circuit (B), fault block (C), external

control fault timing block (D), breaker record event selector-circuit (E), acquisition circuit (F),

tripping circuit (G), setting group selector-circuit (H), and LLTI circuits (I) are indicated inside

red dashed circles.
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9.2.1 Interface block
The interface block contained an “OP5142EX1 Ctrl” mask. The interface block (Figure

9.6-A) controlled the “OP5142EX1 Ctrl” controller by the “OP5142 1-EX-0000-2_2 0 282-
KansasState_ OP5600-01-04.bin” file. The controller name, bitstream file name, synchronization
mode, and sample time were set in the “OpCtrl OP5142EX1” block. Figure 9.7 shows settings of
the “OpCtrl OP5142EX1” mask. Sample time (Ts) was set at 50 microseconds for the project

model.

p
W Source Block Parameters: OpCtrl OPS142EX1 [eiom]
OpCtrlOP5142EX1Mask (mask) (link)

This block controls the programming of one OP5142 card, 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 OP5142EX1 block must be found for each OP5142
card used in the model. Use OpLnk OP5142EX1 blocks in other
subsystems sharing the same OP5142 card.

Parameters

Controller Name
‘OP5142EX1 Ctrl’

Board ID
0

Bitstream FileName
OP5142_1-EX-0000-2_2_0_282-KansasState_OP5600-01-04

Configuration Number

Synchronization mode | Master v
Generate External Clock
Sample Time (s)
Ts

Cancel Help Apply
Figure 9.7: Settings of the “OpCtrl OP5142EX1” mask

9.2.2 Microgrid circuit

The microgrid circuit (Figure 9.6-B) was the electrical circuit of the microgrid with the
utility and distributed generators, transformers, power lines, loads, busses, and breakers
controlled by Relays 2 and 3 in the loop. Masks of the microgrid originated from Simulink,
Simscape, and Artemis libraries. Table 9.3 shows the libraries and masks applied in the

microgrid circuit (Figure 9.6-B).
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Table 9.3: Libraries and masks applied in the microgrid circuit
Library Sublibraries Masks
Simulink Signal Routing Goto and from tags
Three-phase source

_ SimPowerSystems | Three-phase transformer (two windings), three-phase
Simscape series RLC load, three-phase breaker, and ground

Current, voltage, and three-phase V-1 measurement
Artemis ARTEMIS Stubline

“Goto” tags were applied in order to send signals from the microgrid (Figure 9.6-A) to
the control circuits (Figures 9.6-F and -I). However, “From” tags were applied to receive signals
from the control circuits (Figures 9.6-D and -G) to the microgrid (Figure 9.6-A).

For example, “Goto” tags connected to current measurement blocks sent measured A-B-
C line breaker currents from the microgrid circuit (Figure 9.6-A) to LLT]I circuits (Figure 9.6-1).
In addition, “From” tags connected to three-phase breaker blocks received trip signals from the
tripping circuit (Figure 9.6-G) connected to Relays 2 and 3 in the loop.

In the microgrid circuit (Figure 9-6-A), current and voltage measurement masks were
applied in order to measure A-B-C line breaker currents and A-B-C line-to-ground bus voltages.
Busses of the microgrid were created with “three-phase V-1 measurement” masks.

In the microgrid circuit (Figure 9.6-A), three-phase breaker blocks were applied in order
to simulate breakers controlled by the tripping circuit (Figure 9.6-G) through Relays 2 and 3 in
the loop. In the microgrid circuit (Figure 9.6-A), if relays in the loop detected a fault overcurrent,
a breaker tripped. Although Relay 2 tripped “BKS5” and “BK6” breakers, Relay 3 tripped “BK7”
and “BK8” breakers.

Three-phase series resistance, inductance and capacitance (RLC) load blocks were

applied in order to simulate bus loads along the microgrid (Figure 9.6-A). These loads were
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identical to loads simulated by the Power World® software [10] in the NRTS experiment. Load
dialog in the Power World® software [10] was set with the single-phase load, and load masks in
the microgrid circuit (Figure 9.6-A) were set with the three-phase load (single-phase load
multiplied by 3). Setting parameters of three-phase series RLC load masks are listed in Table O.1
of Appendix O. Power lines of the microgrid circuit (Figure 9.6-A) were shorter than 15 km.
Initially, three-phase transmission line models with lumped (short lines) and distributed
parameters (long lines) from the SimPowerSystems library were applied without success with
real-time simulation because three-phase transmission line models with lumped and distributed
parameters had length limitations. Based on an OPAL-RT website article [99], Equation (9.1)
limited these three-phase transmission line models.

bnin = 17 (9.1)
where Inin is minimum line length in km, Ts is the sample in seconds, and c is the speed of light
in km per sec. Considering the sample time of 50 x10°® seconds (50 microseconds), minimum
line length according to Equation (9.1) was 15 km. Therefore, the stubline model from the
ARTEMIS library was applied in order to model power lines with lengths less than 15 km in the
microgrid circuit (Figure 9.6-A). Parameter settings of Artemis stubline masks for power lines 1-
2, 2-3, 3-4, 5-6, 6-7, and 7-8 are indicated in Table O.1 of Appendix O.

Three-phase transformer (two windings) blocks configured the utility and distributed
transformers along the microgrid (Figure 9.6-A). The configuration, parameters, and advanced
settings of three-phase transformer (two windings) masks for the utility and distributed
transformers are presented in Table O.1 of Appendix O.

Three-phase source blocks configured the utility and distributed generators in the

microgrid circuit (Figure 9.6-A). Because microgrid constraint prevented the utility and
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distributed generators from being connected in parallel, they were set as swing generators for
load flow analysis. Setting parameters of three-phase source masks for the utility and distributed

generators are indicated in Table O.1 of Appendix O.

9.2.3 Fault and external control fault timing block
The fault block (Figure 9.6-C), selected from the “Simscape/ SimPowerSystems” library,

simulated overcurrent faults for real-time tests. Fault types simulated for real-time tests included
double line-to-ground faults at B-C phases, single line-to-ground faults at A phase, and line-to-
line faults at B-C phases. Fault block location and type of faults were selected for real-time tests
based on circuit paths. When the fault block was located close to or far away from the tripped
breaker, real-time tests corresponded to a maximum or minimum fault overcurrent, respectively.
The fault block (Figure 9.6-C) was applied to simulate minimum and maximum fault
overcurrents along power lines for circuit paths of real-time tests. Figure 9.8 shows masks of the

three-phase fault (A) and “OpComm” (B) blocks.

W Block Parameters: Fault ==
Three-Phase Fault (mask) (link) W Function Block Parameters: OpComm o]
Use this block to program a fault (short-circuit) between
any phase and the ground. You can define the fault timing RT'LAB Opcomm (maSk) (hnk)
directly from the dialog box or apply an external logical signal.
If you check the 'External control' box , the external control .
e o e Communication block: To be used in subsystems receiving signals

P from other subsystems; all inports must go through this
arameters
7] Phase A Fault @ communication block before being connected.
Phase B Fault
Phase C Fault Parameters
Fault resistances Ron (ohms) :
0.001 Number of inports

¥ Ground Fault 1

Ground resistance Rg (ohms) :

0.001 SubSystem sample time
¥| External control of fault timing :
Initial status of fault [Phase A Phase B Phase C]: 0
[000)
Snubbers resistance Rp (ohms) : Communlcanoﬂ Sample time
le6 0
Snubbers Capacitance Cp (Farad)
inf
Measurements | None »
0K || Cancel Help

ok || cancel Help

Figure 9.8: Three-phase fault (A) and OpComm (B) masks of the SM_Network subsystem
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An external signal sent by the external control fault timing block (Figure 9.6-D), or
“OpComm” block, triggered the fault block (Figure 9.6-C). The “OpComm” block was selected
from the “RT-LAB®/ Communication” library, and the “OpComm” block in the SM_Network
(master) subsystem received a signal from the SC_console subsystem. Although the fault (Figure
9.6-C) and external control fault timing (Figure 9.6-D) blocks were located in the SM_Network
(master) subsystem, the control fault timing circuit that triggered the fault was located in the
SC_console subsystem. Therefore, the external control fault timing block (Figure 9.6-D),
represented by an “OpComm” block, received the external signal from the “Outl” of the

SC_console subsystem during execution of real-time simulation.

9.2.4 Breaker record event selector-circuit

In the SM_Network (master) subsystem, the breaker record event selector-circuit (Figure
9.6-E) defined the recorded event from breakers of Relays 2 and 3. As shown in Figure 9.9, the
breaker record event selector-circuit could be segregated into a selector (A) and circuit (B)
section.

The selector (Figure 9.9-A) picked up the record event from the breaker expected to trip
based on the circuit path and fault location of the real-time test. In the circuit (Figure 9.9-B),
signals from the selector were received and then sent to the “OP5142EX1 DigitalOut” block.

The recorded event file for breakers of Relays 2 and 3 was selected by placing “0” or “1”
in cells of the record event selector before running the real-time test, thereby recording the record
event of “BKS5” and “BK7” breaker or “BK6” and “BK8” breaker in the
“RELAY2 BK_EVENT” and “RELAY3_BK_EVENT” cells (Figure 9.9-A), respectively.

Breaker event files of Relays 2 and 3 were recorded based on “current and voltage source
selection” settings of Relays 2 and 3 in Chapter 5. In real-time tests, IN105 control inputs from
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Relays 2 or 3 activated the breaker recorded event according to the breaker expected to trip
during tests by setting the breaker record event selector (Figure 9.9-A) . The breaker record event
selector-circuit was connected to the “OP5142EX1 DigitalOut” block that activated IN105
control input of relays through the high voltage interface panel (HVIP). The HVIP converted 16
volt-level from the “OP5142EX1 DigitalOut” card’s digital outputs to 120 volt- level relay’s
control input. The “OP5142EX1 DigitalOut” block was selected from the “RT-LAB®/ 1/0 /

Opal-RT => OP5142EX1” library.

Selector
I" Reisy 2 pa— ‘: Select the recorded event for breakers
H i 1. Place 1 to select Breaker 1 (BK8 or BK6)
E Reiss 3 o ! 2. Place 0 to select Breaker 2 (BK7 or BK5)
H |
\ J

RELAY3_BI_EVENT

'~

Breaker 1 and 2 states of relay 2

Relay 2 -551
0

D
Relsy 2 -SS2 Logd Out21 =
& eroduet (21) Goto2s
E;
— B =
Relay 2-SS3 [og8 Outz2
K4 Product! GotoZd
B Convert

ot NG

Relay 2-SS4 [oge
KS Product2 Goto20

o b SN

Log7
K8 Products__(29) Gotedt

Data4

OFF

ON 1

Terminatord

OP5142EX1 DigitalOut
'OP5142EX1 Cart

0=

1

Setting group selector of relay 2

I’ From54
Record event settingfor | E

1 From55

1

1

]
RELAY2_BK_EVENT == !
i
breakers of relays 2 and 3 RELAY3_BK_EVENT — !
N e —————_ /

Circuit

Figure 9.9: Breaker record event selector-circuit

9.2.5 Acquisition circuit

In the SM_Network (master) subsystem, the acquisition circuit (Figure 9.6-F) contained
an “OpWriteFile” block that measured and recorded A-B-C line breaker currents, breaker pole
states, trip signals, and setting groups of Relays 2 and 3. The “OpWriteFile” block collected
these signals from the SM_Network (master) subsystem and generated a “mat.” file after

executing real-time simulation that allowed results from the microgrid in the SM_Network
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(master) subsystem to be plotted. The “OpWriteFile” block was selected from the “RT-
LAB®/Datalogging” library. As shown in Figure 9.10, setting parameters of the “OpWriteFile”
mask were defined to record A-B-C line breaker currents, breaker pole states, trip signals, and
relay setting groups until real-time simulation stopped at 5 sec.. The default decimation factor,
number of samples, buffer size in bytes, and file size limit in bytes were then set to record test

results in “mat.” files collected from the “OpWriteFile” block.

W Function Block P. Opwri
OpWiriteFile (mask) (Mnk) A
This block saves the input signai(s) to a file. i works like the Simulink ToFile icon,
but if Simulation Mode is not checked, R uses RT-LAB data acquisition architecture
to save all signals without interfering with the real-time simulation.

Unchecking Static Filename will show the File 1d input pin. This will allow the user
to input a new file id, thus making the block cdlose the current file and open & new
file. The File Id is 3 number that will be added to the filename.

This block can be used with RT-LAB's OpTrigger icon, to set conditions for writing t
the file.

Data is stored in Matiab file format (.mat).

The first row is the simulation time; the second row Is the first element of the inpu
vector signal and $0 on ...

The first output turns to 1 when the file size kmit specfied in the mask is reached.
The second output turns to 1 when the file is opened, turns to 0 when the file is
closed and turns to -1 In iIntermediary state.
Parameters

¥ Static filename (uncheck to show the file id input pin)

Decimation factor

1

Nb. Samples

1000

Buffer size in bytes

1000000

FileName

relay2and3.mat
Variable name

opvar2and3

Simulation Mode (no data loss)

Acquisition Group |26 -
File size kmt (in Bytes)

1000000000000000000000

7 Write in Simulink mode

Cancel Help oply
Figure 9.10: Settings of the “OpWriteFile” mask

Modification of the default file size limit in bytes from 10x10° to 10x10%° bytes allowed
A-B-C line breaker currents, breaker pole states, trip signals, and relay setting groups to be
recorded for real-time tests with a stop time of 5 sec.. The “mat.” file and variable names were
defined as “relay2and3.mat” and “opvar3and3.” As shown in Figure 9.10, the “Write in Simulink

mode” cell was selected because real-time simulation was run in Simulink.
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9.2.6 Tripping circuit
In the SM_Network (master) subsystem, the tripping circuit (Figure 9.6-G) tripped

breakers of Relays 2 and 3 when an overcurrent fault occurred. In real-time tests, the tripping
circuit received the trip signal from the relays when the relay’s overcurrent elements detected a
fault overcurrent, thereby tripping a breaker by clearing the overcurrent fault in the microgrid. In
addition, the tripping circuit sent breaker pole states (open or closed) to Relays 2 and 3 in the
loop. Tripping circuits received trip signals from relays through the “OP5142EX1 AnalogIn”
block. Figure 9.11 shows settings of the “OP5142EX1 AnalogIn” mask (A) and system
description (B). In the setting mask (Figure 9.11-A), the controller name was “OP5142EX1
Ctrl.” Based on the system description (Figure 9.11-B), settings of the “DataOut port number,”
“Slot infos,” and “Maximum number of Aln channels controlled by this block™ were “1,” “Slot 4
Module 8 Subsection 1,” and “8,” respectively. The “Number of Aln channels” was set at “4,”
applying one Aln channel for each breaker of Relays 2 and 3; “Sample Time” was set at zero
seconds. The OP5142EX1 AnalogIn” block was collected from the “RT-LAB®/ 1/0/ Opal-RT

=> OP5142EX1” library.

T Source Block Parameters: OSI2EX1 Anslogin Relays’ control outputs were connected to

OpFoestiziXiAnakgin {rmask) (iak) “Group 4/ B/ P1/ Al”, OP5600 rear side
This block returns voltage values from Analog Input channels of an ) )
OPS1426X1 card, B e (S8 ] ans || coez | 0|8 wmnr |O]°

Farameters: ®

Controller Name
'OP5S142EX7 CHrl’

Data0ut port number [1..32)

Slot infos.
Slot 4 Module B Subsection L

System: OP5142EX1 Analogin

Maimum nurber of Aln channels controlled by this block
Controller name ‘OP5142EX1 Ctrl’
tumber of Aln channels DataOut port number @
4 Slot or group /ﬂ_f\
Sample Time (s) .
R Meodule or section { B ]
Subsection or port \l/
[ox J[ concel [ nebp ][ aoov Number of Ain channels

Figure 9.11: “OP5142EX1 AnalogIn” mask (A) and system description (B)
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Figure 9.12 shows the tripping circuit of the “BK6” breaker. The tripping circuit was
segregated into three phases: Phase I collected the measured trip signal from Relay 2 from the
“OP5142EX1 Analogln” card connected to the relay’s control output; Phase II generated the
external signal to trip the “BK6” breaker of the microgrid; Phase III generated breaker pole states
(open or closed); Phase 1V sent the breaker pole state signal to the “OP5142EX1 DigitalOut”
card connected to the relay’s control input through the HVIP. The HVIP converted 16 volt-level
from the “OP5142EX1 DigitalOut” card’s digital outputs to 120 volt-level relay’s control inputs.
In the tripping circuit, the control output and input of Relay 2 had a NC and NO configuration,

respectively.

o
. ) Goto20 ! i :6‘
NO: normally open, NC: normally closed STATE BKB o -.T.:: >
5 =
) Out14 Qi cis
<, e Goto19 Tt K1 S 3: g‘
= I C K np oo ! o=
g_ | ™ _\ [ a - 1o
= | o Outts B—bm no.n > > LINOR '—bIConvenI—b 1T o) = : =
U
31 2 (Te—i{ [t Log Data X1 218
= | < —T K2 Switch1 ﬁ ; ci 0
1<t I Il <1 o) w
-1 3 — 1 0y~
[ = - it o1 ™
o : o~ ulse o : = -
Q < O 1 o : E
“or L 1 20w
N D | gie
&1 © T
&
Phase | Phase ll Phase lll Phase IV

Figure 9.12: Tripping circuit of “BK6” breaker

As shown in Figure 9.12, the “Pulse 1” was activated by the trip signal from Relay 2
(TRIP_BKS®6).” The trip signal was represented by a falling-rising pulse that activated the pulse
generator (Pulse 1) that controlled the trigger (Trip 1). “Trip 17 generated a constant value “1”
when the pulse was falling or rising, and “Switch 17 generated an external signal (STATE_BK6)

in order to open the “BK6” breaker, representing an open breaker state. The “Convert” block
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converted the Boolean output signal from the “NOR” block into a real word value (RWYV).

Figure 9.13 shows settings of the pulse generator (A), trigger port (B), and switch (C) masks.

W Function Block Parameters: Pulsel
Pulse Generator

Output pulses:

if (t >= PhaseDelay) && Pulse is on
Y(t) = Amplitude

else
Y(t)=0

end

Pulse type determines the computational technique used.

==

Time-based is recommended for use with a variable step solver, while
Sample-based is recommended for use with a fixed step solver or

within a discrete portion of a model using a variable step solver.
Parameters

Pulse type: | Time based

Time (t): | Use external signal

Amplitude:
1

Period:
2

Pulse Width (% of period):

Ts

o)

Cancel Help

1
Phase delay:

W Block Parameters: Trigger
Trigger Port

&

Place this block in 3 subsystem or at the root level of a model to create a

triggered or function-call system.

¥ the trigger type s "rising," *falling," or "either," placing this block at the

root level of a model enables a Signal Attributes tab.

Main | Signal Attributes
Trigger type: |either

States when enabling:

Show output port
Output data type:
Sample time type: 't
Sample time:
J Lo J[ oo

Help

p
W Function Block Parameters: Switchl
Switch

Pass through input 1 when input 2 satisfies the selected criterion;
otherwise, pass through input 3. The inputs are numbered top to bottom
(or left to right). The input 1 pass-through criteria are input 2 greater than
or equal, greater than, or not equal to the threshold. The first and third
input ports are data ports, and the second input port is the control port.

Main | Signal Attributes
Criteria for passing first input: |u2 > Threshold M
Threshold:

0

Sample time (-1 for inherited):

-1

©

0 0K Cancel Help

Figure 9.13: Settings of pulse generator (A), trigger port (B), and switch (C) masks

9.2.7 Setting group selector-circuit

In the SM_Network (master) subsystem, the setting group selector-circuit (Figure 9.6-H)

defined setting groups of Relays 2 and 3 in the loop during execution of real-time tests. The

setting group selector-circuit was divided into a setting group selector-circuit for Relays 2 and 3.

Although Relay 2 had four available setting groups, Relay 3 had six available setting groups.

Figure 9.14 shows the setting group selector-circuit of Relay 2 with “0” in the “Relay 2—SS2”

cell and “1” in the other cells. The setting group 2 (SS2) for Relay 2 was selected. The “Relay 2

setting group” cells (Relay 2 —SS1 to —SS4) were set before executing real-time simulation. The

“Convert” blocks converted the output signal into a RWYV before sending relay setting group

signals to the “OP5142EX1 DigitalOut” card connected to control inputs of Relay 2 through the

HVIP. The HVIP converted the 16 volt-level from the “OP5142EX1 DigitalOut” card’s digital
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outputs to the 120 volt-level relay’s control inputs. The “Goto” tags sent the “R2_SS1- SS4”

signals to the acquisition circuit (Figure 9.6-F) and the SC_console subsystem.

Relay 2 -SS1
1 »{Convert .
— Lepior] Gatad 2
R2_SS1| Da —
Relay 2 -SS2 Logd |1 H outz1 RESE
[ ] K3 Product to2 3izis
0 Convert Sis 15
= [o%
J Qo [} c
ﬂ x DataS =) 1=
Relay 2 - SS3 [og5 Out22 ro i€ i
=i K4 Product?! to R
! »{ Convert Sie i
[ R
NoR| . =R
[ ] K5 Produc2 (23) - S
1 Convert T
_ m o< R2 5S4 Data7
e -
e Goto31 NO: normally open

K8 Product3
Figure 9.14: Setting group selector-circuit of Relay 2
In the adaptive inverse time overcurrent protection for the microgrid with distributed
generators, setting groups of Relays 2 and 3 were selected based on circuit paths applied during
real-time tests. The “relay setting group” cells had to be set at “0” to select the relay setting
group, while the other setting group cells remained at “1.” Table 9.4 shows relay setting groups
of Relays 2 and 3 based on circuit paths for real-time tests.

Table 9.4: Relay setting groups for circuit paths

Circuit paths Relay setting groups

Relay 2 Relay 3
UTILITY-8765/1234 SS1 SS1
DG2-678/65 SS2 SS2
DG2-67/65 SS3 SS2
DG2-6543, DG2-65 NA SS2
DG2-6781, DG2-678 SS2 SS3
DG2-67 SS3 SS4
DG1-5678 SS4 SS5
DG1-34/56, DG2-6 NA SS6
DG3-2187 SS3 NA

NA: not available
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9.2.8 Low level test interface circuits
In the SM_Network (master) subsystem, the LLTI circuit (Figure 9.6-1) collected

measured line breaker currents and line-to-ground bus voltages from the current and voltage
measurement boxes of the mircrogrid circuit (Figure 9.6-B). LLTI circuits generated to analog
input signals of Relays 2 and 3. LLTI circuits of Relays 2 and 3 were connected to “OP5142EX1
AnalogOut” cards connected to the relays’ LLTI. These analog output signals represented A-B-C
line breaker currents and A-B-C line-to-ground bus voltages. A-B-C line breaker currents
corresponded to “BK 6/ “BKS5” breakers for Relay 2 (Iaw2, Ibw2, Icw2/ lax2, Ibx2, Icx2) and
“BK8”/ “BK7” breakers for Relay 3 (Iaw3, Ibw3, Icw3/, lax3, Ibx3, Icx3). A-B-C line-to-ground
bus voltages corresponded to bus 7 for Relay 2 (Va2, Vb2, Vc2) and bus 6 for Relay 3 (Va3,
Vb3, Vc3). Because each relay measured nine analog signals, two “OP5142EX1 AnalogOut”
cards were applied in the LLT]I circuit of each relay. Figures 9.15 and 9.16 show settings of
“OP5142EX1 AnalogOut” masks (A-B) and system description (C) for the LLT]I circuit of

Relays 2 and 3, respectively.

W Function Block Parameters: OPS1426X1 AnalogOut (&5 | | W Function Block P OPS1426X1 AnalogOutl ) ,
OpFCNOPS1426X1AnalogOut (mask) (ink) OpFCnOPS1426X1AnalogOut (mask) (link) Relay 2’s LLTI was connected to the
This block is used to transmit to one OP5142 card the voltage values This block is used to transmit to one OPS142 card the voltage values “Grou p 2/ A/ P 1/ AO” OP5600 rear side
to be applied to Analog Output channels. to be applied to Analog Output channels. ’

o oo o0 oo oo @
Parameters @ Parameters O [ cmes | O[O0 [ cews l Ol [ corz | O[O [ cow: |©
Controller Name Controller Name e ETE & E1E Zalllea ¢ 5l b C
‘OP5142EX1 Ctrl’ ‘OP5142EX1 Ctrl’ E
Dataln Port number Dataln Port number

@ [___Paisiots | [ PCiSlot3 |
Slot infos Slot infos

System: OP5142EX1 AnalogOut

Maximum number of AOut channels controlled by this block Maximum number of AOut channels controlled by this block |
Controller name ‘OP5142EX1 Ctrl’
Number ofAOut channels Number ofAOut channels Dataln port number @ @
= Slot or group /2\ /E\
Set Voltage Range from input port Set Voltage Range from input port .
Voltage range |[-16 ... 16] =z Voltage range |[-16 ... 16] M Module or section ( A ) ( A )
Subsection or port \1/ W
L0k J| Concel Help y ok ][ concel Help APy Number of AOut channels
Figure 9.15: “OP5142EX1 AnalogOut” masks (A-B) and system description (C) for Relay 2’s
LLTI circuit
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The setting of the “Controller Name” was ‘OP5142EX1 Ctrl’. However, the selected port
of the system connected to the LLTI of the relay defined settings of the “Dataln port number,”

“Slot infos,” and “Maximum number of AOut channels controlled by this block.”

P
W Function Block Parameters: OPS1426X1 AnalogOut2 [35] | | W Function Block Parameters: OPSI42EX1 AnalogOut3 =
OpFcnOPS142EX1AnalogOut (mask) (link) OpFenOPS142EX1AnalogOut (mask) (link) Relay 3 ’s LLTI was connected to the
This block is used to transmit to one OPS142 card the voltage values This block is used to transmit to one OP5142 card the voltage values “Grou p 2/ B/ P ]_/ AO”, OP5600 rear side
to be applied to Analog Output channels. to be applied to Analog Output channels.
Parameters @ Parameters K [aows | HEH [ owm | HH [Coowz | HH
Controller Name Controller Name s | R | K
‘OP5142EX1 Ctrl ‘OP5142EX1 Ctrl SR EIE N ETE HEIE SIEEEE
Datain Port number Dataln Port number i
Slot infos Slot infos 2
%ﬂels controlled by this block Maximum number of AOut channels controlled by this block System: OP5142EX1 Ana | ogOut
Controller name ‘OP5142EX1 Ctrl’
Number ofAOut channels Number ofAOut channels
) Dataln port number 7))
Set Voltage Range from input port Set Voltage Range from input port Slot or group
Voltage range |[-16 ... 16] v Voltage range |[-16 ... 16] v Module or section
Subsection or port
[ok ][ conce Help PPl Cancel Help ' Number of AOut channels

Figure 9.16: “OP5142EX1 AnalogOut” masks (A-B) and system description (C) for the LLTI
circuit of Relay 3

The LLTI circuit was segregated into the current (Figure 9.17-A) and voltage (Figure
9.17-B) branches. The “From1” and “From7” tags received the measured A line current (Iaw2)

and A line-to-ground voltage (Va2), respectively, from the microgrid circuit (Figure 9.6-B).

Gain7 Saturation7

Voltage branch
RTS : real time simulator, LLTI: low level test interface

Figure 9.17: Current (A) and voltage (B) branches of the LLTI circuit for Relay 2

to ground voltage
(OP560's LLTI)

Primary current and line

OP5142EX1 AnalogOut
OP5600 analog output signals

From7

Relay 2's LLTI (SEL451’s LLTI)

Because Relays 2 and 3 were SEL451 relays, the LLTI circuits were designed to achieve

the protection and scaling requirements based on relay’s instruction manual [5]. The protection
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requirement limited peak-to-peak voltage of the analog signal for the LLTI circuit in order to
prevent damage to the SEL451 relay’s LLTIs. The scaling requirement adapted the OP5600
analog output signal to the current and voltage scaling factors of the SEL 451 relays.

The protection requirement protected the SEL451 relay’s LLTI by placing a saturation
block in the current and voltage branches of the LLTI circuits for Relays 2 and 3. Maximum
peak-to-peak voltage allowed by the relay’s LLTI based on the instruction manual [5],
specifically 6.6 volts for SEL451 relays, limited by the saturation blocks. Saturation blocks at
end of the current and voltage branches were then set at upper/lower limit of + 3.3/ -3.3 volts,
protecting the SEL451 relay’s LLTIs from non-desired peak analog signals that could be
generated by error during the real-time experiment. Figure 9.18 shows settings of the saturation

mask.

I 3
W Function Block Parameters: Saturationl 3]

Saturation

Umit input signal to the upper and lower saturation values.

Main | Signal Attributes
Upper limit:

33
Loweer limit:

-3.3

Y| Treat as gain when linearizing

Sample time (-1 for inherited):
=]

2 (_ox J[ concel |[ melp

Figure 9.18: Setting of saturation mask

The scaling requirement adapted the measured primary currents and line-to-ground
voltages of the microgrid circuit (Figure 9.6-B) to the SEL451 relay’s LLTIs, applying a gain

block. In other words, the scaling requirement allowed measurement the identical line breaker
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rms currents and line-to-ground bus voltages in the microgrid circuit and relay displays. The
scaling requirement was based on adaptation of the OP5600 analog output signals to the current
and voltage scaling factors of the SEL451 relay’s LLTI provided by the instruction manual [5].

A graphical method was applied to estimate gain of the current and voltage branches for
the LLTI circuits. This method was based on determining gains of the current and voltage
branches by plotting primary peak current and voltage as a function of the OP5600 and relay’s
LLTI peak analog signals. Gain of current branches for the LLTI circuit was estimated by

matching lines represented by Equations (9.2) and (9.3).

1
Iy, peak = % (9.2)
Lyo peak = Ip peak X Gy (9.3)

where la peak is the peak current analog input signal (relay’s LLTI) in volts, Ip peak iS the primary
peak current in amps, CTR is the current transformer ratio, SF4 is the current scaling factor in
amps/Vvolts, lao peak is the peak current analog output signal (OP5600’s LLTI) in volts, and G; is
the gain of the current branch for the LLTI circuit in volts/amps.

In the RTS experiment, current transformer ratios for Relays 2 and 3 were set at 50. The
current scaling factor for LLTI of Relays 2 and 3 was 75 A/V based on the SEL 451 relay’s
instruction manual [5]. Figure 9.19 shows the OP5600 and relay’s LLTI peak analog signals
represented by dashed black and blue lines, respectively. The graphical method to determine gain
of the current branch for the LLTI circuit is also shown in Figure 9.19, in which the relays had a
current scaling factor of 75 A/V and they were set at CTR of 50. By plotting Equation (9.2)
represented in a dashed blue line, gain of the current branch was estimated by plotting Equation

(9.3) for various gain values (represented in dashed black lines) until matching the line of
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Equation (9.2). As shown in Figure 9.19, the estimated gain of the current branch was 1/3750

VI/A.
16000 . .
= =Pegak current analog input signal (relay's LLTI)
---Peak current analog output signal (OP5600's LLTI)
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Figure 9.19: OP5600 and relay’s LLTI peak analog signal lines for primary peak currents

Gain of voltage branches for the LLTI circuit of Relays 2 and 3 was estimated by

matching lines represented by Equations (9.4) and (9.5).

V ea
Vai peak = ﬁ (9.4)
Vao peak = Vp peak X Gy (9.5)

where Va peak is the peak voltage analog input signal (relay’s LLTI) in volts, Vppeax IS the primary
peak line-to-ground voltage in volts, PTR is the potential transformer ratio, SFy is the voltage
scaling factor in volts/volts, Vao peak is the peak voltage analog output signal (OP5600’s LLTI) in
volts, and Gy is gain of the voltage branch for the LLTI circuit in volts/volts.

In the RTS experiment, potential transformer ratios for Relays 2 and 3 were set at 60.
The voltage scaling factor for LLTI of Relays 2 and 3 was 150 V/V based on the SEL 451

relay’s instruction manual [5]. Figure 9.20 shows the OP5600 and relay’s LLTI peak analog
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signals represented by black and green dashed lines, respectively. The graphical method to
determine gain of the voltage branch for the LLTI circuit is also shown in Figure 9.20, in which
the relays had a voltage scaling factor of 150 V/V and they were set at PTR of 60. By plotting
Equation (9.4) (represented by a dashed green line), gain of the voltage branch was estimated by
plotting Equation (9.5) for various gain values (represented by dashed black lines) until matching
the line of Equation (9.4). As shown in Figure 9.20, the estimated gain of the voltage branch was
1/9000 V/V. Figure 9.21 shows settings of gain masks for current (A) and voltage (B) branches

of LLTI circuits for Relays 2 and 3.
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Figure 9.20: OP5600 and relay’s LLTI peak analog signal lines for the primary peak line-to-
ground voltages

W Function Block Parameters: Gainl W Function Block Parameters: Gain?

Gain

Element-wise gain (y = K.*u) or matrix gain (y = K*u or y = u™K).

Main | Signal Attributes | Parameter Attributes
Gain:

1/3750
Multiplication: | Element-wise(K.*u)

Sample time (-1 for inherited):

-1

®

OK | | Cancel

Help

J

Gain

Man | Signal Attributes | Parameter Attributes
Gain:

1/9000
- Multiphcation: | Element-wise(K."u)

Sample time (-1 for inherited)

0K Cancel

J
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Help

Figure 9.21: Gain masks of current (A) and voltage (B) branches for LLTI circuits
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Based on estimated gains of current and voltage branches for LLTI circuits, maximum
primary rms current and voltage values for the RTS experiment could be estimated. Primary rms

current and voltage are represented by Equations (9.6) and (9.7).

V2

Iprms = Y X Ip peak (9.6)
V2

Vb rms = > X Vp peak (9.7)

where Ip s is the primary rms current in amps and Vp ms is the primary rms voltage in volts.
Placing the Equations (9.6) and (9.7) into (9.3) and (9.5), respectively, and considering
the maximum peak current and voltage analog output signals (OP5600°s LLTI) were limited by
3.3 volts, in order to prevent damage to the relay’s LLTI, gain of the current and voltage
branches for the LLTI circuit were 1/3750 V/A and 1/9000 V/V, respectively. The maximum

primary rms current and voltage were estimated with Equations (9.8) and (9.9), respectively.

_ 140 peak max _ 3.3|V| _
IP rms max — \/EXGI - \/Ex (% ‘%D - 8750 A (98)

Vo rms max = —22Eeme \EX?’('% | ;= 21001V 9.9)
where Ip rms max 1S the maximum primary rms current in amps, Vp rms max IS the maximum primary
rms line-to-ground voltage in volts, lao peak max 1S the maximum peak current analog output
signal (3.3 volts), and Vao peak max IS the maximum peak voltage analog output signal (3.3 volts).
According to results of Equations (9.8) and (9.9), if the measured primary rms current and line-
to-ground voltage were greater than 8750 A and 21001 V, respectively, the saturation block that
protected the relay’s LLTI cut the sinusoidal shape of the current and line-to-ground voltage.

In order to avoid a noisy analog output signal with the OP5600’s LLTI, the minimum

peak voltage was limited to 0.05 volts. The minimum primary rms current and line-to-ground

voltage values could be estimated with Equations (9.10) and (9.11).
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L T40 peak min _ 0.05 |V| _
IPrmsmln - V2 XGy - Zx (% ‘%D =1324 (910)

- VA0 peak min __ 0.05 |V| _
VPrmsmm - VZ XGy = Vax (ﬁ |g) =318V (9.11)

where Ip rms min IS the minimum primary rms current in amps, Vp rms min 1S the minimum primary
rms line-to-ground voltage in volts, lao peak min 1S the minimum peak current analog output signal
(0.05 volts), and Vao peak min IS the minimum peak voltage analog output signal (0.05 volts).
According to results of Equations (9.10) and (9.11), if the measured primary rms current and
line-to-ground voltage were less than 132 A and 318 V, respectively, a noise could be added to
the sinusoidal current and line-to-ground voltage. Table 9.5 shows parameters of the current and
voltage branches for LLTI circuits of Relays 2 and 3.

Table 9.5: Parameters of current and voltage branches of LLTI circuits

Parameters LLTI Circuits
Current branch Voltage branch
Relay scaling factors SFa [A/V] 75 SFy [V] 150
Transformer ratios CTR 50 PTR 60
Gains of LLTI circuits G [VIA] 1/3750 Gy [VIV] 1/9000
Peak analog output signal | lao peak max [V] 3.3 Va0 peak max [V] 3.3
limits lao peakmin [V] | 0.05 | Vaopeakmin[V] | 0.05
Primary current and line- Ip rims max [Al 8750 | Vpmsmax[V] | 21001
to-ground voltage limits Ip rms min [A] 132 Ve rms min [V] 318

9.3 SC_Console subsystem

In the project model, the SC_console subsystem contained supervision and control
functions. In the supervision, A-B-C line breaker currents, breaker pole states, trip signals, and
setting groups of Relays 2 and 3 were plotted during execution of the real-time test. In the
control, the initial fault time to trigger the fault block into the SM_Network (master) subsystem

was set before executing the real-time test. Based on the supervision and control functions, the
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“OpComm” blocks received signals from the SM_Network (master) and SC_console

subsystems. The “OpComm” blocks were installed on the receiving subsystem to collect

measurements or control signals from the transmitter subsystem. Table 9.6 shows measurements

and control signals of the SC_console as a receiver and transmitter subsystem.

Table 9.6: Measurements and control signals

SM_Network Subsystem SC_console Subsystem
(Transmitter) (Receiver)
Circuit Outputs Interface Signal Names (Inputs) Scopes
LLTI circuit 1to3 Iaw2, Ibw2, Icw2 Relay 2
g of Relay 2 4t06 lax2, Ibx2, Icx2
e LLTI circuit 7t09 law3, Ibw3, Iew3 Rel
S elay 3
£ of Relay 3 10, 12 Iax3, Ibx3, Icx3
2 13,14 | OpComm [ BK6 TRIP, BK6 STATE
= Tripping 15,16 | (30signals) "BKs TRIP, BK5 STATE | o2
Circuit 17, 18 BKS8 TRIP, BK8 STATE Relay 3
19, 20 BK7 TRIP, BK7 STATE
Setting group 21 to24 R2 SG Relay 2
selector-circuit | 25 to 30 R3 SG Relay 3
— SC_console Subsystem SM_Network Subsystem
gn (Transmitter) (Receiver)
Eé Circuit Outputs Interface Signal Name (Input) Block
£ | Control fault OpComm . Control
C timing circuit ! (1 signal) trip fauljc timing
@) circuit

Iaw2, Ibw2, Icw2: A, B, and C line currents of “BK6” breaker; lax2, Ibx2, Icx2: A, B, and C line
currents of “BKS5” breaker; law3, Ibw3, Icw3: A, B, and C line currents of “BK&” breaker; Iax3,
Ibx3, Icx3: A, B, and C line currents of “BK7” breaker; BK6 TRIP , BK6 STATE: trip signal
and state of “BK6” breaker; BKS TRIP, BK5 STATE: trip signal and state of “BKS5” breaker;
BKS8 TRIP, BK8 STATE: trip signal and state of “BK8” breaker; BK7 TRIP, BK7 STATE:
trip signal and state of “BK7” breaker; R2 SG: setting groups of Relay 2; R3 SG: setting

groups of Relay 3.

In the project model, the SC_console subsystem controlled and supervised the real-time
test. The SC_console subsystem was segregated into the “OpComm” block (Figure 9.22-A),

control fault timing circuit (Figure 9.22-B), and relay scopes (Figure 9.22-C).
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FiguFe 9.22: Circuits and blocks of the SC_console subsystem: OpComm (A), control fault timing circuit (B), and relay scopes (C)
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9.3.1 “OpComm” block
In the SC_console subsystem, the “OpComm” block (Figure 9.22-A) received A-B-C line

breaker currents, breaker pole states, trip signals, and setting groups of Relays 2 and 3 from the
microgrid and control circuits in the SM_Network (master) subsystem. The “OpComm” was the
communication interface between the SM_Network (master) and SC_console subsystems. The
“OpComm” block (Figure 9.22-A), selected from the “RT-LAB®/ Communication” library,
contained 30 signals (Table 9.6). The “OpComm” mask was set with “30” number of inports,
and the “OpComm” block was set as the “1” acquisition group number for the SC_console
subsystem. Synchronization and interpolation were enabled on the “OpComm” mask. Figure

9.23 shows settings of the “OpComm” mask for the SC_console subsystem.

-

g
W Function Block Parameters: OpComm e
RT-LAB OpComm (mask) (link)

Communication block: To be used in subsystems receiving signals
from other subsystems; all inports must go through this
communication block before being connected.

Parameters
Number of inports
30

Acquisition group number
1

SubSystem sample time
0

(V] Enable synchronization

[¥] Enable interpolation

Threshold time between host and target (sec)
1.0

.| Missed data signal

[_] simulation offset signal

(] Simulation time signal

(| Samples/second signal

"] Dynamic signals output

[ ok ][ concel ][ Help. ][ apply

Figure 9.23: “Opcomm” mask of the SC_console subsystem
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9.3.2 Control fault timing circuit

In the SC_console subsystem, the control fault timing circuit (Figure 9.22-B) contained
control and measurement functions. The fault timing circuit controlled the initial fault time of the
fault block in the SM_Network (master) subsystem and measured initial and ending fault state
times after executing the real-time test. The control fault timing circuit of the SC_console
subsystem is shown in Figure 9.24. This control fault timing circuit was segregated into initial

fault state time level (1), control signal level (2), and ending fault state time level (3).

______________________

____________

TIF = initial fault sate time [cycles] , TEF = ending fault state time [cycles]

# \ A )
f [ 1 H
: 11 K1 [ :
H Trip1 H : ! : i .
! 1 |80 IV 1 Initial fault
i outt [} > i | state time
o m— m— — £ b Procucn:: TF !
NoFaultjo) -==-=--===-=. . ! I e iy 1 Jos] ! level
ul = e e T
1 ’ I
P N Lipey i ¥ i  Control
bl ioom 4| i i signal level
1 1 1
L~ L —O— A ¥ | (fault block)
Fault[1] 1 Fault Switch ! ! i [ 1 b 1
. : TIF [sec] : : Trip2 : l\ } . :-— -= 1— . — !  — . —
\ RN N 7 x»L—1: Ending fault
1 H @ 1 al U Lt 1 1 &
s 2o i3 i i Produdz | i TEF : state time
[ S i T i i 11 [oydles] i level
H 1 1 \ 1y 1
1 o S A o
i ! i
| 1 1
H \ ]
1
1
1
1
1
1
1

Figure 9.24: Control fault timing circuit of the SC_console subsystem

Initial fault state time, measured in the initial fault time level, was created by the “Trip1”
block (Figure 9.24-G) and synchronized by Clockl (Figure 9.24-F). The “Product1” block
(Figure 9.24-1) converted the signal in seconds into cycles, and initial fault state time was
measured from the display (Figure 9.24-J) at the end of the real-time test.

