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Abstract

The development of the methodology in this project for a control-hardware-in-the-loop (CHIL)

real-time simulator provides a platform for better comprehension and evaluation of the critical issues
unique to New York State electric systems. The methodology can be readily applied to assess impacts
on electric systems from which the industry can build knowledge for specifying requirements for
interconnecting distributed energy resources (DER). Simple simulation has not been sufficient to
evaluate certain phenomena and limits the ability to assess the effectiveness of proposed solutions

for DER. Reasons for the insufficiency include (1) the lack of readily available and accurate simulation
models of manufactured equipment and (2) basic testing of individual equipment does not capture the
more serious effects of interaction among different types of devices connected to the same feeder. A
real-time CHIL simulation model, as demonstrated in this study, presents a method which addresses
these deficiencies and provides another tool for resolving DER interconnection issues. To demonstrate
the approach and methodology for CHIL simulation, models for three operating distribution feeders were
developed and connected to two inverter controllers of different ratings. The setup was put together at the
test facility at Rensselaer Polytechnic Institute (RPI) and interconnected with the OPAL-RT simulator,’
a software that enables the key functions of CHIL simulation. The following results and findings are

specific to the studied feeders and inverters.

e Unintended Islanding. In the study, the inverters tested use an alternating pulse in inverter
current with constant time period. The tests showed that the inverters trip within two pulse
periods, or at most 1.93s. The slower trip times for an inverter apply to certain system
conditions, including (a) presence of another inverter on the circuit, (b) the inverter is located
on the remote end from the feeder breaker, and (c) it is on a feeder with no capacitor bank.
Even when two inverters use similar methods for active anti-islanding detection with the same
pulse period, their response times to an islanding event can be dissimilar. In the tests, the larger
inverter tends to trip faster than the smaller inverter regardless of feeder type and configuration,
location of the inverters on the feeder or whether or not another inverter is on the feeder. There
is an apparent delay in trip time when two inverters are on the feeder compared to when there
is only one, but the delay is no more than the time to incur an extra pulse or half a pulse period.
All the tests conducted had all connected inverters tripping within the 2s limit on response
time specified in Institute of Electrical and Electronics Engineers Standard (IEEE Std)-1547.
When active anti-islanding is disabled or not available, the inverters fail to trip within 2
seconds. Remedial measures, such as direct-transfer trip (DTT), are needed for this situation.



e  Ground Fault Overvoltage (GFOV) on the Subtransmission Line. Since a GFOV event
involves an islanded system, albeit with a single line to ground fault (SLGF), the anti-islanding
protection of the inverters play a role on whether or not the inverters will trip. For the inverters
considered in the study, when active anti-islanding is enabled, even for a fully balanced island,
the inverters trip within the same time frame as noted in the islanding test. This duration may
be long enough to affect equipment. New York State utilities indicate that the longer trip times,
up to 1.93s, is an unacceptable duration for GFOV as it poses a safety risk to personnel. For
faster trip times, remedial measures, such as 3V0 and the negative-sequence voltage (NSV)
protection schemes, are needed for this situation. The NSV protection scheme will be able
to detect the incipient GFOV condition and trip the inverter at a much faster response time
than the 3V0 scheme.

e  Ground Fault Overvoltage (GFOV) on the Distribution Feeder. The simulations show
that the voltages remain within normal operating range and no GFOV is observed.

¢  Ground Fault Over Current (GFOI). When there is an alternate grounding source on
the same sub-transmission system, GFOV is not likely to form. However, there is a ground
fault current that flows in the alternate grounding source. The magnitude of the 310 current
in the transformer is less than its continuous rating per American National Standards
Institute (ANSI)/IEEE Std. 32-1972 and significantly less than the short-term rating.

There is, therefore, not enough ground fault current to overload the transformer.