In the control signal level, the fault switch (Figure 9.24-D) was set at 2.5 sec., and the
Clockl (Figure 9.24-F) generated the trip for the fault switch connected to the Outl (Figure 9.24-

H). An “OpComm” in the SM_Network (master) subsystem received the Outl signal, which
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represented the output signal of the SC_console and trip signal of the fault block in the
SM_Network (master) subsystem.

The ending fault state time, measured in the ending fault time level, was created by the
“Trip2” block (Figure 9.24-G) controlled by breaker states from the bus (Figure 9.24-E). Breaker
states (open or closed) were collected from the “OpComm” place in the SC-console. During the
tripping tests, one breaker always tripped and then inputs (breaker states) of the ending fault time
level were connected to an identical bus. The ending fault state time in cycles was measured
from the display (Figure 9.24-J) at the end of the real-time test. Measured fault clearing time was
then estimated by subtracting the ending and initial fault state times. In the “Trip1” block (Figure
9.24-G), the fault switch block (Figure 9.24-D) generated a signal from zero to one. However, in
the “Trip2” block (Figure 9.24-G), breaker states from the bus (Figure 9.24-E) were initially
closed; when a fault occurred and Relay 2 or 3 tripped, the breaker generated a signal from one
to zero. Therefore, Trip masks for initial and ending fault time levels were set by a rising and

falling trigger, respectively. Figure 9.25 shows settings of Tripl (A) and Trip2 (B) block masks.

P
W Source Block Parameters: Trigger W Source Block Parameters: Trigger @

Trigger Port Trigger Port
Place this block in a subsystem or at the root level of a model to create a Place this block in a subsystem or at the root level of a model to create a
triggered or function-call system. triggered or function-call system.
If the trigger type is "rising," "falling," or "either," placing this block at the If the trigger type is "rising," "falling," or "either," placing this block at the
root level of a model enables a Signal Attributes tab. root level of a model enables a Signal Attributes tab.
Main | Signal Attributes Main | Signal Attributes
Trigger type: [rising v Trigger type: ifallin_g M)
States when enabling: ' held States when enabling: | held
| Show output port | Show output port
Output data type: [double v Output data type: {double |
Sample time type: |triggered Sample time type: | triggered
Sample time: Sample time:
D [ oKk | [ cancel | [ Help ] Apply J [ oK ] [ Cancel | [ Help |

Figure 9.25: Settings of Tripl (A) and Trip2 (B) block masks
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9.3.3 Relay scopes

In the SC_console subsystem, relay scopes (Figure 9.22-C) plotted signals collected from
the “OpComm” block (Figure 9.22-A) in the SC_console subsystem. Relay scopes supervised
the real-time tests and plotted pre-fault, fault, and post-fault states for tripping and non-tripping
tests, supervising both real-time simulations. In the relay scopes, A-B-C line currents, breaker
states, trip signals, and relay setting groups were plotted for Relays 2 and 3.

Relay 2 plotted A-B-C line currents of “BK6” breaker (Iaw2, Ibw2, Icw2), A-B-C line
currents of “BK5” breaker (Iax2, Ibx2, Icx2), trip signal and state of “BK6” breaker (BK6_ TRIP,
BK6 STATE), trip signal and state of “BKS5” breaker (BK5 TRIP, BK5 STATE) and setting
groups of Relay 2 (R2_SG). However, Relay 3 plotted A-B-C line currents of “BKS8” breaker
(Iaw3, Ibw3, Icw3), A-B-C line currents of “BK7” breaker (Iax2, Ibx2, Icx2), trip signal and
state of “BKS8” breaker (BK8 TRIP, BK8 STATE), trip signal and state of “BK7” breaker
(BK7_TRIP, BK7 STATE), and setting groups of Relay 3 (R3_SGQ). Relays 2 and 3 contained

four and six available setting groups, respectively.

9.4 Chapter summary

This chapter described the project model for adaptive overcurrent protection of the
microgrid with distributed generators, in which the OP-5600 contained two relays in the loop and
each relay controlled two breakers. The project was created with RT-LAB® software [13] and
the model was created with Matlab®/Simulink® software [14].

In the project model, the SM_Network (master) and SC_console subsystems were
configured. The SM_Network (master) subsystem simulated fault overcurrents at the microgrid
with distributed generators and recorded test results after execution of real-time test. However,

SC_console subsystems controlled the fault block and supervised real-time tests.
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The SM_Network (master) subsystem contained the interface block, microgrid circuit,
fault block, external control fault timing block, breaker record event selector-circuit, acquisition
circuit, tripping circuit, setting group selector-circuit, and LLTI circuits. However, the

SC_console subsystem contained the OpComm, control fault timing circuit, and relay scopes.
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Chapter 10 - Test steps of RTS experiment

This chapter presents test steps to run real-time simulation with relays in the loop (Figure
10.1), including description of test steps to run tripping and non-tripping tests for adaptive
overcurrent protection of the microgrid with distributed generators. Test steps consist of Edition
(1), Preparation (2), Compilation (3), Execution (4), and Collection (5) phase. When the

collection phase finished in the process on a loop, a new test was started again from the edition

1.Edition
/7 phase —
2.Preparation
h
test Tripping phase

phase.

and
no-tripping l
5.Collection test loop 3C ilati
phase .Compilation
phase

4. Execution
phase

Figure 10.1: Test step phases

In the RTS experiment, test phase tasks were based on the project model (Chapter 9) built
for adaptive overcurrent protection in the microgrid with distributed generators and the “Six
Steps to Real-Time” tutorial in the RT-LAB® software [13]. As shown in Figure 10.2, tasks for
Edition (1), Preparation (2), Compilation (3), Execution (4) and Collection (5) phases allowed
the real-time tests to be run for adaptive overcurrent protection of the microgrid with distributed

generators.
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Figure 10.2: Test step tasks

Table 10.1 indicates the tasks and summary of each phase during real-time test steps.
Tripping and non-tripping tests were run in the RTS experiment. In the tripping tests, relays
tripped for an overcurrent fault situation, collecting the microgrid’s Matlab® and relay record
event files from the host and HMI computers, respectively. However, in the non-tripping tests,

Matlab® files were collected because relays did not save record events if they did not trip.
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Table 10.1: Phases and tasks during the test steps

Task Codes and Names

Phases Phase Descriptions
Code Name
RT-LAB® software [13] was opened and “Relay Test Model” was
1.1 Open RT-LAB® software [13] selected. Then “Edit the diagram of the model” option was selected,
. . and the SM_Network (master) subsystem was opened. In the
1. Edition 12 Select “Relay_Test Model SM_Netwotk (master) subsystem represented by the microgrid, the
circuit path, fault type (SLG, DLG and LL) and location, relay setting
1.3 Edit the model diagram groups (SS1 to SS6), and breaker to record event files were set for the
microgrid.
5 . 2.1 Set development properties The target platform was selected, and the model was built based on the
. Preparation - . o .
292 Build the model diagram model edited in the previous phase.
3. Compilation 3.1 Consult the “Compilation View” Model compilation was consulted, and the OP-5600 target computer to
' P 3.2 Assign targets to subsystems run the real-time test was assigned.
41 Set execution properties Execution properties to run the real-time test were set, including the
“stop time” to end the real-time test. Then the model was loaded in the
4.2 Load model target computer. When the second console was automatically
4 Execution 43 Set second console g_enerated and opened, the time to trigger the fault block b_y an_external
signal was set, and plots of the relay scopes were set to visualize A-B-
C line breaker currents, breakers states, trip signals, and relay setting
4.4 Execute model groups during the tests. Finally, the model was executed, running the
real-time test.
- Visualize relay’s display and While the real-time test was running, the relay’s display and
. hb LED pushbuttons were evaluated from a webcam. When the real-time test
pushbutton S ut _
was finished, the Matlab® and record event (C8 and HR) files from the
5. Collection 5.2 Collect generated Matlab® file microgrid and relays were collected, respectively. In the Matlab® files,
the A-B-C line breaker currents, breakers states, trip signals, and relay
53 Collect record event file setting groups were measured. In the record events, the relay control

inputs/outputs and SELogic variables were also added.

SLG: single line-to-ground; DLG: double line-to-ground; LL: line-to-line; C8: compressed-8-samples-per-cycle; HR: high resolution
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10.1 Edition phase

In the Edition phase, the SM_Netwotk (master) subsystem that represented the microgrid

was edited based on the selected real-time test, and then the circuit path of the microgrid, fault

type (SLG, DLG and DL) and location, relay setting groups of Relays 2 (SS1-4) and 3 (SS1-6),

and breaker recorded event were set at the SM_Network (master) subsystem. Steps to edit the

model diagram are presented in Figure 10.3. The RT-LAB® software [13] was opened by double

left-clicking the RT-LAB® icon (A), and the “Relay Test Model - OP_5600" path was
selected (B). Then the “Edit the diagram of the model” option was selected, and the
SM_Network (master) subsystem was opened to edit the microgrid scenario based on the
selected real-time test.

Preparing and Compiling
=) Edit the diagram of the model. v/

[] Setthe development properties.
lo1¢ Build the model.

lo1¢ Consult result in the Compilation View

&3 Assign targets to subsystems.

. _~ Executing
L) Project Explorer 23 )
|| Set the execution properties.

iy Targets
ols 1379 O Load the model.

A% OP_5600
bR’ EMILIO @ 0 E;ﬁilifj the model.

¥ Models Ul Pause the model.

= Relay_Test_Model -> OP_5600 v/ Reset the model.
3;' Op

Figure 10.3: RT-LAB® icon (A), project explorer (B), and editor (C)

en the Console to interact with this model.

The SM_Network (master) subsystem contained the microgrid with distributed

generators, breaker trip and LLT]I circuits, and relay setting group and breaker record event

selector-circuits. Initially, parameters of the real-time test were configured to define the circuit

path, fault type and location, breaker record event, and setting group of Relays 2 and 3. Based on
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a selected real-time test, the circuit path was connected to the microgrid, the fault type was
selected for the fault block, and the fault block was connected to the fault site in the microgrid.
Setting groups of Relays 2 and 3 were then selected from the relay setting group selector and the
record event of the breaker expected to trip was selected from the breaker record event selector.
Figure 10.4 shows the circuit of the “UTILITY-8765/1234-LL(BC)-Bus5-BK8” test. The circuit
test was configured by connecting busses, power lines, source, and transformer in the microgrid.
The utility source and transformer were connected to the “L12, L23, L34 and “L56, L67, L78”
power lines. The fault block (Figure 10.4-A) was placed on Bus 5, with the expectation that the
“BK8” breaker would trip. The record event for the “BK8” breaker of Relay 3 was selected by
placing “1” on the “Relay3 BK EVENT” cell in the breaker record event selector (Figure 10.4-

B).
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Figure 10.4: Microgrid with distributed generators in the SM_Network subsystem, “UTILITY-8765/1234-LL(BC)-Bus5-BK8” test
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In the “UTILITY-8765/1234-LL(BC)-Bus5-BK8” test, the fault block was set for a line-to-
line (LL) fault at B-C lines. In the fault block, the fault was triggered by the external control of fault

timing controlled by the control fault timing circuit placed on the SC_console subsystem. Figure 10.5
shows the fault block’s mask.

W Block Parameters: Fault
Three-Phase Fault (mask) (link)

Use this block to program a fault (short-circuit) between

any phase and the ground. You can define the fault timing
directly from the dialog box or apply an external logical signal.
If you check the "External control' box , the external control
input will appear.

Parameters

Phase A Fault
V| Phase B Fault
7| Phase C Fault
Fault resistances Ron (ohms) :
0.001
| Ground Fault
Ground resistance Rg (ohms) :
0.001
+| External control of fault timing :
Initial status of fault [Phase A Phase B Phase C]:
[0 0 0]
Snubbers resistance Rp (ohms) :
le6
Snubbers Capacitance Cp (Farad)
inf

Measurements lNOl‘IE e

[ cancel |[ Help |
Figure 10.5: Fault block mask

In the “UTILITY-8765/1234-LL(BC)-Bus5-BK8” test, the “BK8” breaker was expected to
trip. After the “BK8” breaker tripped as expected, the C8 record event of the “BKS8” breaker for Relay
3 was recorded. Figure 10.4-B shows the breaker record event selector of the microgrid. Table 10.2

indicates settings of the breaker record event selector for recording event files of breakers for Relays 2

and 3.

Table 10.2: Settings of breaker record event selector
RELAY2 _BK_EVENT® | RELAY3 BK_EVENT®
BK5 BK6 BKY BK8
0 1 0 1
Based on the recording of C8 event files
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As an example, to collect the C8 record event of the “BK8” breaker for the “UTILITY-

8765/1234-LL(BC)-

based on Table 10.2.

Bus5-BKS8” test, in the “RELAY3 BK EVENT” cell was set “1” instead of “0”,

Setting groups of the relays were selected in the setting group circuit of the SM_Network

subsystem. Figure 10.6 shows the setting group circuit for Relays 2 and 3. Dashed red circles indicate

the four and six available setting groups for Relays 2 and 3, respectively.
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Figure 10.6: Setting group circuit in the SM_Network subsystem

319



Table 10.3 shows parameters for setting groups of Relays 2 and 3. In the microgrid for the
“UTILITY-8765/1234-LL(BC)-Bus5-BK8” test, setting group 1 (SS1) for Relays 2 and 3 was set by
placing “0” in the “Relay 2-SS1” and “Relay 3-SS1” cells and “1” in the other relay setting group
cells.

Table 10.3: Parameters to set groups of Relays 2 and 3 in the setting group circuit

Setting groups of Relay 2 Setting groups of Relay 3
Circuit path
SS1 | SS2 | SS3 | SS4 | SS1 | SS2 | SS3 | SS4 | SS5 | SS6
UTILITY-8765/1234 | 0O 1 1 1 0 1 1 1 1 1
DG2-678/65 1 0 1 1 1 0 1 1 1 1
DG2-678 1 0 1 1 1 1 0 1 1 1
DG2-67/65 1 1 0 1 1 0 1 1 1 1
DG2-6543 1 1 1 1 1 0 1 1 1 1
DG2-65 1 1 1 1 1 0 1 1 1 1
DG2-6781 1 0 1 1 1 1 0 1 1 1
DG2-678 1 0 1 1 1 1 0 1 1 1
DG2-67 1 1 0 1 1 1 1 0 1 1
DG1-5678 1 1 1 0 1 1 1 1 0 1
DG1-34/56 1 1 1 1 1 1 1 1 1 0
DG2-6 1 1 1 1 1 1 1 1 1 0
DG3-2187 1 1 0 1 1 1 1 1 1 1

By defining the circuit path (1), placing the fault type and location (2), choosing the breaker
record event (3), and setting the relay setting groups (4), real-time tests for the RTS experiment were

edited before initiating the preparation phase.

10.2 Preparation phase
In the Preparation phase, the Redhat® [88] target platform was selected, and the model of the

microgrid was built. Figure 10.7 shows “Set” and “Build” options selected in the editor during the

Preparation phase. In the “Set the development properties” option was selected the Redhat® [88]
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target as platform to communicate with host and target computers during the RTS experiment tests.

Figure 10.8 shows the target platform selected on the development settings.

Preparing and Compiling
| Edit the diagram of the model.
[ Setthe development properties. v’
lond Build the model. v
[m Consult result in the Compilation View
& Assign targets to subsystems.

Executing

[ Set the execution properties.
(D Load the model.

[P Execute the model.

U Pause the model.

Reset the model.

2 Open the Console to interact with this model.

Figure 10.7: Set and build options in the editor

2 0P5600 | [») Relay Test Modelmdi 3
Development settings

Compiler and linker settings

7 Sources| (& Includes | m), Libraries | (% Library Path | [sij Compiler

Delete A

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

Figure 10.8: Development settings

The “Build the model” option was selected in the editor to build the model that was edited in

the Edition phase. The test model was compiled after being built satisfactorily. Figure 10.9 shows the
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“Progress” (left) and “Views” (right) windows when the model was built (A) and compiled (B). In the

Preparation phase, the Redhat® [88] target platform was set and the model and compilation was built

satisfactorily.
&5 Progress 5 % ¥ = 0| B Display | 1 Properties| s Compilation 53 . o\ Matiab View| &l Console | (=] Variables Table EZ] Variable Viewer | £ Monitoring| 4 Search =0
J‘Eildmgmode\ B @& ‘ 3 ‘ By

Building Relay_Test Model: Separating model ModelRelay Test Mode

The current RT-LAB version is: v10.5.9.356

The current model is: C:\Users\ecpie\OPAL-RT\RT-LAB_Workspace\EMILIO\models\Relay Test_Model\Relay Test Model.mdl
The current host platform is:  XPB/Vista/7

The current target platform is: Redhat

The current compiler is: Autoratic

Preparing original model for code separacion and generation...

W H "
« ” The current Matlab version is: v7.13 (32 Bit) VIeWS
Progress
)
Building model: (5%) s @
& Progress £ %% ¥ = 0| @ pisplay | = Propeties st Compilation £3 ﬂMatlabView & Console| [ Variables Table| =] Variable Viewer [ Monitoring | 47 Search =8
No operations to display at this time. a S Ex| ‘ ¥ ‘ uln] v

Model:Relay Test Model
ITansterring 1n binary mode /home/ecezU953gl-Ub/c/users/ecpie/opal-rt/rt-1ab workspace/em110/nodels/relay_test model/relay_test mec,

Transferring in ascii mode /home/ece20953g1-06/c/users/ecpie/opal-rt/xt-1ab_workspace/emilio/models/relay test_model/compilation_tar

File transfer duration : 00h:00m:00s
-------------------- Completed successfully ------=cnmcenmcenaen

End at : Sunday, November 30, 2014, 15:47:12

Compilation duration : 00h:0lm:06s “Vi ews”

“Progress”
Figure 10.9: Views and progress windows when the model was built (A) and compiled (B)

10.3 Compilation phase

In the Compilation phase, the results from the compilation view were consulted and the target
computer was assigned. However, if the model was built satisfactorily in the Preparation phase, the
model was compiled successfully. Figure 10.10 shows the “Compilation View” and “Assign” options

selected in the editor during the Compilation phase.
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Preparing and Compiling
| Edit the diagram of the model.
[T Setthe development properties.

lo10 Build the model.

10 Consult result in the Compilation View v

[o

¥l Assign targets to subsystems. v/

¥

Executing

[_] Set the execution properties.
(D Load the model.

[P Execute the model.

Pause the model.

Reset the model.
|

2y Open the Console to interact with this model.

Figure 10.10: “Compilation View” and “Assign” options in the editor

In real-time simulation, the OP-5600 (target computer) was connected to the host computer in
order to run the real-time test. Figure 10.11 shows subsystem settings. In the real-time tests,
“OP_5600” was chosen as a physical node, and the subsystems were set to run in eXtreme High
Performance (XHP) mode. The “Clean target” button could be clicked to eliminate the selected target
computer or it could be clicked if a new target computer was selected. The selected target computer
was “OP_5600” because it was connected to Relays 2 and 3. In the Compilation phase, compilation

view results were consulted and the target computer was assigned to subsystems for real-time tests.

= OP_5600 =| Relay_Test_Model.mdl £3 =0

Subsystem settings

Assignations Target utilities
Subsystems | Clean target | | Set
Select subsystems to edit their properties:

Name Assigned node Platform XHP
] SM_Network OP_5600 Redhat ] ON

No subsystem selected

Edit settings for selected subsystems:

Choose a physical node: [gp sgng ,I

%] Run in XHP mode

» Advanced

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

Figure 10.11: Subsystem settings
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10.4 Execution phase

In the Execution phase, execution properties required to run the test were set and the model
was loaded into the target computer and executed. However, the second console needed to be set after
loading the model. The second console was set to supervise the real-time test during the execution of

RTS experiment tests. Figure 10.12 shows the “Set,” “Load,” and “Execute” options selected in the

editor during the Execution phase.

Preparing and Compiling
»| Edit the diagram of the model.
] Setthe development properties.

lo10 Build the model.

onsult result in the Compilation View

0

C
2 Assign targets to subsystems.

g

Executing

[ Set the execution properties. v*
Load the model. v

|

©

1] Execute the model. /
Pause the model.

Reset the model.

¥

g Open the Console to interact with this model.

Figure 10.12: “Set,” “Load,” and “Execute” options in the editor

As shown in Figure 10.13, execution property settings were defined to perform real-time tests.
Detection of overruns was enabled in the performance properties, and “Continue” was selected in the
action to perform on overruns. The number of steps without overruns was set at 10. Execution of the
test that detected overruns improved performance of the real-time simulation because it indicated any
overrun situation during the simulation. Redhat® was selected as target platform for real-time
properties. Hardware was synchronized as real-time simulation mode and UDP/IP as real-time

communication link type. The “time factor” was set at 1.0 to perform the real-time test. If the “time
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factor” was greater than 1.0, generated power system frequency was less than 60 Hz. Power system

frequency was measured on the relay display, verifying that the “time factor” was set at 1.0.

B/ OP_5600 | Relay_Test_Model.mdl &3
Execution Properties

Real-Time Properties Performance Properties

Target platform: Redhat V| Enable detection of overruns

4

(&) & ) &)

( d .| i
Real-time simulation mode: Hardware synchronized A O Continue

Real-time communication link type: |UDP/IP Peshmnacionattes oot |1

4

Time Factor: 10 m Number of steps without overruns: 10
Stop Time [s]): 50 -

Pause Time [s]: 50 -

» Advanced

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

Figure 10.13: Execution properties of tripping tests for RTS experiment

In Figure 10.13, “stop time” defines the time when the real-time simulation test ended. “Stop
time” had to be set at 5 sec. in order to complete pre-fault, fault, and post-fault states during tripping
tests in real-time simulation. However, in non-tripping tests, “stop time” values were less than 5 sec.,
thereby preventing relays from tripping at fault state. Equations (10.1) and (10.2) indicate conditions
of “stop time” for tripping and non-tripping tests, respectively.

Ts1 > Tpp + Ty (10.1)
Tpr < Tsy < Tpp + T¢q (10.2)
where Ts; is stop time of tripping tests set at 5 sec., Ts; is stop time of non-tripping tests in seconds,
Tpr is pre-fault time set at 2.5 sec. in the second console, and T¢; is measured clearing time in seconds
for tripping tests. “Pause time” was set at 5 sec. for tripping and non-tripping tests.
When execution properties were set, the “Load the model” option was selected from the editor

in order to load the model. Figure 10.14 shows the progress (A) and view (B) windows when the
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model was loaded. After the model was loaded and successfully transferred model files, the second

console was opened.

&5 Progfgss X4 & ¥ = [ | ||E Display £3 . [ Properties| b Compilation o\ Matiab View| & Console| (7] Variables Table| FEJ Variable Viewer| [ Monitoring| 4 Search =)
& & | -t e »ﬂAJv‘
i RS A A (B == |
Loadmg model Relay_Test Model / SM_Network
— ——— | |- Transferring files ... .

Loading Relay_Test_Model:

Transferring in binary mode C:\Users\ecpie\OPAL-RT\RT-LAB_Workspace\EMILIO\models\Relay Test Model\Relay Test_ Model

Opening console Transferring in binary mode C:\Users\ecpie\OPAL-RT\RT-LAB_Workspace\EMILIO\models\Relay Test Model\OP5142_1-EX-0000

i

&0 e — E --------------- Done transferring files

Opening Console Relay_Test_Model
@ |[Executing script /usr/opalrt/v10.5.9.356/common/python/rtlab/global/target _preload.py ... done

« I »

g° Loading model =1

Figure 10.14: “View” (A) and “Progress" (B) windows when the model was loaded

Figure 10.15 shows the second console automatically generated by RT-LAB® during
compilation when the model was loaded. The second console contained “OpComm” block (A), control

fault timing circuit (B), and scopes of Relays 2 and 3 (C).
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The “OpComm” block, shown in Figure 10.5 (A), collected signals from the microgrid in the
SM_Network (master) subsystem. These signals included A-B-C line currents, breaker states, trip
signals, and relay setting groups. The control fault timing circuit, shown in Figure 10.5 (B), was used
to control external fault timing of the fault block in the microgrid from the SM_Network (master)
subsystem. Relay 2 and 3 scopes collected signals from the “OpComm” block during the test’s real-
time simulation. Once model loading generated the second console, Relay 2 and 3 scopes were opened
to set plots that measured A-B-C line currents, breaker states, trip signals, and relay setting groups.
Scope plots of Relays 2 and 3 were applied with the identical settings. Figure 10.16 shows plot settings
for the scope of Relay 2 in which the scope’s plot was picked up from the “Parameters” menu. The
“General” submenu was defined at a time range of 5 sec. and sample time (Ts) of 50 microseconds, as
shown in Figure 10.16 (A). The “Save data to workspace” option was selected in the “History”
submenu, as well as the “Structure with time” option for the “Format,” as shown in Figure 10.16 (B).

Finally, line size of 2.0 was selected in the “Graphics” submenu for all lines, as shown in Figure 10.16

(C).

AG
MParameters
]

BB ‘Scope of Relay 2 Breakers (BK6 - BKS) ... | | (=) |wE: B ‘Scope of Relay 2 Breakers (BK6 - BK5) ... |

General || History || Graphics
Limit data points to last]

Number of axes: 7 floating scope
ime range: S @ K v| Save data to workspace
Tick labels: | bottom axis only ¥ ~r

Variable name: ScopeData

Format Structure w
Sampling orma! Structure with time

Sample time ¥ Ts

Style for line number

Line:

Figure 10.16: Plot settings of Relay 2 scope in second scope
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Figure 10.17 shows plots of Relay 3’s scope collected from the second scope during execution

of the overcurrent fault test when Relay 3 tripped “BKS8” breaker and kept the “BK7” breaker closed.

Figure 10.17 (A) and (D) show A-B-C line currents of “BK8” and “BK7” breakers, respectively, and

Figure 10.17 (B) and (E) show “BK8” and “BK7” trip signals, respectively. Figure 10.17 (C) and (F)

show “BKS8” and “BK7” breaker states, respectively, and Figure 10.17 (G) shows the active setting

group (SS2) of Relay 3.

Rielay 3- Breaker 1 [BKE) State [close = 1, open=0]

H1

i

l

|ur1 mm‘ m T o m
AL il

ﬂ IH lllll

B

Figure 10.17: Plots of Relay 3 scope

Relay scopes were applied in order to supervise the tests during execution of real-time

simulation; however, relay scopes were not applied to collect test results. In the second console, relay

scope plots did not have a sinusoidal waveform of A-B-C line currents when “stop time” of real-time

simulation was set at more than 3 sec.. Real-time tests were set at “stop time” of 5 sec. because setting
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groups of relays were selected during the pre-fault state and Relay 3’s setting group required more
than 3 sec. (180 cycles) to perform pre-fault, fault, and post-fault states.

Plotted sinusoidal waveforms of A-B-C line currents were not sinusoidal in the second console
because the console subsystem (SC_console) was not executed in real-time. The SM_Network
(master) subsystem was executed in real-time, while the SC_console subsystem was executed on
workstation in non-real-time. The SC_console subsystem communicated with the “OP-5600" real-time
simulator to obtain a burst of data according to settings applied in the acquisition. For more than 3
sec., acquisition settings did not allow the plot of a sinusoidal waveform for A-B-C line currents, but
test results were collected satisfactorily in real-time by placing an “OpWriteFile” block in the
SM_Network (master) subsystem. The “OpWriteFile” block was configured to collect A-B-C line
currents, breaker states, trip signals, and relay setting groups. When the test was executed in real-time,
the “OpWriteFile” block created a Matlab® file that collected signals to be plotted as test results.

In the second console (SC_console), the control fault timing circuit was set to the time to
initiate the fault by the external control of fault timing of the fault block (SM_Network). As shown in
Figure 10.18, external control of the fault timing was controlled from the second console
(SC_console), and the fault switch was set at 2.5 sec. after initiating the pre-fault state. Figure 10.18
shows the control fault timing circuit in the second console (SC_console).
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60 >
I [e0] o N
»in 5 outt >
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b= 25— >
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: = >
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From16 \ H Product2 TEF
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TIF = initial fault sate time [cycles] , TEF = ending fault state time [cycles]
From19

Figure 10.18: Control fault timing circuit in the second console (SC_console)
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A clock with a fault switch (Figure 10.18 (A)) was set at 2.5 sec. controlled the control fault
timing circuit. By the clock, “1” signal was generated at 2.5 sec. after executing the test, and “1” signal
was sent by the “Outl” to the external control of the fault block in the microgrid (SM_Network). At
the end of real-time simulation, initial and ending fault state times were collected in cycles from the
control fault timing circuit in order to estimate the measured fault clearing time for tripping tests by
Equation (10.3).

Ter = Tegr — Tir (10.3)
where Tc; is measured fault clearing time for tripping tests in seconds, Ter is measured ending fault
time for tripping tests in seconds, and T,e is measured initial fault clearing time for tripping tests in
seconds. In the SM_Network (master) subsystem, the “OpWriteFile” block measured and recorded A-
B-C line breaker currents, trip signals, breaker states, and relay setting groups of Relays 2 and 3 during
real-time tests. The “OpWriteFile” block generated the “opvar2and3” variable at the end of each test
that recorded real-time simulation results. The “OpWriteFile” block recorded results during real-time

tests (Figure 10.19).

Relay 2 data from micro grid :

“BK6" breaker currents (law2, Ibw2, lew2), trip signal (TRIP_BK®), and state (STATE_BKS6)
“BK5” breaker currents (lax2, 1bx2, Icx2), trip signal (TRIP_BKS), and state (STATE_BK5)
Relay 2 setting groups (R2_SS1, R2_SS2, R2_SS3, and R2_SS54)

T

Relay 2 and 3 data acquisition: Y Terminatord
, , OpWriteFie '|§|
Variable name: “opvar2and3 30, group 28
File names: “matlab_trip” and “matlab_notrip” \
OpWriteFia Terminator10

f Relay 3 data from micro grid :

“BK8" breaker currents (law3, Ibw3, lcw3), trip signal (TRIP_BKS), and state (STATE_BKS)
“BK7" breaker currents (lax3, 1bx3, lcx3), trip signal (TRIP_BK7), and state (STATE_BK7)
Relay 3 setting groups (R3_SS1, R3_8S2, R3_8S83, R3_884, R3_SS85, and R3_SS6)

Figure 10.19: Data recorded from the “OpWriteFile” block
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After setting plots of relay scopes and the control fault timing circuit in the second console
(SC_console), the “Execute model” option was selected from the editor to execute real-time
simulation. When the model was executed and the real-time test was finished, “Progress” indicated
“No operations to display at this time” and a window was generated on the right corner of the “Views”
screen that indicated “New file available.” The Matlab® file generated by the “OpWriteFile” block,
containing signals plotted as test results, was saved into a folder when the “New file available” option

was selected. Figure 10.20 shows “Progress” (A) and “Views” (B) windows after executing the model.

&5 Progress % ¥ = ) @ Display &2 [ Properties| lsih Compilation ﬂMatlab View| B Console [7] Variables Table| [ Variable Viewer| &) Monitoring| 47 Search =0

o F

No operations to display at this time. SRS Y 180

Relay_Test_Model / SM_Network

Setting local directory to C:\Users\ecpie\OPAL-RT\RT-LAB Workspace\EMILIO\models\Relay Test Model\relay test_model_
Transferring in ascii mode /home/ece2095sgl-06/c/users/ecpie/opal-rt/rt-lab_workspace/emilio/models/relay_test_mode
Transferring in binary mode /home/ece20953gl-06/c/users/ecpie/opal-rt/rt-lab workspace/emilio/models/relay_test_mod
Transferring in ascii mode /home/ece2095sgl-06/c/users/ecpie/opal-rt/rt-lab_workspace/emilio/models/relay test_mode

« ” Deleting relay test_model 1 sm network 328 011205.log... OK.
Deletin lay test_model 1 sm network 328 021903.10g... OK. S\ /i »
Progress eleting relay test model 1_sm network 328_ og VIeWS @

............... Done retrieving files

« i
Click here to open this file with Matlab:
relay2and3.mat

@ New file available ’

Figure 10.20: “Progress” (A) and “Views” (B) windows after executing the model

In the Execution phase, execution properties were set and the model was loaded. In the second
console (SC_console), plots of the relay scopes and fault time were set before executing the real-time

test. After the real-time test was executed, test results were collected from the generated Matlab® file.

10.5 Collection phase
In the Collection phase, the relay’s display and pushbutton LEDs (1), record event files (2), and

generated Matlab® files (3) were collected. The Matlab® files and relay record events collected time,
A-B-C line currents, trip signals, breaker states, and relay setting groups. Information related to
Matlab® and record event files originated from the microgrid and relays, respectively. Test results
were measured from the microgrid and relays in order to validate real-time simulation and application

of the OP5600 as a real-time relay test system and evaluate the adaptive overcurrent protection system.
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The relay’s display and pushbutton LEDS were collected to verify adaptive overcurrent protection
during the execution of real-time tests. Table 10.4 shows collected data, sites, sources, and
measurements of real-time tests. Figure 10.21 shows the power desk (A) from which real-time tests
were executed and supervised and the rack area. As shown in Figure 10.21 (A), the webcam, HMI and
host computers were applied to measure the display and pushbutton LEDs, record events, and
Matlab® files, respectively.

Table 10.4: Collected data for real-time tests

Collected Data Sites Sources Measurements
Display and Webcam Breaker line currents and breaker trips
pushbutton LEDs | computer Relays from the relay’s front panel
HMI 2 and 3 A-B-C line currents and event reporting digitals
Record events computer (trip signals, control inputs and outputs, setting
P groups, SELogic variables, and breaker states)
Matlab® files Host Time, A-B-C line currents, trip signals, breaker
(mat. files) computer Microgrid | states, and relay setting groups for the Relays 2
' and 3

HMI: Human machine interface

Magnetic arm and webcam

Webcam computer
Host computer \

W Relays’
display
and
push
button

LEDs

Power desk Rack area
Figure 10.21: Power desk (A) and rack area (B)

10.5.1 Display and pushbutton LEDs

The relay’s display and pushbutton LEDs were measured during execution of the real-time
tests. Relays’ display and pushbutton LEDs were evaluated from the webcam computer, as shown in

Figure 10.21 (A). The relay’s front panel (displays and pushbutton LEDs) was observed for Relays 2
332



and 3 with a webcam placed in a magnetic arm through the webcam computer on the power desk.
Breaker 1 and 2 line currents for Relays 2 and 3 were observed on the relay’s display during execution
of the real-time tests, verifying load and fault currents for pre-fault and fault states, respectively, and
zero current at post-fault state. Breaker 1 and 2 states (closed and open) were observed on pushbutton
LEDs on the relay’s front panel, verifying satisfactory performance of the breakers during tripping and

non-tripping tests, respectively.

10.5.2 Record events

Record event files from the relays were collected only for tripping tests. Record events of
relays were not recorded for non-tripping tests because the relays had to trip in order to generate event
files. C8 and HR record events were collected from the relays and read after execution of each tripping
test in real-time simulation. AcSELerator Quickset® [11] and AcSELerator Analytic Assistant® [100]
software were applied to collect and read record events, respectively.

The HMI computer needed to communicate with the relay that tripped in the tripping test, so
AcSELerator Quickset® software [11] was applied in order to communicate with the relay and collect
record event files. The relay communication process was initiated by connecting the SEL C662 cable
from the relay’s Port F to HMI computer’s USB connector. AcSELerator Quickset® software [11] was
opened and the “Communication” option was selected, as shown in Figure 10.22 (A). The “SERIAL”
communication and “SEL CP210x USB to UART Bridge” port device were selected (Figure 10.22
(B)), thereby completing the data speed, data bits, stop bits, parity, RTS/CTS, DTR, XON/XOFF,
RTS, and Level 1 and 2 passwords based on the SEL 451 relay’s instruction manual [5]. Level 1 and 2
passwords were “OTTER” and “TAIL,” respectively. Figure 10.22 shows communication parameters
of SEL 451 relays. As shown in Figure 10.23, when the relay communicated with the HMI computer,
screen indicated “Open: Connected” at the lower bar of the computer screen. The “Tools” menu,

“Events,” and “Get Event Files” submenus were then selected.
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Figure 10.22: Communication parameters of SEL 451 relays
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Figure 10.23: “Get event” files
When the list of event files was transferred from the relay, that list was read on the “Event
History.” From the “Event Type” menu was selected the “Binary COMTRADE” and “CEVS8” event

types for HR and C8 event files, respectively, as shown in Figure 10.24 (A). When the selected record
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event file was completely transferred, the record event file was saved into a folder that corresponded to

tripping tests of this record event, demonstrated in Figure 10.24 (B).
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Figure 10.24: Transferring and saving record event file

595.600 $355.55 TRIP

SEL 451 relays provide two types of event data captures: event report oscillography with
filtered sample per cycle data and unfiltered (raw) data [5]. In C8 record events, A-B-C line currents
depended on how the “Current and Voltage Source Selection” (ESS) setting was defined on the relay,
recording the IW, IX, or a combination (IW + 1X) of line currents. Although C8 record events were
filtered reports that included digital filtering, HR record events were raw reports that did not
incorporate digital filtering. In addition, the size of HR event files was greater than size of C8 event
files. The time required to collect HR event files was greater than the time required to collect C8 event
files because C8 record events had fewer samples per cycle to plot A-B-C line currents than HR record
events. Figure 10.25 shows data points for C8_13115 and HR_13115 event files that corresponded to
the “DG2-678/65-SLG(A)-BUS6-BK7” test. A-B-C lines currents of C8_ 13115 and HR_13115 record

events are shown in Figures 10.25 (A) and (B), respectively.
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Figure 10.25: Line currents from C8 13115 (A) and HR_13115 (B) event files, respectively

AcSELerator Analytic Assistant® [100] software was used to read C8 and HR record event
files. In tripping tests, plots with instantaneous and magnitude A-B-C line currents and trip digital
signals were read from the event report summary of C8 event files. However, instantaneous A-B-C
line currents and digital signals (setting groups, control inputs and outputs, SELogic variables, trip,
overcurrent element, and breaker auxiliary contact) were plotted according to HR event files. Table
10.5 indicates the read information and plot signals from C8 and HR event files. For C8 event files, the
breaker recorded event was set before executing the tripping test by selecting the recorded event of the
breaker expected to trip.

Table 10.5: Information read from C8 and HR event files
C8 Event Files® HR Event Files?®

Event report summar . .
_ P _y Plot of instantaneous A-B-C line currents and
Plot of instantaneous A-B-C line currents digital signals (setting groups, control inputs
and trip digital signal and outputs, SELogic variables, trip,

Plot of magnitude A-B-C line currents overcurrent element, and breaker aux. contact)
and trip signal

C8 (compressed-8-samples-per-cycle), HR (high resolution) ™ IW, IX or combination (IW+1X) line
currents, @ IW and IX line currents

Figures 10.26 to 10.28 show the steps required to read the event report summary of the
C8 13115 event corresponding to the“DG2-678/65-SLG(A)-BUS6-BK7” tripping test. AcSELerator

Analytic Assistant® [100] software was opened (Figure 10.26 (A)) and then the “File” menu and
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“Open Event Report File” submenu were selected (Figure 10.26 (B)). When the C8_13115 event file
was found in the Desktop, the “All files (*.*)” option was selected, and the C8 13115 file was opened,
as shown in Figure 10.26 (C). A left click in the AcSELerator Analytic Assistant® [100] icon was
made (Figure 10.27 (A)), the “View” menu and “Summary Data” submenu were selected (Figure
10.27 (B)), and the “Event Report Summary” of the file was opened (Figure 10.27 (C)). The

C8 13115 event represented the “DG2-678/65-SLG(A)-BUS6-BK7” tripping test.
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In Figures 10.28 (A) and (B), the event report summary of the C8 13115 event was read. From
the C8_13115 event, the number and type of events were collected, and the magnitude of primary
pickup fault currents were measured. According to the C8_13115 event report summary, states (open
or closed) of Breakers 1 and 2 were also collected for Relay 3 from Figures 10.28 (C) and (D),

respectively. Figure 10.28 shows the event report summary for the “DG2-678/65-SLG(A)-BUS6-

0y 4 - .
BK7” tripping test.
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Figure 10.28: Event report summary, C8 13115 event, DG2-678/65-SLG(A)-Bus6-BK7 test

Figures 10.29 to 10.30 show the steps to plot instantaneous A-B-C line currents and trip digital
signal of the C8 13115 event corresponding to the“DG2-678/65-SLG(A)-BUS6-BK7” tripping test.
After opening the C8_13115 event file, a left click in the AcSELerator Analytic Assistant® [100] icon
was made, as shown in Figure 10.29 (A). The “View” menu and “Graph Preferences” submenu were
then selected (Figure 10.29 (B)), and the “Time Units, Starting/ Ending Row” option was Set in cycles

(Figure 10.30 (A)). IA(A) , IB(A), and IC(A) analog signals from the analog list were dragged into
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Axis 1, the TRIP digital signal from the digital list was dragged into the digital axis, and the “OK”
cell was selected, as demonstrated in Figure 10.30 (B). As a result, A-B-C line currents and trip signals

were plotted (Figures 10.30 (C)) for the C8 13115 event, “DG2-678/65-SLG(A)-BUS6-BK7” test.
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Figure 10.29: Graph preferences of C8 event file
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Figure 10.30: Plot of A-B-C line currents and trip signal, C8 13115 event
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The magnitude of A-B-C line currents and trip signal of the C8 13115 event, “DG2-678/65-
SLG(A)-BUS6-BK7” tripping test was plotted by selecting IA(A)Mag, IB(A)Mag, and IC(A)Mag
analog signals. Figure 10.31 (A) shows selected graph preferences. The plot of magnitude A-B-C line
currents and trip signal of the C8 13115 event, “DG2-678/65-SLG(A)-BUS6-BK7” test is shown in

Figure 10.31 (B).
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Flgure 10.31: Plot of magnitude A-B-C line currents and trip signal, C8 13115 event, DG2-678/65-
SLG(A)-Bus6-BK?7 test
Figures 10.32 to 10.34 show the steps to plot instantaneous A-B-C line currents and digital

signals (setting groups, control inputs and outputs, SELogic variables, trip, overcurrent element, and
breaker auxiliary contact) for the HR_13115 event, DG2-678/65-SLG(A)-Bus6-BK?7 test.
AcSELerator Analytic Assistant® [100] software was opened, as shown in Figure 10.32 (A), and then
the “File” menu and “Open Event Report File” submenu were selected, as shown in Figure 10.32 (B).
When the HR 13115 event file was found in the Desktop, the “All files (*.*)” option was selected, and
the HR_13115 file was opened, as shown in Figure 10.32 (C). After opening the HR_13115 event file,

on the lower bar of the screen, a left click on the AcSELerator Analytic Assistant® [100] icon on the
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screen’s toolbar was made (Figure 10.33 (A)) and the “View” menu and “Graph Preferences”

submenu were selected, as shown in Figure 10.33 (B).
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A-B-C line currents and digital signals were plotted after collecting the HR event files. The
“Time Units, Starting/ Ending Row” option was set in cycles, shown in Figure 10.34 (A) and IAX,
IBX, and ICX analog signals from the analog list were dragged to Axis 1 and SG2, IN202, PSV04,
T3P2,51S2, IN104, 52AA2, OUT107, and TRIP digital signals from the digital list were dragged to
the digital axis. The “OK” cell was the selected, as shown in Figure 10.34 (B). The plot of A-B-C line
currents and digital signals was created (Figures 10.34 (C)) for the HR 13115 event, “DG2-678/65-
SLG(A)-BUS6-BK7” test. A-B-C line currents of “BK7” breaker and SG2, IN202, PSV04, T3P2,

51S2, IN104, 52AA2, OUT107, and TRIP digital signals were presented in the same plot, as shown in
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Figure 10.34: Plot of A-B-C line currents and digital signals, HR_13115 event, DG2-678/65-SLG(A)-
Bus6-BK?7 test
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10.5.3 Matlab® files

In the power desk, Matlab® files were collected from the host computer. After the model was
executed, the Matlab® file was generated. A left click selected the “New file available” window,
shown in Figure 10.35 (A), the “Import Wizard” dialog was signed, and the “Finish” cell was selected,

as shown in Figure 10.35 (B).
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Figure 10.35: Importing wizard dialog

Figures 10.36 and 10.37 demonstrate the process to save a Matlab® file. In Figure 10.36, the
Matlab® software [14] icon on the host computer screen was selected (A). Then, a double left click on
the “opvar2and3” file was made to observe the collected data in the variable editor (B). The
“opvar2and3” file was generated by the “OpWriteFile” block placed in SM_Network (master)
subsystem. Signals in the variable editor represented time, A-B-C line currents, trip signals, breaker
states, and relay setting groups from the microgrid. The “Save” icon was clicked, and the “relay2and3”
file was selected (C). In Figure 10.37, the “Desktop” icon was clicked (D) and the “relay2and3”

Matlab® file was renamed as “matlab_trip” or “matlab notrip,” depending on whether the Matlab®
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file was generated in a trip or non-tripping test, respectively (E). The “matlab_trip” and

“matlab_notrip” files were saved into a folder referenced with the name of the test (F).
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Figure 10.36: Process to save Matlab® files from microgrid
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Figure 10.37: Process to save Matlab® files from microgrid (continued)

To arelay tripped and did not trip at fault overcurrent, the fault state time of relay test needed
to be greater and smaller than the expected fault clearing time, respectively. In tripping tests, relays

tripped because the clearing time was smaller than the fault state time. However, in non-tripping tests,
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relays did not trip because the clearing time was greater than the fault state time. Variable lines,
names, and descriptions of Matlab® files are shown in Table 10.6. In the Matlab® files, lines 2-15 and

16-31 represented Relay 2 and 3 variables, respectively.