The development of the methodology for a hardware-in-the-loop real-time simulator provides New
York State utilities with a platform for conducting simulations of specific distribution feeders and

circuits, embedding actual proposed hardware and trying out potential mitigation options.
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Summary

The development of the methodology in this project for a control-hardware-in-the-loop (CHIL) real-time
simulator presents a platform for better comprehension and evaluation of the critical issues unique to
New York State systems. The methodology can be readily applied to assess impacts on electric systems
from which the industry can develop knowledge for specifying requirements for interconnecting
distributed energy resources (DER). The specific issues demonstrated in this study relate to those

issues which have been shown to have delayed the assessment and approval of interconnection projects
of DER in New York State, that is, unintended islanding, ground fault overvoltage (GFOV) and ground
fault overcurrent (GFOI). The approach and methodology demonstrated in this study may also be

amenable to other technical issues.

As the industry develops an understanding of the many complex issues associated with the integration of
DER, it has not been sufficient to use an all-computer-simulation approach to evaluate these phenomena
and the proposed potential solutions. For one, accurate simulation models of manufacturer equipment
are not readily available. Nor is basic testing of individual equipment sufficient, as the interaction effect
of different types of devices is not captured. Real-time simulation using actual control hardware, as used
in this study, presents a method that addresses these deficiencies and helps resolve DER interconnection

issues by embedding actual proposed hardware and trying out potential mitigation options.

To demonstrate the approach and methodology for CHIL simulation, three operating distribution
feeders were modeled, and two inverter controllers of different ratings were obtained from the
manufacturers. These were put together at the test facility at Rensselaer Polytechnic Institute (RPI)
and interconnected with the OPAL-RT simulator,” a software that enables the key functions of
CHIL simulation. The following results and findings are specific to the studied feeders and inverters.
Any conclusions inferred herein are specific to the study cases and may not generally be applicable
to all feeders and inverters. Non-inverter-based DER may have significantly different responses and

are not covered in the study.
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S.1

Unintended Islanding

Inverters use different methods for active anti-islanding protection. In the study, the inverters
introduce an alternating pulse with constant pulse duration, 7, and period, 74. Even when two
inverters use similar methods for active anti-islanding detection with the same pulse width and
period, their response times to an islanding event are dissimilar as evidenced by the different
standard deviations of trip time, T}, between the two inverters used in the tests.

The inverter trip time is a function of when the islanding occurs in relation to the point in time
within the inverter pulse period. If an islanding event occurs immediately after a detection
pulse, the inverter takes just a little more time to detect the island compared to an event

which occurs just before a pulse. In the case of the of the study inverters, the trip times can
vary but remain within a specific number of pulses, that is, 1-2 pulses represent a time range
of 0 to 0.965s; 2—3 pulses create a time range of 0.483 to 1.448s, and 3—4 pulses produce a
time range of 0.965 to 1.93s.

There is an apparent delay in trip time when two inverters are on the feeder compared to
when there is only one, but the delay is no more than the time to incur an extra pulse.

For cases with two inverters on the feeder, once the first inverter trips, the remaining

inverter trips not only on its own active anti-islanding protection but may also trip on

its passive anti-islanding function since the feeder conditions will now show unbalanced
voltage and frequency.

When active anti-islanding is disabled or not available, the inverters fail to trip within

2 seconds. Remedial measures, such as direct-transfer trip (DTT), are needed for this
situation. The DTT should initiate on the opening of the feeder breaker and send a trip

signal to the inverter(s).

When the study inverters’ active anti-islanding protection is enabled, the 1000-kilowatt (kW)
inverter tends to trip within 1-3 pulses regardless of feeder type, location in the feeder,

or whether or not another inverter is on the feeder. The 500-kW inverter has a slower
response requiring at least two pulses and, in some cases, up to 4 pulses (when two inverters
are on the feeder). All the tests conducted had all connected inverters tripping within the

2s limit on response time specified in Institute of Electrical and Electronics Engineers

Study

(IEEE Std)-1547.