Table 10.6: Variable lines, names, and descriptions of Matlab® file

Relays | Variable Lines | Variable Names Variable Descriptions
1 time Time of real-time simulation test
2-3-4 law2, Ibw2, lcw2 | A-B-C line currents of Breaker 1 for relay 2
5 tripw2 Trip of breaker 1 for relay 2
5 6 bk1r2state State of breaker 1 for relay 2
7-8-9 lax2, 1bx2, lcx2 A-B-C line currents of breaker 2 for relay 2
10 tripx2 Trip of breaker 2 for relay 2
11 bk2r2state State of breaker 2 for relay 2
sslr2, ss2r2, .
12-13-14-15 $33r2, 53412 Setting groups 1, 2, 3, and 4 for relay 2
16-17-18 law3, lbw3, lcw3 | A-B-C line currents of breaker 1 for relay 3
19 tripw3 Trip of breaker 1 for relay 3
20 bk1r3state State of breaker 1 for relay 3
3 21-22-23 lax3, 1bx3, lcx3 A-B-C line currents of breaker 2 for relay 3
24 tripx3 Trip of breaker 2 for relay 3
25 bk2r3state State of breaker 2 for relay 3
26-27-28- ss1r3, ss2r3, ss3r3, .
20-30-31 ss4r3, SS5¢3, SS6r3 Setting groups 1, 2, 3, 4, 5 and 6 for relay 3

Figures 10.38 to 10.39 show the process to create the plot of A-B-C line currents of Breaker 1

for Relay 3. In Figure 10.38, the Matlab® software [14] icon in the lower bar on the screen was

selected (A), and then the “File” menu and “Open” submenu were selected (B). The “matlab_trip” file

for the “UTILITY-8765/1234-LL(BC)-Bus6-BK6” test was selected from the Desktop by clicking the

“Open” tab (C). The “opvar2and3” file was then selected with a double left click (D).
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As shown in Figure 10.39, the “opvar2and3” table was opened, and a right click on the first
line of the“opvar2and3” table was made. Then the “Create Variable from Selection” menu was
selected by creating an “unnamed” file in “Workspace” (E). A right click was made on the “unnamed”
file in “Workspace,” and the “Rename” menu was selected to name the “unnamed” file as “time” file.
This process was repeated for lines 2, 3, and 4 in order to name the “unnamed” files as “law2,”
“Ibw2,” and “Icw2” files, respectively (F). EDU>> plot(time,law2, time, Ibw2, time, Icw2) was
written without spaces between time and current variables, and the “Enter” tab was selected in order
to plot the A-B-C line current-time plot.

Figure 10.40 shows the Matlab® plot of A-B-C line currents of “BK6” breaker for the
“UTILITY-8765/1234-LL(BC)-Bus6-BK6” test. In this plot, the horizontal axis represents time in
seconds and the vertical axis represents A-B-C line currents in amps. This plot presents pre-fault, fault,
and post-fault states. In the pre-fault state, load currents flowed along the “BK6” breaker. In the fault
state, fault overcurrent flowed along the “BK6” breaker until Relay 2 tripped and the fault was cleared.
In the post-fault state, no currents flowed along the “BK6” breaker. The Matlab® plot was edited by
selecting “Figure Properties,” “Axes Properties,” and “Copy Figure” options from the “Edit” menu
and the “Legend” option from the “Insert” menu.

A-B-C Line Currents of “BK6” Breaker, “UTILITY 8765/1234-LL(BC)-Bus6-BK8&” test
2000 T T T T T

1500 H — A line current ]
— B line current
1000 ——C line current .
500 -
1 H i H il
o R
500 .
1000 _
1500 .
-2000 2.‘8 3| 3_|2 3?4 3_|6 3.‘8 4

Time [seconds]

Figure 10.40: A-B-C line currents of “BK6” breaker, “UTILITY - 8765/1234-LL(BC)-Bus6-BK6” test
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Variables indicated in Table 10.7, and collected from the “matlab_trip” and “matlab_notrip”
files could be plotted from the real-time test. Table 10.7 shows Matlab® functions (fx) to plot line
currents, trip signals, breaker states, and relay setting groups.

Table 10.7: Matlab® functions to plot variables

Variables Matlab® functions
A-B-C EDU>> plot(time,law2, time,lbw2, time,lcw?2)
line EDU>> plot(time,lax2, time,lbx2, time,lcx2)

currents | EDU>> plot(time,law3, Ibw3,time, lcw3,time)
of breakers | EDU>> plot(time,lax3, time,Ibx3, time,Icx3)
Trip EDU>> plot(time,tripw2), EDU>> plot(time,tripx2)
signals EDU>> plot(time,tripw3), EDU>> plot(time,tripx3)
Breaker | EDU>> plot(time,bk1r2state), EDU>> plot(time,bk2r2state)
states EDU>> plot(time,bk1r3state), EDU>> plot(time,bk2r3state)
Setting EDU>> plot(time,ss1r2, time,ss2r2, time,ss3r2, time,ss4r2)

groups EDU>> plot(time,ss1r3, time,ss2r3, time,ss3r3, time,ss4r3, time,ss5r3, time,ss6r3)

10.6 Chapter summary

This chapter detailed test steps to run tripping and non-tripping tests for adaptive overcurrent
protection of the microgrid with distributed generators. Test steps included Edition (1), Preparation
(2), Compilation (3), Execution (4) and Collection (5) phase. The test step process was based on a
loop: When the Collection phase ended, a new test was initiated starting from the Edition phase.

In the Edition (1) phase, the circuit path was defined, fault type and location were placed, the
breaker record event was chosen, relay setting groups were defined, and real-time tests for the RTS
experiment were edited before initiating the Preparation phase. In the Preparation (2) phase, the target
platform was set and the model was built and compiled. In the Compilation (3) phase, compilation
view results were consulted and the target computer was assigned to subsystems for real-time tests in
which “OP_5600 was chosen as a physical node and the subsystems were set to run in XHP mode.

In the Execution (4) phase, execution properties to run the test were set, the model was loaded
in the target computer, and the model was executed to run the test. However, an additional task was

required when the second console was generated after loading the model. In the second console, plots
348



of the relay scopes and fault time were set before executing the real-time test. After execution, test
results were collected from the generated Matlab® file. The second console was set to supervise the
real-time test during execution. In the Collection (5) phase, the relay’s display and pushbutton LEDs
and record event files were collected and Matlab® files were generated. A-B-C line currents, trip
signals, breaker states, and relay setting groups were plotted and read in Matlab® and relay record
event files. Information related to Matlab® and record event files was provided from the microgrid
and relays, respectively. Test results were measured from the microgrid and relays in order to validate
real-time simulation and application of the OP5600 as a real-time relay test system and to evaluate the

adaptive overcurrent protection system.
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Chapter 11 - Results of RTS experiment

This chapter analyzes RTS experiment results. The RTS experiment was segregated into

tripping and non-tripping tests. Backup protection tests were included in the tripping tests. Setting

groups, A-B-C- line currents, trip signals, and breaker states were collected in the tripping and non-

tripping tests. Table 11.1 shows characteristics of tests and methods used to collect test results.

Table 11.1: Characteristics and results of tests for RTS experiment

Characteristics of tests Methods for collecting results
RT-LAB®
Type of | Stop Type of | Number : :
Test Time Overcurrent Fault of Tests Cszgzc;gl(l Microgrid Relays
. DLG(BC),
Tripping >fpr|e- Maximum SLG(A) 17
Tests ault .
state Minimum LL(BC) 17 Scopes Event
time + and .
] . files
Backup fault Maximum DSLI_GG((BAC))1 5 dlsplays(3)
learing
Tests® | ©'%
time Minimum LL(BC) 5 Matlab®
files
Non- Maximum DSLLGéEf))’ 17
Tripping | < pre- Pushbutton
Tests | fault | Minimum | LL(BC) 17 LEDS and
tlrg:z; Maximum DLG(BC), 5 eopes (elay
Backup | time SLG(A) display
)
Tests -
Minimum LL(BC) 5

DLG(BC): double line-ground BC fault, SLG(A): single line to ground-A fault, LL(BC): line-to-line BC fault
Wincluded in tripping tests, ) Included in non-tripping tests, ®)Displays located in the control fault timing circuit

In tripping tests, real-time simulation was stopped at a time greater than the sum of pre-fault

and fault clearing times in order to observe if relays tripped. However, non-tripping tests were stopped

at a time less than the sum of pre-fault and relay times in order to observe if relays did not trip. Mean +

SEM of each test result collecting method was calculated to verify if data collected from RT-LAB®

second console, microgrid, and relays were acceptable for testing relays in the loop with OP5600 as a

relay test system. Analysis of relay record events was also performed, plotting A-B-C line currents of
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tripped breaker and digital variables to verify the protection logic of setting groups for relays. Percent
error values and mean + SEM of Relays 2 and 3 were calculated for measured and theoretical relay
time values for tripping tests. Measured coordination time intervals between primary and backup

relays were estimated for backup tests in order to observe protection coordination scenarios.

11.1 Tripping tests

Tripping tests of the RTS experiment for adaptive overcurrent protection of the microgrid with
distributed generators were performed for nine circuit paths, shown in Appendix P. RT-LAB®
software [13] was applied to run tripping tests. Tripping tests verified that Relays 2 and 3 tripped for
inverse time overcurrent protection settings. In the tripping tests, fault state time had to be greater than
the fault clearing time, allowing the relay to trip for the inverse time overcurrent protection curve
setting on relays. “Real-Time Properties” to run tripping tests are shown in Figure 11.1. “Execution
Properties”, “Stop Time,” and “Pause Time” were set at 5 sec., assuming the sum of pre-fault and fault

clearing times to be less than 5 sec.

Execution Properties

Real-Time Properties

Target platform: |F‘.edhat v‘
Real-time simulation mode: | Hardware synchronized - ‘
Real-time communication link type: |UDP,."IP v‘
Time Factorn 1.0 -
Stop Time [s]: 50 -
Pauze Time [s]: 5.0 -
} Advanced

Figure 11.1: Real-time properties for tripping tests

Tripping tests, performed for Relays 2 and 3 in the loop with OP5600, verified that Relays 2

and 3 tripped at overcurrent fault situations along the microgrid. Overcurrent faults were located on
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power line busses assuming maximum and minimum fault overcurrent. Power lines were defined as
protection areas of Relays 2 and 3. Table 11.2 lists tripping tests developed for the RTS experiment.

Table 11.2: Tripping tests for the RTS experiment

Type of tests Objectives

Maximum fault Verified that the primary relay tripped for the maximum
overcurrent tests fault overcurrent along the power line.

Minimum fault Verified that the primary relay tripped for the minimum fault
overcurrent tests overcurrent along the power line.

Verified that the backup relay tripped for the minimum and
maximum fault overcurrent along the power line when a
failure in the primary relay occurred.

Backup protection
tests

The maximum fault overcurrent corresponded to the double (DLG) and single (SLG) line-to-
ground faults. However, the minimum fault overcurrent corresponded to the line-to-line (LL) fault.
When considering a power line between two busses, the maximum overcurrent fault was located on
the power line bus nearest from the source, and the minimum overcurrent fault was located on the
power line bus farthest from the source.

In order to define test characteristics, the tests were referenced by source, circuit, type of fault,
fault site, and desired tripped breaker. Therefore, the “DG2-678/65-LL(BC)-Bus8-BK5” test means
that the test was performed for the LL (BC) fault located on “Bus8” in the circuit conformed by the
“distributed generator 2” and two power line branches formed by 6-5 and 6-7-8 power lines with the
expectation that “BKS5” breaker would trip.

Maximum and minimum fault overcurrent and backup protection tests were performed in the
RTS experiment. Figure 11.2 shows the “DG2-678/65” circuit path to run minimum fault overcurrent
and backup protection tests for the 7-8 power line. Tripping and backup protection tests for minimum
fault overcurrent were performed by applying the circuit within the red dashed lines in Figure 11.2.

The tests were described by the following:
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Minimum fault overcurrent DG2-678/65-LL(BC)-Bus8-BK5 test verifying that the

BKS5 breaker tripped for a LL fault of lines B and C at Bus 8.

Backup protection DG2-678/65-LL (BC)-Bus8-BK?7 test verifying that the BK7 breaker

tripped for a LL fault of lines B and C at Bus 8. The LLTI of the primary protection (Relay 2) was

disconnected, simulating a current transformer (CT) failure on Relay 2.
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Figure 11.2: Circuit for “DG2-678/65-LL(BC)-Bus8-BK5” minimum fault overcurrent test

In addition, tripping and backup protection tests for maximum fault overcurrent were

performed on the circuit in Figure 11.2 by moving the fault block to the other extreme of power line 7-

8 and setting a SLG(A) fault. Tests were described by the following:
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o Maximum fault overcurrent DG2-678/65-SLG(A)-Bus7-BKS5 test verifying that the
BKS5 breaker tripped for a SLG fault of line A at Bus 7.

o Backup protection DG2-678/65-SLG (A)-Bus7-BK7 test verifying that the BK7
breaker tripped for a SLG fault of lines A at Bus 7. The LLTI of the primary protection (Relay 2) was
disconnected, simulating a current transformer (CT) failure on Relay 2.

DLG fault set the maximum fault overcurrent for the circuit fed by the utility source and SLG
fault for circuits fed by distributed generators. DLG and SLG faults were placed at BC and A lines to
ground, respectively. The minimum fault overcurrent was the LL fault at BC lines for circuit paths.
Relays 2 and 3 were verified for tripping and backup protection tests of maximum and minimum fault
overcurrent.

In adaptive overcurrent protection for the microgrid with distributed generators, Relays 2 and 3
tripped as primary and backup protections depending on the circuit path selected to run the real-time
simulation. Backup protection tests were performed for maximum and minimum fault overcurrent. The
backup relay tripped as backup protection simulating a failure on primary relay. In order to verify
Relays 2 and 3 as backup protections, CT failures were simulated by disconnecting the LLTI of the
primary relay during the tests and observing if the backup relay tripped.

Tripping tests of maximum and minimum fault overcurrent for Relays 2 and 3 are shown in
Tables 11.3 and 11.4, respectively. Backup protection tests for maximum and minimum fault
overcurrent for Relays 2 and 3 are shown in Table 11.5. Setting groups, protection areas, tests, and
record event files for Relays 2 and 3 are shown in Table 11.5. Bold lines in Tables 11.4 and 11.5
indicate tripping and backup tests that correspond to circuit paths shown in Figures P.1 to P.9 of

Appendix P.
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Table 11.3: Tripping tests of maximum fault overcurrent for Relays 2 and 3

c Tests
2 28 28 Record
S = 3 3 @ - Event
g % 5 § b N° Source —_Clrcw_t - Fault Type — File
a Fault Site - Tripped Breaker
SS1 L67 1 UTILITY-8765/1234-DLG(BC)-Bus7-BK6 C8 14167
L78 2 DG2-678/65-SLG(A)-Bus7-BK5 C8_14169
2 SS2 L78 3 DG2-6781-SLG(A)-Bus7-BK5 C8 14173
L78 4 DG2-678-SLG(A)-Bus7-BK5 C8 14175
SS4 L78 5 DG1-5678-SLG(A)-Bus7-BK5 C8 14177
SS1 L56 6 UTILITY-8765/1234-DLG(BC)-Bus6-BK8 C8 13193
L56 7 DG2-678/65-SLG(A)-Bus6-BK8 C8_13106
L67 8 DG2-678/65-SLG(A)-Bus6-BK7 C8 13115
L56 9 DG2-67/65-SLG(A)-Bus6-BK8 C8 13127
SS2 L67 10 DG2-67/65-SLG(A)-Bus6-BK7 C8 13131
3 L34 11 DG2-6543-SLG(A)-Bus4-BK8 C8 13170
L56 12 DG2-6543-SLG(A)-Bus6-BK8 C8 13175
L56 13 DG2-65-SLG(A)-Bus6-BK8 C8_13120
Ss3 L67 14 DG2-6781-SLG(A)-Bus6-BK7 C8 13161
L67 15 DG2-678-SLG(A)-Bus6-BK7 C8 13151
SS4 L67 16 DG2-67-SLG(A)-Bus6-BK7 C8_13142
SS5 L67 17 DG1-5678-SLG(A)-Bus6-BK7 C8_13207
Table 11.4: Tripping tests of minimum fault overcurrent for Relays 2 and 3
c Tests
% 2 § % 2 T Record
= 29 o2 N° Source —_Clrcw_t - Fault Type — Ev_ent
x | o0 2 < Fault Site - Tripped Breaker File
SS1 L67 1 UTILITY-8765/1234-LL(BC)-Bus6-BK6 C8_14042
L78 2 DG2-678/65-LL(BC)-Bus8-BK5 C8_13953
2 SS2 L78 3 DG2-6781-LL(BC)-Bus8-BK5 C8_14052
L78 4 DG2-678-LL(BC)-Bus8-BK5 C8_14048
SS4 L78 5 DG1-5678-LL(BC)-Bus8-BK5 C8_14044
SS1 L56 6 UTILITY-8765/1234-LL(BC)-Bus5-BK8 C8_13015
L56 7 DG2-678/65-LL(BC)-Bus5-BK8 C8 12784
L67 8 DG2-678/65-LL(BC)-Bus7-BK7 C8_ 12796
L56 9 DG2-67/65-LL(BC)-Bus5-BK8 C8_12862
SS2 L67 10 DG2-67/65-LL(BC)-Bus7-BK7 C8_12867
3 L34 11 DG2-6543-LL(BC)-Bus3-BK8 C8_12854
L56 12 DG2-6543-LL(BC)-Bus5-BK8 C8_12856
L56 13 DG2-65-LL(BC)-Bus5-BK8 C8_ 12850
ss3 L67 14 DG2-6781-LL(BC)-Bus7-BK7 C8_13002
L67 15 DG2-678-LL(BC)-Bus7-BK7 C8_12990
SS4 L67 16 DG2-67-LL(BC)-Bus7-BK7 C8_13012
SS5 L67 17 DG1-5678-LL(BC)-Bus7-BK7 C8_12978
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Table 11.5: Backup protection tests for Relays 2 and 3

- Tests
E” 7 o 4 %
== 2 | £5| 88 L Record Event
&2 = 29 % 2 N° Source —_Clrcm_t - Fault Type — File
g (oo £ Fault Site -Tripped Breaker
20 | ss1 L56 1 UTILITY-8765/1234-DLG(BC)-Bus6-BK6 C8_14156
= SS2 L78 2 DG2-678/65-SLG(A)-Bus7-BK7 C8 13113
§ 3@ 53 L78 3 DG2-6781-SLG(A)-Bus7-BK7 C8 13157
< L78 4 DG2-678-SLG(A)-Bus7-BK7 C8 13149
SS5 L78 5 DG1-5678-SLG(A)-Bus7-BK7 C8 13138
20 | ss1 L56 1 UTILITY-8765/1234-LL(BC)-Bus5-BK6 C8 14026
S SS2 L78 2 DG2-678/65-LL (BC)-Bus8-BK7 C8 12794
.g 3@ ss3 L78 3 DG2-6781-LL (BC)-Bus8-BK7 C8_13000
s L78 4 DG2-678-LL(BC)-Bus8-BK7 C8_12987
SS5 L78 5 DG1-5678-LL(BC)-Bus8-BK7 C8_12980

WRelay 3’s LLTI was disconnected; “ Relay 2’s LLTI was disconnected.

After executing each tripping test, a C8 event file was collected from the relay that tripped and
states (open or closed) of Breakers 1 and 2 were collected. The “Event Report Summary” of the
C8_14169 event from Relay 2 that corresponds to DG2-678/65-SLG(A)-Bus7-BKS5 test is shown in
Figure 11.3. “EVENT NUM,” “BREAKERI1,” and “BREAKER?2” states are indicated in (A), (B), and

(C), respectively.

B summary Data

Event Report Summary

Event Report File: (C\Users\EMILIO\Deskiop\RTS_EXPERIMENTS\MAXIMUM_FAULT_COt

Reley FID: [FID-SEL4512A125V02014011 02011006
Frequency: [60 8 Cycles: [12025 Samples/Cycle: [

Event Date/Time: [Satuaday, November <FE]

Micelaneous R
SID s
EVENT_NUM 14189
EVENT

Pt Close
B Summary Data o S B Summary Data i
Event Report Summary Event Report Summary
Event Repot Fle: IC\Users\EMILIO\Deskiop\RTS_EXPE RIMENTS\MAXIMUM_FAULT_COY Evert Repot Fle: [C\Users\EMILIO\Desklop\R TS _EXPERIMENTS\MAXIMUM_FAULT_COt
Relay FID: FiD=SEL451-2R125VO 2014011 020110906 Relay FID: [FD=SEL451:201 25 V020140110201 10306
Frequency. |50 # Cycles: [12025 Samples/Cycle |8 Frequency. [F0 #Cpces l05 Samples/Cycle [§

Event Date/Tme: [Satuday, November 8135523% Evert Date/Time: [Sahaday. Novembe 22

Maplbansous: g ayen2

HOUR_T2

O | GROUP 2
BREAKER1 CLOSED

MIN_T1 13
SEC_T1 %
MSEC_TI “

SEC_T2 %
MSEC_T2 e
HOUR_C2

D[ O | e[ Co |
Figure 11.3: Event report summary of “DG2-678/65-SLG(A)-Bus7-BK5” tripping test
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Figures 11.4 and 11.5 show the state (open or closed) of Breakers 1 and 2 for Relays 2 and 3,
respectively, verifying that the desired breaker tripped for the maximum fault overcurrent during the
tripping tests.

M Breaker N° 2 (BK5) B Breaker N° 1 (BK6)

DG1-5678-SLG(A)-Bus7-BK5
DG2-678-SLG(A)-Bus7-BK5

DG2-6781-SLG(A)-Bus7-BKS

Source - Circuit -
Fault Type - Fault Site -
Tripped Breaker

DG2-678/65-SLG(A)-Bus7-BK5

UTILITY-8765/1234-DLG(BC)-Bus7-BK6

Closed Open
Figure 11.4: Maximum fault overcurrent, tripping tests for Relay 2

MW Breaker N° 2 (BK7) m Breaker N° 1 (BK8)

DG1-5678-SLG(A)-Bus6-BK7
DG2-67-S5LG(A)-Bus6-BK7
DG2-678-SLG(A)-Bus6-BK7
DG2-6781-SLG(A)-Bus6-BK7
DG2-65-5LG(A)-Bus6-BK3
DG2-6543-SLG(A)-Bus6-BK8
DG2-6543-SLG(A)-Bus4-BK8
DG2-67/65-SLG(A)-Bus6-BK7

DG2-67/65-5LG({A)-Bus6-BK8

DG2-678/65-5LG(A)-Bus6-BK7

DG2-678/65-SLG(A)-Bus6-BKS

Source - Circuit - Fault Type - Fault Site -Tripped Breaker

UTILITY-8765/1234-DLG(BC)-Bus6-BK8

Closed Open
Figure 11.5: Maximum fault overcurrent, tripping tests for Relay 3

Figures 11.6 and 11.7 show the states (open or closed) of Breakers 1 and 2 for Relays 2 and 3,

respectively, verifying that the desired breaker tripped for the minimum fault overcurrent during the

tripping tests.
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M Breaker N° 2 (BK5) M Breaker N° 1 (BK6)

DG1-5678-LL(BC)-Bus8-BKS
DG2-678-LL(BC)-Bus8-BK5

DG2-6781-LL(BC)-Bus1-BK5

Source - Circuit -
Fault Type - Fault Site -
Tripped Breaker

DG2-678/65-LL(BC)-Bus8-BKS

UTILITY-8765/1234-LL(BC)-Bus6-BK6

Closed Open
Figure 11.6: Minimum fault overcurrent, tripping tests for Relay 2

MW Breaker N° 2 (BK7) ™ Breaker N° 1 (BK8)

DG1-5678-LL{BC)-Bus7-BK7

DG2-67-LL(BC)-Bus7-BK7

DG2-678-LL{BC)-Bus7-BK7

DG2-6781-LL(BC)-Bus7-BK7

DG2-65-LL{BC)-Bus5-BKS8

DG2-6543-1LL(BC)-Bus5-BK8

DG2-6543-11(BC)-Bus3-BKS8

DG2-67/65-LL(BC)-Bus7-BK7

DG2-67/65-LL(BC)-Bus5-BKS

Source - Circuit - Fault Type - Fault Site -Tripped Breaker

DG2-678/65-LL(BC)-Bus7-BK7

DG2-678/65-L1(BC)-Bus5-BK8

UTILITY-8765/1234-LL(BC)-Bus5-BK8

Closed Open
Figure 11.7: Minimum fault overcurrent, tripping tests for Relay 3

Figures 11.8 and 11.9 show the state (open or closed) of Breakers 1 and 2 for Relays 2 and 3,

respectively, verifying that the desired breaker tripped during backup protection tests. In the backup

protection tests, relay LLTI was disconnected in order to simulate a CT failure on the primary relay.
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B Breaker N° 2 (BK5) B Breaker N° 1 (BK6)

0]
=
=299
)
357
oL 5 UTILITY-8765/1234-LL(BC)-Bus5-BK6
] ' -
v Y g
O & g UTILTY-8765/1234-DLG(BC)-Bus6-BK6
= .E‘ [
QO - >~
N Ei - Closed Open
. Relay 3's LLTI was disconnected.
Figure 11.8: Backup protection tests for Relay 2
B Breaker N° 2 (BK7) M Breaker N° 1 (BKS8)
@ DG1-5678-LL(BC)-Bus&-BK7
=
=
=] DG1-5678-SLG(A)-Bus7-BK7
L
] DG2-678-LL{BC)-Bus8-BK7
3
Ee
= &5 DG2-6781-LL(BC)-Bus1-BK7
3T
w @
- g DG2-678-SLG(A)-Bus7-BK7
3~
5 DG2-6781-SLG(A)-Bus7-BK7
(]
2 DG2-678/65-LL(BC)-Bus8-BK7
g
DG2-678/65-5LG(A)-Bus7-BK7
Relay 2's LLTI was disconnected. Closed Open

Figure 11.9: Backup protection tests for Relay 3

Additional tests indicated that Relays 2 and 3 did not trip because no overcurrent protection
was needed. Additional tests were performed for circuits of Figures P.10 to P.12 of Appendix P. Table
11.6 describes additional tests for Relays 2 and 3. In additional tests were verified that relays did not
trip by observing pushbutton LEDs from the relay’s front panel. No record event files were collected

for additional tests because trip events were not created by relays when relays did not trip.
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Table 11.6: Additional tests for Relays 2 and 3

Setting | Test N o
Relays Groups | N° Circuit Situation

Relay 2 did not trip for the fault on Bus 7, because

2 553 3 DG3-2187 “BK4” breaker of Relay 1 protected “L78” line.
Relay 3 did not trip for the fault on Bus 6 because

3 556 . DG1-34/56 “BK10” breaker of Relay 4 protected “L56” line.
3$S6 2 DG2-6 Relay 3 did not trip for the fault on Bus 6 because

“BK7” and “BK8” breakers of Relay 3 were opened.

Matlab® files generated after executing tripping tests were collected by setting a “stop time” of
5 sec. for “Executing Properties” of real-time simulation. Matlab® Simulink® software [14] was
applied in order to plot tripping test results. Data collected from Matlab® file for “DG2-678/65-
SLG(A)-BUS6-BK7” tripping test is shown in Figures 11.10 to 11.13. Figure 11.10 shows A-B-C line
currents of breakers for Relays 2 and 3. Plot of A-B-C line currents of “BK7” breaker (C), shown as
currents, were 0 amps at post-fault state because Relay 3 tripped “BK7” breaker. Plot of A-B-C line
currents of “BK8” breaker (D), shown as currents, were not 0 amps at post-fault state, thereby
maintaining loads fed by “BK8” breaker. However, plots of A-B-C line currents of “BK5” and “BK6”
breakers (A and B), shown as currents, were 0 Amps at post-fault state because “BK7” was open.
Figure 11.11 shows trip signals of breakers for Relays 2 and 3. Because the tripping circuit of relays
for the RTS experiment had NC control outputs, the breaker opened when the trip signal fell from 14.3
to 0 Vdc. The trip signal plot for “BK7” breaker (C) shows the NC control output signal of Relay 3
that cleared the fault overcurrent. Trip signal plots for “BKS,” “BK6,” and “BKS8” breakers (A, B, and
D) indicate that the signals were always 14.3 Vdc without tripping“BKS5,” “BK6,” and “BK8”
breakers. Figure 11.12 shows breaker states, indicating “1” or “0” when breakers were closed or open,
respectively. The plot of “BK7” breaker states (C) indicates when “BK7” breaker was opened at post-
fault state. However, plots of “BK5”, “BK6,” and “BK8” breaker states (A, B, and D) indicate how

“BKS5,” “BK6,” and “BK8” breakers remained closed because relays did not trip those breakers.
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Figure 11.13 shows active setting groups of Relays 2 (A) and 3 (B). Although Relays 2 and 3 had four
(SS1, SS2, SS3, and SS4) and six (SS1, SS2, SS3, SS4, SS5, and SS6) setting groups available for
adaptive overcurrent protection, “DG2-678/65-BUS6-BK7” tripping test had only setting group 2

(SS2) available for Relays 2 and 3.
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A-B-C Line Currents of "BK5" Breaker for Relay 2, DG2-678/65-SLG(A)-BUSB-BK7" Test
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Figure 11.10: A-B-C line currents of breakers for Relays 2 and 3, “DG2-678/65-SLG(A)-BUS6-BK7”
tripping test
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Trip Signal of "BK5" Breaker for Relay 2, DG2-678/65-SLG(A)-BUS6-BK7" Test
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Figure 11.11: Trip signals of Relays 2 and 3, “DG2-678/65-SLG(A)-BUS6-BK7” tripping test
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State of "BKS" Breaker for Relay 2, DG2-678/65-SLG(A)-BUSE-BKT" Test
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Figure 11.12: Breaker states of Relays 2 and 3, “DG2-678/65-SLG(A)-BUS6-BK7” tripping test
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Setting Groups of Relay2, "DG2-678/65-BUS6-BK7" Test
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Figure 11.13: Setting groups of Relays 2 and 3, “DG2-678/65-SLG(A)-BUS6-BK7” tripping test

Setting groups

11.2 Non-tripping tests

Non-tripping tests made for maximum and minimum fault overcurrent were performed for RTS
experiments for circuits of adaptive overcurrent protection of microgrid with distributed generators.
RT-LAB® software [14] was applied in order to run non-tripping tests. Although “stop time” in the
execution properties of RT-LAB® was set at 5 sec. for tripping tests, “stop time” was set as less than
5 sec. for non-tripping tests in order for relays to not trip during the fault state in real-time simulation.
Therefore, for non-tripping tests, the fault state time must be less than the relay time, preventing relays
from tripping for inverse time overcurrent protection curve setting.

Figure 11.14 shows RMS breaker current of tripping and non-tripping tests for minimum and
maximum fault overcurrent. For tripping tests (A and C), relays tripped, thereby clearing overcurrent

fault. However, for non-tripping tests (B and D), relays did not trip because real-time simulations were
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stopped before relays could trip. The “stop time” of non-tripping tests for minimum (Ts) and
maximum (Ts3) fault overcurrent was estimated before executing real-time simulations and the fault

clearing time collected from tripping tests was considered.

Minimum fault overcurrents | Maximum fault overcurrents
..UE) é To1> Tort Tty é. Te1> Tt Ty
i ® = || @
w0 (%)) c1]
g) = Ter = |
a| x | 4 .
ig' TSJ = 5|sec : Tﬂ =5 Seci |
Tpr=2.5seC To |4 -2 T .
PF R I time To,=25sec | Ty ! time
T ]
L1 ot Te<Tu+Ti | o ot Tss<Tpt Tp | 2
3| & = o | E
=| E Ty >Tpr |2 g Te3>Tpr | =
o ° | @ ko
= s gl © I3
8l & | & 4 !
= T, : T, '
< = time = time
g Tpe= 2.5 sec Tpe= 2.5 sec

Figure 11.14: Tripping and non-tripping tests for minimum and maximum fault overcurrent

Using pre-fault state time (Tpg) of 2.5 sec. and Plots (A) and (B) in Figure 11.14, “stop time” of
non-tripping tests for minimum fault overcurrent can be given by
Tgy = Tpp + (0.9 X Tgy) = 2.5 4 (0.9 X T¢y) (11.1)
where Tg; is the “stop time” of non-tripping tests for minimum fault overcurrent in seconds, Tpr is pre-
fault time set at 2.5 sec. in RT-LAB® second console, and T¢; is fault clearing time in seconds from

tripping tests. Fault clearing time of tripping tests can also be represented by

Ter—T Tgr—150
Tp = e~ TiF _ TEF (11.2)
60 60

where Tgr is the ending fault time for tripping test in cycles, and T is initial fault time for tripping test
set at 150 cycles. The ending fault time was measured from RT-LAB® second console after running
tripping tests. When Equation (11.2) was placed into (11.1), “stop time” of non-tripping tests for

minimum fault overcurrent was estimated by Equation (11.3).

Tg, = 2.5 + (0.9 x [E==]) . (11.3)
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“Stop time” of non-tripping tests for maximum fault overcurrent was based on Plots (C) and
(D) in Figure 11.14. However, an expression similar to Equation (11.3) was not valid for maximum
fault overcurrent of non-tripping tests and additional time had to be added to “stop time” in order to
prevent relays from tripping during a fault state in real-time simulation. “Stop time” of non-tripping

tests for maximum fault overcurrent was estimated by Equation (11.4).

Tgy = 2.5 + Tup + (0.9 x [ 22 (11.4)

where Tap is additional time factor set at 0.236 sec. and Ts3 is “stop time” of non-tripping tests for
maximum fault overcurrent in seconds. Based on Equations (11.3) and (11.4), tripping tests had to be
performed before non-tripping tests in order to obtain ending fault time of RT-LAB® second console
for tripping tests. Equations (11.4) and (11.3) then calculated “stop time” of non-tripping tests for
maximum and minimum fault overcurrent, respectively. Table 11.7 shows ending fault time values
collected from the RT-LAB® second console for tripping tests when Relay 2 tripped and “stop time”

values of non-tripping tests for maximum and minimum fault overcurrent.

Table 11.7: ”Stop Time” for non-tripping tests, Relay 2, RTS experiment
c . LLTI Tripping Tests Non-Trippin
q’;; Test Description [on/off] (RT—LAB(gpSe(?ond Console) TestlzIo )
§ PR P E::Jﬂg Measured Fault | Stop | Stop
9 Source - Circuit - Type of Fault - Fault 5 E Time State Time, Time, | Time,
(—% Location - Opened Breaker AN cycles’ cycles sec. sec.
L [Ter] [Tesm=Ter-150] | [Ts] [Tss]
UTILITY-8765/1234-DLG(BC)-Bus6-BK6 | on [ off 184.086 34.09 3.25
e | UTILITY-8765/1234-DLG(BC)-Bus7-BK6 | on | on 177.060 27.06 3.14
E DG2-678/65-SLG(A)-Bus7-BK5 on | on | 171540 2154 3.06
3 DG2-6781-SLG(A)-Bus7-BK5 on | on 169.245 19.25 3.02
= DG2-678-SLG(A)-Bus7-BK5 on | on 168.525 18.53 3.01
DG1-5678-SLG(A)-Bus7-BK5 on | on 169.539 19.54 3.03
UTILITY-8765/1234-LL(BC)-Bus5-BK6 | on | off 203.760 53.76 3.31
c UTILITY-8765/1234-LL(BC)-Bus6-BK6 on | on 196.035 46.04 3.19
g DG2-678/65-LL(BC)-Bus8-BK5 on | on 196.335 46.34 3.20
£ DG2-6781-LL(BC)-Bus8-BK5 on [ on | 194.100 44.10 3.16
= DG2-678-LL(BC)-Bus8-BK5 on | on | 192.261 42.26 3.13
DG1-5678-LL(BC)-Bus8-BK5 on | on 197.895 47.90 3.22

Bold represents backup protection tests.
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Table 11.8 shows ending fault time values collected from the RT-LAB® second console for
tripping tests when Relay 3 tripped and “stop time” values of non-tripping tests for maximum and
minimum fault overcurrent.

Table 11.8: “Stop Time” for non-tripping tests, Relay 3, RTS Experiment

= LLTI Tripping Tests Non-Trippin
§ Test Name [on/off] (RT-LAB@F;%e(?ond Console) Testlzp ’
j -
=}
QSJ ~ | o E::Jﬂg Measured Fault | Stop | Stop
o Source - Circuit - Type of Fault - Fault 2 2 Time State Time, Time, | Time,
= Location - Opened Breaker E E cycles,, cycles sec. sec.
F [Tee] [Tesm=Ter-150] | [Ts2] | [Tsal
UTILITY-8765/1234-DLG(BC)-Bus6-BK8 | on | on 169.650 19.65 3.03
DG2-678/65-SLG(A)-Bus6-BK8 on [ on | 165.825 15.83 2.97
DG2-678/65-SLG(A)-Bus6-BK7 on [ on | 173.355 23.36 3.09
DG2-678/65-SLG(A)-Bus7-BK7 off | on | 181.095 31.10 3.20
DG2-67/65-SLG(A)-Bus6-BK8 on | on | 165.315 15.32 2.97
DG2-67/65-SLG(A)-Bus6-BK7 on | on| 171.015 21.02 3.05
= DG2-6543-SLG(A)-Bus4-BK8 on | on | 165.885 15.89 2.97
g DG2-6543-SLG(A)-Bus6-BK8 on | on | 165.000 15.00 2.96
= DG2-65-SLG(A)-Bus6-BK8 on | on | 165.345 15.35 2.97
= DG2-6781-SLG(A)-Bus6-BK7 on | on | 172.425 22.43 3.07
DG2-6781-SLG(A)-Bus7-BK7 off [ on | 178.746 28.75 3.17
DG2-678-SLG(A)-Bus6-BK7 on | on | 173.205 23.21 3.08
DG2-678-SLG(A)-Bus7-BK7 off [ on | 177.840 27.84 3.15
DG2-67-SLG(A)-Bus6-BK7 on | on | 164.760 14.76 2.96
DG1-5678-SLG(A)-Bus6-BK7 on | on | 172.665 22.67 3.08
DG1-5678-SLG(A)-Bus7-BK7 off [ on | 180.750 30.75 3.20
UTILITY-8765/1234-LL(BC)-Bus5-BK8 on | on 177.750 27.75 2.92
DG2-678/65-LL(BC)-Bus5-BK8 on | on | 185.955 35.96 3.04
DG2-678/65-LL(BC)-Bus7-BK7 on | on | 201.885 51.89 3.28
DG2-678/65-LL(BC)-Bus8-BK7 off [ on | 217.320 67.32 3.51
DG2-67/65-LL(BC)-Bus5-BK8 on | on | 186.375 36.38 3.05
DG2-67/65-LL(BC)-Bus7-BK7 on | on | 204.528 54.53 3.32
e DG2-6543-LL(BC)-Bus3-BK8 on | on | 185.970 35.97 3.04
g DG2-6543-LL(BC)-Bus5-BK8 on | on | 181.335 31.34 2.97
= DG2-65-LL(BC)-Bus5-BK8 on | on | 185.220 35.22 3.03
= DG2-6781-LL(BC)-Bus7-BK7 on | on | 200.805 50.81 3.26
DG2-6781-LL(BC)-Bus8-BK7 off [ on | 211.863 61.86 3.43
DG2-678-LL(BC)-Bus7-BK7 on | on | 201.663 51.66 3.27
DG2-678-LL(BC)-Bus8-BK7 off [ on | 216.300 66.30 3.49
DG2-67-LL(BC)-Bus7-BK7 on [ on | 187.380 37.38 3.06
DG1-5678-LL(BC)-Bus7-BK7 on | on | 203.850 53.85 3.31
DG1-5678-LL(BC)-Bus8-BK7 off | on 217.065 67.07 3.51

Bold represents the backup protection tests

In Tables 11.7 and 11.8, bold lines represent backup protection tests developed for minimum

fault overcurrent. Primary relay LLTI was disconnected (off) instead of connected (on) throughout the
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backup protection tests. “Stop time” values of non-tripping tests for maximum and minimum fault
overcurrent were applied to set “Execution Properties” of RT-LAB® model from the host computer
before loading the RT-LAB® model and running real-time simulation of non-tripping tests.