The slower trip times for an inverter apply to certain system conditions, including (a) presence
of another inverter on the circuit, (b) the inverter is located on the remote end from the feeder
breaker, and (c) it is on a feeder with no capacitor bank.
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S.2 Ground Fault Overvoltage on the Subtransmission Line

Since a ground fault over overvoltage (GFOV) event involves an islanded system, albeit with a
single line to ground fault (SLGF), the anti-islanding protection of the inverters can play a role
on whether or not the inverters will trip. For the inverters considered in the study, when active
anti-islanding is enabled, even for a fully balanced island, the inverters trip within the same time
frame as noted in the islanding test, anywhere from 1 to 4 pulses. The time to trip the inverters
and de-energize the island can be as much as 1.93s. This duration may be long enough to affect
equipment. New York State utilities indicate that this is an unacceptable duration for GFOV as
it poses a safety risk to personnel.

The CHIL tests confirm that following the SLGF and formation of the island, voltages as high
1.75 times the pre-event values are observed on the high side of the substation transformer and
on the subtransmission system. This is consistent with the all-software simulation (from the
Phase 2 Study).

When the active anti-islanding feature is disabled, the inverters do not trip for a fully balanced
island, indicating that passive anti-islanding is unable to detect the presence of the ground fault
on the subtransmission line. If left undetected, the GFOV can remain active for as long as
balanced conditions are present on the island.

Two remedial measures were evaluated. For faster trip times, remedial measures, such as

3V0 and the negative-sequence voltage (NSV) protection schemes, are needed for this situation.

New York State utilities require the implementation of a 3V0 protection. This scheme
requires additional equipment and construction at the utility substation that can be
expensive for developers of inverter-based generation and will also impose a time delay
to their projects. The 3V0 scheme will wait until the sensing relay detects the overvoltage
and sends a trip signal to the feeder breakers. This could take as long as 6-24 cycles

(0.1 to 0.4 seconds) to occur, just a little bit faster than active anti-islanding protection.
In the meantime, the overvoltage remains on the high voltage side.

For the NSV protection scheme, the response is based on the sequence voltages. The
NSV protection scheme will be able to detect the incipient GFOV condition and trip

the inverter at a much faster response time than the 3V0 scheme.

For the specific inverters tested here, the inverter trip occurs due to the anti-islanding protection.
These particular inverters do not detect the overvoltage, unlike some simulation models that
were studied previously. Other types and designs of inverters may be able to trip faster by
detecting the overvoltage event or by using shorter anti-islanding detection cycles or other
forms of anti-islanding protection.

S.3 Ground Fault Overvoltage on the Distribution Feeder

This tests for ground fault overvoltage (GFOV) following a SLGF fault at the inverter terminal.
However, the simulations show that the voltages remain within normal operating range and
thus no GFOV is observed.
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S.4 Ground Fault Over Current

®  When there is an alternate grounding source on the same sub-transmission system, ground
fault over current (GFOV) is not likely to form. The alternate grounding source is generally
in the form of a customer transformer with a wye-grounded/delta connection, a three-winding
transformer or an autotransformer. However, there is a ground fault current that flows in
the alternate grounding source. For the simulations, the magnitude of the 310 current in
the transformer is less than its continuous rating per American National Standards Institute
(ANSI)/IEEE Std. 32-1972 and significantly less than the short-term rating. There is, therefore,
not enough ground fault current to overload the transformer. No mitigation is required since
the transformer can withstand the GFC in this scenario.

S.5 Concluding Statement

The present report presents the research and findings for what is essentially Phase 3 of a multiphase
GFOV and islanding study proposed to New York State Energy Research and Development Authority
(NYSERDA) by Pterra LLC.

Phase 1 of the study was an initial assessment of the GFOV phenomena using software simulation.
The results of Phase 1 are documented in the report titled, Assessment of Inverter-based Distributed
Generation Induced Ground Fault Overvoltage on Delta-Wye Substation Transformer, Pterra Report
R149-16 dated 3 January 2016.° One of the findings of the Phase 1 study is that GFOV energized by
inverter-type distributed generation (DG) can occur under specific system conditions and

equipment configurations.