Matlab® files for non-tripping tests were generated after executing real-time simulation.
Matlab® Simulink® software [14] was applied to plot tripping test results. As an example, Data
collected from Matlab® file for “DG2-678/65-SLG(A)-BUS6-BK7” non-tripping test in which “stop
time” of 3.09 sec. was set in “Execution Properties” based on Table 11.8 are shown in Figures 11.15 to
11.18. Figure 11.15 shows A-B-C line currents of breakers for Relays 2 and 3. The plot of A-B-C line
currents of “BK7” breaker (C) shows that fault overcurrent was not cleared because “stop time” was
less than the sum of pre-fault and relay times. Plots of A-B-C line currents of “BKS5,” “BK6,” and
“BK8” breakers (A, B, and D) show A-B-C line currents during pre-fault and fault state. Figure 11.16
shows breaker trip signals for Relays 2 and 3. Because tripping circuit of relays for RTS experiment
had NC control outputs, the breaker opened when the trip signal fell from 14.3 to 0 VVdc. However, the
plot of trip signals for “BK7” beaker (C) indicates that the signal was always 14.3 Vdc, without
tripping “BK7” breaker. Figure 11.17 shows breaker states, indicating “1” or “0” when breakers were
closed or open, respectively. The plot of “BK7”breaker states (C) indicates that “BK7” breaker
remained closed because Relay 3 did not trip. Figure 11.18 shows active setting groups of Relays 2
(A) and 3 (B). Although Relays 2 and 3 had four (SS1, SS2, SS3, and SS4) and six (SS1, SS2, SS3,
SS4, SS5, and SS6) setting groups available for adaptive overcurrent protection, “DG2-678/65-BUS6-

BK7” non-tripping test had only setting group 2 (SS2) available for Relays 2 and 3.
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A-B-C Line Currents of "BK5" Breaker for Relay 2, "DG2-678/65-SLG(A)-BUS6-BK7" Test
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Figure 11.15: A-B-C line currents of breakers for Relays 2 and 3, “DG2-678/65-SLG(A)-BUS6-BK7”
non-tripping test
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Figure 11.16: Trip signals of Relays 2 and 3, “DG2-678/65-SLG(A)-BUS6-BK7” non-tripping test
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State of "BK5" Breaker for Relay 2, "DG2-678/65-SLG(A)-BUS6-BK7" Test
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Figure 11.17: Breaker states of Relays 2 and 3, “DG2-678/65-SLG(A)-BUS6-BK7” non-tripping test
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Setting Groups of Relay 2, "DG2-678/65-SLG(A)-BUS6-BKT7" Test
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Figure 11.18: Setting groups of Relays 2 and 3, “DG2-678/65-SLG(A)-BUS6-BK 7 non-tripping test
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11.3 Tripping and non-tripping tests

Tripping and non-tripping tests were developed in the RTS experiment to observe whether or not
relays tripped breakers. Tripping tests were set to a “stop time” greater than the sum of pre-fault and
fault clearing times to observe if relays tripped. However, non-tripping tests were set at a “stop time”
less than the sum of pre-fault and relay times to observe if relays not trip.

Matlab® files instead of record events were used to compare ending fault time for tripping and non-
tripping tests because relay record events could not be recorded from relays when relays did not trip.
Fault states of “A” line current for SLG(A) faults and “B” line currents for DLG(BC) and LL(BC)
faults were collected from Matlab® files generated after executing real-time simulation for tripping

and non-tripping tests. Fault states were plotted and Equation (11.5) counted cycles of fault state.
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Trsm = [(N—1)/2] + 6 (11.5)
where Tgsy, Is measured fault state time in cycles, N is number of times the sinusoidal fault current
passes through 0 amps, and 6 is the sum of cycle fractions to each extreme of the fault state time in
cycles. Figure 11.19 shows the fault state of “DG2-67-SLG(A)-Bus6-BK7” tripping test for maximum
fault overcurrent with a plot of “A” line current of “BK7” breaker. Horizontal and vertical axes
represent time in cycles and current in amps, respectively. Matlab® Simulink® software [14] was

applied in order to plot Figure 11.19.

— A line breaker current
2000 - §=0.5 cye. | $% Zero amp-current point —|
|
1000 | \ N 24 |
7]
g e
© /™
— 0 /N vy
*g \/\/ \/\/ 5[“
5 |
© 1000 - | i
20001 | k AR | :
i ‘ 1
Pre-fault U U b U U U \ Post-fault
3000 -  State | Fault State State _
1 1 1 1 1 1 1

Time [cycles]

Figure 11.19: “DG2-67-SLG(A)-Bus6-BK7” tripping test for maximum fault overcurrent

Based on Figure 11.19 and Equation (11.5), the measured fault state time of the DG2-67-
SLG(A)-Bus6-BK7” tripping test was 12 cycles. Primary pickup fault currents for tripping tests were
collected from the “C8 13142” record event that corresponded to “DG2-67-SLG(A)-Bus6-BK7”
tripping test for maximum fault overcurrent. Figure 11.20 shows primary pickup fault current collected
from “Event Report Summary.” AcSELerator Analytic Assistant® software [100] was applied to read

“Event Report Summary.” Adaptive overcurrent protection was analyzed for Relays 2 and 3 in the
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microgrid with distributed generators by collecting primary pickup fault current for tripping tests and

fault state time values for tripping and non-tripping tests.

7
E Summary Data = &8

Event Report Summary

\
Event Report File: |C:\Users\EMILIOADesktop\RTS_EXPERIMENTS\MAXIMUM_FAULT_COH|

Relay FID: |FID=SEL-451-2-R126+/0-2100011-D20121207

Frequency: |60 # Cycles: [120.125 Samples/Cycle: |8 ‘

Event Date/Time: Jwednesday, November 19, 2014 20:35:41.979

Miscellaneous a
& _DEG 0.00

1B 99

IB_DEG -62.55

IC 132

IC_DEG 125.05 -

‘ Print | Close

F\igure 11.20: Primary pickup fault current from C8_13142 record eveﬁt

Figure 11.21 shows tripping and non-tripping tests for Relays 2 (A) and 3 (B), respectively.
Horizontal and vertical axes represent primary pickup fault currents and time in cycles, respectively.
The red line represents the pre-fault state for tripping and non-tripping tests, and violet dots and green
squares represent the ending fault time for tripping and non-tripping states, respectively. For the
identical “source-circuit-fault type-fault site-tripped breaker” tripping and non-tripping tests, the
ending fault time of the tripping test was greater than the ending fault time of non-tripping test. For
non-tripping tests, fault overcurrents flowed along relay breakers, but the relay did not trip, verifying
the non-trip condition. However, for tripping tests, fault currents flowed along relay breakers, and the
relay tripped, verifying the tripping condition. Ending fault time and primary pickup fault current

values of Figure 11.21 are presented in Appendix Q, Tables Q.1 and Q.2.
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Figure 11.21: Ending fault time for tripping and non-tripping tests of Relays 2 (A) and 3 (B)

11.4 Validation of real-time simulation

Real-time simulation was validated by plotting relay and microgrid fault state time for the
“DG2-678/65-SLG(A)-BUS7-BKS5” tripping test. By analyzing Matlab® and HR event files from the
microgrid and relay, respectively, real-time simulation was validated by plotting and visualizing the
identical measured fault state time from the microgrid and relay.

The fault state collected from HR (High Resolution) record event (Relay 2) and Matlab®
(microgrid) files for the identical tripping test were visually compared. The “HR 14169” record event
and Matlab® files corresponding to “DG2-678/65-SLG(A)-BUS7-BKS5” tripping test were analyzed
by plotting A-B-C line currents. In this tripping test, DG2-678/65 circuit path and single line-to-
ground fault located near Bus 7 were considered. Then “BK5” breaker of Relay 2 tripped by clearing
fault overcurrent. Figure 111.22 shows A-B-C line currents of “BKS5” breaker collected from Relay 2
(A) and microgrid (B), respectively. AcSELerator Analytic Assistant® software [100] was applied to
obtain plots in Figure 11.22. Length of pre-fault time for the record event was set at 0.1 sec. for Relay
2. However, length of pre-fault time for the relay tests was greater than 2.5 sec. for real-time
simulation. The pre-fault states were not defined with identical time scales for Plots (A and B) in

Figure 11.22.
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Figure 11.22: A-B-C line currents from Relay 2 (A) and microgrid (B)

In Figures 11.22 (A and B), A-B-C line currents of “BK5” breaker for fault state had similar
shape and number of cycles, thereby validating real-time simulation for the tripping test. However,
HR_14169 instead of the C8_ 14169 record event was applied because the HR_14169 record event
measured the raw (not processed) instantaneous values of line currents and the C8 record event

measured the digital filtered (processed) instantaneous values of currents. Therefore, the HR_14169
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record event of the Relay 2 presented the same A-B-C line currents of the Matlab® file from the

microgrid (real-time scenario) for the “DG2-678/65-SLG(A)-BUS7-BKS5” tripping test.

11.5 Record events, RT-LAB® second console, and Matlab® files

In the RTS experiment, measured fault state time values of tripping tests were collected from
relays, microgrid, and RT-LAB® second console. Fault state time values from relays, microgrid, and
RT-LAB® second console were collected from C8 record event files, Matlab® files, and control fault
timing circuit, respectively. Measured fault state time values from relays were collected from C8
record event files, including measurement of ending and initial fault time values and calculation of
fault state time. Figure 11.23 shows initial (A) and ending (B) fault state time values from the
“C8 _13193” record event corresponding to “UTILITY-8765/1234-DLG(BC)-Bus6-BK8” tripping test.

AcSELerator Analytic Assistant® software [100] was applied to plot Figure 11.23.
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Figure 11.23: “C8 13193” record event file, “UTILITY-8765/1234-DLG(BC)-Bus6-BK8” tripping
test

In Figure 11.23, initial and ending fault time values were referenced to length of pre-fault time
set on Relay 3. In the “C8 13193” record event, initial and ending fault time values were 5.63 cycles
and 23.63 cycles, respectively, and measured fault state time was 18 cycles, according to Equation

(11.6).
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Trsm = Tegr — Tir (11.6)
where Tesy IS measured fault state time in cycles, Ter is measured ending fault time in cycles, and Te
is measured initial fault time in cycles.

Measured fault state time values from RT-LAB® second console were collected from the
control fault timing circuit located in the RT-LAB® second console generated during execution of
real-time simulation. Ending (TEF) and initial (TIF) fault state time values were measured from the
TEF and TIF displays, respectively, and measured fault state time values were estimated using
Equation (11.6). Figure 11.24 shows ending and initial fault time values of “UTILITY-8765/1234-
DLG(BC)-Bus6-BK8” tripping test.
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Figure 11.24: Control fault timing circuit, “UTILITY-8765/1234-DLG(BC)-Bus6-BK8”
tripping test

Based on Figure 11.24, initial and ending fault time values were referenced to pre-fault time of
150 cycles on the control fault timing circuit of RT-LAB® second console. Initial and ending fault
time values were 150.00 and 169.65 cycles, respectively, and Equation (11.6) determined measured
fault state time to be 19.65 cycles.

Measured fault state time values from Matlab® files were generated by the “OpWriteFile”

block in the “SM_Network” subsystem. The “OpWriteFile” block was configured to collect A-B-C
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line currents, breaker states, trip signals, and relay setting groups. When the tripping test was executed
in real-time, the “OpWriteFile” block created a Matlab® file that collected test results. The fault state

from this plot was measured by plotting time and line currents in horizontal and vertical axes,

respectively.

Measured fault state time values collected from record events, RT-LAB® second console, and
Matlab® files were plotted in Figure 11.25, indicating measured fault state time for tripping tests of

Relays 2 (A) and 3 (B). In tripping tests, fault state time also represented fault clearing time because

breakers tripped.
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Figure 11.25: Measured fault state times from relay, microgrid, and RT-LAB® second console
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Measured fault state time values from record events, RT-LAB® second console, and Matlab®
files are indicated in Tables R.1 and R.2 of Appendix R. The mean + SEM of measured fault state
time values from Tables R.1 and R.2 were calculated for the three applied methods to collect tripping
test results for Relays 2 and 3. SAS® software [97] was used for statistical analysis, and data
distribution was evaluated using a Shapiro Wilk test. Differences in means between methods were
compared. Differences were considered significant when P < 0.05. Figure 11.26 shows mean + SEM
of measured fault state time values collected with the event file, RT-LAB® second console, and

Matlab® file methods.
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Figure 11.26: Measured fault state time values collected from event file, RT-LAB® second console,
and Matlab® file (Mean + SEM, P < 0.05)

Mean of measured fault state time values for event file (33.47 + 2.36), RT-LAB® second
console (34.74 + 2.38), and Matlab® file (32.43 + 2.37) methods did not differ (P < 0.05). Therefore,

these three methods could be applied to collect fault state time for tripping tests.

11.6 Record event analysis

Analog and digital signals formed record events. Analog signals provided plots of A-B-C line
breaker currents and A-B-C ground bus voltages. However, digital signals provided plots of trips,
breaker states, setting groups, and control inputs and outputs. Analysis of record events allowed

verification of adaptive overcurrent protection by measuring analog and digital signals from record

381



event plots. Therefore, record event files from tripping tests for Relays 2 and 3 were collected to plot

and measure digital signals, delay, and relay times.

11.6.1 Measured digital signals

Analysis of record events allowed verification of adaptive overcurrent protection logic, trips,
breaker states, setting groups, and control inputs and outputs. Having collected the “HR 14169”
record event from Relay 2 that corresponded to the “DG2-678/65-SLG(A)-BUS7-BKS5” tripping test,
A-B-C line currents of “BKS5” breaker and digital signals were plotted in Figure 11.27. AcSELerator
Analytic Assistant® software [100] was applied in order to plot Figure 11.27 in which Relay 2 digital
signals, SG2, IN202, PSV04, T3P2, 51S2, IN104, 52AA2, OUT107, and TRIP, are represented as bold
blue lines when digital trip signals were active. Digital signals from Relay 2 are shown in Table 11.9,

indicating functions, codes, names, and descriptions of digital signals.
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Figure 11.27: A-B-C line currents and digital signals, “DG2-678/65-SLG(A)-BUS7-BK5” tripping
test.
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Table 11.9: Functions, codes, names, and descri

ptions of digital signals

Functions Codes Digital Slgnayljames Descriptions
;r%t;';% ||§|C1;§2 Sgt;;:?o?riﬂlsﬂ t2 Control input turn on setting group 2
PSV04 SELogic variable Based on protection logic, SELogic
Adaptl_\/e T3p2 Trip circuit breaker 2 Varle_lble trlpped “BKS5” breaker when
protection the inverse time overcurrent element
logic 5152 Inverse time overcurrent | pickup and trip circuit breaker digital
pickup of element 2 signals were turned on.
Breaker pole IN104 Control input Control input sensed if breaker
states 52AA2 Breaker aux. contact (52AAA) was open or closed
OUT107-NC Control output The “PSV04” SELogic variable
T controlled the control output and
rip L
TRIP Trip signal after the trip signal, the control

output tripped the “BK5” breaker.

NC = normally closed

When the inverse time overcurrent element pickup “51S2” and trip breaker circuit “T3P2”

digital signals were turned on, SELogic variable “PSV04” was active, as shown in Figure 11.27. The

“PSV04” SELogic variable controlled the control output (OUT-107-NC), and the “BK5” breaker was

tripped by protection logic of setting group 2 for Relay 2. This protection logic was represented by

“AND” gate, as shown in Figure 11.28.

T3P2

5182

T3P2

51582

PSV04

PSV04 = T3P2 AND 5182 L

1

0
1
0

o\l

0
0
0

Figure 11.28: Protection logic of setting group 2 for Relay 2

Based on Figures 11.27 and 11.28, at “51S2” and “T3P2” digital signals were active, the

“PSV04” SELogic variable was generated simultaneously with the “OUT107” NC control output

signal validating the “AND” protection logic gate. In addition, “HR” record events were collected

from tripping tests for Relays 2 and 3, plotting and verifying digital signals of adaptive protection

logic for setting groups of Relays 2 and 3.
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11.6.2 Measured delay time

In real-time simulation with relays in the loop, delay time of the tripping tests for Relays 2 and
3 were defined by the sum of relay-microgrid communication and tripping circuit delay time. In the
tripping tests, C8 record events of Relays 2 and 3 were collected and delay and relay time values were
measured.

As an example of how collecting the measured delay time for the “DG2-678/65-SLG(A)-
BUS7-BKS5” tripping test, AcSELerator Analytic Assistant® software [100] was applied to analyze
the“C8 14169 record that corresponded to the “DG2-678/65-SLG(A)-BUS7-BK5” tripping test. The
event report summary of “C8 14169” record event was opened in order to determine the magnitude of
A-B-C line currents for the fault state, the “BK5” of Relay 2 was tripped in the “DG2-678/65-
SLG(A)-BUS7-BKS5” tripping test. Figure 11.29 presents the magnitude of A-B-C line currents for
“C8 14169” record events. The primary pickup fault current for the “DG2-678/65-SLG(A)-BUS7-

BKS5” tripping test was 1582 amps.

[& Summary Data = R

Event Report Summary

Event Report File: |C:\Users\EMILIO\Desktop\RTS_EXPERIMENTS\MAXIMUM_FAULT_C8_

Relay FID: |FID=SEL-451-2-R125V0-2014011-D20110906

Frequency: |60 # Cycles: [120.25 Samples/Cycle: |8

EventDate/Time: [Saturday, November 22, 2014 18:1355.236

Miscellaneous: 14 ~
14_DEG o0

1B 65

IB_DEG -74.40

IC 81

IC_DEG 12572 v

Print I Close

Figure 11.29: Event report summary from “C8 14169” record event

Figure 11.30 plots the magnitude of A-B-C line currents and “TRIP” digital signal from the

“C8 14169 record event. The primary pickup fault current of 1582 amps was located at 7.63cycles,
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and the magnitude of A-B-C line fault currents matched for record event plots and event report
summary. In Figure 11.30, relays detected the primary pickup fault current after SLG(A) faults was
initiated. Although relay time depended on primary pickup fault current, the relay started to count the
relay time once the SLG(A) fault was initiated. As shown in Figure 11.30, the measured fault clearing
time (Tcy) was represented by the sum of measured relay (Try) and delay (Tpm) time. In addition,
measured fault clearing time for the tripping tests was equal to the measured fault state time (Tgsm).
Figure 11.30 shows the magnitude of A-B-C line currents of “BKS5” breaker and “TRIP” digital signal
for Relay 2. The relay time of Relay 2 was measured using Figure 11.30. The relay time was initiated
and finished when the fault state and trip signals were initiated, respectively, relay time of Relay 2 was
15.25 cycles. The delay time of Relay 2 was also measured from Figure 11.30, and because delay time
was initiated and finished when the trip signal and post-fault state were initiated, respectively, the
measured delay time of Relay 2 was 3.37 cycles.Delay time values of Relays 2 and 3 were measured

for tripping tests.
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Figure 11.30: Magnitude of A-B-C line currents of “BKS5” breaker, “DG2-678/65-SLG(A)-BUS7-
BKS5” tripping test for Relay 2, “C8 14169” record event
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In Figure 11.31, red and blue dots represent the delay time of tripping tests for Relays 2 and 3,
respectively. Maximum measured delay time for Relays 2 and 3 were 3.26 and 4.38 cycles,
respectively. The measured delay time for each tripping test represents the sum of relay-microgrid
communication and tripping circuit delay time. Measured delay time values are shown in Tables S.1

and S.2 of Appendix S.

-»-Measured delay time (relay 2)
-»-Measured delay time (relay 3)

1 163 1.63

Delay time [cycles]

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32
Ne of tripping tests
Figure 11.31: Measured delay time of tripping tests for Relays 2 and 3

11.7 Theoretical and measured relay time

Theoretical and measured relay time values were evaluated for the tripping tests. Although
theoretical relay values were based on the inverse time overcurrent U3 curve from the relay instruction
manual [5], measured relay time values were collected from relay record events. Theoretical and
measured relay time values for tripping tests were evaluated in order to verify record events against the
inverse time overcurrent setting groups of Relays 2 and 3. Theoretical relay time values were

estimated by Equation (11.7).

3.88
Tg = TDS x (0.0963 + W) X 60 (11.7)

where Tg is theoretical relay time in cycles, TDS is the inverse time overcurrent time dial setting, I is
the primary pickup fault current in amps, CTR is the current transformer ratio, and Ip is the secondary

overcurrent pickup in amps. In order to calculate theoretical relay time values of tripping tests for
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Relays 2 and 3 using Equation (11.7), primary pickup fault currents of Tables Q.1 and Q.2 in
Appendix Q and inverse time overcurrent settings from Table 11.10 were collected.

Table 11.10: Inverse time overcurrent settings of active settings for Relays 2 and 3

@ Relay 2 Relay 3
-}
2 = Secondary . Secondary .
()
g g Overcurrent -I[-)Iirgf Overcurrent -Birzf
.S | i | Breakers [ Curve Pickup, Setting Breakers | Curve Pickup, Setting
& a[TP‘iS [TDS] aE"PO]S [TDS]
ss1 |t BK6 U3 9.00 1.13 BK8 U3 8.04 0.68
2 BK5 BK7
ssp |1 BK6 BKS8 U3 7.88 0.77
2 BK5 us | 744 | 078 BK7 U3 7.80 1.18
ss3 |t BK6 BK8
2 BK5 BK7 us | 7.88 | 119
ssq |t BK6 BK8
2 BK5 us | 756 | 071 BK7 us | 7.88 | 0.67
1 BKS
SS5 5 BK7 us | 7.60 | 1.12
1 BKS8
556 15 BK7

Current transformer ratio (CTR) = 50

However, measured relay time values for tripping tests of Relays 2 and 3 were estimated by
Equation (11.8).

Trm = Trsm — Tom (11.8)
where Trn is measured relay time in cycles, Trsy is measured fault state time in cycles, and Tpp, is
measured delay time for relays in cycles. Measured relay time values for tripping tests were estimated
by Equation (11.8) using measured fault state and delay time values from C8 record events files shown
in Tables S.1 and S.2 of Appendix S.

Figure 11.32 presents measured and theoretical relay time values for tripping tests for Relays 2

(A) and 3 (B). Horizontal and vertical axes represent primary pickup fault currents and relay time
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values, respectively. Green squares and orange dots are theoretical and measured relay time values,

respectively.
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Figure 11.32: Theoretical and measured relay time values for Relays 2(A) and 3(B)

As shown in Figure 11.32, measured and theoretical relay time values represented by green
square and orange dots, respectively, had matched visually, verifying the inverse time overcurrent
setting groups of Relays 2 and 3 that were indicated in Table 11.10. Theoretical and measured relay
time values shown in Figure 11.32 for Relays 2(A) and 3(B) were applied to estimate percent error of

relay time values for tripping tests, calculated by Equation (11.9).

Erpoy = TR";—‘TR x 100 (11.9)

R

where Etry, is percent error of relay time, Try is measured relay time in cycles, and Tg is theoretical
relay time in cycles. SAS® software [97] was used for correlation analysis. The correlation between
primary pickup fault currents and relay time percent error values was evaluated for each relay using
Pearson's analysis, significance was considered when P < 0.05. The correlation coefficient was high (R
=0.7182, P = 0.0085) and moderate (R = 0.5279, P = 0.0019) for Relays 2 and 3, respectively. Figure
11.33 presents percent error of relay time values for Relays 2 and 3 based on tripping tests. Horizontal

and vertical axes represent primary pickup fault currents and percent error of relay time values,
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respectively. Red diamonds and violet circles represent relay time percent error values for Relays 2

and 3, respectively.
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Figure 11.33: Percent error values of Relays 2 and 3
Trend line equations were estimated by correlation analysis with SAS® software application
[97]. Based on these trend lines, the higher the primary pickup fault current, the higher the relay time
percent error. Measured and theoretical relay time values and percent error values of tripping tests for

Relays 2 and 3 are shown in Tables S.1 and S.2 of Appendix S.

11.8 Coordination time intervals

Coordination time intervals (CTlIs) between the upstream (backup relay) and downstream
(primary relay) protections were measured from C8 record events of Relays 2 and 3 for protection
coordination scenarios in which Relays 2 and 3 were applied as backup and primary relays or vice
versa, depending on the selected circuit of the microgrid and fault location. Table 11.11 shows
protection coordination scenarios for Relays 2 and 3. Each protection coordination scenario consisted
of a backup and tripping test that corresponded to the upstream (backup relay) and downstream
(primary relay) protections, respectively. Bold font in Table 11.11 represents backup protection tests.
Measured relay times for backup and primary relays were collected from Tables S.1 and S.2 in

Appendix S. Measured CTls between backup and primary relays were estimated by Equation (11.10).
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CTly = Trpm — Trpm

(11.10)

where CTly, is the measured CTI in cycles, Trgm is the measured relay time of backup (upstream

protection) relay in cycles, and Tgpp, IS the measured relay time of primary (downstream protection)

relay in cycles

Table 11.11: Protection coordination scenarios for Relays 2 and 3

Tests LLTI® C8 Event Files
§ § E | e Measured Measured
518| < o | Relay Relay
g|a| 5 o c | ¢ Time@of | Time®of | Measured
I B Source - Circuit - Type of Fault -Fault k=3 S Record - CTI,
o3| & . = : Backup Primary
=l 8 Location - Opened Breaker N o | EventFile p - - cycles
> 2 N rotection, | Protection, [CTI, ]
& s | = cycles cycles "
e o [TRBm] [TRPm]
9 UTILITY-8765/1234-DLG(BC)-Bus6-BK6 | on | off | C8 14156 30.62 14.75
— .
- UTILITY-8765/1234-DLG(BC)-Bus6-BK8 on on | C8_13193 15.87
® DG2-678/65-SLG(A)-Bus7-BK7 off [ on | C8 13113 24.99 9.6
N .
c - DG2-678/65-SLG(A)-Bus7-BK5 on | on | C8 14169 15.37
2 2 DG2-6781-SLG(A)-Bus7-BK7 off | on | C8 13157 25.24 10,00
— o .
§ - DG2-6781-SLG(A)-Bus7-BK5 on | on | C8 14173 15.24
© DG2-678-SLG(A)-Bus7-BK7 off [ on | C8 13149 25.12 9.88
< .
- DG2-678-SLG(A)-Bus7-BK5 on | on | C8 14175 15.24
% DG1-5678-SLG(A)-Bus7-BK7 off | on | C8 13138 26.24 L0142
Yo} .
- DG1-5678-SLG(A)-Bus7-BK5 on on | C8_14177 16.12
9 UTILITY-8765/1234-LL(BC)-Bus5-BK6 on | off | C8 14026 48.24 24 37
© .
- UTILITY-8765/1234-LL(BC)-Bus5-BKS8 on | on | C8 13015 23.87
% DG2-678/65-LL(BC)-Bus8-BK7 off | on | C8 12794 62.24 2075
~ .
e - DG2-678/65-LL(BC)-Bus8-BK5 on on | C8_13953 41.49
g © DG2-6781-LL(BC)-Bus8-BK7 off [ on | C8 13000 58.72
S|l | N 20.85
‘§ DG2-6781-LL(BC)-Bus8-BK5 on | on | C8 14052 37.87
© DG2-678-LL(BC)-Bus8-BK7 off | on | C8 12987 61.72 21.60
» .
- DG2-678-LL(BC)-Bus8-BK5 on on | C8.14048 40.12
ol @ DG1-5678-LL(BC)-Bus8-BK7 off [ on | C8_12980 62.36 18.74
-l - DG1-5678-LL(BC)-Bus8-BK5 on | on | C8 14044 43.62 '

CTI = Coordination time interval , Bold represents backup protection tests, ™ Low level test interface, ) Values from
Tables S.1-2 in Appendix S,

Measured CTls for protection coordination scenarios for Relays 2 and 3 were plotted by

Equation (11.10) and collecting relay times from Table 11.11, as shown in Figure 11.34. In the figure,
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blue and green bars represent measured CTIs for minimum and maximum fault overcurrents,
respectively.

Measured CTls for maximum fault overcurrents

Maeasured CTls for minimum fault overcurrents
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Figure 11.34: Measured CT]s for protection coordination scenarios

Based on the IEEE Std 242-2001 [7], the minimum CTI for “static relay- static relay”
coordination was 0.20 sec. (12.2 cycles) for maximum fault current, based on the sum of the circuit
breaker opening time (0.08 sec. = 5 cycles) and relay tolerance and setting error time (0.12 sec. = 7.2
cycles). However, since the circuit breaker operating time was not added in the RTS experiment, the
minimum CTI between primary and backup relays was 0.12 sec. (7.2 cycles) instead of 0.20 sec. (12.2
cycles). In Figure 11.34, the measured CTIs for maximum fault current tests were not less than 7.2

cycles, verifying the inverse time overcurrent settings of relays 2 and 3.

391



The measured CTIs were acceptable because the primary relay tripped instead of backup relay
for the“DG2-678/65-SLG(A)-Bus7-BKS,” “DG2-6781-SLG(A)-Bus7-BKS5,” “DG2-678-SLG(A)-
Bus7-BKS5,” “ DG1-5678-SLG(A)-Bus7-BKS5,” and “DG1-5678-SLG(A)-Bus7-BK5” tests. In the
RTS experiment, relays 2 and 3 were tested with a real-time simulator in a loop at the same time
(power system real-time simulation). Then, selectivity coordination between relays 2 and 3 was
observed during the real-time tests, primary relay tripped faster than backup relay, validating the
application of the minimum CTI of 0.12 sec. (7.2 cycles) instead of 0.2 sec. (12.2 cycles) between

relays 2 and 3 for RTS experiment.

11.9 Chapter summary

This chapter presented RTS experiment results. The RTS experiment was divided into tripping
and non-tripping tests, including backup protection tests in tripping tests. For tripping and non-tripping
tests, setting groups of relays, A-B-C- line currents, trip signals, and states of breakers were collected.
In tripping tests, real-time simulation was stopped at a time greater than the sum of pre-fault and fault
clearing time, including observation that relays had tripped. However, non-tripping tests were stopped
at a time less than the sum of pre-fault and relay time, including observation that relays did not trip.
Plotting breaker states and trip signals for tripping tests verified that relays tripped breakers. However,
for non-tripping tests, verification was made that relays did not trip breakers.

In order to validate real-time simulation with relays in the loop, results were collected as
Matlab® and record event files from the microgrid and relays, respectively, observing that A-B-C- line
currents for fault state matched. For non-tripping tests, results were collected from the microgrid
instead of relays because relays did not record event files when relays did not trip.

SAS® software [97] evaluated methods for collecting test results in order to verify that
measured fault state time values collected from RT-LAB® second console, microgrid, and relays were

acceptable for testing relays in the loop with OP5600 as a relay test system. Results obtained with the
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three methods did not differ, indicating that all these methods were validated. Analysis of relay record
events was performed and A-B-C line currents of tripped breaker and digital variables were plotted to
verify the protection logic of setting groups for relays.

Measured delay time of relays was defined by the sum of relay-microgrid communication and
tripping circuit delay time. Delay time values for Relays 2 and 3 were measured from record events
collected from tripping tests. Measured and theoretical relay time values were identical, verifying
inverse time overcurrent protection settings for groups of Relays 2 and 3. Measured relay time values
allowed percent error calculation and measured CTlIs between backup and primary relays for
protection coordination scenarios.

Conclusions of this chapter were based on collected results that demonstrated that the
selectivity, speed, and reliability of the adaptive inverse time overcurrent protection were achieved and
that OP-5600 with relays in the loop can be utilized as a real-time relay test system.

Selectivity: In adaptive inverse time overcurrent protection, each relay had two breakers. The
protection logic of the setting groups allowed breakers to be tripped based on circuit paths. For
maximum and minimum fault overcurrents of tripping and non-tripping tests, breaker state sequences
were verified satisfactorily, breakers were open or remained closed for tripping and non-tripping tests,
respectively. In addition, the protection logic of the setting groups validated the selectivity of the
adaptive inverse time overcurrent protection, selecting breakers that tripped or remained closed for the
circuit paths with distributed generators in the microgrid.

Speed: In adaptive inverse time overcurrent protection, setting groups were set with inverse
time overcurrent settings based on upstream fuses and/or relays. Application of various inverse time
overcurrent settings achieved the speed to clear a fault overcurrent because inverse time overcurrent
settings were adequate for each circuit path. The inverse time overcurrent settings of Relays 2 and 3

were verified by evaluating measured and theoretical relay times. In addition, digital signals of the
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protection logic gate of the setting groups generated the trip signal without delay, confirming non-
delay in protection logic applied in adaptive inverse time overcurrent protection.

Reliability: Protection coordination was applied to achieve the reliability of adaptive inverse
time overcurrent protection. When the primary relay did not trip because of a CT failure, the backup
relay tripped the breaker, thereby clearing the fault overcurrent. Protection coordination scenarios were
verified by observing that the primary relay tripped instead of the backup relay when the LLTI of both
relays was connected. Backup protection tests were also performed in order to disconnect the LLTI of
primary relays and observe whether or not the backup relays tripped. Measured CTlIs between primary
and backup relays were verified.

Real-time relay test system: The OP-5600 real-time simulator with Relays 2 and 3 in the loop
was applied in the Burns & McDonnell - K-State Smart Grid Laboratory [8]. Setting groups of
adaptive inverse time overcurrent protection for the microgrid with distributed generators were
verified and real-time simulation was validated by evaluating the microgrid fault state and relays
collected from Matlab® and record event files, respectively. Confirmation that OP-5600 with relays in
the loop could be used as a relay test system was verified in this research. This experiment was the
first application of a real-time simulator with relays in the loop at Kansas State University and they
results will significantly contribute to other graduate students’ research regarding techniques of real-

time simulators with relays in the loop.
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Chapter 12 - Conclusions

Adaptive overcurrent protection was developed in this research in order to integrate fuses and
relays in a microgrid with distributed generators. The proposed adaptive overcurrent protection was
tested with two relay in the loop techniques in order to verify adaptive overcurrent settings. This
adaptive overcurrent protection was proven to achieve selectivity, speed, and reliability during the
relay tests. In addition, application of NRTS and RTS with relays in the loop for testing Relays 2 and 3

setting groups for adaptive overcurrent protection were described.

12.1 Research contributions

Utilities have used fuses instead of protective relays in power distribution systems because
fuses are less expensive than protective relays. However, cost of protective relays has decreased in the
last years [73]. In this research, the proposed adaptive overcurrent protection significantly contributed
to the improvement of protection and control systems for microdgrid with distributed generators that
must integrate feeder fuses with relays. This adaptive overcurrent protection integrated technically and
economically advantageous of relays and fuses, respectively, in order to achieve selectivity, reliability,
and speed of protection systems in a microgrid with distributed generators.

In addition, this author was the first graduate student to implement real-time simulation with
two relays in the loop at the Burns & McDonnell - K-State Smart Grid Laboratory [8] by integrating a
relay’s digital and analog signals with OP5600 [4]. The RTS experimental circuit and project are
detailed in this dissertation so that other graduate students can apply this technique with relays in the
loop to research areas such as phasor measurement units, adaptive protection systems, and

communication and cyber security applications.
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12.2 Conclusions of adaptive overcurrent protection

Adaptive overcurrent protection developed in this research was based on the relay setting
group and protection logic methods. The adaptive overcurrent protection was designed to protect
power lines and bus feeders of the microgrid with distributed generators by coordinating inverse time-
current curves of fuses and relays in the microgrid. Based on relay test results collected for tripping
and non-tripping tests, adaptive inverse time overcurrent protection achieved selectivity, speed, and
reliability.

Selectivity: In adaptive inverse time overcurrent protection, each protective relay contained
two breakers. The breaker adjacent to the overcurrent fault (primary protection) always tripped more
quickly than the other breakers (backup protection) in order to clear the overcurrent fault at the
protection area (power line) and keep the rest of the power lines in the circuit energized. In addition,
determination of which breaker tripped or did not trip depended on the active circuit path in the
microgrid. Selectivity of the adaptive overcurrent protection system was achieved by configuring relay
setting groups for circuit paths in the microgrid and inverse time overcurrent elements and protection
logics for each relay breaker. Setting groups of Relays 2 and 3 were selected by grouping similar
circuit paths with identical protection logic gates and inverse time overcurrent settings. In adaptive
overcurrent protection, relay breakers were controlled by “AND” or “ZERO” logic gates to trip or not
trip, respectively. “AND” logic gate input was formed by the inverse time overcurrent element pickup
(51S1 or 51S2) and the trip circuit breaker (T3P1 or T3P2) digital signals, but the “ZERO” gate was
an open circuit. “AND” and “ZERO” gates were the relay control inputs for expected tripping and
non-tripping breakers, respectively. Validation of selectivity for adaptive overcurrent protection was
achieved by verifying the breaker state sequence of Relays 2 and 3. Based on selectivity, Relays 2 and
3 had to trip one breaker at fault states of tripping tests. NRTS and RTS with relay in the loop
techniques, called NRTS and RTS experiments, respectively, were run for maximum and minimum
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fault overcurrent tests, including backup protection tests. As shown in Figures 12.1 and 12.2, expected
breaker state sequences were verified by the NRTS (A) and RTS (B) experiments for Relays 2 and 3,

respectively, thereby validating selectivity of breaker state sequence for adaptive overcurrent

protection.
@ Source - Circuit - Fault Type - m Breaker N° 2 (BK5) W Breaker N° 2 (BK5)  Source - Circuit - Fault Type - e
Fault Site - Tripped Breaker m Breaker N° 1 (BK6) Breaker N° 1 (BK6)  Fault Site - Tripped Breaker
= DG1-5678-SLG(A)-Bus7-Bks NN I 0G1-5678-SLG(A)-Bus7-BK5 = _
d " =
£ E DG2-678-5LG(A)-Bus7-Bks NN I 0G2-678-5LG(A)-Bus7-BKS ft
g5 DG2-6781-5LG(A)-Bus7-8ks NN I 0G2-6781-SLG(A)-Bus7-BKS 2 g
Esg E
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Figure 12.1: Breaker state sequence by (A) NRTS and (B) RTS experiments for Relay 2
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Figure 12.2: Breaker state sequence by (A) NRTS and (B) RTS experiments for Relay 3
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Figures 12.1 and 12.2 show measured breakers states of tripping tests for Relays 2 and 3,
respectively, based on NRTS (A) and RTS (B) experiments. As in the RTS experiment, Relays 2 and 3
were tested together and the LLTI of the primary relay was disconnected before running the backup
protection test in order to observe tripping of backup relays. In addition, NRTS and RTS experiments
for non-tripping tests were run for Relays 2 and 3, proving that the relays did not trip at fault
overcurrent when fault state times were less than relay times.

Speed: In adaptive inverse time overcurrent protection, setting groups of Relays 2 and 3 were
set with inverse time overcurrent settings based on upstream fuses and/or relays for circuit paths.
Inverse time overcurrent elements of setting groups for Relays 2 and 3 tripped breakers at maximum
fault overcurrents in less than 30 cycles (0.5 sec), thereby achieving speed in order to clear overcurrent
faults. Validation of speed for adaptive overcurrent protection was verified by collecting measured
fault clearing times of Relays 2 and 3 for tripping tests. Figure 12.3 shows measured fault clearing
times for maximum fault overcurrents (excluding backup protections) of tripping tests for Relays 2 (A)

and 3 (B) based on NRTS and RTS experiments.
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Figure 12.3: Measured fault clearing times for maximum fault overcurrents (excluding backup
protections) for tripping tests of (A) Relays 2 and (B) 3 (B) based on NRTS and RTS experiments

398



In addition, speed of the protection logic gate (“AND”) to trip relay breakers generated the trip
signal without delay, confirming non-delay in protection logic applied in adaptive inverse time
overcurrent protection. For example, Figure 12.4 verifies that A-B-C line currents and digital signals
corresponded to “DG2-678/65-SLG(A)-Bus6-BK7” tripping test from the RTS experiment. Relay 3
tripped the “BK7” breaker at SLG fault near Bus 6 (10% of L67 power line length). Based on “AND”
logic gate, when the inverse time overcurrent element pickup (51S2) and trip circuit breaker (T3P2)
digital signals were activated, the SELogic variable (PSV04) was turned on instantaneously,
generating a trip signal at the relay’s NC control output (OUT107) in order to trip “BK7” breaker at
fault overcurrent. The “BK7” breaker state changed from closed to open according to the relay’s

control input (IN104).
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Figure 12.4: Trip logic digital signals of “AND” gate corresponding to “BK7” breaker of Relay 3 from
collected HR 13115 event in RTS experiment
Reliability: Coordination between backup and primary protection devices was applied to
adaptive inverse time overcurrent protection in order to achieve the protection system’s reliability.
When the primary relay did not trip because of current transformer failure, the backup relay tripped the
breaker, thereby clearing the fault overcurrent. In the RTS experiment, protection coordination

scenarios were verified by observing that the primary relay tripped instead of the backup relay when
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the LLTI of both relays was connected. Backup protection tests were also performed in order to
disconnect the LLTI of primary relays and observe whether or not the backup relays tripped, thereby
validating reliability of the protection system. In addition, application of distributed generators in the
microgrid improved reliability of the power system in case of equipment (e.g., utility source,
distributed generators, power lines, transformers, and breakers) failure or maintenance operation
because the microgrid with distributed generators contained more than one circuit path in order to

energize bus feeders.

12.3. Conclusions of relay in the loop techniques

In this research, adaptive overcurrent protection was verified by testing Relays 2 and 3 with
NRTS and RTS experiments using SEL-AMS [3] and OP5600 [4] as NRTS and RTS, respectively.
The following conclusions were made regarding application of these two relay in the loop techniques
to test Relays 2 and 3:

Prior to running relay tests in the NRTS experiment, secondary currents and line-to-ground
voltages of pre-fault, fault, and post-fault states had to be calculated with Power World® software [10]
in order to run the power flow and fault analysis for circuit paths. The RTS did not require calculation
of secondary currents and line-to-ground voltages because the power system and the pre-fault, fault,
and post-fault states were simulated in real-time during the relay tests.

The RTS experiment represented secondary current variations at fault state in real-time. Sags,
ramps, and frequency variations in fault overcurrents were represented with Matlab® software [14] in
the RTS experiment, but ramps, and frequency variations in fault overcurrents could not be estimated
with Power World® software [10] in the NRTS experiment.

Because Relays 2 and 3 were tested individually in the NRTS experiment, selectivity
coordination between backup and primary relays could not be observed. However, in the RTS

experiment, Relays 2 and 3 were tested together by connecting both relays to the microgrid simulated
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in real-time with OP5600 [4]. The RTS experiment verified selectivity coordination between backup
and primary relays, proving that primary relays tripped faster than backup relays.

In the NRTS experiment, setting groups of relays were selected manually from the front of the
relays. However, in the RTS experiment, setting groups of the relays were selected automatically from
the host computer, thereby activating relay control inputs (rear side of relays) for setting groups.

In the RTS and NRTS experiments, the relay’s LLTI connections (front side of the relays) were
connected in both experiments instead of current-voltage source connections (rear side of the relays).
The LLTI connection allowed an analog signal of up to 5 volts (peak value) instead of 5 amps and 67
volts line-to-ground (current and voltage source connections). Because the NRTS and RTS
experiments were performed with LLTI voltages, both experiments were performed in a low-voltage
environment. However, application of the LLTI connection did not allow problems with the interface
to be perceived between the LLTI (front side of relays) and current-voltage source (rear side of relays)
connections.

External voltage sources were required for the RTS experiments. OP5600 [4] and SEL-AMS
[3] were applied as RTS and NRTS, respectively. Although SEL-AMS included 14.3 and 125 Vdc
sources in order to generate the trip signal and sense breaker states, OP5600 required 14.3 and 125
Vdc external sources to be connected at trip signal and breakers state circuits.

Analog outputs in the NRTS and RTS experiments represented measured secondary currents
and line-to-ground voltages of current and potential transformers, respectively. Because SEL-AMS [3]
and OP5600 [4] simulated secondary and primary values, respectively, SEL-AMS and OP5660
required one and two gains, respectively, to be connected to SEL 451 relay’s LLTI. In the NRTS
experiment, the gain of SEL-AMS was represented by scaling factors of SEL 451 relays [5]. However,
in the RTS experiment, gains were represented by the measurement of transformer ratios and scaling

factors of SEL451 relays.
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Tripping circuits in the NRTS and RTS experiments were represented by NO and NC relay
control inputs, respectively. NO and NC relay control inputs for tripping circuits were based on the
SEL-AMS instruction manual [3] and IEEE publication [70].

Power lines of the microgrid were shorter than 15 km. In the RTS experiment, three-phase
transmission line models with lumped (short lines) and distributed parameters (long lines) from the
SimPowerSystems library were applied initially without success with real-time simulation because
three-phase transmission line models with lumped and distributed parameters had length limitations.
Based on an OPAL-RT website article [99], therefore, the stubline model from the ARTEMIS library
was applied in order to model power lines with lengths less than 15 km in the microgrid circuit.

Measured relay time errors of Relays 2 and 3 were compared between the NRTS and RTS
experiments. RTS and NRTS with relay in the loop techniques presented similar relay time percent
error values of Relays 2 and 3. Figure 12.5 shows that a majority of relay time percent error values of
tripping tests for NRTS and RTS experiments were concentrated inside the violet and pink dashed
lines, respectively, indicating a relay time error percent range of 5.71 and 5.94 for the NRTS and RTS
experiments, respectively, thus validating NRTS and RTS experiments for similar relay time error
percent ranges.
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The RTS experiment was set without a breaker operation time in order to validate the RTS
experiment with minimum CTI between backup and primary relays (without breaker operation time)
based on IEEE Std. 242-2001 [7]. In addition, measured CTIs between backup and primary relays at
maximum fault currents from NRTS and RTS experiments were compared to the calculated minimum
CTIs. Figure 12.6 shows CTIs between backup and primary relays at maximum fault currents for
NRTS and RTS experiments versus calculated minimum CTIs. For the RTS and NRTS experiments,
measured CTIs for maximum fault currents were not less than 7.2 cycles, the relay-relay minimum
CTIls based on RTS experiment (without breaker operating time).

Measured CTls at maximum fault currents for RTS Exp.

Measured CTls at maximum fault currents for NRTS Exp.
Calculated CTls at maximum fault currents

Circuit path
Backup - Primary device
Fault type, Bus (Location)

DG1-5678 101 7 =
Relay 3, BK7 - Relay 2, BKS 8.5 = = §
SLG, near Bus 8 (L78) 8.2 = o 2
S|e ¥
o Q o =
= ~ = =
S la 3 2,
DG2-678 9.9 3|2 3 g =
Relay 3, BK7 - Relay 2, BKS 8.3 8 | 3 5 = A
SLG, near Bus 7 (L78) 8.3 2 |3 = 33
s | 3 z 23
= 1s = 23
§' 3 - o =
. 5 0
[ (@] = 0o 3
DG2-6781 10.0 I = ~ £z
Relay 3, BK7 - Relay 2, BKS 8.3 o Y g3
SLG,near Bus7 (L78) 8.0 s [N S S35
~ M@
= s} - 5 2
= 2 | =i
m a — 3
DG2-678/65 9.6 g2 | = 9 °
Relay 3, BK7 - Relay 2, BKS 7.8 | X N
SLG, near Bus 7 (L78) 7.7 o e o
S |3 S
2| o S
=z
UTILITY-1234/8765 14.8
Relay 2, BK6 - Relay 3, BK8 8.5
DLG, near Bus 6 (L56) 8.9
0 5 10 15 20

Coordination time interval [cycles]

Figure 12.6: Measured CTIs between backup and primary relays for NRTS and RTS experiments
versus calculated CTls at maximum fault currents
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As a validation of real-time simulation with OP5600 [4], Figure 12.7 shows that the HR_14169
record event (A) from Relay 2 presented identical A-B-C line currents of the Matlab® file (B) from
the microgrid (host computer). The record event and Matlab® files were collected after running the
“DG2-678/65-SLG (A)-BUS7-BKS5” tripping test. The length of pre-fault time for the record event
was set at 0.1 sec. for Relay 2. However, length of the pre-fault time for the tests was greater than 2.5

sec. for real-time simulation, observing no identical time scales for plots (A and B) in Figure 12.7.
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Figure 12.7: A-B-C line currents from (A) Relay 2 and (B) microgrid simulation for the “DG2-678/65-
SLG (A)-BUS7-BK5” tripping test
This research details how to collect results from the relays and host computer and how to
connect LLTI of SEL451 relays to analog outputs of OP5600, considering current and voltage scaling
factors and maximum allowed peak voltages of LLTIs. The application of relays in the microgrid

infrastructure was crucial in order to improve measurement, control, communication, and protection in
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power systems. Other graduate students are encouraged to apply two or more relays in the loop with
the OP5600 [4] because the installation of more than one relay in the loop with RTS allows
measurements to be collected from relays and relay test results to be compared. In the RTS experiment
of adaptive overcurrent protection in this research, Relays 2 and 3 allowed comparison of test results
from both relays and verification of coordination between backup and primary protective relays,

proving that the primary relays tripped more quickly than backup relays.

12.4 Future work

The adaptive inverse time overcurrent protection algorithm was based on selection of the
inverse time overcurrent settings (US curve, TDS, Ip), creation of protection logic gates (“AND”,
“ZERO”), and groupings of identical inverse time overcurrent settings and protection logic gates for
circuit paths of Relays 2 and 3 in the microgrid. In the adaptive inverse time overcurrent protection
algorithm, inverse time overcurrent settings (US curve, TDS, Ip) were calculated by first collecting
maximum ampere rating fuses on bus feeders for circuit paths. If fuse-relay and breaker-relay
communications must be implemented in order to collect fuse ampere ratings on feeder busses and
measure breaker states (open or closed) on power lines, respectively, then maximum ampere rating
fuses on feeder buses and circuit paths of the microgrid should be calculated in order to determine
inverse time overcurrent settings (US curve, TDS, Ip) of relays.

In the RTS experiment, setting groups of Relays 2 and 3 were selected automatically by the
relay’s control inputs according to circuit paths of the simulated microgrid in host computer. The
communication system of adaptive overcurrent protection could be improved by adding power line
wireless sensors in the loop. Because feeder fuses could communicate with relays by integrating
modern power line wireless sensors with fuses, a hybrid smart fuse could be created to communicate

fuse ampere ratings, currents, and on-off line states to relays. Future work could include integration of
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power line sensors to the OP5600 [4] with relays in the loop in order to apply the algorithm of
adaptive overcurrent protection system presented in this research.

In the adaptive overcurrent protection of this research, setting groups of relays were limited to
six setting groups based on SEL 451 relay’s instruction manual [5]. In case, more than three
distributed generators were available in the microgrid located at different locations, more than six
setting groups could be needed to perform the adaptive overcurrent protection. Fortunately, the SEL-
451 relay is able to provide protection, control, and logic functions in one system. Programmable logic
and math operators allow SEL 451 relays to implement new protection and control functions.
Application of overvoltage elements with inverse-time characteristics for protection and control
schemes of capacitor banks [101] could be adapted to inverse time overcurrent elements for adaptive
overcurrent protection in microgrid with distributed generators. In that case, only one setting group is
needed for all inverse time overcurrent settings of SEL-451 relay, and inverse time overcurrent
settings are picked up automatically based on an external variable voltage level referenced to selected

circuit paths in the microgrid.
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Appendix A - Research impact questionnaire

Table A.1: Research impact questionnaire

Options

. Place
uestions
Q (X)

1. Have you ever seen fuses that could communicate with relays in a real
distribution system?

Yes

No

2. Do you think relays could be integrated to fuses with communication in a real
distribution system?

Yes

No

3. How much does a fuse-relay adaptive protection improve selectivity in a
distribution system with fuses?

A lot

Some

Little

o0 |T|o

Nothing

4. How much does a fuse-relay adaptive protection innovate a distribution
system?

A lot

Some

Little

o0 |T|lo

Nothing
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Appendix B - Data and per-unit results of equipment in microgrid

Table B.1: Data and per-unit results of equipment in microgrid (Spase = 100 MVA)

© Power Lines Transfor mers é)tility %istribution
2 | parameters ource enerators
T 1-2,2-3, | 34, Utility Distribution | -y j1y | DGL DG2,
6-7,7-8 5-6 Transformer | Transformer and DG3
® Resistance,
g § R pol mile] 0.3375 | 0.3375
o
o Reactance,
a® § X1 [mile] 1.0478 | 1.0478
® Resistance,
% § R po [Q/mile] 0.3414 | 0.3414
2 Reactance,
z3 X 5 [mile] 1.0348 | 1.0348
Resistance,
o g R oo [Q/mile] 0.3465 | 0.3465
L S
N 8 | Reactance,
§ 05 § X g [Umile] 1.0179 | 1.0179
Line length, L [ft.] 6000 3000
Resistance in percent, Ryo, [%] 1 0.66
Reactance in percent, j Xto, [%0] 8 571
X/R ratio 15
Sub transient-direct axis reactance,
X4 = Xc1[Q] 0.0143
Negative sequence reactance,
Xe, [Q] 0.0130
Zero sequence reactance,
Xeo [O] 0.0008
No of breakers per equipment 2 2 2 2 1 1
Areas 1 2 3
B | Line-to-line voltage of area, V ea [KV] 7.2 115 0.48
ey
g Total power of area, S zrea [MVA] 100 5 25 1500 2.281
= | Old system impedance,
5 Z 5=V 2 nen ! Soren [Q] 0.5184 10.368 20.736 1013.916 0.101
& | New system impedance,
Z o=V 2 ren | Spnce [Q)] 0.5184 132.25 0.002304
o g | Resistance, 0.700 | 0.400 0.200 0.264 0.00443
E % R 1pu [pu]
> 3
g g | Reactance, 2301 | 1.101 1.601 2.285 0.06702 | 6.2075
J X pu[pu]
S| 28 E‘zSisEag‘lf]e' 0.700 | 0.400 |  0.200 0.264 0.00443
= 83 P
a o
g| Zg | Reactance 2301 | 1.101 1.601 2.285 0.06702 5.6425
J Xopu [pu]
g | Resistance, 0.800 | 0.400 0.200 0.264 0.00443
o g R 0pu [ pU]
L S
N g | Reactance, 2201 | 1.101 1.601 2.285 0.06702 0.3475
J X Opu [pu]

Wn Results, reactances include breaker reactances (j 0.0005 pu / breaker)
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Appendix C - Calculated real and reactive power of distributed generators and bus voltages in the

Table C.1: Calculated real and reactive power of distributed generators and bus voltages in the microgrid test modes (Tap ratio = 1.00)

microgrid

Microgrid test modes

Distributed generators

@Bus voltages [%]

Test - Unlity DG1 DG2 DG3 | = |~ [o[<s[w[ o[~ e
Circuit paths S| 5|33 3| 5 3 | 3

modes kW |kVar| kW | kVar | kW | kvar | kW | kVar | & m | o|o| @ m m m
1 UTILITY-1234/5678 3201 | 2497 9551929 191.3190.7(90.6| 90.9 | 92.6 | 95.5
2 DG1-1234, DG2-65/678 1584 | 1235 | 1520 | 1300 92.1(93.3|95.5(96.8(96.3( 96.7 | 94.4 | 93.4
3 DG1-432/5, DG2-6781 1340 | 1052 | 1745 | 1565 89.9 | 95.7 |96.6(97.3(97.3| 96.0 | 92.3 | 89.9
4 DG1-5678, DG3-21/234 1530 | 1334 1565 | 1221 [ 95.6 | 96.9 [95.2194.6|96.6| 95.0 | 92.3 [ 91.7
5 DG1-34/56, DG3-2187 1307 | 1092 1811 | 1407 [93.0] 96.4 |96.9(97.2(97.2] 96.7 | 91.7 [ 93.0
6 DG2-65/678, DG3-21/234 1520 | 1300 | 1565 | 1221 | 95.6 [ 96.9 |95.2(94.6 [96.3 | 96.7 | 94.4 | 93.5
7 DG2-6781, DG3-2345 17451 1565 | 1364 | 1070 [ 89.9| 97.2 [94.8(93.9[93.9] 96.0 | 92.3 | 89.9
8 DG2-6543, DG3-2187 1312 ] 1109 | 1811 | 1407 [{93.0| 96.4 [95.6(95.9[95.9] 97.2 | 91.7 | 93.0
9 DG1-4, DG2-5678 451 358 | 1520 | 1300 [ 1081 | 844 |96.6| 97.8 197.3199.1(96.3| 96.7 | 94.4 | 93.5
10 DG1-4, DG2-65/67 451 358 | 1158 | 954 |[1461| 1148 |194.9| 97.0 196.5199.1(97.2| 97.5 | 96.3 | 94.9
11 DG1-5, DG2678 302 231 [ 1217 ] 1033 [ 1565 | 1221 | 95.6 ] 96.9 |195.2194.6(99.4| 97.4 | 95.4 | 94.2
12 DG1-5, DG2-6781, DG3-234 302 231 [1745] 1565 [ 1001 | 851 |89.9]97.8 196.1195.5(99.4] 96.0 | 92.3 | 89.9
13 DG1-45, DG2-67, DG3-218/23 752 601 | 856 | 698 |[1461 | 1148 |94.91 97.0 196.5198.8(98.4] 98.2 | 96.9 | 94.9
14 DG1-45, DG2-678, DG3-21/23 752 601 |[1217] 1033 (1081 | 844 |96.6 | 97.8 197.3198.8(98.4| 97.4 | 95.4 | 91.5
15 DG1-45, DG2-6781, DG3-23 752 601 |[1745] 1565 | 557 | 446 |89.9] 98.8 198.3198.8(98.4]| 96.0 | 92.3 | 89.9
16 DG1-45, DG2-678, DG3-23 652 527 | 1158 | 954 [1249| 978 |95.3| 97.5198.4|98.6(97.2| 97.6 | 96.3 | 95.3
17 DG1-45, DG2-56, DG3-2187 652 527 | 652 | 528 |[1811| 1407 |93.0| 96.4 198.4]198.6(98.3| 98.6 | 91.7 | 93.0
18 DG1-45, DG2-65/678, DG3-21 652 | 527 |[1520| 1300 | 871 | 677 |97.0| 98.2 198.4/98.6|96.3| 96.7 | 94.4 | 93.5
19 DG1-34/5, DG2-678, DG3-21 954 775 1217 ] 1033 | 871 | 677 |97.0] 98.2 197.7198.0(98.0( 97.4 | 95.4 | 94.2
20 DG1-34/5, DG2-6781, DG3-2 954 | 775 (1745 1565 | 353 | 282 |89.9| 99.3 |97.7/98.0/98.0| 96.0 | 92.3 | 89.9
21 DG1-34/5, DG2-67, DG3-218 954 | 775 | 856 | 698 |1249( 978 |95.3| 97.5197.7/98.0/98.0| 98.2 | 96.9 | 95.3
22 DG1-34/5, DG2-6, DG3-2187 954 775 | 350 | 285 |1811| 1407 |93.0| 96.4 197.7198.0(98.0( 99.3 | 91.7 | 93.0

WPrime real (1825 kW) and reactive (1368 kVar) power of DG1, DG2, and DG3 distributed generators [1], ) Bus voltage limit range (95-105%) based on service voltage

limits of ANSI Std.C84.1 [3]
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Table C.2: Calculated real and reactive power of distributed generators and bus voltages in microgrid test modes (Tap ratio = 0.95)

Microgrid test modes

Distributed generators

@Bus voltages [%)]

Test o Jility DG1 DG2 03 || o[l x]wlolnr]e
modes Circuit paths KW |kVar| kW |Kvar|kw |kvar| kW |kvar| @ | @ | 8 | @ | @ | & | & | &
1 UTILITY-1234/5678 3071 (2714 100.7| 98.2 | 96.5 | 96.0 956 | 96.0 | 97.7 |100.7
2 DG1-1234, DG2-65/678 1527 | 1309 | 1476 1209 97.3 | 98.6 [100.7| 102.1 | 102.0 |102.31100.3| 99.5
3 DG1-432/5, DG2-6781 1310 | 1310|1686 1367 96.8 | 101.0 (101.9 102.6 | 102.6 |101.9] 98.7 | 96.8
4 DG1-5678, DG3-21/234 1477 | 1208 151711278 [100.9| 102.2 | 100.5] 100.0 | 102.3 1100.9] 99.0 | 98.0
5 DG1-34/56, DG3-2187 1308 | 1082 1685|1368 | 98.7 | 101.9 {102.4] 102.6 | 102.6 |1102.2| 97.6 | 98.7
6 DG2-65/678, DG3-21/234 14761 1209 | 1517 | 1278 [100.9| 102.2 1100.5] 100.0 | 102.0 |102.3(100.3| 99.5
7 DG2-6781, DG3-2345 16861 1367 | 1321 | 1126 | 96.8 | 102.5 1100.1| 99.2 99.2 1101.9] 98.7 | 96.8
8 DG2-6543, DG3-2187 131211096 | 1685 | 1368 | 98.7 | 101.9 |101.2| 101.4 | 101.4 [102.6| 97.6 | 98.7
9 DG1-4, DG2-5678 451 | 357 1476|1209 | 1057 | 868 [101.9| 103.1 |102.6| 104.4 | 102.0 {102.3[100.3| 99.5
10 DG1-4, DG2-65/67 451 | 357 |11159| 946 | 1375(1135(100.5| 102.5 1102.0| 104.4 | 102.6 [{102.9(101.7|100.5
11 DG1-5, DG2678 300 | 233 |1174| 964 | 1517|1278 |{100.9| 102.2 |100.5| 99.5 | 104.7 [{102.9/100.9(100.1
12 DG1-5, DG2-6781, DG3-234 300 | 233 |11686| 1367|1010 | 845 | 96.8 | 103.2 |101.6( 101.0 | 104.7 [101.9]| 98.7 | 96.8
13 DG1-45, DG2-67, DG3-218/23 752 | 599 | 855 | 693 | 13751 11351100.5] 102.51102.0| 103.8 | 103.8 |103.6102.4]1100.5
14 DG1-45, DG2-678, DG3-21/23 752 | 599 |1174] 964 | 1057 | 868 |101.9] 103.1 1102.6| 103.8 | 103.8 |102.91100.9/100.1
15 DG1-45, DG2-6781, DG3-23 752 | 599 |1686] 1367 | 552 | 452 | 96.8 | 104.2 1103.7| 103.8 | 103.8 |101.9] 98.7 | 96.8
16 DG1-45, DG2-678, DG3-23 652 | 525 |1159] 946 | 1174 | 965 |100.9] 102.9 1103.7| 104.0 | 102.6 |102.91101.7]100.9
17 DG1-45, DG2-56, DG3-2187 652 | 525 | 652 | 526 | 1685|1368 | 98.7 | 101.9 1103.7] 104.0 | 103.6 |104.0] 97.6 | 98.7
18 DG1-45, DG2-65/678, DG3-21 652 | 525 |1476] 1209 | 855 | 693 (102.4]| 103.6 |103.7] 104.0 | 102.0 |102.3(100.3| 99.5
19 DG1-34/5, DG2-678, DG3-21 953 | 772 |1174] 964 | 855 | 693 (102.4]| 103.6 |103.1] 103.4 ] 103.4 |102.9(100.9|100.1
20 DG1-34/5, DG2-6781, DG3-2 953 | 772 |1686| 1367 | 350 | 284 | 96.8 | 104.6 |103.1] 103.4 | 103.4 |101.9{ 98.7 | 96.8
21 DG1-34/5, DG2-67, DG3-218 953 | 772 | 855 | 693 | 1174 | 965 (100.9| 102.9 1103.1] 103.4 ] 103.4 |103.6(102.41100.9
22 DG1-34/5, DG2-6, DG3-2187 953 | 772 | 350 | 284 |1685 (1368 98.7 | 101.9 1103.1] 103.4 | 103.4 |104.6| 97.6 | 98.7

WPrime real (1825 kW) and reactive (1368 kVar) power of DG1, DG2, and DG3 distributed generators [1], “ Bus voltage limit range (95-105%) based on service voltage

limits of ANSI Std. C84.1 [3]

418




Appendix D - Circuits paths for Relays 2 and 3

Circuit paths for Relays 2 and 3 based on microgrid constraints are shown in Figure D.1-12.
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Figure D.2: DG2-678/65 (Test modes: 2, 6, 9, and 18)
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Appendix E - Calculated breaker fault current magnitudes of circuit paths for Relays 2 and 3 in

the microgrid with distributed generators

Table E.1: Calculated breaker fault current magnitudes for UTILITY-8765/1234 (Test mode 1) circuit path

Magnitudes of breaker fault currents [Amps]
Protection Fau!t Relays | Breakers LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase
A B C A B C A B C A B C
3 BK8 56 1539 1504 1775 1775 1775 1777 51 47 37 1781 1780
BK7 122 1564 1488 1783 1783 1783 1797 112 105 85 1803 1783
Bus 5 (90% L56) ) BK6 122 1564 1488 1783 1783 1783 1797 112 105 85 1803 1783
BK5 215 1622 1490 1821 1821 1821 1843 199 189 162 1850 1814
L56 1 BK4 215 1622 1490 1821 1821 1821 1843 199 189 162 1850 1814
3 BKS8 56 1794 1758 2039 2039 2039 2040 51 47 37 2046 2045
BK7 122 1812 1735 2040 2040 2040 2055 112 104 82 2101 2093
Bus 6 (10% L56) 5 BK6 122 1812 1735 2040 2040 2040 2055 112 104 82 2101 2093
BK5 215 1864 1730 2072 2072 2072 2097 198 187 156 2143 2100
1 BK4 215 1864 1730 2072 2072 2072 2097 198 187 156 2143 2100
5 BK6 122 1845 1767 2167 2167 2167 2175 112 104 82 2182 2159
Bus 6 (90%L67) BK5 215 1897 1761 2190 2190 2190 2214 198 187 155 2224 2180
1 BK4 215 1897 1761 2190 2190 2190 2214 198 187 155 2224 2180
L67 ) BK6 122 2781 2702 3165 3165 3165 3167 112 104 82 3170 3162
Bus 7 (10%L67) BK5 215 2812 2673 3165 3165 3165 3191 196 184 146 3198 3159
1 BK4 215 2812 2673 3165 3165 3165 3191 196 184 146 3198 3159
L78 Bus 7 (90%L.78) 1 BK4 215 3160 3019 3567 3567 3567 3594 196 183 144 3597 3563
Bus 8 (10%L.78) 1 BK4 216 6336 6182 7227 7227 7227 7258 196 183 145 7205 7279

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases.
Bolds are current magnitudes at relays that tripped the three-pole breakers for maximum (DLG) and minimum (LL) faults

- Table E.1 continue in next page -
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Table E.1 (Continue): Calculated breaker fault current magnitudes for UTILITY-8765/1234 (Test mode 1) circuit path

Magnitudes of breaker fault currents [Amps]

Protection Fau!t Relays | Breaker LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location Phase | Phase | Phase | Phase | Phase | Phase [ Phase | Phase | Phase | Phase | Phase | Phase
A B C A B C A B C A B C
BK15 86 1567 1500 1780 1780 1780 1779 76 75 57 1785 1775
° BK16 124 1581 1511 1784 1784 1784 1793 111 109 85 1799 1778
Bus 4 (90% L34) BK18 124 1581 1511 1784 1784 1784 1793 111 109 85 1799 1778
° BK19 191 1624 1517 1811 1811 1811 1830 172 171 141 1836 1804
1 BK20 191 1624 1517 1811 1811 1811 1830 172 171 141 1836 1804
s BK15 86 1793 1743 2041 2041 2041 2040 76 75 57 2047 2034
° BK16 124 1804 1733 2042 2042 2042 2051 110 109 83 2059 2033
Bus 3 (10% L34) BK18 124 1804 1733 2042 2042 2042 2051 110 109 83 2059 2033
° BK19 191 1843 1734 2063 2063 2063 2084 172 170 137 2093 2054
1 BK20 191 1843 1734 2063 2063 2063 2084 172 170 137 2093 2054
BK18 124 1908 1836 2160 2160 2160 2170 110 109 83 2179 2152
Bus 3 (90%L23) ° BK19 191 1944 1835 2180 2180 2180 2202 171 170 136 2211 2171
1 BK20 191 1944 1835 2180 2180 2180 2202 171 170 136 2211 2171
L3 BK18 125 2766 2692 3151 3151 3151 3158 111 109 83 3162 3147
Bus 2 (109%L23) ° BK19 191 2789 2676 3154 3154 3154 3178 170 168 129 3184 3148
1 BK20 191 2789 2676 3154 3154 3154 3178 170 168 129 3184 3148
Bus 2 (90%L12) 1 BK20 192 3136 3022 3554 3554 3554 3580 170 168 128 3583 3551
L2 Bus 1 (10%L12) 1 BK20 192 6309 6184 7212 7212 7212 7237 172 167 128 7183 7266

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases. Bolds are

current magnitudes at relays that tripped the three-pole breakers for maximum (DLG) and minimum (LL) faults.
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Table E.2: Calculated breaker fault current magnitudes of DG2-678/65 (Test modes 2, 6, 9, and 18) circuit path

Magnitudes of breaker fault currents [Amps]
Protection Fault Relays | Breakers LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location Phase | Phase | Phase | Phase [ Phase | Phase [ Phase | Phase | Phase | Phase | Phase Phase C
A B C A B C A B C A B

Bus 5 (90%L56) 4 BK10 53 1392 | 1354 | 1563 | 1563 | 1563 | 2013 46 46 24 1907 1885

L56 3 BK8 53 1392 | 1354 | 1563 | 1563 | 1563 | 2013 46 46 24 1907 1885
Bus 6 (10%L56) 3 BK8 53 1576 1539 1746 1746 1746 2371 48 46 21 2206 2216

2 BK5 64 996 954 1127 1127 1127 1340 57 55 35 1279 1243

Bus 8(90%L78) BK6 153 1036 936 1141 1141 1141 1368 137 138 92 1311 1259

L78 3 BK7 153 1036 936 1141 1141 1141 1368 137 138 92 1311 1259
2 BK5 65 1206 1165 1339 1339 1339 1650 57 54 33 1564 1532

Bus 7(10%L78) BK6 153 1265 1161 1341 1341 1341 1709 137 137 79 1588 1534

3 BK7 153 1265 1161 1341 1341 1341 1709 137 137 79 1588 1534

L67 Bus 7 (90%L67) 3 BK7 155 1295 1195 1403 1403 1403 1762 135 135 76 1678 1626
Bus 6 (10%L67) 3 BK7 154 1588 1483 1721 1721 1721 2369 137 128 62 2182 2169

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases. Bolds are
current magnitudes at relays that tripped the three-pole breakers for maximum (SLG) and minimum (LL) faults.

Table E.3: Calculated breaker fault current magnitudes of DG2-67/65 (Test modes 10 and 16) circuit path

Magnitudes of breaker fault currents [Amps]
Protection Fau!t Relays | Breakers LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase Phase
A B C A B C A B C A B C
Bus 5(90%L56) 4 BK10 53 1369 1332 1517 1517 1517 1957 46 45 23 1863 1821
L56 0 3 BK8 53 1369 1332 1517 1517 1517 1957 46 45 23 1863 1821
Bus 6(10%L56) 3 BK8 53 1566 1528 1732 1732 1732 2330 46 45 20 2223 2217
BK7 88 1221 1159 1341 1341 1341 1680 78 76 42 1606 1542
0,
L67 Bus 7(90%L67) 3 BK6 88 1221 1159 1341 1341 1341 1680 78 76 42 1606 1542
Bus 6(10%L67) 3 BK7 87 1576 1511 1727 1727 1727 2327 78 74 33 2223 2211

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases. Bolds are
current magnitudes at relays that tripped the three-pole breakers for maximum (SLG) and minimum (LL) faults.
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Table E.4: Calculated breaker fault current magnitudes of DG2-6543 (Test mode 8) circuit path

Magnitudes of breaker fault currents [Amps]
Protection Faul_t Relays | Breakers LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase
A B C A B C A B C A B C
5 BK15 37 1235 1210 1378 1378 1378 1715 33 32 18 1625 1593
Bus 3 (90%L.34) 4 BK14 37 1235 1210 1378 1378 1378 1715 33 32 18 1625 1593
BK10 169 1275 1162 1388 1388 1388 1744 153 150 92 1662 1607
L34 3 BKS8 169 1275 1162 1388 1388 1388 1744 153 150 92 1662 1607
4 BK14 36 1365 1339 1520 1520 1520 1942 32 31 17 1838 1814
Bus 4 (10%L.34) BK10 168 1427 1310 1520 1520 1520 1989 150 145 80 1866 1816
3 BKS8 168 1427 1310 1520 1520 1520 1989 150 145 80 1866 1816
Bus 5 (90%L56) 4 BK10 171 1447 1327 1557 1557 1557 2022 152 147 77 1926 1879
L56 3 BK8 171 1447 1327 1557 1557 1557 2022 152 147 77 1926 1879
Bus 6(10%L56) 3 BKS8 171 1602 1478 1724 1724 1724 2355 150 143 68 2213 2194

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases. Bolds are

current magnitudes at relays that tripped the three-pole breakers for maximum (SLG) and minimum (LL) faults.

Table E.5: Calculated breaker fault current magnitudes of DG2-65 (Test mode 17) circuit path

Magnitudes of breaker fault currents [Amps]

Protection Fault LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location Relays | Breaker
Phase | Phase Phase Phase | Phase | Phase Phase | Phase | Phase Phase Phase Phase
A B C A B C A B C A B C
4 BK10 52 1342 1305 1485 1485 1485 1928 45 45 22 1850 1782
Bus 5(90%L56)
L56 3 BK8 52 1342 1305 1485 1485 1485 1928 45 45 22 1850 1782
Bus 6(10%L56) 3 BKS8 52 1527 1488 1685 1685 1685 2282 45 45 19 2195 2159

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases. Bolds are

current magnitudes at relays that tripped the three-pole breakers for maximum (SLG) and minimum (LL) faults.
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Table E.6: Calculated breaker fault current magnitudes of DG2-6781 (Test modes 3, 7, 12, 15, and 20) circuit path

Magnitudes of breaker fault currents [Amps]

Protection Fault Relays | Breaker LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase
A B C A B C A B C A B C
1 BK4 157 1047 945 1155 1155 1155 1373 144 143 91 1307 1274
BK5 157 1047 945 1155 1155 1155 1373 144 143 91 1307 1274
0,
Bus 8 (30%L.78) 2 BK6 249 1088 929 1170 1170 1170 1403 226 226 151 1340 1291
L78 3 BK7 249 1088 929 1170 1170 1170 1403 226 226 151 1340 1291
5 BK5 163 1262 1162 1368 1368 1368 1681 144 131 84 1595 1564
Bus 7 (10%L78) BK6 255 1295 1139 1371 1371 1371 1742 225 209 132 1620 1568
3 BK7 255 1295 1139 1371 1371 1371 1742 225 209 132 1620 1568
L67 Bus 7(90%L67) 3 BK7 248 1318 1152 1433 1433 1433 1801 224 223 127 1712 1661
Bus 6(10%L67) 3 BK7 254 1645 1477 1748 1748 1748 2400 228 204 105 2218 2204

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases. Bolds are
current magnitudes at relays that tripped the three-pole breakers for maximum (SLG) and minimum (LL) faults.

Table E.7: Calculated breaker fault current magnitudes of DG2-678 (Test modes 11, 14, and 19) circuit path

Magnitudes of breaker fault currents [Amps]

Protection Fault Relays | Breaker LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase
A B C A B C A B C A B C
1 BK4 64 989 947 1119 | 1119 | 1119 | 1336 57 58 36 1279 | 1234
BK5 64 989 947 1119 | 1119 | 1119 | 1336 57 58 36 1279 | 1234
Bus 8 (90%L.78) BK6 | 153 | 1031 | 930 | 1133 | 1133 | 1133 | 1364 | 136 | 138 | 92 | 1311 | 1249
L78 3 BK7 153 1031 930 1133 | 1133 | 1133 | 1364 136 138 92 1311 | 1249
) BK5 65 1196 | 1154 | 1326 | 1326 | 1326 | 1639 57 54 33 1561 | 1516
Bus 7 (10%L78) BK6 155 1228 | 1128 | 1328 | 1328 | 1328 | 1698 136 131 79 1584 | 1519
3 BK7 155 1228 | 1128 | 1328 | 1328 | 1328 | 1698 136 131 79 1584 | 1519
L6 Bus 7(90%L67) 3 BK7 152 1253 | 1149 | 1388 | 1388 | 1388 | 1750 135 136 75 1673 | 1609
Bus 6(10%L67) 3 BK7 154 1567 | 1459 | 1694 | 1694 | 1694 | 2339 136 128 62 2167 | 2136

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases. Bolds are
current magnitudes at relays that tripped the three-pole breakers for maximum (SLG) and minimum (LL) faults.
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Table E.8: Calculated breaker fault current magnitudes of DG2-67 (Test modes 13 and 21) circuit path

Magnitudes of breaker fault currents [Amps]
Protection Fault Rel LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location elays | Breaker
Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase
A B C A B C A B C A B C
2 BK6 87 1209 1148 1328 1328 1328 1669 77 76 42 1602 1529
Bus 7 (90%L67)
L67 3 BK7 87 1209 1148 1328 1328 1328 1669 77 76 42 1602 1529
Bus 6 (10%L67) 3 BK7 87 1552 1487 1700 1700 1700 2298 77 74 32 2206 2176
LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases.
Bolds are current magnitudes at relays that tripped the three-pole breakers for maximum (SLG) and minimum (LL) faults.
Table E.9: Calculated breaker fault current magnitudes of DG1-5678 (Test mode 4) circuit path
Magnitudes of breaker fault currents [Amps]
Protection Faul_t Relays | Breaker LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase
A B C A B C A B C A B C
1 BK4 65 915 874 1034 1034 1034 1204 58 58 38 1150 1124
) BK5 65 915 874 1034 1034 1034 1204 58 58 38 1150 1124
Bus 8 (90%L78) BK6 155 955 855 1047 1047 1047 1233 140 141 97 1182 1139
3 BK7 155 955 855 1047 1047 1047 1233 140 141 97 1182 1139
BK8 220 992 855 1067 1067 1067 1261 198 197 144 1211 1161
L78 4 BK10 220 992 855 1067 1067 1067 1261 198 197 144 1211 1161
5 BK5 66 1092 1052 1213 1213 1213 1453 59 55 36 1376 1353
BK6 158 1123 1027 1215 1215 1215 1467 140 132 86 1402 1356
Bus 7 (10%L.78) 3 BK7 158 1123 | 1027 | 1215 | 1215 | 1215 | 1503 140 132 86 1402 | 1356
BK8 223 1156 1021 1228 1228 1228 1523 197 189 128 1426 1371
4 BK10 223 1156 1021 1228 1228 1228 1523 197 189 128 1426 1371
3 BK7 155 1145 1042 1266 1266 1266 1545 139 139 83 1471 1426
Bus 7 (90%L67) BK8 219 1176 1033 1278 1278 1278 1566 195 196 123 1494 1439
4 BK10 219 1176 1033 1278 1278 1278 1566 195 196 123 1494 1439
L67 3 BK7 158 1405 1302 1522 1522 1522 1940 140 130 74 1844 1808
Bus 6 (109%L67) BK8 221 1428 1286 1525 1525 1525 1950 196 186 104 1861 1811
4 BK10 221 1428 1286 1525 1525 1525 1950 196 186 104 1861 1811
Bus 6 (90%L56) 3 BKS8 221 1480 1338 1582 1582 1582 2051 194 193 100 1951 1906
L56 4 BK10 221 1480 1338 1582 1582 1582 2051 194 193 100 1951 1906
Bus 5 (10%L56) 4 BK10 221 1638 1489 1750 1750 1750 2350 194 191 87 2241 2224

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases. Bolds are
current magnitudes at relays that tripped the three-pole breakers for maximum (SLG) and minimum (LL) faults.

430




Table E.10: Calculated breaker fault current magnitudes of DG1-34/56 (Test mode 5) circuit path

Magnitudes of breaker fault currents [Amps]
Protection Eault Relays | Breaker LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase
A B C A B C A B C A B C
Bus 3(90%L34) 5 BK15 36 1387 1363 1546 1546 1546 1995 31 31 16 1895 1864
us 0

L34 4 BK14 36 1387 | 1363 | 1546 | 1546 | 1546 | 1995 31 31 16 1895 | 1864
Bus 4(10%L.34) 4 BK14 36 1551 1526 1724 1724 1724 2303 31 31 14 2189 2189

Bus 6 (90%L56) 3 BK8 62 1399 1357 1548 1548 1548 2001 55 55 28 1901 1867

L56 4 BK10 62 1399 1357 1548 1548 1548 2001 55 55 28 1901 1867
Bus 5 (10%L.56) 4 BK10 62 1561 1518 1724 1724 1724 2306 54 54 24 2194 2190

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases. Bolds are

current magnitudes at relays that tripped the three-pole breakers for maximum (SLG) and minimum (LL) faults.

Table E.11: Calculated breaker fault current magnitudes of DG2-6 (Test mode 4) circuit path

Magnitudes of breaker fault currents [Amps]

Protection | ) | « LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Fault Location Relays | Breaker Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase
A B C A B C A B C A B C
NA NA 3 BK7 NA NA NA NA NA NA NA NA NA NA NA NA
BK8 NA NA NA NA NA NA NA NA NA NA NA NA

NA (not available): The DG2-6 (Test mode 22) circuit path did not have protection areas limited by power lines, so calculated breaker fault current magnitudes were not available.