Phase 2 of the study had the following objectives: (a) to investigate, using software simulation, the
nature and characteristics of the specific form of GFOV that has certain New York State utilities
requiring a 3VO0 protection scheme of interconnecting DG, (b) to identify or develop an alternative
protection method that may not be as onerous in cost and time penalty as the 3V0 scheme, and (c) to
provide additional guidance to solar photovoltaic power plant (PV) developers and utilities on how to
evaluate for GFOV potential and provide future design options that will prevent or mitigate the GFOV
issue. The Phase 2 objectives are met as presented in the report titled Alternate Mitigation and Design
Options to 3V0 Requirement, Pterra Report R106-18 dated 2 May 2018. A summary of the report was
presented to the ITWG.
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This report documents Phase 3 of the study. In the study, simulation models for three distribution
systems representative of typical New York State feeders are developed. Instead of computer models
of PV inverter controls, actual hardware in the form of control boards are integrated in the same
simulation loop as the computer models of the distribution circuits; the overall setup is referred to

as control-hardware-in-the-loop or CHIL simulation. This is a demonstration study that establishes
the approach and methodology for conducting similar assessments of specific feeder configurations,
inverter design, and mitigation options. The procedure presented herein may also be adapted to

studying other forms of technical issues.
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1 Introduction

1.1 Background

New York State utilities have identified a number of technical issues when evaluating impacts of
interconnecting distributed energy resources (DER) on their electric systems. Such issues, where

not clearly understood, can lead to delayed assessment and approval of interconnection projects.

In specific cases, software simulation has not been sufficient to evaluate these phenomena and any
proposed mitigation. For one, accurate simulation models of manufacturer equipment are not readily
available or are provided in the form of “black-box” models whose features and functions are not
transparent. Another limitation of software modeling is that the interaction of multiple inverter-based
DER are not practical to simulate due to incompatibilities between user-models from different
manufacturers and the increase in elapsed-time to simulated-time ratio as more user-models are

simulated together.

Control-hardware-in-the-loop (CHIL) simulation technology allows a hybrid approach where the known
electrical characteristics of distribution feeders and their components can be modeled in software while
the unknown, hidden, or actual response of inverter control hardware is captured from the physical
control boards. CHIL simulation is real time, that is, the elapsed-time to simulated-time ratio is unity.
This facilitates the conduct of testing and study as more test cases can be performed once the initial

set up and procedures have been completed.

The overall concept for this project is to demonstrate an approach and methodology that New York State
utilities can apply when evaluating impacts on their electric systems. The present scope does not provide
for an exhaustive analysis of all the various distribution circuit configurations, load types and power
factor, or inverter manufacturer and designs, including anti-islanding schemes, and other salient aspects
of interconnecting distributed energy resources (DbER) to feeder circuits. Rather it demonstrates how a
select feeder and inverter control boards can be integrated in a CHIL simulation setup to study specific
technical issues. The specific issues demonstrated here relate to those which have been shown to have
delayed the assessment and approval of interconnection projects of DER in New York State, that is,
unintended islanding, ground fault overvoltage (GFOV) and ground fault overcurrent (GFOI). The

approach and methodology demonstrated in this study may also be amenable to other technical issues.



The following subsections provide a background on the nature of the three technical issues studied,
the concerns which each issue brings in terms of reliability, power quality, equipment protection,
implementation cost and personnel safety, and the proposed mitigation as identified during the

interconnection process.

1.2 Islanding

The introduction of DER into distribution circuits provides the basis for concerns regarding unintentional
islanding (or simply “islanding” as used in the context of this report). Whereas prior to the addition of
DERs to a feeder, the event of opening the distribution breaker, for whatever reason, would lead to
de-energization of the feeder. The presence of DER may provide enough energy to keep the feeder
energized even though islanded from the grid source. Hence, in the context of this study, an “island”

means an energized isolated feeder circuit.

Industry studies have identified a number of conditions that can lead to the phenomenon of islanding.
A commonly used set of conditions for determining potential for islanding is the Sandia guide, based
on Suggested Guidelines for Assessment of DG Unintentional Islanding Risk, a report from Sandia
National Laboratories by M. Ropp and A. Ellis, dated March 2013. The guideline specifies two sets
of screens that would determine if there is potential risk of islanding. The first screen relates to the
balancing of real power on the islanded circuit, that is, when the ratio of inverter-based DER watts to
the minimum load watts is small, say less than 0.67, then the DER is unlikely to maintain an energized
island. The second screen relates to the reactive power or voltage control on the island, that is, if the
reactive supply is not balanced on the island, voltages tend to exceed normal operating limits, which

will trigger the DER to trip.

In New York State, the Sandia screen has been adopted into the standardized practice for any DER
connecting to the distribution system. This is documented in Unintentional Islanding Protection Practice
for Generation Connected to the Distribution System, prepared by the Joint Utilities of New York,
version dated February 9, 2017. (In this report, the specifications of the document are hereinafter

referred to as the New York Islanding Practice.)

In part as a response to concerns raised with islanding, inverter manufacturers have developed various
anti-islanding techniques. There are two forms, passive and active anti-islanding. Passive anti-islanding
involves monitoring conditions at the point of interconnection of a DER, typically voltage and frequency,

and triggering a trip of the DER when those conditions are not within specified parameters, which would



include time factors and rate-of-change. Passive anti-islanding tends to have a large non-detection zone
to avoid nuisance tripping to comply with other standards (such as IEEE Std-1547) or due to lack of
sensitivity of the monitoring functions. Active anti-islanding may take many forms which typically
involve injecting a disturbance signal and determining from the grid response if an islanding event

has occurred. Inverter control designers and manufacturers generally do not reveal their active islanding
methods and details and hence the need to actually test specific equipment for their characteristics. It

is even more important to then test the interaction of multiple inverter-based DER of different size and
design. Furthermore, active anti-islanding schemes’ response can vary depending on the specific circuit

conditions and configurations.

Despite the industry-wide concern about islanding, there have been remarkably few, if any, reported
instances of actual islanding that was long enough to present a concern for personnel and equipment.
Many reported instances are apocryphal with scant recorded information to confirm and investigate

the causes. The studies in this report look to clarify the islanding issue further by providing a platform
for evaluating multi-inverter interactions and testing different types of inverter designs and anti-islanding

techniques on different types of feeders.

1.3 Ground Fault Overvoltage

Recent interconnection studies for proposed inverter-based solar photovoltaic energy resources identify
a potential issue regarding ground fault overvoltage (GFOV). The potential GFOV occurs under certain
electrical configurations which are subject to a specific sequence of events, described in further

detail below. A utility in New York State that encountered the issue in the course of evaluating a

PV interconnection application, required the implementation of a protection scheme based on

measurement of zero sequence voltage® (referred to simply as a 3V0 scheme”).

GFOV can arise under certain electrical configurations (such as when the ratio of the DER to load on

the feeder is high or when the inverter anti-islanding protection fails to detect the faulted island)® which
are subject to a specific sequence of events. Figure 1 shows the typical configuration. The inverter-based
PV applying to interconnect to the distribution system is designated as DG on the left side of the figure.
There may be other customers and other DG connected to the same distribution feeder but are not shown
in the figure. The substation transformer is specifically configured as two-winding connected delta on the
high (or sub-transmission) side and wye-ungrounded on the low (or distribution) side. A sub-transmission
line connects the high side of the substation transformer to a remote high-voltage (HV) substation. Circuit

breakers (non-grounding type) are provided on the HV substation side of the sub-transmission line, but



not on the distribution substation side. These breakers are hereon referred to in this report in the singular
as “HV breaker.” (Before the addition of DER to the distribution feeders, the sub-transmission line
functioned as a radial feed to the distribution load hence only one set of circuit breakers is provided,

located on the sending end of the line represented by the HV substation.)