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases.
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Table E.12: Calculated breaker fault current magnitudes of DG3-2187 (Test modes 5, 8, 17, and 22) circuit path

Magnitudes of breaker fault currents [Amps]
Protection Faul_t Relays | Breaker LL(BC) Fault 3PB Fault SLG(A) Fault DLG(BC) Fault
Areas Location Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase | Phase
A B C A B C A B C A B C
6 BK19 254 1112 962 1170 1170 1170 1405 224 225 155 1344 1293
BK20 254 1112 962 1170 1170 1170 1405 224 225 155 1344 1293
Bus 7 (90%L.78) . BK4 94 1038 981 1144 1144 1144 1353 82 82 52 1286 1262
L78 2 BK5 94 1038 981 1144 1144 1144 1353 82 82 52 1286 1262
BK19 253 1293 1138 1369 1369 1369 1702 222 222 132 1619 1567
Bus 8 (10%L78) 1 BK20 253 1293 1138 1369 1369 1369 1702 222 222 132 1619 1567
BK4 94 1237 1179 1365 1365 1365 1671 82 82 48 1576 1560
Bus 1 (90%L12) 6 BK19 252 1351 1193 1432 1432 1432 1799 222 221 127 1710 1659
L12 1 BK20 252 1351 1193 1432 1432 1432 1799 222 221 127 1710 1659
Bus 2 (10%L.12) 1 BK19 252 1644 1475 1747 1747 1747 2330 223 217 104 2216 2202

LL(BC): line-to-line fault at BC phases, 3PB: three phase balanced fault, SLG(A): single line-to-ground fault at A phase, DLG(BC): double line-to-ground fault at BC phases.
Bolds are current magnitudes at relays that tripped the three-pole breakers for maximum (SLG) and minimum (LL) faul
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Appendix F - Primary currents and line-to-ground voltages of pre-fault states

Table F.1: Pre-fault states of tripping and non-tripping tests for maximum and minimum fault overcurrents of Relay 2

Tests

Primary Currents and Line-to-ground Voltages

o 5]
§ 3 S s T .,r_urs Pre-fault Currents Bus 7 - Pre-fault Line-to-ground Voltages
o o = < g
> E %E Source - Circuit - Type of Fault - Fault § ;5 1A IB IC VA VB VC
= E = Location -Opened Breaker m 543
& & Mag. Pa Mag. Pe Mag. Pc Mag. 6 Mag. 65 Mag. 6c
[A] [°1 ] [A]l [°] [A] [°1 ] [V [°1 | [VI [°] V] [°]
. BK6 | IAW, IBW, Icw | 122 | -39.74 | 122 | -159.74 | 122 | 80.26
L56 lzJUTT",‘L',TTY\}SSSQ}S;DLLLGé%c)lf“;6;('26 3850 | -420 | 3850 | -12420 | 3850 | 115.80
- -LL(BC)-Bus5- BK5 | IAX, IBX, ICX | 215 | -3647 | 215 | -156.47 | 215 | 8353
sS1 1
. _ ) - BK6 | 1AW, BW, IcW | 122 | 3074 | 122 | -15074 | 122 | 80.26
Ler | o I-ITYSTONNZ fl_ﬁéBC?_)B%‘S’gBi? 3850 | -420 | 3850 | -124.20 | 3850 | 11580
BK5 | IAX, IBX, ICX | 215 | -3647 | 215 | -156.47 [ 215 | 8353
InGo. . - BK5 | IAX,IBX, ICX | 65 |-3979| 65 |-15079 | 65 | s0.21
Z’fég' L78 zggg g;ggg i'l:Gé'é) S“sg gl'zg 3040 | 292 | 3940 | -122.92 | 3940 | 117.08
- -LL(BC)-Buss- BK6 | 1Aw, BW,Icw | 156 | -3562 | 156 | 20438 | 156 | 84.38
3,7, AmroFTa. — BK5 | IAX,IBX,ICX | 160 | -3760 | 160 | -157.60 | 160 | 8240
ss2 | 12,15, | L78 ,DG2-6781-SLG(A)-Bus7-BKS 3870 | -3.91 | 3870 | -12391 | 3870 | 116.00
20 DG2-6781-LL(BC)-Bus8-BKS BK6 | IAW, IBW,ICW [ 253 |[-37.79 | 253 | -157.79 [ 253 | 82.21
) BK5 | IAX,IBX,ICX | 65 |-3937| 65 |-15037 | 65 | 80.63
1L 1 78 ,DG2-678-SLG(A)-BusT-BKS 3970 | -250 | 3970 | -12250 | 3970 | 117550
14,19 DG2-678-LL(BC)-Bus8-BK5 BK6 | 1AW, IBW,ICW | 156 | -3522 | 156 | -155.22 | 156 | 84.78
R T BK5 | IAX,IBX,ICX | 66 |-4049| 66 |-16049 | 66 | 79.51
ssa | a4 L78 ,DG1-5678-SLG(A)-Bus7-BK5 3870 | -3.62 | 3870 | -12362 | 3870 | 11638
DG1-5678-LL(BC)-Bus8-BK5 BK6 | 1AW, IBW,ICW | 158 | -36.28 | 158 | -156.28 | 158 | 83.72

! Maximum fault overcurrent tests, Minimum fault overcurrent tests. Bold represents backup protection tests.
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Table F.2: Pre-fault states of tripping and non-tripping tests for maximum and minimum fault overcurrents of Relay 3

Tests Primary Currents and Line-to-ground Voltages
o (<]
> _— O
e § S . = Qg Pre-fault Currents Bus 6 - Pre-fault Line-to-ground Voltages
o 5 © . v T
= 2 | 8 € | source- Circuit - Type of Fault - Fault 8 —;' IS 1A B Ic VA VB VC
=] 3 e< Location -Opened Breaker e} 8
E L —'g Mag. | pa | Mag. fe Mag. | pc | Mag. | 6, | Mag. &5 Mag. &¢
[A] o] [ [A] [°] [A] [T VM [T M [°] I\ [°]
TUTILITY-8765/1234-DLG(BC)-Bus6-BK8 | BKB | IAW, IBW, ICW | 56 | 38.74 | 56 | -158.74 | 56 | 8126
SSL{ 1| LS8 | 2yriLiTy-8765/1234-LL(BC)-Bus5-BK8 | BK7 | IAX, IBX, ICX | 122 | -30.74 | 122 | 15074 | 122 | 80.26 | S/00 | 505 | 3780 | -12505 | 3780 | 114.95
"DG2-678/65-SLG(A)-Bus6-BK8 BKS | IAW, IBW,ICW | 55 | 3562 | 55 | -15562 | 55 | 8438
L56 2DG2-678/65-LL(BC)-Bus5-BKS BK7 | IAX, IBX, ICX | 156 | 35.62 | 156 | 15562 | 156 | s4.3s | “0°0 | 193 | 4030 | -121.93 | 4030 | 118.07
2,6, "DG2-678/65-SLG(A)-Bus6-BK7 BK7 | IAX, IBX, ICX | 156 | 3562 | 156 | -15562 | 156 | 8438
918 | 67 2DG2-678/65-LL(BC)-Bus7-BK7 BK8 | IAW, IBW, ICW | 55 | 3562 | 55 | 15562 | 55 | sa3s | “0°0 | 193 | 4030 | -121.93 | 4030 | 118.07
"DG2-678/65-SLG(A)-Bus7-BK7 BK7 | IAX, IBX, ICX | 156 | 3562 | 156 | -15562 | 156 | 8438
L78 2DG2-678/65-LL (BC)-Buss-BK7 BKS | IAW, IBW, ICW | 55 | 3562 | 55 | -15562 | 55 | sa3s | “0°0 | "1.93 | 4030 | -121.93 | 4030 | 118.07
TDG2-67/65-SLG(A)-Bus6-BK8 BKS | IAW, IBW,ICW | 54 | 35.4 | 54 | 15514 | 54 | 8486
s | 10 L56 2DG2-67/65-LL(BC)-Bus5-BK8 BK7 | IAX, IBX,ICX | 90 | -4011| 90 | -160.11 | 90 | 79.89 | 4060 | -145 | 4060 | -121.45 ] 4060 | 118.55
16 "DG2-67/65-SLG(A)-Bus6-BK7 BK7 | IAX, IBX,ICX | 90 | 4011 | 90 | -16011 | 90 | 79.89
L67 2DG2-67/65-LL(BC)-Bus7-BK7 BK8 | IAW, IBW,ICW | 54 | -35.14 | 54 | -155.14 | 54 | 8age | 000 | 145 | 4060 | -121.45 | 4060 | 11855
"DG2-6543-SLG(A)-Bus4-BK8 BK8 | IAW, IBW, ICW | 173 | -36.64 | 173 | -156.64 | 173 | 8336
. L34 2DG2-6543-LL(BC)-Bus3-BK8 BK7 | IAX,IBX,ICX | 0 | 000 | 0 0.00 0 [ o000 | 4050 | -1.65 | 4050 | -12185 | 4050 | 118.35
TDG2-6543-SLG(A) Bus6-BKS BKS | IAW, IBW, ICW | 173 | 3664 | 173 | -15664 | 173 | 8336
L56 ?DG2-6543-LL(BC)-Bus5-BK8 BK7 | IAX,IBX,ICX | 0 | 000 | 0 0.00 0 | o000 | 4050 | 165 | 4050 | -121.65 | 4050 | 118.35
"DG2-65-SLG(A)-Bus6-BK8 BKS | IAW, IBW,ICW | 53 | 3449 | 53 | -15449 | 53 | 8551
17| Les *DG2-65-LL(BC)-Bus5-BK8 BK7 | IAX.1BX.ICX | 0 [ 000 | 0 | 000 | o [ ooo | *00 | 0.80 | 4100 ) -120.80 | 4100 | 119.20
1
37 DG2-6781-SLG(A)-Bus6-BK? BK7 | IAX, IBX, ICX_| 253 | -37.79 | 253 | -157.79 | 253 | 8221 ] ]
1 | 2DG2-6781-LL(BC)-Bus7-BK7 BK8 | 1AW, IBW,ICW | 0 | 000 | 0 | 000 | 0 [ ooo | 400 | 225 | 4010 | 12225 | 4010 | 117.75
15, 'DG2-6781-SLG(A)-Bus7-BK7 BK7 | IAX, IBX,ICX | 253 | -37.79 | 253 | -157.79 | 253 | 8221
S I “DG2-6781-L L (BC)-BusB-BK7 BK8 | IAW, IBW,ICW | 0 | 000 | 0 | 000 | o | ooo | ‘00 | 2% | 4010 ) 42225 ] 4010 | L1775
"DG2-678-SLG(A)-Bus6-BK7 BK7 | IAX, IBX,ICX | 156 | 3522 | 156 | -15522 | 156 | 84.78
i *DG2-678-LL(BC)-Bus7-BK7 BK8 | JAW, 1IBW.ICW | 0 | 000 | 0 | 000 | o0 | ooo | %0 | 158 | 4050 | 12153 ] 4050 | 11847
' "DG2-678-SLG(A) BUs7-BK7 BK7 | IAX, IBX,ICX | 156 | -35.22 | 156 | -155.22 | 156 | 84.78
19  1BX, ] ]
L78 °DG2-678-L L (BC)-Buss-BK7 BK8 | IAW,IBW,ICW | 0 | 000 | 0 0.00 0 | o000 | 4050 | -153 | 4050 | -121.53 | 4050 | 118.47
13, DG2-67-SLG(A)-Bus6-BK7 BK7 | IAX, IBX,ICX | 89 | 3072 | 89 | -150.72 | 89 | 80.28
5S4 a1 [ W7 *DG2-67-LL(BC)-Bus7-BK7 BK8 | IAW,IBW,ICW | 0 | 000 | 0 | 000 | 0 [ ooo | 409 [ -106 | 409 | 12106 | 4090 ] 118.94
TDGL5678-SLG(A)-Bus6-BK7 BK7 | IAX, IBX, ICX | 158 | -36.28 | 158 | -156.28 | 158 | 83.72
sss | 4 L67 ’DG1-5678-LL(BC)-Bus7-BK7 BK8 | 1AW, IBW, ICW | 224 | 36.65 | 224 | -156.65 | 224 | 83.35 | S000 | 259 | 3960 | -122.59 | 3960 | 11741
"DG1.5678-SLG(A)-Bus7-BK7 BK7 | IAX, IBX, ICX | 158 | -36.28 | 158 | -156.28 | 158 | 83.72
L78 ?DG1-5678-L L (BC)-Bus8-BK7 BK8 | IAW, IBW, ICW | 224 | -36.65 | 224 | -156.65 | 224 | 83.35 | 000 | 259 | 3960 | -122.59 | 3960 | 117.41

1 Maximum fault overcurrent tests, Minimum fault overcurrent tests. Bold represents backup protection tests.
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Appendix G - Primary currents and line-to-ground voltages of post-fault states

Table G.1: Post-fault states of tripping and non-tripping tests for maximum and minimum fault overcurrents of Relay 2

Tests Primary Currents and Line-to-ground Voltages
o 5]
§ § 5 " s T J_E Post-fault Currents Bus 7 - Post-fault Line-to-ground Voltages
G B ®© < 98
> E %E Source - Circuit - Type of Fault - Fault § ;5 1A IB IC VA VB VC
= E = Location -Opened Breaker m 543
& & Mag. Pa Mag. Pe Mag. Pc Mag. 6 Mag. 65 Mag. 6c
[Al [ [°]1 ] [A] [°1 | [Al [°1 ] [V [°1T]| M [°1T | M [°]
WUTILITY-8765/1234-DLG(BC)-Bus6-Bke | BKE | 1AW, IBW,ICW | 0 0.00 0 0.00 0 0.00
L56 2UTILITY-8765/1234-L L (BC)-BUs5-BK6 3960 | -2.71 | 3960 | -122.71 | 3960 | 117.29
ss1 ) - -LL(BC)-Buss- BK5 | IAX, IBX, ICX 92 | -4137| 92 |-16137 | 92 78.63
WUTILITY-8765/1234-DLG(BC)-Bus7-BK6 BK6 | 1AW, IBW, ICW 0 0.00 0 0.00 0 0.00
L67 2 3960 | -2.71 | 3960 | -122.71 | 3960 | 117.29
UTILITY-8765/1234-LL(BC)-Bus6-BK6 BK5 | IAX, IBX, ICX 92 | -4137| 92 | -16137 | 92 | 7863
1 BK5 | IAX, IBX, ICX 0 0.00 0 0.00 0 0.00
2691 g ,DG2-678/65-SLG(A)-Bus7-BKS 4010 | -201 | 4010 | -12201 | 4010 | 117.99
18 DG2-678/65-LL(BC)-Bus8-BK5 BK6 | IAW, IBW,ICw | 90 |-4067 | 90 | -16067 | 90 | 79.33
3,7, 1 BK5 | 1AX, IBX, ICX 0 0.00 0 0.00 0 0.00
ss2 | 12,15, | L7s ,DG2-6781-SLG(A)-BusT-BKS 4040 | -161 | 4040 | -121.61 | 4040 | 118.39
20 DG2-6781-LL(BC)-Bus8-BK5 BK6 | IAW, IBW,ICW | 89 |-4027 | 89 [ -160.27 | 89 | 79.73
11 'DG2-678-SLG(A)-Bus7-BK5 BK5 IAX, IBX, ICX 0 0.00 0 0.00 0 0.00
: L78 4040 | -1.61 | 4040 | -121.61 | 4040 | 118.39
14,19 ’DG2-678-LL(BC)-Bus8-BK5 BK6 | IAW, IBW, ICW 89 | -4027 | 89 | -160.27 | 89 79.73
1 BK5 | 1AX, IBX, ICX 0 0.00 0 0.00 0 0.00
ssa | 4 L78 ,DG1-5678-SLG(A)-Bus7-BKS 3060 | -2.47 | 3960 | -122.47 | 3960 | 11753
DG1-5678-LL(BC)-Bus8-BK5 BK6 | IAW, IBW,ICwW | 91 |-4113| 91 | -161.13 | 91 | 7887

! Maximum fault overcurrent tests, Minimum fault overcurrent tests. Bold represents backup protection tests.
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Table G.2: Post-fault states of tripping and non-tripping tests for maximum and minimum fault overcurrents of Relay 3

s N _ Tests B % Primary Currents and Line-to-ground Voltages
8 };3 % P o _9? %E Post-fault Currents Bus 6 - Post-fault Line-to-ground Voltages
2| 2 2 E Source - Circuit - Type of Fault - Fault | § > E A IB IC VA VB VC
% & = Location -Opened Breaker m 35 Mag. | Ba Mag. Bo Mag. Be Mag. 5n | Mag. 5 Mag. 5
@ . (Al | [°1 [ Al Y Y W 4 I I I I A4 [°] 4 [°]
SSL 1 | L%6 1%JJT”fliTTszgsgé}fgztDLLﬁéBc?Biz263%8 bK7 IlAAV;/(, 'lBBVZ’ iox | o6 | anor | o5 | aeegr | e [ 7iop] 0 | 392 | 3860 | 12392 | 3860 | 11608
55 | DCrerasiibommaaks [ oir | iox | ges | sess | aa | isess | sss [anes | 00 | 48 | 40 | otas | aoso | usso
gf L67 1'3232?3?22&?&’3333?5@ SE; ||AAV)\;,' ||§v)\(/, I|<C:)\§v 503 -gfgo 503 -1%2230 503 805.()500 4100 | 081 | 4100 | -120.81 | 4100 | 119.19
1
L78 282522525222&?5(81232;:2EZ EE; |IAAV)\;: II:v)\(/, I|<C:)\jv 503 24020 503 _1%2230 503 805'?500 4100 | -0.81 | 4100 | -12081 | 4100 | 119.19
ss2 | 10, L6 iggiigiﬁgﬁﬁfé’égigﬂigigEg EE? I|AAV>V<Y, |Izv>z, |I(C:>\év 808 -gé(.)ge 808 -1%2(3).%6 808 80i.()304 4160 | 000 4160 | -12000 | 4160 | 120.00
P | e et iciawar T o oo s e e | oo | awo | e | o | 1o
T
N e e e e el I e Rl B
o | pemmucmmene oo mow o om o Lo o T o [ e | om | toaes | om0 | es
v [ | powsememne e lRwEnow o Lot s oo b0 00 i | e | amo | e | w0 |
| W7 | ooremiiieciereks ek | awiewiicw | o oo | o | oo | o oo | ‘% | 042 | 40 | 120 | ao | s
15, 1DG2-6781- -Bus7- , IBX, . . .
R L78 z?gg_g;gi_&%’é‘g_gﬂzg_gﬁ; EE% I:A:Vz IE\ZV' :'gw g EEE g EEE 8 §.§§ 4130 | -042 | 4130 | -12042 | 4130 | 119.58
il{ L67 zggg:ggg:ft(eég:gﬂ:?:gz R E AW,’IBV\;, = g 3.00 g 3.00 g 000 | 4130 | 042 | 4130 | -12042 | 4130 | 11958
s [ | pEmmememse | ECRXEEC o f a0 a0 0 00 s | ow | | e | | e
si| B | | peoeommenr e lmCBECH o Tom o Lt o P00 e | o | aw | ez | e | e
T
R e s o el Bl el Il
L8 | :Dorserrisoyusbir | “oko | Aw ibw iew | 5 | ares | 5 | eras| o [ epar] ‘00 | 09 | 4090 | 42096 | 400 | 11904

1 Maximum fault overcurrent tests, Minimum fault overcurrent tests. Bold represents backup protection tests.
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Appendix H - Primary currents and line-to-ground voltages of fault states

Table H.1: Fault states of tripping and non-tripping tests for maximum fault overcurrents of Relay 2

Tests Primary Currents and Line-to-ground Voltages
[oX [
§ 3 S - T E Fault Currents Bus 7 - Fault Line-to-ground Voltages
o S |8 & 2 3
= E % E Source - Circuit - Type of Fault - Fault § _;' c 1A IB IC VA VB VC
B é = Location -Opened Breaker m 38
& Pt Mag. Pa Mag. P Mag. Pc Mag. 6 Mag. 65 Mag. 6c
[A] [°1 | [Al [°1 | [Al (°1 (M [ I[°T] M [°1 | V] [°]
BK6 | IAW, IBW, ICW 82 -35.26 2101 162.69 2093 43.06
L56 | UTILITY-8765/1234-DLG(BC)-Bus6-BK6 3890 | -3.81 | 1486 | -124.25 | 1512 | 115.20
ss1 L BK5 | 1AX, IBX, ICX 156 -35.63 | 2143 | 163.18 | 2100 | 44.30
BK6 | 1AW, IBW, ICW 82 -34.30 | 3170 | 161.98 | 3162 | 42.05
L67 UTILITY-8765/1234-DLG(BC)-Bus7-BK6 3890 | -3.82 224 | -124.96 | 230 114.19
BK5 | 1AX, IBX, ICX 146 -35.12 | 3198 | 161.89 | 3159 | 42.70
26 BK5 | 1AX, IBX, ICX 1650 | 100.07 57 4556 54 -121.69
e L78 DG2-678/65-SLG(A)-Bus7-BK5 118 -7.85 3538 | -112.60 | 3576 106.63
9,1 BK6 | IAW, IBW, ICW | 1709 | 100.34 137 46.11 137 | -121.25
3,7, BK5 | 1AX, IBX, ICX 1681 | 101.12 144 46.85 131 119.96
SS2 12, L78 DG2-6781-SLG(A)-Bus7-BK5 120 -6.78 | 3514 | -114.01 | 3499 | 106.43
15, 20 BK6 | IAW, IBW, ICW | 1742 | 101.65 225 45.92 209 | -120.32
11 BK5 | 1AX, IBX, ICX 1639 99.68 57 4551 54 -121.79
' L78 DG2-678-SLG(A)-Bus7-BK5 118 -8.23 3538 | -112.06 | 3607 106.70
14,19 BK6 | IAW, IBW, ICW | 1698 | 100.19 136 4553 131 | -120.82
BK5 | 1AX, IBX, ICX 1453 | 101.27 59 45.00 55 -121.01
SS4 4 L78 DG1-5678-SLG(A)-Bus7-BK5 104 -6.64 3541 | -115.18 | 3559 107.89
BK6 | IAW, IBW, ICW | 1467 | 101.93 140 45.06 132 | -120.10

Bold represents backup protection tests.
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Table H.2: Fault states of tripping and non-tripping tests for minimum fault overcurrents of Relay 2

Tests Primary Currents and Line-to-ground Voltages
Qo [<5]
§ § S " = @é Fault Currents Bus 7 - Fault Line-to-ground Voltages
(O] s © ~ L5
> 2 % £| source- Circuit - Type of Fault - g 3 E IA IB IC VA VB VC
‘B E = Fault Location -Opened Breaker o0 24
& Pt Mag. Pa Mag. Ps Mag. Pc Mag. N Mag. 6 Mag. 6c
[A] [°1 | [Al [°1 | [Al [°1 | Al | [°1 [ [A] [°1 | [Al [°]
BK6 | IAW, IBW, ICW | 122 -38.12 | 1564 | -168.34 | 1488 | 15.28
L56 | UTILITY-8765/1234-LL(BC)-Bus5-BK6 4090 | -1.15 | 2689 | -142.98 | 2582 | 138.77
ss1 L BK5 | 1AX, IBX, ICX 215 -37.74 | 1622 | -168.59 | 1490 | 17.70
BK6 | IAW, IBW, ICW | 122 -38.12 | 1845 | -168.79 | 1767 | 14.23
L67 | UTILITY-8765/1234-LL(BC)-Bus6-BK6 4090 | -1.15 | 2478 | -149.54 | 2367 | 145.56
BK5 | 1AX, IBX, ICX 215 -37.74 | 1897 | -169.14 | 1761 | 16.13
269 BK5 | 1AX, IBX, ICX 64 136.39 | 996 421 954 | -172.92
| L8 DG2-678/65-LL(BC)-Bus8-BK5 3867 | -2.88 | 2095 | -163.34 | 2018 | 156.77
18 BK6 | IAW, IBW,Icw | 153 | 13722 | 1036 [ 3.11 936 | -170.12
3,7, BK5 | 1AX, IBX, ICX 157 | 13750 | 1047 347 945 | -169.67
SS2 | 12,15, | L78 DG2-6781-LL(BC)-Bus8-BK5 3798 | -3.84 | 2045 | -163.33 | 2014 | 155.31
20 BK6 | IAW, IBW, ICW | 249 | 137.63 | 1088 252 929 | -166.59
11 BK5 | 1AX, IBX, ICX 64 136.35 | 989 3.80 947 | -173.34
' L78 DG2-678-LL(BC)-Bus8-BK5 3882 | -2.40 | 2110 | -163.14 | 2013 | 157.37
14,19 BK6 | IAW, IBW, ICW | 153 | 137.18 | 1031 | 2.68 930 | -170.57
BK5 | 1AX, IBX, ICX 65 141.44 | 915 9.98 874 | -166.81
SS4 4 L78 DG1-5678-LL(BC)-Bus8-BK5 3809 | -3.59 | 2029 | -165.08 | 1991 | 157.52
BK6 | IAW, IBW,ICW | 155 | 14226 | 955 8.74 855 | -163.66

Bold represents backup protection tests.
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Table H.3: Fault states of tripping and non-tripping tests for maximum fault overcurrents of Relay 3

a Tests ° Primary Currents and Line-to-ground Voltages
=] — C .
o 3 5 = g Fault Currents Bus 6 - Fault Line-to-ground Voltages
G| 2|58 g S5
> | 2 89 Source - Circuit - Type of Fault - © —3' = A IB IC VA VB VC
c % inm L b =
= E E < Fault Location -Opened Breaker o 3 7 Mag. Ba Mag. o Mag. Bc Mag. | 6x | Mag. 55 Mag. 5c
<5 o ) o o o o
0 = [A] [°] | [A] [°] [A] [°] N [°1] M [°] V] [°]
ss1 1 Ls6 UTILITY-8765/1234-DLG(BC)-Bus6- BK8 | IAW, IBW, ICW 37 -34.36 | 2046 162.93 2045 42.40 3832 | 477 1 127.04 1 112.43
BK8 BK7 | IAX, IBX,ICX | 82 | -353L | 2101 | 16277 | 2093 | 43.15
BK8 | IAW, IBW, ICW | 2371 | -8330 | 48 | -132.10 | 46 | 57.95
) - -Bus6- 000 | 3514 | -10524 | 3473 | 10182
L56 DG2-678/65-SLG(A)-Bus6-BK8 BK7 | I1AX, IBX,ICX | 21 | 15083 | 136 | 4764 | 128 | 12262 | °
2,6, BK7 | IAX,IBX,ICX | 2369 | 97.28 | 137 48.59 128 | -122.03
] . “Bus6-  BA, : : : 000 | 3514 | -10524 | 3473 | 101.82
fé L67 DG2-678/65-SLG(A)-Bus6-BK7 BK8 | 1AW, IBW,ICW | 8 | 000 | 47 | 13323 | 46 | 5882 | °
BK7 | IAX, IBX,ICX | 1709 | 10034 | 137 | 4611 | 137 | -121.25
. . _BusT- » BA 2a42 | 756 | 3614 | -111.08 | 3636 | 107.20
L78 DG2-678/65-SLG(A)-Bus7-BK7 BK8 | IAW, IBW, ICW | 22 | -37.44 | 48 | -14072 | 48 | 6594
BK8 | IAW, IBW, ICW | 2330 | -84.10 | 46 | -131.87 | 45 | 57.54
67/65- -Bus6- ST o | 000 | 3517 | -10456 | 3510 | 101.88
s | 10 L56 DG2-67/65-SLG(A)-Bust-BK8 BK7 | IAX,IBX,ICX | 12 | 000 | 77 | 4810 | 75 | -12214
16 BK7 | IAX, IBX, ICX | 2327 | 9%6.22 | 78 48.78 74 | -121.94
67/65- -Bus6-  BX, 0.00 | 3517 | -10456 | 3510 | 101.88
L67 DG2-67/65-SLG(A)-Busb-BK7 BK8 | IAW, BW,ICW | 8 | 000 | 46 | -13298 | 45 | 5839 | °
BK8 | IAW, IBW,ICW | 1989 | -81.14 | 150 | -13332 | 145 | 57.88 -
-6543- _Busd- -108.32 104.94
8 L34 DG2-6543-SLG(A)-Bus4-BK8 5 T 1A BY. 10X S o ; o 5 ] 1398 | ) g | 356 | 10832 | 3504 | 1049
BK8 | IAW, IBW, ICW | 2355 | 8336 | 150 | -131.87 | 143 | 57.32
-6543- “Bus6- 0.00 15 | -104.85 | 3494 | 101.86
L56 DG2-6543-SLG(A)-Bus6-BK8 5 T 1A B 10X S o : o ; o 0 3515 349
BK8 | IAW, IBW, ICW | 2282 | -8535 | 45 | -13.71 | 45 | 5713
65- _Bus6- 0.00 | 3519 | -10368 | 3562 | 101.98
17 L56 DG2-65-SLG(A)-Bus6-BK8 BK7 IAX, IBX, ICX 0 0.00 0 0.00 0 0.00 °
BK7 | IAX, IBX, ICX | 2400 | 9817 | 228 | 4926 | 204 | -121.01
3,7, 6781- -Bus6- kel o | 000 | 3512 | -105.72 | 3451 | 10178
| DG2-6781-SLG(A)-Bus6-BK7 BK8 | IAW, IBW, ICW | o0 0.00 0 0.00 0 0.00
15, BK7 | IAX, IBX, ICX | 1742 | 10138 | 225 | 4631 | 209 | -120.72
6781 -Bus7- » BA 24 651 | 3627 | -111.65 | 3609 | 107.40
s 20 | L78 DG2-6781-SL.G(A)-Bus7-BK7 BK8 | IAW,IBW,ICW | 0 | 000 0 0.00 0 0.00 88
BK7 | IAX, IBX, ICX | 2339 | 96.60 | 136 | 47.09 | 128 | -123.25
678- BUS6- » B4 0o | 000 | 3515 | -10470 | 3504 | 101.88
1, L67 DG2-678-SLG(A)-Bus6-BK7 BK8 | IAW, BW,ICW | 0 | 000 0 0.00 0 0.00
' BK7 | IAX, IBX, ICX | 1698 | 99.92 | 136 | 4459 | 131 | -12243
9| L DG2-678-SLG(A)-BusT-BKT BK8 | IAW, BW,ICW | 0 | 000 | o 0.00 0 000 | 2476 | 99| 3615 | -L10ST 1 8667 ) 10727
3 BK7 | IAX, IBX, ICX | 2208 | 9642 | 77 4854 74 | -122.06
' -67- -Bus6- 000 | 3518 | -104.03 | 3541 | 101.94
SS4 | 5 | L67 DG2-67-SLG(A)-Bus6-BK7 BK8 | 1AW, BW,ICW | 0 | 000 0 0.00 0 0.00 0
BK7 | IAX, IBX, ICX | 1940 | 99.63 | 140 | 4753 | 130 | -120.92
5678- “Bus6- » BA 277 | 828 | 3522 | -11014 | 3526 | 105.07
s | L67 DG1-5678-SLG(A)-Bus6-BK7 BK8 | IAW, IBW, ICW | 1950 | 99.89 | 196 | 4619 | 186 | -121.72
BK7 | IAX, IBX, ICX | 1503 | 101.74 | 140 | 4550 | 132 | -12056
5678- -BusT-  OA 7 | 615 | 3615 | -11368 | 3624 | 10851
L78 DG1-5678-SL.G(A)-Bus7-BK7 BK8 | 1AW, IBW, ICW | 1523 | 10241 | 197 | 2335 | 189 | -1so1| 2

Bold represents backup protection tests.
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Table H.4: Fault states of tripping and non-tripping tests for minimum fault overcurrents of Relay 3

o) Tests g Primary Currents and Line-to-ground Voltages
(<5} c D i
8 B 29 _9? % E Fault Currents Bus 6 - Fault Line-to-ground Voltages
> 2 8 E Source - Circuit - Type of Fault- | 3 —;' c 1A B IC VB VC
< 173 o - _ :
E & = Fault Location -Opened Breaker m 3 é Mag. Ba Mag. Bo Mag. Be Mag. 5n | Mag. 5 Mag. 5
& [A] [°1 [ [A] [°1 | [A] [°] M [ [°1] M [°] [\ [°]
UTILITY-8765/1234-LL(BC)-Bus5- | BK8 | IAW, IBW,ICW | 56 | -37.48 | 1539 [ -167.69 | 1504 13.95
-5.05 -169.42 159.05
S L56 BKS BK7 | IAX,IBX, ICX | 122 | -38.12 | 1564 | -168.34 | 1488 | 1528 | >'°° 1981 1970
BK8 [ IAW, IBW,ICW | 53 | -37.34 | 1392 [ -172.50 | 1354 9.11
§ . Bus5- -1.84 -168.7 163.
L56 DG2-678/65-LL(BC)-Bus5-BK8 BK7 | 1AX IBX, ICX 152 | 14238 | 75 2454 o1 2081 | 3922 84 | 2097 68.76 | 1937 | 163.96
2,6, ] ] R, BK7 | 1AX, IBX, ICX 153 | 142.31 | 1265 6.95 1161 | -167.73 . .
o1 L67 DG2-678/65-LL(BC)-Bus7-BK7 Bre [ TAwW. BW. oW | 54 | 3736 | 29 16711 30 Tig3g | 3935 | -186 | 2229 | -15891 | 2074 | 153.35
BK7 | 1AX, IBX, ICX 142.26 8.15 -165.07
L78 DG2-678/65-LL(BC)-Bus8-BK7 153 1036 936 3955 | -1.89 | 2509 | -147.73 | 2348 | 141.24
BK8 | IAW, IBW,ICW | 54 | -37.40 | 33 178.05 33 106.49
L56 DG2-67/65-LL(BC)-Bus5-BKS BKS | IAW, IBW,ICW | 53 | 3739 | 1360 | -17336 | 1332 | 822 | 590 | 541 | 2118 | -16872 | 1040 | 164.72
ss2 | 10,16 BK7 | 1AX, IBX, ICX 87 | 14286 | 44 -24.36 45 -49.74
’ BK7 | 1AX, IBX, ICX 88 [ 142.84 | 1221 6.93 1159 | -170.04
. . Bus7- 1 BA, -1.42 -159.25 154.17
L67 DG2-67/65-LL(BC)-Bus7-BK7 Bre [ AW, BW. oW | 53 | 37.42 29 16558 28 Tigor | 3%1 2254 2060
BK8 | 1AW, IBW,ICW | 169 | -37.84 | 1275 [ -172.98 | 1162 12.93 . .
. L34 DG2-6543-LL(BC)-Bus3-BK8 BK7 | IAX. IBX. 1CX 0 0.00 5 0,00 0 0.00 3950 | -1.62 | 2267 | -159.82 | 2028 | 153.85
BK8 | 1AW, IBW,ICW | 168 | -37.80 | 1427 [ -174.27 | 1310 10.83
-6543- _BUS5- : : -1.59 -168.63 164.33
L56 DG2-6543-LL(BC)-Bus5-BK8 BK7 | 1AX IBX. 10X 0 .00 5 .00 0 0.00 3937 2107 1942
BK8 | 1AW, IBW,ICW | 52 | -3748 | 1342 [ -174.69 | 1305 6.87
-65- -Bus5- : : -0.83 -168.66 165.69
17 L56 DG2-65-LL(BC)-Bus5-BK8 BK7 | 1AX IBX. 10X 0 .00 5 .00 0 000 3986 2146 1942
BK7 | 1AX, IBX, ICX 248 | 14258 | 1318 6.51 1152 | -164.91
31,27, L67 DG2-6781-LL(BC)-Bus7-BK7 BKS | IAW. IBW, ICW 0 0.00 0 0.00 o 0.00 3919 | -2.16 | 2210 | -15854 | 2090 | 152.78
i BK7 | 1AX, IBX, ICX 249 | 14253 | 1088 7.55 929 | -16152
15, 20 6781~ -Buss- LAY -2.18 -146.89 140.73
. L78 DG2-6781-LL(BC)-Bus8-BK7 BKe | 1AW, 1IBW. ICW 0 000 5 .00 o 000 3938 2491 2387
BK7 | 1AX, IBX, ICX 152 | 142.27 | 1253 6.35 1149 | -168.35
L67 DG2-678-LL(BC)-Bus7-BK7 4 002 | 2 -157.59 | 2116 | 155.46
11, 6 G2-678-LL(BC)-Bus BK8 | IAW,IBW,ICW | o | 000 | o 0.00 0 0.00 060 309 6
19 L78 DG2-678-LL (BC)-Bus8-BK7 BK7_| 1AX, IBX, ICX 153 {14223 | 1031 7.73 930 16552 4080 | 0.00 | 2597 146.56 | 2390 | 143.20
-678-LL(BC)-Buss- BK8 | IAW, IBW, ICW 0 0.00 0 0.00 0 0.00 ' ' ’
BK7 | 1AX, IBX, ICX 87 [ 14279 ] 1210 6.28 1148 | -170.71
-67- -Bus7- L -0.02 -158.36 155.80
Ss4 | 13,21 | L67 DG2-67-LL(BC)-Bus7-BK7 BRe | 1AW, IBW. IoW 0 0.00 0 000 0 0.00 4057 2316 2088
BK7 | 1AX, IBX, ICX 155 | 141.24 | 1145 6.89 1042 | -167.00
5678~ _Bus7- LSZAY -2.54 -160. 154.
s . L67 DG1-5678-LL(BC)-Bus7-BK7 BKe | 1AW, BW.1ow | 210 [ 140.00 | 1176 624 1033 | 16507 | 3881 54 | 2138 60.99 | 2049 | 154.90
BK7 | 1AX, IBX, ICX 155 | 141.21 | 955 7.68 855 | -164.72
5678~ -Buss- 1 B2, -2, -149. 143.
L78 DG1-5678-LL(BC)-Bus8-BK7 BKe | 1AW, 1BW 1ow | 220 | 12005 | 902 719 aee T 10207 | 389 56 | 2385 9.69 | 2294 3.08

Bold represents backup protection tests.
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Appendix | - Secondary currents and line-to-ground voltages of pre-fault states

Table 1.1: Pre-fault states of tripping and non-tripping tests for maximum and minimum fault overcurrents of Relay 2

Tests Secondary Currents and Line-to-ground Voltages (CTR =200, PTR = 60)
o 5]
§ 3 S s T .,r_urs Pre-fault Currents Bus 7 - Pre-fault Line-to-ground Voltages
o o = < g
> E %E Source - Circuit - Type of Fault - Fault § ; c 1As IBs ICs VAs VBs VCs
= E = Location -Opened Breaker ) 543
& & Mag. Pa Mag. Pe Mag. Pc Mag. 6 Mag. 65 Mag. 6c
[A] [°1 ] [A]l [°] [A] [°1 | [V [°1 | M [°] vl [°]
. BK6 | IAW, IBW, ICW | 061 | -39.74 | 061 | -159.74 | 061 | 80.26
L56 lzJUTT"i?fg?g’gfggfﬂ‘fI(BBCC)EB“gsé?('? 6417 | -420 | 64.17 | 12420 | 64.17 | 115.80
- -LL(BC)-BusS- BK5 | 1AX,1BX,ICX | 108 | -3647 | 108 | -156.47 | 108 | 8353
SS1 1
1 : i - BK6 | 1AW, IBW,ICW | 061 | -39.74 | 061 | -159.74 | 061 | 80.26
L67 EJJT'ILSTYY?;%SS;PLL&I(BBS_)B?J‘S‘ZTB'?('EG 6417 | -420 | 64.17 | -124.20 | 64.17 | 115.80
BK5 | 1AX, IBX, ICX 1.08 | -36.47 | 1.08 | -156.47 | 1.08 | 8353
Ineo. i - BK5 | IAX,IBX,ICX | 033 |-39.79 | 033 | -159.79 | 0.33 | 80.21
Z’fég' L78 2822 gggﬁgg i'[GEE'é) g“s; gEg 6567 | -292 | 65.67 | -12202 | 65.67 | 117.08
- -LL(BC)-Buss- BK6 | IAW, IBW,Icw | 078 | -3562 | 078 | 20438 | 078 | 8438
3,7, 1 BK5 | IAX,IBX,ICX | 080 | -3760 | 0.80 | -157.60 | 0.80 | 82.40
ss2 | 12.15, | L7s 2362'6781'SLG(A)'B“37'BK5 6450 | -391 | 6450 | -123.91 | 6450 | 116.09
20 G2-6781-LL(BC)-Bus8-BKS BK6 | IAW, IBW, ICW | 127 | -37.79 | 127 | -157.79 [ 127 | 82.21
1 BK5 | 1AX, IBX,ICX | 032 |-39.37 | 032 | -150.37 | 032 | 80.63
1L 1 |78 ,DG2-678-SLG(A)-Bus7-BK5 6617 | -250 | 66.17 | -12250 | 66.17 | 117.50
14,19 DG2-678-LL(BC)-Bus8-BK5 BK6 | 1AW, IBW, ICW | 0.78 | -3522 | 0.78 | -155.22 | 0.78 | 84.78
[P — BK5 | 1AX, IBX,ICX | 033 | -40.49 | 033 | -16049 | 033 | 79.51
ssa | 4 L78 ,DG1-5678-SLG(A)-Bus7-BKS 6450 | -362 | 6450 | -12362 | 6450 | 116.38
DG1-5678-LL(BC)-Bus8-BK5 BK6 | 1AW, IBW, ICW | 079 | -36.28 | 0.79 | -156.28 | 0.79 | 83.72

1 Maximum fault overcurrent tests, “Minimum fault overcurrent tests. Bold represents backup protection tests. CTR = current transformer ratio, PTR = potential transformer ratio.