Figure 1. Electrical Configuration for GFOV and 3VO Scheme
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For the configuration shown in Figure 1, GFOV can arise on the following sequence of events:

1. A solid or low-impedance, single-line-to-ground (SLG) fault occurs at any of the locations
F1, F2, or F3.
2. The fault is detected by the sub-transmission protection, which then trips the HV breaker.
This islands the sub-transmission line and connected distribution feeders. Normally, the
island will de-energize if all the connected facilities are typical customer loads.
3. With sufficient amount of DER on the island, the island may stay energized with the fault
still present. Other protection on the island, including those provided with the DER,
particularly, inverter-based PV, may fail to detect the fault and islanded condition, or
the protection may detect the islanded condition but allow it to remain energized for a
certain duration.
4. A form of temporary overvoltage (TOV), known as a ground fault overvoltage (GFOV),
then arises on the sub-transmission segment of the island. The duration that the GFOV remains
can potentially be long enough to pose a safety risk to personnel and/or damage electrical devices
and equipment.

Figure 2 shows the phasor diagram for the sub-transmission voltage under various stages of the

above sequence of events. In (a), before the SLG fault occurs, the three phase voltages are nominal

at 1.0 per unit (PU). In (b), the SLG fault occurs on phase A, but the breaker at the HV substation has not
yet opened. Here, voltage on the grounded phase is, at worst, zero, hence, V ax = 0, while the unfaulted
phases remain nominal, hence, Vex = Ven = 1 PU. In (¢), HV substation breaker has opened. Here, the

sub-transmission voltage no longer has a grounding source which causes the neutral point, N, to shift.
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Now, the voltage on the unfaulted phases are Vg = Vg =1.732 PU. This high voltage is what is referred
to as GFOV. The GFOV remains in place as long as there is excitation from the low side of the substation
transformer and lightning arresters do not start to conduct.” Furthermore, actual GFOV will have transient

and non-fundamental components with complex waveshapes.®

Figure 2. (a) Voltages Prior to Single-Line-to-Ground Fault (SLG) on Phase A, (b) During SLG with
Breaker Close, and (c) During SLG with Breaker Open
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Since the voltage on the low side, where the inverter-based PV are connected, remains normal with the
SLG fault still connected and after the HV breaker has opened, the connected DER may not recognize
that there is a GFOV event on the high side. As noted in the report Alternate Mitigation and Design
Options to 3V0 Requirement, Pterra Report R106-18 dated 2 May 2018 (hereinafter referred to as the
“Phase 2 Report™), containing the software simulation study that preceded this present study, some
manufacturer simulation models are able to recognize either the islanded condition or the presence

of a fault and do trip the DER, while others do not and stay online, continuing to energize the GFOV.
Due to this uncertainty in the actual response of inverter-based DER, New York State utilities require

mitigation in the form of an additional protection scheme, the 3VO0 scheme.



The 3V0 scheme is shown in Figure 1, highlighted in yellow. It is connected to the sub-transmission
side of the substation transformer via potential transformers (PT). The measured 3VO0 voltage, triggers
a ground fault overvoltage relay (device S9N), which then provides a trip signal to the breakers on the

distribution side of the substation transformer.

In the Phase 2 Report, an alternative protection scheme was posited, designated as the Negative Sequence
Voltage (NSV) scheme. Using software simulation, it was demonstrated that the NSV scheme effectively
identifies a potential GFOV condition. Compared to the 3V0 protection scheme, the NSV scheme does
not require equipment or monitoring on the high side of the substation transformer (potentially making
it a lower cost alternative) and can provide faster response (since it uses precursor conditions to detect

an emerging GFOV rather than waiting for actual GFOV to occur).

In the present study, a CHIL simulation approach is used to quantify the magnitude and duration of

GFOV under different feeders, inverter sizes and locations, and with and without active anti-islanding.

1.4 Ground Fault Over Current

As noted in the Phase 2 Report, GFOV is not likely to arise if there is an alternate grounding source on
the sub-transmission line. The alternate grounding source could be represented by a customer transformer
connected electrically to the faulted sub-transmission line, as shown in Figure 3. A New York State utility
indicated concern that in these situations, instead of GFOV, a prolonged ground fault overcurrent (GFOI)
will be present and of such magnitude as to damage the customer transformer. The damage may ensue if

the GFOI causes heating that exceeds the transformer’s thermal capability.



Figure 3. Alternate Grounding Source with Variety of Winding Connections
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This report examines the conditions at which GFOI may occur and determines whether there would be a

need for some form of mitigation.
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1.5 Objective

The objective of this research project is to develop a control-hardware-in-the-loop (CHIL) platform,
comprising of the approach, methodology and software, for conducting studies of potential issues
that relate to the timely and cost-effective interconnection of inverter-based PV generation in New

York State distribution systems.

To demonstrate the CHIL approach, three different distribution feeders (using data provided by the
specific utility) and control boards for inverter-based PV are setup to conduct simulations to better
understand the following specific phenomena: (1) unintended islanding, (2) ground fault over voltage,

and (3) ground fault over current.

1.6 Previous Studies

The present report presents the research and findings for what is essentially Phase 3 of a multiphase
GFOV study proposed to New York State Energy Research and Development Authority (NYSERDA)
by Pterra LLC.

1.6.1 Phase 1 Study

Phase 1 of the study was an initial assessment using software simulation of the nature of the GFOV
phenomena. The results of Phase 1 are documented in the report titled, Assessment of Inverter-based
Distributed Generation Induced Ground Fault Overvoltage on Delta-Wye Substation Transformer,

Pterra Report R149-16 dated 3 January 2016 (hereinafter referred to as the “Phase 1 Study Report™).’

The conclusions of the Phase 1 Study Report were as follows:

e  GFOV is possible in the studied configuration where 2 of 3 inverter-based DG models were
found able to excite the high side of transformer to high voltage. The magnitude of overvoltage
depends on the ratio of DG to load on the island, performance of surge arresters when present,
and the interaction of different manufacturer designs for inverter controls in the island.

e  Penetration levels in terms of DG/load ratios where GFOV potential is insignificant (based
on conservative assumptions and an idealized configuration).

o Sixty-five percent—if criterion is to limit voltage to 1.38 PU
o One hundred percent—if criterion is to avoid arrester failure, assuming arresters are the
first protection against overvoltage



1.6.2 Phase 2 Study

Phase 2 of the study had the following objectives: (1) to investigate, using software simulation, the nature
and characteristics of the specific form of GFOV that has certain New York State utilities requiring a
3VO0 protection scheme of interconnecting DG, (b) to identify or develop an alternative protection
method that may not be as onerous in cost and time penalty as the 3V0 scheme, and (c) to provide
additional guidance to PV developers and utilities on how to evaluate for GFOV potential and provide
future design options that will prevent or mitigate the GFOV issue. The Phase 2 objectives are met

as presented in the report titled Alternate Mitigation and Design Options to 3V0 Requirement,

Pterra Report R106-18, dated 2 May 2018."°

Using computer simulation as the basic tool, the researchers studied the behavior of various electrical
parameters on the low-side of the substation transformer following inception of a single-line-to-ground
fault on the high side. After trying some schemes, the researchers identified a means to detect a potential
GFOV condition utilizing the low-side negative sequence voltage. The negative sequence voltage, or
NSV, protection scheme was developed in this study based on the observed characteristics of sequence

voltages associated with a GFOV condition.

The simulation results demonstrate that the NSV scheme effectively identifies a potential GFOV
condition without inadvertent tripping. Compared to the 3V0 protection scheme, the NSV scheme
does not require equipment or monitoring on the high side of the substation transformer and can
provide faster response (since it uses precursor conditions to detect an emerging GFOV rather than

waiting for actual GFOV to occur).