441




Table 1.2: Pre-fault states of tripping and non-tripping tests for maximum and minimum fault overcurrents of Relay 3

Tests Secondary Currents and Line-to-ground Voltages (CTR =200, PTR = 60)
o (<]
> _— O
o § E I = g g Pre-fault Currents Bus 6 - Pre-fault Line-to-ground Voltages
o 5 © . v T
=2 E % E Source - CII?CUIt - Type of Fault - Fault § ; E 1As IBs ICs VAS VBs VCs
=] > j Location -Opened Breaker e} 3 =
E L —'g Mag. | pa | Mag. Be Mag. | pc | Mag. | 65 | Mag. 65 Mag. 6¢c
[A] o] [ [A] [°] [A] [T VM [T M [°] I\ [°]
TUTILITY-8765/1234-DLG(BC)-Bus6-BK8 | BK8 | 1AW, IBW, ICW | 0.28 | -38.74 | 0.28 | -158.74 | 0.28 | 81.26
SSL| 1 | LS8 | ayTiLTy-8765/1234-LL(BC)-Bus5-BK8 | BK7 | IAX, IBX,ICX | 0.61 | 30.74 | 061 | -159.74 | 061 | 80.26 | °+%0 | 05 | 6450 | -125.05 ] 6450 | 114.95
'DG2-678/65-SLG(A)-Bus6-BK8 BK8 | IAW, IBW, ICW | 0.27 [ -35.62 | 0.27 | -155.62 | 0.27 84.38
L56 ?DG2-678/65-LL(BC)-Bus5-BK8 BK7 | IAX, IBX, ICX | 078 | -3562 | 078 | -155.62 | 078 | sas3s | °/17 | 198 | 6717 | -121.93 | 67.17 | 11807
2,6, "DG2-678/65-SLG(A)-Bus6-BK7 BK7 | 1AX, IBX,ICX_| 078 | -35.62 | 0.78 | -15562 | 0.78 | 84.38
918 | 7 *DG2-678/65-LL(BC)-Bus7-BK7 BK8 | IAW, IBW, ICW | 0.27 | -3562 | 027 | -15562 | 027 | s4ss | 07 | 193 | 6717 12193 | 6717 | 11807
'DG2-678/65-SLG(A)-Bus7-BK7 BK7 IAX, IBX, ICX 0.78 -35.62 0.78 -155.62 0.78 84.38
L78 6717 | -1.93 | 67.17 | -12103 | 67.17 | 118.07
?DG2-678/65-L L (BC)-Bus8-BK7 BK8 | IAW, IBW, ICW | 027 | 3562 | 027 | 15562 | 027 | 84.38
'DG2-67/65-SLG(A)-Bus6-BK8 BK8 | IAW, IBW, ICW | 027 | -35.14 | 027 | 15514 | 0.27 | 8486
L56 67.67 | -1.45 | 67.67 | -12145 | 67.67 | 11855
ss2 | 10, *DG2-67/65-LL(BC)-Bus5-BK8 BK7 | IAX, IBX,ICX | 045 | -40.11 [ 045 [ -160.11 | 045 [ 79.89
16 'DG2-67/65-SLG(A)-Buse-BK7 BK7 | IAX, IBX, ICX | 045 | 4011 | 045 | 16011 | 045 | 79.89
L67 67.67 | -1.45 | 67.67 | -121.45 | 67.67 | 11855
’DG2-67/65-LL(BC)-Bus7-BK7 BKS8 | IAW, IBW, ICW | 027 | -35.14 | 027 | -155.14 | 0.27 | 84.86
"DG2-6543-SLG(A)-Bus4-BK8 BK8 | IAW, IBW, ICW | 087 | 3664 | 087 | -156.64 | 087 | 83.36
. L34 ?DG2-6543-LL(BC)-Bus3-BK8 BK7 | IAX,IBX,ICX | 000 | 000 | 000 | 000 | 000 | ooo | 670 | 165 | 6750 | -121.65 | 67.50 ] 11835
"DG2-6543-SLG(A)-Bus6-BK8 BK8 | IAW, IBW, ICW | 0.87 | -36.64 | 0.87 | -156.64 | 0.87 | 83.36
L56 °DG2-6543-LL (BC)-Bus5-BK8 BK7 | IAX,IBX, ICX | 000 | 000 | 000 | 000 | 000 | ooo | 570 | 165 | 6750 | -121.65 | 6750 | 11835
"DG2-65-SLG(A)-Bus6-BK8 BK8 | IAW, IBW, ICW | 0.7 | -3449 | 0.7 | 15449 | 0.27 | 8551
17 Lee 2DG2-65-LL(BC)-Bus5-BK8 BK7 | IAX, IBX,ICX_| 000 | 000 | 000 | 000 | 000 | ooo | 833 | 080 | 6833 | -12080 | 6833 | 11920
1
5.7, DG2-6781-SLG(A)-Busb-BK7 BK7 | 1AX, IBX,ICX_| L27 | -37.79 | L27 | -157.79 | L.27 | 8221 ] _
N *DG2-6781-L L (BC)-Bus7-BK7 BK8 | IAW, IBW, ICW | 000 | 000 | 000 | 000 | 000 | ooo | 083 | 22 | 6683 | 12225 | €683 | 117.75
15, 'DG2-6781-SLG(A)-Bus7-BK7 BK7 | 1AX, IBX, ICX | 127 | -37.79 | 127 | -157.79 | 127 | 8221
s L2 L78 ?DG2-6781-L L (BC)-Bus8-BK7 BK8 | 1AW, IBW, ICW | 000 | 000 | 000 | 000 | 000 | ooo | °0% | 2% | 0683 ] 42225 | 6683 | 11775
'DG2-678-SLG(A)-Bus6-BK7 BK7 | 1AX, IBX,ICX | 078 | 3522 | 078 | 15522 | 0.78 | 84.78
" Lo7 *DG2-678-LL(BC)-Bus7-BK7 BK8 | 1AW, 1BW, ICW | 000 | 000 | 000 | 000 | 000 | ooo | °7%0 | 2% [ O7°0 | 42153 | 6750 | 11847
' DG2-678- BT BK7 | 1AX, IBX,ICX_| 0.78 | -35.22 | 0.78 | 15522 | 0.78 | 84.78
19 DG2-678-SLG(A)-Bus7-BK7 LIBX, ] ]
L8 ?DG2-678-LL(BC)-Bus8-BK7 BK8 | 1AW, IBW, ICW | 000 | 000 | 000 | 000 | oo | ooo | 8750 | 153 | 6750 | -121.53 | 67.50 | 11847
13, "DG2-67-SLG(A)-Bus6-BK7 BK7 | IAX, IBX, ICX_| 045 | -30.72 | 045 | -159.72 | 045 | 80.28
4 o1 | KT *DG2-67-LL(BC)-Bus7-BK7 BK8 | IAW, IBW,ICW | 0.00 | 000 | 000 | 000 | 000 | ogo | %847 | 106 | 6817 ] 12106 ] 68.17 | 11894
"DG1-5678-SLG(A)-Bus6-BK7 BK7 | IAX,IBX,ICX_| 0.79 | -36.28 | 0.79 | -156.28 | 0.79 | 83.72
sss | 4 ?DG1-5678-LL(BC)-Bus7-BK7 BK8 | IAW, IBW, ICW | 112 | -36.65 | 112 | -156.65 | 112 | 8335 | 000 | 299 | 6600 | 12259 1 66.00 ] 117.41
"DG15678-SLG(A) -Bus7-BK7 BK7 | IAX,IBX,ICX_| 0.79 | -36.28 | 0.79 | -156.28 | 0.79 | 83.72
L78 ?DG1-5678-L L (BC)-Bus8-BK7 BK8 | 1AW, IBW, ICW | 1.12 | -36.65 | 112 | -156.65 | .12 | 8335 | 2000 | 259 | 66.00 | -122.59 | 66.00 | 117.41

1 Maximum fault overcurrent tests, “Minimum fault overcurrent tests. Bold represents backup protection tests. CTR = current transformer ratio, PTR = potential transformer ratio.
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Appendix J - Secondary currents and line-to-ground voltages of post-fault states

Table J.1: Post-fault states of tripping and non-tripping tests for maximum and minimum fault overcurrents of Relay 2

Tests Secondary Currents and Line-to-ground Voltages (CTR =200, PTR = 60)
o 5]
§ 3 S . = T .,r_urs Post-fault Currents Bus 7 - Post-fault Line-to-ground Voltages
G} o = © 4 4 E
> E % E Source - Circuit - Type of Fault - Fault § ; c 1As IBs ICs VAs VBs VCs
b= E b Location -Opened Breaker m 343
& & Mag. Pa Mag. Pe Mag. Pc Mag. 6 Mag. 65 Mag. 6c
[A] [°1] [A] [°] [A] [°1 | [V [°1 | M [°] N [°]
1 . . _Bus6- BK6 | 1AW, IBW,Icw | 000 | 000 | 0.00 0.00 0.00 | 0.00
Lsg | YTILITY-8765/1234-DLG(BC)-Bus6-BK6 66.00 | 271 | 66.00 | -122.71 | 66.00 | 117.29
st ) UTILITY-8765/1234-LL (BC)-Bus5-BK6 BK5 | 1AX, IBX,ICX | 046 | -4137 | 046 | -161.37 | 046 | 78.63
IUTILITY-8765/1234-DLG(BC)-Bus7-BK6 BK6 | 1AW, IBW,Icw | 000 | 000 | 0.00 0.00 0.00 | 0.00
L67 2 66.00 | -2.71 | 66.00 | -122.71 | 66.00 | 117.29
UTILITY-8765/1234-LL(BC)-Bus6-BK6 BK5 | IAX,IBX,ICX | 046 | -41.37 | 0.46 | -161.37 | 046 | 78.63
Ineo. ] [ BK5 | IAX,IBX,ICX | 000 | 000 | 0.00 0.00 0.00 | 0.00
26914 ,DG2-678/65-SLG(A)-Bus7-BKS 66.83 | -2.01 | 66.83 | -122.01 | 66.83 | 117.99
18 DG2-678/65-LL(BC)-Bus8-BK5 BK6 | IAW, IBW, ICW | 045 | -4067 | 045 | -160.67 | 0.45 | 79.33
3,7, 1 BK5 | 1AX,IBX,ICX | 000 | 000 | 0.0 0.00 0.00 | 0.00
ss2 | 12,15, | L78 ,DG2-6781-SLG(A)-Bus7-BKS5 6733 | -1.61 | 67.33 | -121.61 | 67.33 | 118.39
20 DG2-6781-LL(BC)-Bus8-BKS BK6 | IAW, IBW, ICW | 045 | -40.27 | 045 [ -160.27 | 045 | 79.73
1DG2-678- -Bus7- BK5 | 1AX,IBX,ICX | 000 | 000 | 0.0 0.00 0.00 | 0.00
11, | 4 ,DG2-678-SLG(A)-Bus7-BK5 6733 | -161 | 67.33 | -121.61 | 67.33 | 11839
14,19 DG2-678-LL(BC)-Bus8-BK5 BK6 | 1AW, IBW, ICW | 045 | -4027 | 045 | -160.27 | 045 | 79.73
INE1 _ERTR. - BK5 | IAX,IBX,ICX | 000 | 000 | 0.00 0.00 0.00 | 0.00
ssa | 4 L78 ,DG1-5678-SLG(A)-Bus7-BK5 66.00 | -2.47 | 66.00 | -12247 | 66.00 | 117.53
DG1-5678-LL(BC)-Bus8-BK5 BK6 | IAW, IBW, ICW | 045 | -4113 | 045 | -161.13 | 045 | 78.87

!} Maximum fault overcurrent tests, “Minimum fault overcurrent tests. Bold represents backup protection tests. CTR = current transformer ratio, PTR = potential transformer ratio.
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Table J.2: Post-fault states of tripping and non-tripping tests for maximum and minimum fault overcurrents of Relay 3

a Tests ® Secondary Currents and Line-to-ground Voltages (CTR =200, PTR = 60)
g é g § o _9“2 % ‘*S Post-fault Currents Bus 6 - Post-fault Line-to-ground Voltages
=2 = £ g Source - Circuit - Type of Fault - Fault § > £ 1As IBs ICs VAS \VBs VCs
qE) & = Location -Opened Breaker m 5 3 Mag. | p» Mag. s Mag. e Mag. 5, | Mag. 55 Mag. ¢
@ - [Al | [°] [ [Al Y e A 4 I I I A4 [°] V] [°]
| 1 | o | e e oo Ao o [oor o L uon {00 L0000 s | sa | sess | a2 | eass | e
| Sommsemewn | S0 RLBWOW om0 fowfom 1000 {00 [ [ [ | e | e | o
S IR e s mam e S B L o e R B R e
1
I e e o o el el e
| o | | oomeemeene | e T iow ] o | oo 1o | om0 100 |00 T eoss | oo | eeso | 200 | eoso | eow
M e e L B B P R B BT A
T
R e B o ol I ) e e
| pgwovemeees S WRBWOW] 00 000 L om 0w 000 [0, | ies [ eran | e | o0 | e
i | | powremmeme Lo lmwewortom bon bom o bom [o0 o | e | oo | e | o0 | s
| 87| Dcremiitsoemrais [ “eie [ iawisw-iow | 000 | oo | aoo | oo | oo [ oo ] 555 | 042 | 6888 | 202 | sess | uoss
15, 4 - - - - BK7 1AX, IBX, ICX . . . . . .
T T e e e e B e
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1 Maximum fault overcurrent tests, “Minimum fault overcurrent tests. Bold represents backup protection tests. CTR = current transformer ratio, PTR = potential transformer ratio.

444




Appendix K - Secondary currents and line-to-ground voltages of fault states

Table K.1: Fault states of tripping and non-tripping tests for maximum fault overcurrents of Relay 2

Tests Secondary Currents and Line-to-ground Voltages (CTR =200, PTR = 60)
o [
3 3 s . T8 Fault Currents Bus 7 - Fault Line-to-ground Voltages
s | S |8¢ g s 5
=) % % E Source - Circuit - Type of Fault - Fault | 8 _;' < 1As IBs ICs VAs VBs VCs
E=! E = Location -Opened Breaker oM 34
3 P Mag. Pa Mag. Ps Mag. Pc Mag. 6 Mag. 65 Mag. 6c
[A] [°1 | [Al [°1 | [Al (°1 | M | [°T| M [°1 ] vV [°]
BK6 | IAW, IBW,ICW | 041 | -3526 | 1050 | 162.69 | 10.38 | 43.06
L56 | UTILITY-8765/1234-DLG(BC)-Bus6-BK6 64.83 | -3.81 | 24.76 | -124.25 | 25.20 | 115.20
ss1 L BK5 | 1AX, IBX, ICX 078 | -3563 | 1072 | 163.18 | 10.50 | 44.30
BK6 | IAW, IBW,ICW | 041 | -3430 | 15.85 | 161.98 | 15.81 | 42.05
L67 UTILITY-8765/1234-DLG(BC)-Bus7-BK6 64.83 | -3.82 | 374 | -124.96 | 3.84 | 114.19
BK5 | 1AX, IBX, ICX 073 | -35.12 | 1599 | 161.89 | 1579 | 42.70
269 BK5 | 1AX, IBX, ICX 825 | 100.07 | 0.29 45.56 0.27 | -121.69
e L78 DG2-678/65-SLG(A)-Bus7-BK5 1.96 -7.85 | 5896 | -112.60 | 59.60 | 106.63
18 BK6 | IAW, IBW,ICW | 811 | 10059 | 0.68 45,58 0.65 | -120.73
3,7, BK5 | 1AX, IBX, ICX 841 | 10112 | 072 46.85 0.66 | 119.96
S§S2 | 12,15, | L78 DG2-6781-SLG(A)-Bus7-BK5 200 | -6.78 | 5857 | -114.01 | 58.32 | 106.43
20 BK6 | IAW, IBW,ICW | 847 | 101.65 | 1.13 45.92 1.05 | -120.32
11 BK5 | 1AX, IBX, ICX 8.20 99.68 0.28 4551 0.27 | -121.79
! L78 DG2-678-SLG(A)-Bus7-BK5 1.96 -8.23 | 5897 | -112.06 | 60.11 | 106.70
14,19 BK6 | 1AW, IBW,ICW | 826 | 10019 | 068 | 4553 | 0.65 | -120.82
BK5 | 1AX, IBX, ICX 727 | 10127 | 029 45.00 027 | -121.01
SS4 4 L78 DG1-5678-SLG(A)-Bus7-BK5 173 | -6.64 | 59.02 | -115.18 | 59.31 | 107.89
BK6 | IAW, IBW,ICW | 7.33 | 101.93 | 0.70 45.06 0.66 | -120.10

Bold represents backup protection tests. CTR = current transformer ratio, PTR = potential transformer ratio.
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Table K.2: Fault states of tripping and non-tripping tests for minimum fault overcurrents of Relay 2

Tests Secondary Currents and Line-to-ground Voltages (CTR = 200, PTR =60)
Qo [<5]
§ § s " = T é Fault Currents Bus 7 - Fault Line-to-ground Voltages
O = © X o
= % % E Source - Circuit - Type of Fault - § _;' IS 1As IBs ICs VAs VBs VCs
‘B E = Fault Location -Opened Breaker o0 24
& Pt Mag. ﬂé\ Mag. ﬂf’ Mag. ﬂoc Mag. N Mag. 6 Mag. 6c
[A] [°1 | [Al [°1 | [Al [°1 | Al | [°1 [ [A] [°1 [ [Al [°]
BK6 | 1AW, IBW,ICw | 061 | -38.12 | 7.82 | -168.34 | 7.44 15.28
L56 | UTILITY-8765/1234-LL(BC)-Bus5-BK6 68.17 | -1.15 | 44.82 | -142.98 | 43.03 | 138.77
ss1 1 BK5 | 1AX, IBX, ICX 108 | -37.74 | 811 | -16859 | 7.45 17.70
BK6 | 1AW, IBW,Icw | 061 | -38.12 | 9.22 | -168.79 | 8.84 14.23
L67 UTILITY-8765/1234-LL(BC)-Bus6-BK6 68.17 | -1.15 | 41.31 | -149.54 | 39.46 | 14556
BK5 | 1AX, IBX, ICX 1.08 | -37.74 | 948 | -169.14 | 881 16.13
269 BK5 | 1AX, IBX, ICX 032 | 136.39 | 4.98 421 477 | -172.92
e | L78 DG2-678/65-LL(BC)-Bus8-BK5 64.45 | -2.88 | 34.92 | -163.34 | 33.63 | 156.77
18 BK6 | 1AW, IBW, ICwW | 077 | 137.22 | 5.18 311 | 468 | -170.12
3,7, BK5 | 1AX, IBX, ICX 0.79 | 13750 | 5.23 3.47 472 | -169.67
SS2 12, 15, L78 DG2-6781-LL(BC)-Bus8-BK5 63.30 -3.84 34.08 | -163.33 | 33.57 155.31
20 BK6 | IAW, IBW, ICW | 124 | 137.63 | 5.44 252 465 | -166.59
11 BK5 | 1AX, IBX, ICX 032 | 136.35 | 4.95 3.80 474 | -173.34
' L78 DG2-678-LL(BC)-Bus8-BK5 64.70 | -2.40 | 35.17 | -163.14 | 33.56 | 157.37
1419 BK6 | 1AW, IBW,Icw | 076 | 13718 | 515 [ 268 | 465 | -17057
BK5 | 1AX, IBX, ICX 032 | 14144 | 458 9.98 437 | -166.81
SS4 4 L78 DG1-5678-LL(BC)-Bus8-BK5 63.48 -3.59 33.82 | -165.08 | 33.19 157.52
BK6 | IAW, IBW, ICW | 078 | 14226 | 4.77 8.74 427 | -163.66

Bold represents backup protection tests. CTR = current transformer ratio, PTR = potential transformer ratio.
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Table K.3: Fault states of tripping and non-tripping tests for maximum fault overcurrents of Relay 3

a Tests 3 Secondary Currents and Line-to-ground Voltages (CTR =200, PTR = 60)
> —_—
o § S = 2 g Fault Currents Bus 6 - Fault Line-to-ground Voltages
= . . @
g = o § Source - Circuit - Type of Fault - ‘E‘g - E 1As I1Bs ICs VAs VBs VCs
o . £
E E Dg_ < Fault Location -Opened Breaker o %m Mag. Ba Mag. Be Mag. Bc Mag. N Mag. bz Mag. éc
5 |°—’ [Al | [°1 | [A] [°] [A] [T | M [ [°1] M [°] [\ [°]
UTILITY-8765/1234-DLG(BC)-Bus6- BK8 | IAW, IBW,ICW | 019 | -34.36 | 10.23 | 162.93 | 10.22 | 42.40
ss1| 1 L56 63.86 | -477 | 002 | -127.04 | 002 | 11243
BKS BK7 [ 1AX, IBX,ICX | 041 | -3531 | 1031 | 16277 | 1047 | 4315
BK8 | IAW, IBW, ICW | 11.85 | -83.30 | 0.24 | -132.10 | 023 | 57.95
) ] _Bus6- 000 | 000 | 5857 | -105.24 | 57.88 | 101.82
L56 DG2-678/65-SLG(A)-Bus6-BKS BK7 | IAX, IBX,ICX | 0.1 | 159.83 | 0.68 | 4764 | 064 | -122.62
26 BK7 | IAX, IBX,ICX | 11.85 | 97.28 | 069 | 4859 | 0.64 | -122.03
6 ) ) _Bus6- . . 57 | -105.24 | 57. 101.82
o1 L67 DG2-678/65-SLG(A)-Bus6-BK7 se 1AW 18w iow o0z T 000 o2z 13325 T o2 [ a2 | ©% | 0% | 585 05 57.88 | 101.8
BK7 [ IAX, IBX,ICX | 855 | 10034 | 068 | 4611 | 065 | -121.25
] ] _Bus7- 2035 | -7.56 | 60.23 | -111.08 | 60.60 | 107.20
L8 DG2-678/65-SLG(A)-BusT-BKT BK8 [ IAW, 1BW,IcW | 011 | 3744 | 024 | -14072 | 024 | 6594
BK8 | IAW, IBW, ICW , -84, . -131. . .
L56 DG2-67/65-SLG(A)-Bus6-BK8 1165 | -84.10 | 023 | -131.87 | 023 | 5754 | 5y | 00 | 5861 | -10456 | 5850 | 10188
s52 | 10,16 BK7 [ 1AX,1BX,ICX | 006 | 000 | 039 | 4810 | 037 | -12214
’ BK7 [ IAX,IBX,ICX | 1164 | 9622 | 039 | 4878 | 037 | -121.94
-67/65- -BUs6- _ _ 61 | -104. . 101.
L67 DG2-67/65-SLG(A)-Bus6-BK7 BK& | IAW, IBW, ICW | 004 | 000 | 023 | 13298 | 023 | ssas | "0 | %90 | %8¢ 0456 | 58.50 | 101.88
BK8 | IAW, IBW,ICW [ 994 | -81.14 | 075 | -133.32 | 0.72 57.88 -
6543- _Bus4- 11.65 59.27 | -108.32 | 59.90 | 104.94
. L34 DG2-6543-SLG(A)-Busd-BKS BK7 | IAX,IBX.ICX | 000 | 000 | 000 | 000 | 000 | 0.0 11.09
BK8 | IAW, IBW, ICW [ 1178 | -83.36 | 0.75 [ -131.87 | 072 | 57.32
-6543- -Bus6- _ _ . -104. 23 | 101.
L56 DG2-6543-SLG(A)-Bus6-BK8 s T ax 55 1ex oo T oo T 000 oo o0 ooy | 000 | 000 | 5858 | -10485 | 5823 | 10186
BK8 | IAW, IBW,ICW [ 1141 | -8535 | 023 | -131.71 | 0.22 57.13
65- -BUs6- 000 | 0.00 | 5865 | -103.68 | 59.37 | 101.98
17 L56 DG2-65-SLG(A)-Bus6-BKS s T ax 18x1cX 1000 T 000 T 0.00 ™ 000 T 000
BK7 [ IAX,IBX,ICX | 12.00 | 9817 | 1.14 | 49.26 | 1.02 | -121.01
6781- -BUs6- 000 | 000 | 5854 | -105.72 | 5751 | 101.78
37 L67 DG2-6781-SLG(A)-Bus6-BK7 BK8 | IAW, IBW, ICW | 000 | 000 | 000 | 000 | 000 | 000
' BK7 [ IAX, IBX,ICX | 871 | 101.38 | 1.13 | 4631 | 1.04 | -120.72
15,20 6781 -BusT- B2 2073 | 6551 45 | -111. 15 | 107.4
sss L78 DG2-6781-SLG(A)-BusT-BKT BK8 | IAW, IBW,ICW | 000 | 000 | 0.00 0.00 000 | 0.00 073 ] 651 | 6045 65 | 6015 | 10740
BK7 | IAX,IBX,ICX | 1170 | 9660 | 0.68 | 47.00 | 064 | -123.25
678- -BUS6- 000 | 0.00 | 5859 | -10470 | 58.40 | 101.88
11, L67 DG2-678-SLG(A)-Bus6-BK7 BK8 | 1AW, IBW, ICW | 000 | 000 | 0.0 0.00 000 [ 0.00
14,19 BK7 | IAX,IBX,ICX | 849 | 9992 | 068 | 4459 | 065 | -122.43
678- _Bus7- 2022 | -7. 24 | -11057 | 61.12 | 107.27
L78 DG2-678-SLG(A)-Bus7-BK7 ars | aw 18w 1ow T 000 T 000 1 000 000 500 000 0 99 | 60 057 | 6 0
BK7 [ IAX,IBX,ICX | 11.49 | 9642 | 038 | 4854 | 037 | -122.06
67- -BUS6- 000 | 0.00 | 5864 | -104.03 | 59.02 | 101.94
SS4 1 13,21 | Ler DG2-67-SLG(A)-Bus6-BK7 BK8 | IAW, IBW, ICW | 000 | 000 | 000 | 000 | 000 | 000
BK7 [ IAX, IBX,ICX | 970 | 9963 | 070 | 4753 | 065 | -120.92
5678- -Bus6- 231 | 82 70 | -110.14 77 | 105.07
!l . L67 DG1-5678-SLG(A)-Bus6-BK7 5e | AW 18w iow | 975 o080 T oos 1 2610 T oo Tzr7z2] 2° 8.28 | 58.70 0 58 05.0
BK7 [ IAX,IBX,ICX | 752 | 10174 | 070 | 4550 | 0.66 | -120.56
-5678- -BusT- 17.90 | -6.15 | 60.24 | -113.68 | 60.40 | 10851
L78 DG1-5678-SLG(A)-Bus7-BK7 BK8 [ IAW, IBW,ICW | 762 | 10241 | 099 | 4335 | 094 | -11891

Bold represents backup protection tests. CTR = current transformer ratio, PTR = potential transformer ratio.
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Table K.4: Fault states of tripping and non-tripping tests for minimum fault overcurrents of Relay 3

a Tests ® Secondary Currents and Line-to-ground Voltages (CTR =200, PTR = 60)
> @ c —_— % -
8 B 29 _9? % E Fault Currents Bus 6 - Fault Line-to-ground Voltages
= % § E Source - Circuit - Type of Fault - § ; c 1As IBs ICs VAS VBs VCs
< 173 o - _ :
E & = Fault Location -Opened Breaker m 3 é Mag. Ba Mag. Bo Mag. Be Mag. 5n | Mag. 5 Mag. 5
e [A] [°] | [A] [°1 [ [A] [°] M | [°1] M [°] N [°]
UTILITY-8765/1234-LL(BC)-Bus5- | BK8 | IAW, IBW,ICW | 0.28 | -37.48 | 7.70 | -167.69 | 7.52 | 13.95
63.05 | -5.05 | 33.02 | -169.42 | 32.84 | 159.05
sstp 1 L56 BKS BK7 | IAX, IBX, ICX | 061 | 3812 | 782 | -168.34 | 744 | 1528
L56 DG2-678/65-LL(BC)-Bus5-BK8 BKE | AW, IBW, ICW | 0.27 | -37.34 | 696 | -17250 | 6.77 9.11 65.36 1.84 | 34.96 168.76 | 32.29 | 163.96
) "LL(BC)-Bus5- BK7 | 1AX,1IBX,ICX | 076 | 14234 | 037 | -2454 | 0.0 -49.81 ) ) ) ' : :
2.6, ) ) e BK7 | IAX, IBX,ICX | 0.76 | 142.31 | 632 | 695 | 580 | -167.73 ) )
o1 L67 DG2-678/65-LL(BC)-Bus7-BK7 Be iAW e iew [ 027 T 5736 [ 016 | tevit [ o1s | tiass | O | 186 | 3715 | -1s891 | 3457 | 15335
BK7 | IAX, IBX,ICX | 077 | 142.26 | 518 | 815 | 468 | -165.07
L78 DG2-678/65-LL(BC)-Bus8-BK7 ek 6591 | -1.89 | 41.81 | -147.73 | 39.13 | 141.24
(BC)-Bus BK8 | IAW, IBW, ICW | 027 | 3740 | 017 | 17805 | 016 | 106.49
L56 DG2-67/65-LL(BC)-Bus5-BK8 BK8 | IAW, IBW,ICW | 026 | -37.39 | 685 | -17336 | 666 | 822 | gggy | 149 | 3530 | -168.72 | 3233 | 16472
ss2 | 10 16 BK7 | IAX,IBX,ICX | 0.44 | 142.86 | 022 | -2436 | 023 | -49.74
’ BK7 | IAX, IBX,ICX | 044 | 14284 | 610 | 693 | 579 | -170.04
-67/65- -Bus7- L BA, 66.02 | -1.42 | 3757 | -159.25 | 34.33 | 154.17
L67 DG2-67/65-LL(BC)-Bus7-BK7 BKS | IAW, IBW, ICW | 026 | 3742 | 015 | 16558 | 0.14 | 11891
BK8 | IAW, IBW, ICW | 0.84 | -37.84 | 6.38 | -172.98 | 581 | 1203 ) ]
; L34 DG2-6543-LL(BC)-Bus3-BK8 B T Iax Bxicx | 000 1 000 T 000 T 000 | 000 ooo | 6583 | 162 | 37.78 | 15982 | 3381 | 15385
BK8 | IAW, IBW, ICW | 0.84 | -37.80 | 7.14 | -17427 | 655 | 10.83 ) )
L56 DG2-6543-LL(BC)-Bus5-BK8 B T iax Bxicx | 000 | o0 T 000 T 006 T 000 oo | 6561 | -L59 | 3512 | -16863 | 3236 | 16433
BK8 | IAW, IBW, ICW | 0.26 | -37.48 | 6.71 | -174.69 | 652 6.87 ) )
17 L56 DG2-65-LL(BC)-Bus5-BKS B T iax Bxicx | 000 | 000 T 000 T 000 T 000 000 ] 6644 | 083 | 3577 | -16866 | 3237 | 16569
BK7 | IAX, IBX,ICX | 124 | 14258 | 659 | 651 | 576 | -164.91
31,27, L67 DG2-6781-LL(BC)-Bus7-BK7 Brs [ iaw.1Bw 1ow | 000 | 000 T 000 T 000 | 000 oy ] 6531 | 216 | 3684 | -15854 | 3484 | 15278
' BK7 | IAX, IBX,ICX | 124 | 14253 | 544 | 755 | 465 | -161.52
15,20 | 7 6781~ _Bus8- B, 6563 | -2.18 | 4152 | -146.89 | 39.79 | 14073
.53 8 DG2-6781-LL(BC)-Buss-BK7 BK8 | IAW, IBW,ICW | 000 | 000 | 000 | 000 | 000 | 0.0
BK7 | IAX, IBX,ICX | 0.76 | 14227 | 627 | 635 | 574 | -168.35
L67 DG2-678-LL(BC)-Bus7-BK7 e 67.67 | 002 | 3849 | -15759 | 3527 | 15546
11, 6 G2-678-LL(BC)-Bus Bk8 | 1aw, 1BW,1Icw | 000 | 000 | 000 | o000 | 0.00 0.00
14,19 BK7 | IAX, IBX,ICX | 0.76 | 142.23 | 515 | 7.73 | 465 | -16552
-678- -Buss- 68.01 | 0.00 | 4328 | -14656 | 39.83 | 143.20
L8 DG2-678-LL(BC)-Bus8-BK7 Bks | 1aw, 1Bw,1cw | 000 | 000 | 000 | 000 | 000 0.00
BK7 | IAX, IBX, ICX | 044 | 142.79 | 6.05 | 628 | 574 | -170.71
-67- -Bus7- L B2, 67.61 | -002 | 3859 | -158.36 | 34.79 | 155.80
SS4 | 13,21 | L67 DG2-67-LL(BC)-Bus7-BK7 BK8 | IAW, IBW, ICW | 000 | 0.00 | 000 | 000 | 0.00 0.00
BK7 | IAX, IBX, ICX | 0.77 | 141.24 | 572 | 689 | 521 | -167.00
-5678- -Bus7- L B2, 4. 254 64 | -160. 415 | 154.
| . L67 DG1-5678-LL(BC)-Bus7-BK7 B Tiaw. ew tow | 110 | 12000 | 85 | 624 | 517 | -ies07 | 24 54 | 356 60.99 | 34.15 | 154.90
BK7 | IAX, IBX, ICX | 0.78 | 141.21 | 477 | 7.68 | 427 | -164.72
5678- -BUsS- . IBX, 4. 2. 74 | -149. 23 | 143,
L8 DG1-5678-LL(BC)-Bus8-BK7 BKS | TAW, IBW. ICW | 110 | 140.95 | 496 | 7.19 | 427 | -e207 | O+% 5 | 39 969 | 38.23 3.08

Bold represents backup protection tests. CTR = current transformer ratio, PTR = potential transformer ratio.
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Appendix L - Ending fault times of tripping and non-tripping tests for NRTS experiment

Table L.1: Ending fault times of tripping and non-tripping tests for Relay 2

Relay 2 - Tripping and Non-Tripping Tests - NRTS Experiment

Groups and Modes Protection Area, Eourc_e, Circuit, Fault and - = Tripping Tests Non-Tripping Tests
= ocation g S v
[ = o Q
< Fol|YLE
3| 2 c 23 § < | Fault | Measure Mf:a:;';ed
= = 2 - H H
g @ =8 2 a Source - Circuit - Type of Fault - Fault € = 'E‘_) = S_tate d Relay Clearing Eqdlng Fault F_ault State Eqdlng Fault
%) 273 S 3 L L £7¢| 5. €| Time, Time, . Time, cycles Time, cycles Time, cycles
= o A S c ocation - Opened Breaker > >0 Time, _ _ _
S S = o < sE | S & | cycles cycles [Ters=Ter+ Tca] | [Trs2=0.8 Tra] [Terz =Tee+Tes2]
T o = L cycles
2 o o o S 8 [Tesal [Trm]
O] & s [Tedd
81 ) L56 UTILITY-8765/1234-DLG(BC)-Bus6-BK6 600 | 2101 600 19.626 23.95 623.95 15.70 617.66
c L67 UTILITY-8765/1234-DLG(BC)-Bus7-BK6 600 3170 600 12.426 16.75 616.75 9.94 611.18
2 2,6,9,18 L78 DG2-678/65-SLG(A)-Bus7-BK5 600 | 1650 600 15.114 19.44 619.44 12.09 613.60
é SS2 | 3,7,12,15,20 L78 DG2-6781-SLG(A)-Bus7-BK5 600 | 1681 600 14.418 18.73 618.73 11.53 612.98
11, 14,19 L78 DG2-678-SLG(A)-Bus7-BK5 600 | 1639 600 15.102 19.43 619.43 12.08 613.59
SS4 4 L78 DG1-5678-SLG(A)-Bus7-BK5 600 1453 600 16.854 21.18 621.18 13.48 615.17
- 1 L56 UTILITY-8765/1234-LL(BC)-Bus5-BK6 600 1564 600 30.774 35.09 635.09 24.62 627.70
c L67 UTILITY-8765/1234-LL(BC)-Bus6-BK6 600 | 1845 600 23.658 27.97 627.97 18.93 621.29
g 2,6,9,18 L78 DG2-678/65-LL(BC)-Bus8-BK5 600 996 600 34.254 38.57 638.57 27.40 630.83
'é Ss2 3,7,12,15,20 L78 DG2-6781-LL(BC)-Bus8-BK5 600 1047 600 31.842 36.17 636.17 25.47 628.66
11, 14,19 L78 DG2-678-LL(BC)-Bus8-BK5 600 989 600 34.878 39.19 639.19 27.90 631.39
SS4 4 L78 DG1-5678-LL(BC)-Bus8-BK5 600 915 600 38.358 42.67 642.67 30.69 634.52

Bold represents backup protection tests

449




Table L.2: Ending fault times of tripping and non-tripping tests for Relay 3

Relay 3 - Tripping and Non-Tripping Tests - NRTS Experiment

- Groups and Modes Protection Area, Source, Circuit, Fault and Location < - Tripping Tests Non-Tripping Tests
5 b4 Measured
g g c % § gé Fault | Measured Fault . Ending Fault
2 = - 2 =g Source - Circuit - Type of Fault - Fault wol =27 State Rglay Clearing Er]dlng Fault F_ault state Time, cycles
ol & 23 S 3 - 27| £ | Time, Time, . Time, cycles Time, cycles -
= o FS 23 Location - Opened Breaker = >0 cycles cycles Time, [Ter1= Toe+ Ter] | [Trso= 0.8 Tan] [Ter: =Ter
% g o I'I.‘ g S CyCIeS EF1 PF C1 FS2 Rm +TFSZ]
i (3 o o =0 [TFSl] [TRm] [TC1]
a a
SS1 1 L56 UTILITY-8765/1234-DLG(BC)-Bus6-BK8 600 2046 600 11.154 15.47 615.47 8.92 610.04
L56 DG2-678/65-SLG(A)-Bus6-BK8 600 | 2371 600 10.146 14.46 614.46 8.12 609.13
2,6,9,18 L67 DG2-678/65-SLG(A)-Bus6-BK7 600 | 2369 600 15.114 19.43 619.43 12.09 613.60
L78 DG2-678/65-SLG(A)-Bus7-BK7 600 1709 600 22.926 27.24 627.24 18.34 620.63
552 1016 L56 DG2-67/65-SLG(A)-Bus6-BK8 600 | 2330 600 10.374 14.70 614.70 8.30 609.34
' L67 DG2-67/65-SLG(A)-Bus6-BK7 600 | 2327 600 15.426 19.74 619.74 12.34 613.88
IS 8 L34 DG2-6543-SLG(A)-Bus4-BK8 600 1989 600 12.426 16.74 616.74 9.94 611.18
2 L56 DG2-6543-SLG(A)-Bus6-BK8 600 | 2355 600 10.134 14.46 614.46 8.11 609.12
% 17 L56 DG2-65-SLG(A)-Bus6-BK8 600 | 2282 600 10.374 14.69 614.69 8.30 609.34
= 3.7 12 15. 20 L67 DG2-6781-SLG(A)-Bus6-BK7 600 2400 600 15.150 19.46 619.46 12.12 613.64
ss3 o L78 DG2-6781-SLG(A)-Bus7-BK7 600 1742 600 22.674 26.99 626.99 18.14 620.41
11 14 19 L67 DG2-678-SLG(A)-Bus6-BK7 600 | 2339 600 15.654 19.97 619.97 12.52 614.09
T L78 DG2-678-SLG(A)-Bus7-BK7 600 1698 600 23.370 27.70 627.70 18.70 621.03
Ss4 13,21 L67 DG2-67-SLG(A)-Bus6-BK7 600 | 2298 600 9.594 13.91 613.91 7.68 608.63
SS5 4 L67 DG1-5678-SLG(A)-Bus6-BK7 600 1940 600 17.898 22.21 622.21 14.32 616.11
L78 DG1-5678-SLG(A)-Bus7-BK7 600 1503 600 25.398 29.71 629.71 20.32 622.86
SS1 1 L56 UTILITY-8765/1234-LL(BC)-Bus5-BK8 600 1539 600 16.35 20.66 620.66 13.08 614.72
L56 DG2-678/65-LL(BC)-Bus5-BK8 600 1392 600 20.706 25.02 625.02 16.56 618.64
2,6,9,18 L67 DG2-678/65-LL(BC)-Bus7-BK7 600 1265 600 36.378 40.70 640.70 29.10 632.74
L78 DG2-678/65-LL(BC)-Bus8-BK7 600 1036 600 53.142 57.47 657.47 42,51 647.83
L56 DG2-67/65-LL(BC)-Bus5-BK8 600 1369 600 21.666 25.98 625.98 17.33 619.50
SS2 10.16 L67 DG2-67/65-LL(BC)-Bus7-BK7 600 | 1221 | 600 38.67 42.98 642.98 30.94 634.80
I3 8 L34 DG2-6543-LL(BC)-Bus3-BK8 600 1275 600 24.138 28.46 628.46 19.31 621.72
2 L56 DG2-6543-LL(BC)-Bus5-BK8 600 1427 600 19.914 24.24 624.24 15.93 617.92
£ 17 L56 DG2-65-LL(BC)-Bus5-BK8 600 1342 600 22.41 26.74 626.74 17.93 620.17
= 3.7 12 15 20 L67 DG2-6781-LL(BC)-Bus7-BK7 600 1318 600 34.89 39.22 639.22 27.91 631.40
ss3 T L78 DG2-6781-LL(BC)-Bus8-BK7 600 1088 600 49.35 53.66 653.66 39.48 644.42
1114 19 L67 DG2-678-LL(BC)-Bus7-BK7 600 1253 600 37.878 42.20 642.20 30.30 634.09
T L78 DG2-678-LL(BC)-Bus8-BK7 600 1031 600 54.894 59.22 659.22 43.92 649.40
Ss4 13,21 L67 DG2-67-LL(BC)-Bus7-BK7 600 1210 600 23.01 27.34 627.34 18.41 620.71
ss5 4 L67 DG1-5678-LL(BC)-Bus7-BK7 600 1145 600 39.618 43.93 643.93 31.69 635.66
L78 DG1-5678-LL(BC)-Bus8-BK7 600 955 600 56.178 60.50 660.50 44.94 650.56

Bold represents backup protection tests
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Appendix M - Measured delay times of tripping tests for NRTS experiment

Table M.1: Measured delay times of tripping tests for Relay 2

Relay 2 - Tripping Tests - NRTS Experiment

2 Groups and Modes Protection Area, Source, Circuit, Fault and Location — Tripping Tests

<5} Q=

— o}

= o) Measured

g g s 5—_’ E -3 MeRaesiL;red Fault Measured

5 g =3 s 8 Source - Circuit - Type of Fault - Fault Location - >5E Timey Clearing Delay Time,

= o 22 g < Opened Breaker 8O < : Time, cycles

= S > o < Ex cycles _

3 2 a a 3 [Trm] cycles [To= Ter- Trml

L 15 L Rm [Tcd]
ss1 1 L56 UTILITY-8765/1234-DLG(BC)-Bus6-BK6 2101 19.626 23.95 4.324

£ L67 UTILITY-8765/1234-DLG(BC)-Bus7-BK6 3170 12.426 16.75 4.324

g 2,6,9,18 L78 DG2-678/65-SLG(A)-Bus7-BK5 1650 15.114 19.44 4.326

% SS2 3,7,12,15, 20 L78 DG2-6781-SLG(A)-Bus7-BK5 1681 14.418 18.73 4.312

= 11, 14,19 L78 DG2-678-SLG(A)-Bus7-BK5 1639 15.102 19.43 4.328
SS4 4 L78 DG1-5678-SLG(A)-Bus7-BK5 1453 16.854 21.18 4.326
ss1 1 L56 UTILITY-8765/1234-LL(BC)-Bus5-BK6 1564 30.774 35.09 4.316

£ L67 UTILITY-8765/1234-LL(BC)-Bus6-BK6 1845 23.658 27.97 4.312

E 2,6,9, 18 L78 DG2-678/65-LL(BC)-Bus8-BK5 996 34.254 38.57 4.316

-é SS2 3,7,12,15, 20 L78 DG2-6781-LL(BC)-Bus8-BK5 1047 31.842 36.17 4.328

11,14, 19 L78 DG2-678-LL(BC)-Bus8-BK5 989 34.878 39.19 4.312

SS4 4 L78 DG1-5678-LL(BC)-Bus8-BK5 915 38.358 42.67 4.312

Bold represents backup protection tests
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Table M.2: Measured delay times of tripping tests for Relay 3

Relay 3 - Tripping Tests - NRTS Experiment

§ Groups and Modes Protection Area, Source, Circuit, Fault and Location o= Tripping Tests
s 2= Measured
3 f%n < E’ 3 2 MeRzzslzred Fault Measured
g g 23 g § Source - Circuit - Type of Fault - Fault Location - >5€¢ Timg/ Clearing Delay Time,
O a FS = Opened Breaker g O < ' Time, cycles
= S o< €= cycles | TeTo T
3 S o 3 [Tanl cycles [To=Tec1- Trml
w (O] 14 " [Tci]
SS1 1 L56 UTILITY-8765/1234-DLG(BC)-Bus6-BK8 2046 11.154 15.47 4.316
L56 DG2-678/65-SLG(A)-Bus6-BK8 2371 10.146 14.46 4.314
2,6,9,18 L67 DG2-678/65-SLG(A)-Bus6-BK7 2369 15.114 19.43 4.316
L78 DG2-678/65-SLG(A)-Bus7-BK7 1709 22.926 27.24 4.314
SS2 10. 16 L56 DG2-67/65-SLG(A)-Bus6-BK8 2330 10.374 14.70 4.326
' L67 DG2-67/65-SLG(A)-Bus6-BK7 2327 15.426 19.74 4.314
S 8 L34 DG2-6543-SLG(A)-Bus4-BK8 1989 12.426 16.74 4.314
2 L56 DG2-6543-SLG(A)-Bus6-BK8 2355 10.134 14.46 4.326
'g 17 L56 DG2-65-SLG(A)-Bus6-BK8 2282 10.374 14.69 4.316
= 37 12 15. 20 L67 DG2-6781-SLG(A)-Bus6-BK7 2400 15.150 19.46 4.310
$S3 T L78 DG2-6781-SLG(A)-Bus7-BK7 1742 22.674 26.99 4.316
11 14. 19 L67 DG2-678-SLG(A)-Bus6-BK7 2339 15.654 19.97 4.316
T L78 DG2-678-SLG(A)-Bus7-BK7 1698 23.370 27.70 4.330
SS4 13,21 L67 DG2-67-SLG(A)-Bus6-BK7 2298 9.594 13.91 4.316
SS5 4 L67 DG1-5678-SLG(A)-Bus6-BK7 1940 17.898 22.21 4.312
L78 DG1-5678-SLG(A)-Bus7-BK7 1503 25.398 29.71 4.312
SS1 1 L56 UTILITY-8765/1234-LL(BC)-Bus5-BK8 1539 16.35 20.66 4.310
L56 DG2-678/65-LL(BC)-Bus5-BK8 1392 20.706 25.02 4.314
2,6,9,18 L67 DG2-678/65-LL(BC)-Bus7-BK7 1265 36.378 40.70 4.322
L78 DG2-678/65-LL(BC)-Bus8-BK7 1036 53.142 57.47 4.328
s$2 10. 16 L56 DG2-67/65-LL(BC)-Bus5-BK8 1369 21.666 25.98 4.314
' L67 DG2-67/65-LL(BC)-Bus7-BK7 1221 38.67 42.98 4.310
I 8 L34 DG2-6543-LL(BC)-Bus3-BK8 1275 24.138 28.46 4.322
E L56 DG2-6543-LL(BC)-Bus5-BK8 1427 19.914 24.24 4.326
= 17 L56 DG2-65-LL(BC)-Bus5-BK8 1342 22.41 26.74 4.330
= 37 12 15. 20 L67 DG2-6781-LL(BC)-Bus7-BK7 1318 34.89 39.22 4.330
$S3 T L78 DG2-6781-LL(BC)-Bus8-BK7 1088 49.35 53.66 4.310
11 1419 L67 DG2-678-LL(BC)-Bus7-BK7 1253 37.878 42.20 4.322
T L78 DG2-678-LL(BC)-Bus8-BK7 1031 54.894 59.22 4.326
SS4 13,21 L67 DG2-67-LL(BC)-Bus7-BK7 1210 23.01 27.34 4.330
sS5 4 L67 DG1-5678-LL(BC)-Bus7-BK7 1145 39.618 43.93 4.312
L78 DG1-5678-LL(BC)-Bus8-BK7 955 56.178 60.50 4.322

Bold represents backup protection tests
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Appendix N - Measured and theoretical relay times and relay time percent error values for NRTS

experiment

Table N.1: Measured and theoretical relay times and relay time percent error values of Relay 2

Relay 2 - Tripping Tests - NRTS Experiment

- Groups and Modes Protection Area, Source, Circuit, Fault and Location = Tripping Tests Calculations
c %]
: g
3| 2 2 <
2 £ c = Measured .
S| £ ® = P ; o= - Theoretical . o
3 & =3 53 Source - Circuit - Type of Fault - Fault Location Ty Relay Time, Relay Time Relay Time Percent Error, %
- o i § e = - Opened Breaker > 9 cycles le [T ' [Etros = 100 (Trm -Tr) TR]
> > o T o T cycle [ R]
sl 8 & €5 [Trm]
O =0
ss1 1 L56 UTILITY-8765/1234-DLG(BC)-Bus6-BK6 2101 19.626 19.181 2.32
c L67 UTILITY-8765/1234-DLG(BC)-Bus7-BK6 3170 12.426 11.938 4.08
g 2,6,9,18 L78 DG2-678/65-SLG(A)-Bus7-BK5 1650 15.114 14.231 6.20
5 SS2 3,7,12,15, 20 L78 DG2-6781-SLG(A)-Bus7-BK5 1681 14.418 13.855 4.06
= 11, 14,19 L78 DG2-678-SLG(A)-Bus7-BK5 1639 15.102 14.364 5.14
SS4 4 L78 DG1-5678-SLG(A)-Bus7-BK5 1453 16.854 16.096 4.71
ss1 1 L56 UTILITY-8765/1234-LL (BC)-Bus5-BK6 1564 30.774 30.272 1.66
c L67 UTILITY-8765/1234-LL(BC)-Bus6-BK6 1845 23.658 23.170 211
2 2,6,9,18 L78 DG2-678/65-LL(BC)-Bus8-BK5 996 34.254 33.968 0.84
:§ SS2 3,7,12,15, 20 L78 DG2-6781-LL(BC)-Bus8-BK5 1047 31.842 30.753 3.54
11, 14,19 L78 DG2-678-LL(BC)-Bus8-BK5 989 34.878 34.405 1.38
SS4 4 L78 DG1-5678-LL(BC)-Bus8-BK5 915 38.358 38.073 0.75

Bold represents backup protection tests
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Table N.2: Measured and theoretical relay times and relay time percent error values of Relay 3

Relay 3 - Tripping Tests - NRTS Experiment

Groups and Modes

Protection Area, Source, Circuit, Fault and Location

Tripping Tests

Calculations

- g5
5 x5
=L o o . s . - & g é Measured Theoretical ; 9
F g 3£ %8 § 8 Source - Cl_rcmt - Type of Fault - Fault >0 < Relay Time, Relay Time, Relay TlTe Percent Error, %
& 5 % (S 2% Location - Opened Breaker g == cycles cycle [Ta] [Etros = 100 (Trm -Tr)/ Tr]
E - © [TRm]
g uw
SS1 1 L56 UTILITY-8765/1234-DLG(BC)-Bus6-BK8 2046 11.154 10.284 8.46
L56 DG2-678/65-SLG(A)-Bus6-BK8 2371 10.146 9.540 6.35
2,6,9,18 L67 DG2-678/65-SLG(A)-Bus6-BK7 2369 15.114 14.468 4.47
L78 DG2-678/65-SLG(A)-Bus7-BK7 1709 22.926 21.901 4.68
$S2 10. 16 L56 DG2-67/65-SLG(A)-Bus6-BK8 2330 10.374 9.724 6.69
' L67 DG2-67/65-SLG(A)-Bus6-BK7 2327 15.426 14.756 4.54
1S 8 L34 DG2-6543-SLG(A)-Bus4-BK8 1989 12.426 11.770 5.57
g L56 DG2-6543-SLG(A)-Bus6-BK8 2355 10.134 9.611 5.45
% 17 L56 DG2-65-SLG(A)-Bus6-BK8 2282 10.374 9.958 4.18
= 3.7 12 15. 20 L67 DG2-6781-SLG(A)-Bus6-BK7 2400 15.150 14.551 4.12
ss3 T L78 DG2-6781-SLG(A)-Bus7-BK7 1742 22.674 21.811 3.96
11.14. 19 L67 DG2-678-SLG(A)-Bus6-BK7 2339 15.654 14.964 4.61
Y L78 DG2-678-SLG(A)-Bus7-BK7 1698 23.370 22.637 3.24
SS4 13,21 L67 DG2-67-SLG(A)-Bus6-BK7 2298 9.594 8.594 11.64
ss5 4 L67 DG1-5678-SLG(A)-Bus6-BK7 1940 17.898 16.875 6.07
L78 DG1-5678-SLG(A)-Bus7-BK7 1503 25.398 24.266 4.66
SS1 1 L56 UTILITY-8765/1234-LL(BC)-Bus5-BK8 1539 16.35 15.516 5.38
L56 DG2-678/65-LL(BC)-Bus5-BK8 1392 20.706 20.067 3.18
2,6,9,18 L67 DG2-678/65-LL(BC)-Bus7-BK7 1265 36.378 35.685 1.94
L78 DG2-678/65-LL(BC)-Bus8-BK7 1036 53.142 52.125 1.95
5S2 10 16 L56 DG2-67/65-LL(BC)-Bus5-BK8 1369 21.666 20.634 5.00
' L67 DG2-67/65-LL(BC)-Bus7-BK7 1221 38.67 38.053 1.62
= 8 L34 DG2-6543-LL(BC)-Bus3-BK8 1275 24.138 23.359 3.34
g L56 DG2-6543-LL (BC)-Bus5-BK8 1427 19.914 19.236 3.52
£ 17 L56 DG2-65-LL(BC)-Bus5-BK8 1342 22.41 21.349 4.97
2 3712 15 20 L67 DG2-6781-LL(BC)-Bus7-BK7 1318 34.89 34.065 2.42
5S3 T L78 DG2-6781-LL(BC)-Bus8-BK7 1088 49.35 48.646 1.45
11.14. 19 L67 DG2-678-LL(BC)-Bus7-BK7 1253 37.878 37.255 1.67
T L78 DG2-678-LL(BC)-Bus8-BK7 1031 54.894 54.295 1.10
SS4 13,21 L67 DG2-67-LL(BC)-Bus7-BK7 1210 23.01 22.388 2.78
ss5 4 L67 DG1-5678-LL(BC)-Bus7-BK7 1145 39.618 38.752 2.24
L78 DG1-5678-LL(BC)-Bus8-BK7 955 56.178 55.558 1.12

Bold represents backup protection tests
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Appendix O - Setting parameters of elements in the microgrid circuit for real-time simulation

Table O.1: Setting parameters of elements in the microgrid circuit for real-time simulation with relays in the loop
Masks Setting Parameters Load | Load Load Load | Load | Load | Load | Load Load Load | Load | Load Load
1 2 3 4 5 6 7 8 9 10 11 12 13
Configuration Yg Yg Yg Yg Yg Yg Yg Yg Yg Yg Yg Yg Yg
8O Nominal phase-to-phase voltage Vn (Vrms) 7200 7200 7200 7200 7200 [ 7200 | 7200 7200 7200 7200 7200 7200 7200
g 0—:' - Nominal frequency fn (Hz) 60 60 60 60 60 60 60 60 60 60 60 60 60
S 2 s Active power P (W) 7.5e5 [ 7.5e5 | 5.25e5 | 5.25e5 | 6e5 | 7.5e5 | 6e5 9e5 5.25e5 | 5.25e5 | 9e5 | 5.25e5 | 1.05e6
E = - Inductive reactive power QL (positive var) 5.7e5 | 5.7e5 4.2e5 4.2e5 | 4.8e5 6e5 4.5e5 | 6.9e5 4.2e5 4.2e5 6e5 4.5e5 8.4e5
= Capacitive reactive power Qc (negative var) 0 0 0 0 0 0 0 0 0 0 0 0 0
Load type Constant PQ
Setting Parameters Line 1-2 Line 2-3 Line 3-4 Line 5-6 Line 6-7 Line 7-8
2 Number of phases 3 3 3 3 3 3
g Inductance (pu) 2.2968 2.2968 1.1484 1.1484 2.2968 2.2968
b} Resistance (pu) 0.7398 0.7398 0.3699 0.3699 0.7398 0.7398
é Nominal power (VA) 100e6 100e6 100e6 100e6 100e6 100e6
3] Nominal voltage (V) 4160 4160 4160 4160 4160 4160
< Nominal frequency (Hz) 60 60 60 60 60 60
Sample time (s) 50e-6 50e-6 50e-6 50e-6 50e-6 50e-6
_ Setting Parameters Transformer Transformer 1 Transformer 2 Transformer 3
g Winding 1 connection (ABC terminals) Delta (D1) Delta (D1) Delta (D1) Delta (D1)
5= Winding 2 connection (ABC terminals) Yg Yg Yg Yg
E =4 Nominal power Pn (VA) 5e6 2.5e6 2.5e6 2.5e6
] Frequency fn (Hz) 60 60 60 60
: é Winding 1 phase-to-phase voltage V1 (Vrms) 115000 480 480 480
5__‘@ . Winding 1 resistance R1 (pu) 0.1 0.132 0.132 0.132
a E Winding 1 inductance L1 (pu) 0.002123 0.003031 0.003031 0.003031
§ = Winding 2 phase-to-phase voltage V2 (Vrms) 7200 7200 7200 7200
= Winding 2 resistance R2 (pu) 0.1 0.132 0.132 0.132
Winding 2 inductance L2 (pu) 0.002123 0.003031 0.003031 0.003031
Setting Parameters Utility Dist. Generator 1 Dist. Generator 2 Dist. Generator 3
® Phase-to-phase rms voltage (V) 115000*1.05 480*1.05 480*1.05 480*1.05
(c‘@ ° Phase angle of phase A (degrees) 0 0 0 0
a 2 Frequency (Hz) 60 60 60 60
§ Ug) Internal connection Yg Yg Yg Yg
£ 3-phase short-circuit level at base voltage (VA) 150332949 16111888 16111888 16111888
Base phase-to-phase voltage (Vrms) 115000 480 480 480
X/R ratio 15 83 83 83
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Appendix P - Circuits for RTS experiment

Circuit paths based on the maximum generator power and loads constraints for the RTS

experiment.

A) Micro Grid with Distributed Generators
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A) Micro Grid with Distributed Generators

OpGomm

A
e
T —
.7 | i J'[FHW\@—W External control faut signal
Toadz o from the console
Loada Transfarmer 3 Distrbured
A‘-— Generater 3 Al———
e e — B———
e h B MNL‘M{LC
Load 1 Toed3 Load5
1
L= 105t L= 1t L osm
- 2371 v b T C- a7z o
- 0izaa =- 0120 R- 00 0
tre 2 ==y et
. Cirout path Relay (Rn) and sefling group (S5n)
. et palh Select the recorded event for breakers ' !
2 corting ey oot 1. Place 1 to select Breaker 1 (BKS or BKS) UTILITY-B785/1234. R2-551 and R3-551
elect the relay setting group 2. Flace 0 to select Beaker 2 (BT o BKS) DG1-5675 B2 554 and R3.555
3. Place the faut type and location 7 5
ransformer 4. Select the recorded event for breakers DG1-3458 3558
5. Run the real ime simulation oy 2 — DG2.678085 R2-552 and R2.552
6. Collect resuls from reiay 2 and/or 3 . ggi;:‘ g:gﬁ 5”; ;i:i
-552 an
Notes Ramy 2 P DG2-57/65 R2-553 and R3-352
- DG267 R2-553 and R3-554
1. Connect the loads to ines to avoid a model compiition error [] Doz 8543 e
2. Verify the fault current (peak) is not greater than 10000 amps. ey g
Utiliey 3. Save the circuit after placing a new fautt scenario bozs T oRiess
DG2-2187 = R2S53
— Fault From1d
Fremz? From20
= Fromas From24
Breaker 2 f—
SaE Golot Bks o . Breaker 2 Breaker 1
0 Soto Gowi3 _Bi7 iness
. L S N v ]
Relay 2 e ] Reloy s A
Boto2 1
L= 10t s
s g2 ko | L= 057z
Re1ma = 474z ¥
E - aeirt 2
suss N
A MR P -5
W ]
C + " A
toad 12 I O buted
istribute

GowT  Gowd  Gows GewiE

Gotol7 Gotote

Tra

sformer 2

Generator 2

Load 8

re;

Figure P.3: DG2-67/65 circuit for the RTS experiment

A) Micro Grid with Distributed Generators

= '_‘A [«
L giiel (REL3 1
P2y |
Load2 o
Load 4 Transformer 3 Distributed
AL Generator 3
fin H L\W'B'_
WEIEE = =
Load 1 Lozd 2
1
Lo 05t Lo 105t
237 o o 2 e
- atsn a1
) i
Instructions:

1. Select the circutt path
2. Select the relay sstting group

OpComm

External control faut signal
from the console

Faule

Fromis

Circuit path

Select the recorded event for breakers.

1. Place 1 1o select Breaker 1 (BKS or BK6)

UTILTY-8765/1234

=
Relay (Rn) and setting group (SSn)

R2-551 and R3-551

2. Place 0to select Beaker 2 (BKY or BKS) Z s

3. Place the faut type and location face 0 to seiect Beaker 2 (BKT o BKS) DG1-5678 =» R2-554andR3-555

ransformer 4. Select the recorded event for breakers DG1-34i58 = Re-588
5. Run the real tme simulation Ry 2 P— Egiﬂ:’f‘ - g'zzi ::: Siz%

6. Collect resulls from relay 2 andfor 3 5 - R
DG2.678 -> R2-552andR3-S53
o it DG2.67665 = R2-553andR3-S52
otes:

DG2.67 -> R2-553andR3-S5¢

1. Connect the loads to lincs to avoid a model compiation error ['] DG28543 = miss:

2. Verify the fault current (peak) is not greater than 10000 amps Dom e gy

Uliey 3. Save the circut after placing a new fautt scenario Dose T Rrese

DG3-2187 = R2.553

Fromt? From20
Fromzs From24
Breaker 2
e 7
Lne 7
cowtn wwase
Reley2 ) i Relay 3 e —
Lo 1054 mH R Gotol
I e e ] |
-omsa = - s ur
Gowtz | - aeeian
b <(Jea3]
T 1 | ]
M i 1
Toad 13 z mE
Distributad
Generator 2
s Gowts  Gowi? Goid

Distributed
Generator 1

ransformer 1

Distributad
Generator 1

Figure P.4: DG2-6543 circuit for the RTS experiment

457



A) Micro Grid with Distributed Generators
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Figure P.5: DG2-65 circuit for the RTS experiment
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Figure P.6: DG2-6781circuit for the RTS experiment
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Figure P.9: DG1-5678 circuit for the RTS experiment
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Figure P.12: DG3-2187 circuit for the RTS experiment
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Appendix Q - Measured fault state and ending time values for tripping and non-tripping tests

for RTS experiment

Table Q.1: Measured fault state and ending time values for tripping and non-tripping tests of Relay 2

Relay 2 - Tripping and Non-Tripping Tests - RTS Experiment

Protection Area, Source, Circuit, Fault and

Groups and Modes ; LLTI® C8 Event Matlab® Files
£ P Location
= . Primary N Tripping Tests Non-Tripping Tests
o| £ c Picku Initial - -
| £ - 2 @ o 3 =y Z\E Record p Fault | Measured | Ending | Measured Ending
S| 2 273 88 Source - Circuit- Type of Faull(t -Fault | oo Event Fault Time, | Fault State | Fault | FaultState [ Fault
= S s 5 < Location - Opened Breaker g §, g §, File Current, cycles Time, Time, Time, Time,
gl & o arr:ps [Tie] cycles cycles cycles cycles
g Mesol | [Teel | [Tesnl [Tee]
ss1 1 L56 | UTILITY-8765/1234-DLG(BC)-Bus6-BK6 on off C8_14156 1567 150.00 33.625 183.63 27.375 177.38
e L67 UTILITY-8765/1234-DLG(BC)-Bus7-BK6 on on C8_14167 1838 150.00 25.250 175.25 19.250 169.25
E 2,6,9,6 18 L78 DG2-678/65-SLG(A)-Bus7-BK5 on on C8 14169 1582 150.00 17.625 167.63 15.000 165.00
'5 SS2 | 3,7,12,15, 20 L78 DG2-6781-SLG(A)-Bus7-BK5 on on C8_14173 1599 150.00 17.125 167.13 12.000 162.00
= 11, 14, 19 L78 DG2-678-SLG(A)-Bus7-BK5 on on C8_14175 1604 150.00 17.500 167.50 12.500 162.50
SS4 4 L78 DG1-5678-SLG(A)-Bus7-BK5 on on C8 14177 1459 150.00 18.500 168.50 13.125 163.13
ss1 1 L56 UTILITY-8765/1234-LL(BC)-Bus5-BK6 on off C8_14026 1224 150.00 52.000 202.00 31.000 181.00
£ L67 UTILITY-8765/1234-LL(BC)-Bus6-BK6 on on C8_14042 1318 150.00 44.250 194.25 16.375 166.38
E 2,6,9,18 L78 DG2-678/65-LL(BC)-Bus8-BK5 on on C8_13953 911 150.00 44,000 194.00 26.000 176.13
-‘25 S82 | 3,7,12, 15,20 L78 DG2-6781-LL(BC)-Bus8-BK5 on on C8_14052 947 150.00 40.000 190.00 21.625 171.63
11, 14, 19 L78 DG2-678-LL(BC)-Bus8-BK5 on on C8 14048 918 150.00 40.750 190.75 18.875 168.88
SS4 4 L78 DG1-5678-LL(BC)-Bus8-BK5 on on C8_14044 864 150.00 46.125 196.13 24.875 174.88

Bold represents backup protection tests, ) Low level test interface
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Table Q.2: Measured fault state and ending fault time values for tripping and non-tripping tests of Relay 3

Relay 3 - Tripping and Non-Tripping Tests - RTS Experiment

Protection Area, Source, Circuit, Fault and

2 | Groups and Modes : LLTI® C8 Events Matlab® Files
3 Location

E Primary Initial Tripping Tests Non-Tripping Tests
5| ao ° s " ~E|oE|  Record Pickup Fault Measured | Ending | Measured | Ending
3l2E 23 53 Source - Circuit - Type of Fault - Fault xo|z° Event Fault Time. | FaultState [ Fault | FaultState [ Fault
= 6 g s § < Location - Opened Breaker E S E s File Current, cycIeS’, Time, Time, Time, Time,
K a = = amps [Tl cycles cycles cycles cycles
[ " [Tesnl [Ter] [Tesn] [Teel
SS1 1 L56 UTILITY-8765/1234-DLG(BC)-Bus6-BK8 on on C8 13193 1551 150.00 16.500 166.5 6.625 156.63
L56 DG2-678/65-SLG(A)-Bus6-BK8 on on C8_13106 1896 150.00 13.500 163.5 8.500 158.50
2,6,9, 18 L67 DG2-678/65-SLG(A)-Bus6-BK7 on on C8 13115 1895 150.00 20.750 170.8 13.125 163.13
L78 DG2-678/65-SLG(A)-Bus7-BK7 off on C8 13113 1556 150.00 27.000 177.0 23.875 173.88
SS2 10. 16 L56 DG2-67/65-SLG(A)-Bus6-BK38 on on C8_13127 1927 150.00 13.500 163.5 10.375 160.38
' L67 DG2-67/65-SLG(A)-Bus6-BK7 on on C8_13131 1897 150.00 19.625 169.6 13.875 163.88
£ 8 L34 DG2-6543-SLG(A)-Bus4-BK8 on on C8_13170 1726 150.00 15.125 165.1 9.125 159.13
E L56 DG2-6543-SLG(A)-Bus6-BK8 on on C8 13175 1915 150.00 13.500 163.5 10.500 160.50
= 17 L56 DG2-65-SLG(A)-Bus6-BK8 on on C8_13120 1958 150.00 13.000 163.0 8.125 158.13
= 37 12 15. 20 L67 DG2-6781-SLG(A)-Bus6-BK7 on on C8_13161 1927 150.00 20.250 170.3 12.125 162.13
sS3 T L78 DG2-6781-SLG(A)-Bus7-BK7 off on C8 13157 1567 150.00 27.000 177.0 20.375 170.38
11 14.19 L67 DG2-678-SLG(A)-Bus6-BK7 on on C8 13151 1910 150.00 20.500 170.5 11.375 161.38
T L78 DG2-678-SLG(A)-Bus7-BK7 off on C8 13149 1579 150.00 26.125 176.1 16.875 166.88
SS4 13,21 L67 DG2-67-SLG(A)-Bus6-BK7 on on C8 13142 1925 150.00 12.000 162.0 7.375 157.38
sss 4 L67 DG1-5678-SLG(A)-Bus6-BK7 on on C8_13207 1734 150.00 21.000 171.0 3.125 153.13
L78 DG1-5678-SLG(A)-Bus7-BK7 off | on | C8 13138 1452 150.00 28.000 178.0 22.500 172.50
SS1 1 L56 UTILITY-8765/1234-LL(BC)-Bus5-BK8 on on C8 13015 1208 150.00 24.750 174.8 5.520 155.52
L56 DG2-678/65-LL(BC)-Bus5-BK8 on on C8 12784 1087 150.00 33.500 183.5 12.625 162.63
2,6,9,18 L67 DG2-678/65-LL(BC)-Bus7-BK7 on on C8_12796 1059 150.00 50.250 200.3 27.875 177.88
L78 DG2-678/65-LL(BC)-Bus8-BK7 off [ on [ C8 12794 953 150.00 63.500 2135 41.625 191.63
L56 DG2-67/65-LL(BC)-Bus5-BK8 on on C8_12862 1096 150.00 32.500 182.5 15.250 165.25
582 10,16 L67 DG2-67/65-LL(BC)-Bus7-BK7 on | on | C8.12867 | 1034 | 15000 | 52250 | 2023 | 29.750 | 179.75
c 8 L34 DG2-6543-LL(BC)-Bus3-BK8 on on C8_12854 1082 150.00 33.500 183.5 8.000 158.00
E L56 DG2-6543-LL(BC)-Bus5-BK8 on on C8_12856 1149 150.00 29.500 179.5 8.625 158.63
£ 17 L56 DG2-65-LL(BC)-Bus5-BK8 on on C8 12850 1094 150.00 32.125 182.1 14.250 164.25
= 37 12.15. 20 L67 DG2-6781-LL(BC)-Bus7-BK7 on on C8 13002 1098 150.00 49.000 199.0 25.625 175.63
$S3 T L78 DG2-6781-LL(BC)-Bus8-BK7 off on C8 13000 982 150.00 60.500 210.5 36.625 186.63
11 14 19 L67 DG2-678-LL(BC)-Bus7-BK7 on on C8 12990 1071 150.00 50.500 200.5 28.375 178.38
T L78 DG2-678-LL(BC)-Bus8-BK7 off | on | C8 12987 968 150.00 64.000 214.0 40.875 190.88
SS4 13,21 L67 DG2-67-LL(BC)-Bus7-BK7 on on C8_13012 1054 150.00 31.250 181.3 10.375 160.38
SS5 4 L67 DG1-5678-LL(BC)-Bus7-BK7 on on C8 12978 997 150.00 51.500 201.5 29.625 179.63
L78 DG1-5678-LL(BC)-Bus8-BK7 off | on [ C8 12980 909 150.00 64.000 214.0 39.875 189.88

Bold represents backup protection tests, ) Low level test interface
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Appendix R - Measured fault state time values from event files, RT-LAB® second console, and
Matlab® files for RTS experiment

Table R.1: Measured fault state times collected from event files, RT-LAB® second console, and Matlab® files for tripping tests of Relay 2

£ Test LLTIO C8 Event Files RT-LAB® Second Console “ﬁﬂig)@)

=

P - eae

§ Egsll;:lg Ig;ﬂﬁl Measured Pre-fault Sger::"c;fa?;je- Measured Measured

gl o o NE|™E Fault State State Fault State Fault State

ource — Circuit - Type of Fault - Fault | >9|>0° State State - . Fault State - -

O . 8 | —| NoEvent . . Time, Time, . Time, Time,

= Location - Opened Breaker T c|T Time, Time, Time,

> x sl o, cycles cycles cycles cycles cycles cycles cycles

Tesm = Ter -T T Tesm=S -T, T

L [Teel [Tl [Trsm = Ter -Tiel [Ter] [S =Ter +Trsnl [Tesm PRl [Trsm]
UTILITY-8765/1234-DLG(BC)-Bus6-BK6 | on | off | C8 14156 40.00 5.75 34.25 150.00 184.086 34.086 33.625

c UTILITY-8765/1234-DLG(BC)-Bus7-BK6 | on | on | C8_14167 32.25 5.50 26.75 150.00 177.060 27.060 25.250

E DG2-678/65-SLG(A)-Bus7-BK5 on | on C8_14169 2450 5.88 18.62 150.00 171.540 21.540 17.625

5 DG2-6781-SLG(A)-Bus7-BK5 on | on C8_14173 24.13 5.88 18.25 150.00 169.245 19.245 17.125

= DG2-678-SLG(A)-Bus7-BK5 on | on | C8_14175 24.50 5.88 18.62 150.00 168.525 18.525 17.500

DG1-5678-SLG(A)-Bus7-BK5 on | on | C8 14177 25.50 5.75 19.75 150.00 169.539 19.539 18.500

UTILITY-8765/1234-LL(BC)-Bus5-BK6 | on | off | C8 14026 58.00 5.38 52.62 150.00 203.760 53.760 52.000

c UTILITY-8765/1234-LL(BC)-Bus6-BK6 on | on | C8_14042 50.38 5.38 45.00 150.00 196.035 46.035 44.250

2 DG2-678/65-LL(BC)-Bus8-BK5 on | on | C8 13953 50.75 5.88 44.87 150.00 196.335 46.335 44.000

£ DG2-6781-LL(BC)-Bus8-BK5 on | on C8_14052 46.88 5.50 41.38 150.00 194.100 44,100 40.000

= DG2-678-LL(BC)-Bus8-BK5 on | on C8 14048 47.25 5.50 41.75 150.00 192.261 42.261 40.750

DG1-5678-LL(BC)-Bus8-BK5 on | on C8_14044 52.75 5.75 47.00 150.00 197.895 47.895 46.125

Bold represents backup protection tests, ” Low level test interface, ® Values from Table Q.1 in Appendix Q
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Table R.2: Measured fault state times collected from event files, RT-LAB® second console, and Matlab® files for tripping tests of Relay 3

|5 Test LLTI® C8 Event Files RT-LAB® Second Console “ﬁﬂig)@)
= - —
3 E;:lmg I;;Eﬁl Measured fF; Lelt Sg;ﬁf;r;' Measured Measured
N (92)
g Source - Circuit - Type of Fault -Fault 2 g 2 g No Event State State Fa_L;Iitnfgate State Fault State Fa_LFIitnfgate Fayrlithetate
= Location - Opened Breaker Tc|Tc Time Time ' Time Time ' '
E P ro|xo ' ' cycles ! ' cycles cycles
3 = = cycles cycles [Tesn = Ter -Tiel cycles cycles [Tesn= S Torl [Tesn]
[Tee] [Tl mTFF ™ ) [Terl | [S=Ter+Tesn] Fem PR Fem
UTILITY-8765/1234-DLG(BC)-Bus6-BK8 on on C8 13193 | 23.63 5.63 18.00 150.00 169.65 19.650 16.500
DG2-678/65-SLG(A)-Bus6-BK8 on on C8_13106 | 20.38 5.63 14.75 150.00 165.825 15.825 13.500
DG2-678/65-SLG(A)-Bus6-BK7 on on C8 13115 | 27.50 5.75 21.75 150.00 173.355 23.355 20.750
DG2-678/65-SLG(A)-Bus7-BK7 off on C8_13113 | 33.88 5.63 28.25 150.00 181.095 31.095 27.000
DG2-67/65-SLG(A)-Bus6-BK8 on on C8 13127 | 20.38 5.74 14.64 150.00 165.315 15.315 13.500
DG2-67/65-SLG(A)-Bus6-BK7 on on C8 13131 | 26.50 5.61 20.89 150.00 171.015 21.015 19.625
e DG2-6543-SLG(A)-Bus4-BK8 on on C8_13170 | 21.75 5.75 16.00 150.00 165.885 15.885 15.125
2 DG2-6543-SLG(A)-Bus6-BK8 on on C8 13175 | 20.38 5.63 14.75 150.00 165.000 15.000 13.500
% DG2-65-SLG(A)-Bus6-BK8 on on C8 13120 | 20.13 5.88 14.25 150.00 165.345 15.345 13.000
= DG2-6781-SLG(A)-Bus6-BK7 on on C8 13161 | 27.13 5.95 21.18 150.00 172.425 22.425 20.250
DG2-6781-SLG(A)-Bus7-BK7 off on C8 13157 | 33.88 5.88 28.00 150.00 178.746 28.746 27.000
DG2-678-SLG(A)-Bus6-BK7 on on C8_13151 | 27.50 5.76 21.74 150.00 173.205 23.205 20.500
DG2-678-SLG(A)-Bus7-BK7 off on C8 13149 | 32.75 5.75 27.00 150.00 177.840 27.840 26.125
DG2-67-SLG(A)-Bus6-BK7 on on C8_13142 18.50 5.38 13.12 150.00 164.76 14.760 12.000
DG1-5678-SLG(A)-Bus6-BK7 on on C8 13207 | 27.88 5.75 22.13 150.00 172.665 22.665 21.000
DG1-5678-SLG(A)-Bus7-BK7 off on C8_13138 | 34.25 5.38 28.87 150.00 180.750 30.750 28.000
UTILITY-8765/1234-LL (BC)-Bus5-BK8 on on C8 13015 | 32.13 5.75 26.38 150.00 177.75 27.750 24.750
DG2-678/65-LL(BC)-Bus5-BK8 on on C8 12784 | 39.75 5.18 34.57 150.00 185.955 35.955 33.500
DG2-678/65-LL(BC)-Bus7-BK7 on on C8 12796 | 56.75 5.75 51.00 150.00 201.885 51.885 50.250
DG2-678/65-LL(BC)-Bus8-BK7 off on C8 12794 | 70.13 5.63 64.50 150.00 217.32 67.320 63.500
DG2-67/65-LL(BC)-Bus5-BK8 on on C8 12862 | 38.88 5.38 33.50 150.00 186.375 36.375 32.500
DG2-67/65-LL(BC)-Bus7-BK7 on on C8_12867 | 59.13 5.63 53.50 150.00 204.528 54.528 52.250
£ DG2-6543-LL (BC)-Bus3-BK8 on on C8_12854 | 40.13 5.88 34.25 150.00 185.97 35.970 33.500
2 DG2-6543-LL(BC)-Bus5-BK8 on on C8_ 12856 | 36.50 5.88 30.62 150.00 181.335 31.335 29.500
£ DG2-65-LL(BC)-Bus5-BK8 on on C8 12850 | 38.63 5.50 33.13 150.00 185.22 35.220 32.125
= DG2-6781-LL(BC)-Bus7-BK7 on on C8_13002 | 55.88 5.88 50.00 150.00 200.805 50.805 49.000
DG2-6781-LL(BC)-Bus8-BK7 off on C8 13000 | 67.25 5.88 61.37 150.00 211.863 61.863 60.500
DG2-678-LL(BC)-Bus7-BK7 on on C8.12990 | 57.50 5.88 51.62 150.00 201.663 51.663 50.500
DG2-678-LL(BC)-Bus8-BK7 off on C8_12987 | 70.38 5.88 64.50 150.00 216.3 66.300 64.000
DG2-67-LL(BC)-Bus7-BK7 on on C8 13012 | 37.88 5.87 32.01 150.00 187.38 37.380 31.250
DG1-5678-LL(BC)-Bus7-BK7 on on C8_12978 | 58.25 5.75 52.50 150.00 203.85 53.850 51.500
DG1-5678-LL (BC)-Bus8-BK7 off on C8 12980 | 70.38 5.50 64.88 150.00 217.065 67.065 64.000

Bold represents backup protection tests, ¥ Low level test interface, @ Values from Table Q.2 in Appendix Q
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Appendix S - Measured and theoretical relay times and relay time percent error values for

Table S.1: Measured and theoretical relay times and relay time percent error values for Relay 2

RTS experiment

Test LLTI® C8 Event Files Calculations
- § Pr.imary Measured Measured Relay Time
S = Picku Measured Rela .
E g N° Source — Ci_rcuit - Type of Fault - Fault % E‘ % E‘ No Event Faultp FaEIJ_Iith;:a\te _I?ierlr?gf Tirlwe, cycles g I-:Iz-t?lzc))/r?l'tilr%ael, Eprig::r:;o
5 Location - Opened Breaker g E, g E, Cl;l;;ezt cycles cycles [Tem = Tesm -Toml cycle [Te] [Erro, = 100
| el [TDn] (Tam -Te)/ Tl
1 UTILITY-8765/1234-DLG(BC)-Bus6-BK6 on off | C8 14156 1567 34.25 3.63 30.62 30.17 1.48
e 2 UTILITY-8765/1234-DLG(BC)-Bus7-BK6 on | on | C8 14167 1838 26.75 2.88 23.38 23.30 0.33
g 3 DG2-678/65-SLG(A)-Bus7-BK5 on | on | C8 14169 1582 18.62 3.25 15.25 15.13 0.76
% 4 DG2-6781-SLG(A)-Bus7-BK5 on | on | C8_14173 1599 18.25 3.01 14.88 14.90 -0.12
= 5 DG2-678-SLG(A)-Bus7-BK5 on | on | C8_ 14175 1604 18.62 3.38 15.25 14.83 2.84
6 DG1-5678-SLG(A)-Bus7-BK5 on | on | C8_ 14177 1459 19.75 3.63 16.38 16.00 2.40
7 UTILITY-8765/1234-LL(BC)-Bus5-BK6 on off | C8 14026 1224 52.62 4.38 49.25 47.64 3.37
e 8 UTILITY-8765/1234-LL(BC)-Bus6-BK6 on | on | C8 14042 1318 45.00 3.01 41.63 41.24 0.94
E 9 DG2-678/65-LL(BC)-Bus8-BK5 on | on | C8 13953 911 44.87 3.38 41.50 40.84 1.61
£ 10 DG2-6781-LL(BC)-Bus8-BK5 on | on | C8_ 14052 947 41.38 351 38.01 37.64 0.99
= 11 DG2-678-LL(BC)-Bus8-BK5 on | on | C8_14048 918 41.75 1.63 38.38 40.18 -4.49
12 DG1-5678-LL(BC)-Bus8-BK5 on | on | C8_ 14044 864 47.00 3.38 43.63 43.23 0.93

Bold represents backup protection tests, ™ Low level test interface
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Table S.2: Measured and theoretical relay times and relay time percent error values for Relay 3

Test LLTI® C8 Event Files Calculations
= é Pr.imary Measured Measured Measured Relay . Rﬂzrc;?e
E § o Source - Circuit - Type of Fault -Fault %% % %‘ Pickup Faul.t State Dglay Time, cycles Theoret.lcal Error, %
g N Location - Opened Breaker o e No Event Fault Time, Time, [Tam = Tesm -Toml Relay Time, [Etre = 100
o) P @ S | 5 Current, cycles cycles Rm = TFSm =7 Dm cycle [Tg] ('IIR/D-T Y
amps[1] | [Tesul | [TDy) R
1 UTILITY-8765/1234-DLG(BC)-Bus6-BK8 on | on | C8 13193 1551 18.00 2.13 15.38 15.329 3.53
2 DG2-678/65-SLG(A)-Bus6-BK8 on | on | C8 13106 1896 14.75 2.01 12.13 12.539 1.60
3 DG2-678/65-SLG(A)-Bus6-BK7 on | on | C8 13115 1895 21.75 2.73 19.13 18.968 0.27
4 DG2-678/65-SLG(A)-Bus7-BK7 off | on | C8 13113 1556 28.25 3.26 24.99 25.232 -0.96
5 DG2-67/65-SLG(A)-Bus6-BK8 on | on | C8 13127 1927 14.64 2.01 12.02 12.270 2.94
6 DG2-67/65-SLG(A)-Bus6-BK7 on | on | C8 13131 1897 20.89 1.88 18.27 18.941 0.36
% 7 DG2-6543-SLG(A)-Bus4-BK8 on | on | C8 13170 1726 16.00 1.63 13.38 14.303 0.47
IS 8 DG2-6543-SLG(A)-Bus6-BK8 on on | C8 13175 1915 14.75 2.01 12.13 12.372 2.97
FREE DG2-65-SLG(A)-Bus6-BK8 on | on | C8 13120 | 1958 14.25 2.01 11.63 12.014 1.88
= 10 DG2-6781-SLG(A)-Bus6-BK7 on on | C8 13161 1927 21.18 1.76 18.56 18.962 241
11 DG2-6781-SLG(A)-Bus7-BK7 off | on | C8 13157 1567 28.00 2.76 25.24 25.572 -1.30
12 DG2-678-SLG(A)-Bus6-BK7 on on | C8 13151 1910 21.74 2.38 19.12 19.188 0.90
13 DG2-678-SLG(A)-Bus7-BK7 off | on | C8 13149 1579 27.00 1.88 25.12 25.270 -0.59
14 DG2-67-SLG(A)-Bus6-BK7 on on | C8 13142 1925 13.12 1.88 10.50 10.691 5.13
15 DG1-5678-SLG(A)-Bus6-BK7 on on | C8 13207 1734 22.13 2.26 19.51 19.625 1.25
16 DG1-5678-SLG(A)-Bus7-BK7 off | on | C8 13138 1452 28.87 2.63 26.24 25.642 2.33
17 UTILITY-8765/1234-LL(BC)-Bus5-BK8 on on | C8 13015 1208 26.38 2.51 23.76 23.643 0.96
18 DG2-678/65-LL(BC)-Bus5-BK8 on on | C8 12784 1087 34.57 2.38 31.95 31.562 1.99
19 DG2-678/65-LL(BC)-Bus7-BK7 on on | C8 12796 1059 51.00 1.63 48.38 49.920 -1.10
20 DG2-678/65-LL(BC)-Bus8-BK7 off | on | C8 12794 953 64.50 2.26 61.88 62.078 0.26
21 DG2-67/65-LL(BC)-Bus5-BK8 on on | C8 12862 1096 33.50 1.76 30.88 31.053 2.21
22 DG2-67/65-LL(BC)-Bus7-BK7 on | on | C8 12867 1034 53.50 2.01 50.88 52.380 -1.70
£ 23 DG2-6543-LL(BC)-Bus3-BK8 on on | C8 12854 1082 34.25 2.26 31.63 31.852 0.43
E 24 DG2-6543-LL(BC)-Bus5-BK8 on on | C8 12856 1149 30.62 2.13 28.00 28.336 0.54
= 25 DG2-65-LL(BC)-Bus5-BK8 on | on | C8 12850 1094 33.13 2.01 30.51 31.165 -0.14
= 26 DG2-6781-LL(BC)-Bus7-BK7 on on | C8 13002 1098 50.00 2.26 47.38 47.819 -0.17
27 DG2-6781-LL(BC)-Bus8-BK7 off | on | C8 13000 982 61.37 2.65 58.75 60.029 -2.18
28 DG2-678-LL(BC)-Bus7-BK7 on on | C8 12990 1071 51.62 1.88 49.00 50.237 -0.99
29 DG2-678-LL(BC)-Bus8-BK7 off | on | C8 12987 968 64.50 2.78 61.88 61.885 -0.27
30 DG2-67-LL(BC)-Bus7-BK7 on on | C8 13012 1054 32.01 2.76 29.39 29.207 0.15
31 DG1-5678-LL(BC)-Bus7-BK7 on on | C8 12978 997 52.50 2.63 49.88 50.786 -1.80
32 DG1-5678-LL(BC)-Bus8-BK7 off | on | C8 12980 909 64.88 2.52 62.26 61.687 1.09

Bold represents backup protection tests, ™ Low level test interface
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