For the specific case of a 34.5-kilovolt (kV) sub-transmission system which serves several distribution
substations, the researchers identified a hardware alternative to the 3VO0 protection scheme. The 34.5 kV
breaker located at the high-voltage substation can be replaced with a grounding breaker. This type of
breaker is a combined circuit breaker and high-speed, mechanically-interlocked grounding switch.
When this type of breaker trips, the attached switch grounds the line within 12 to 16 milliseconds

(less than one cycle). The grounded switch then provides a ground path which eliminates the GFOV.



A 3VO0 scheme, since it trips the low-side breaker of the distribution substation, only disconnects one
distribution transformer from a 34.5 kV system. However, a 34.5 kV grounding breaker prevents
GFOV from developing on the sub-transmission section from any of the connected distributions
substations. In terms of implementation then, one installation of a 34.5 kV grounding breaker takes
the role of several 3V0 protection schemes (the number depends on how many distribution substations
are connected to the 34.5 kV system downstream of the grounding breaker) to prevent the same

GFOV issue.

In the course of conducting the simulations to identify an alternative protection scheme, it became
necessary to develop an inverter control model that represented a modern inverter with control strategies
and features that can be selected and modified by the researcher (in contrast to manufacturer-provided
models which are blackboxes, that is, the internal logic and functions are unknown and generally not

available to modify).

To this end, the New York Purposed Inverter model was developed by the researchers in conjunction
with the Manitoba HVDC Research Center. This model is compatible with the PSCAD software
(developed by the Manitoba HVDC Research Center) and is available to New York State utilities for
research and testing purposes. This model was used in the study as one of three inverter models included
in the simulations. Before recommending a relatively expensive upgrade for the ground fault overvoltage
issue, it makes sense to first review the existing system configuration to establish whether the potential
GFOV issue actually exists. Key steps are as follows:

1. Check for presence of alternate grounding sources.

2. Analyze load to PV-to-load ratios.
3. Where applicable, consider the impact of surge arresters.

For future substation design and for transformer replacements at existing substations, a three-winding
transformer connected Y grounded on both the primary and secondary and delta on the tertiary is a

design option that avoids the issue of GFOV.



1.6.3 Other Studies

In monitoring voltages on the low side of the substation transformer, the need for the expensive
high-side PTs and a year-plus construction time may be avoided with the NSV protection scheme.
However, the concept would need to be confirmed with a detailed design of the NSV implementation
at either the substation or at individual PV inverters. Testing the scheme with programmed inverters
or relays through a control-hardware-in-the-loop (CHIL) simulation is a possible next step to further

evaluate the NSV scheme.

Finally, field tests can be conducted with devices that support the NSV protection scheme to verify

if the performance matches the simulations.

1.7 This Report

This report is comprised of the following sections:

e  Section 2: Simulation Setup and Models. This section describes the modeling of three
feeder models provided by New York State utilities, the inverter control boards provided
by manufacturers, the CHIL setup and simulation assumptions.

e  Section 3: CHIL Simulation and Test. This section discusses the demonstration CHIL
simulations performed, associated setup assumptions and the results with analysis
and findings.

e  Section 4: Conclusions



2 Simulation Setup and Models

The control-hardware-in-the-loop (CHIL) setup is comprised of the following components:

e The study feeders—data provided by New York utilities, modeled in MATLAB/Simulink '’

e  The hardware—inverter controllers provided by confidential manufacturers

e The simulation platform—OPAL-RT'? was the software used to conduct the real-time
CHIL simulations

Each of the above is discussed in the following sections.

2.1 Study Feeders

Three study feeders representing New York State distribution circuits were selected for the study. Data
was provided by the following New York utilities: National Grid and NYSEG."? The three feeder circuit
models were initially provided in CYME Power Engineering Software format. These were converted to

Matlab/Simulink, and then revised further to suit the real-time CHIL simulation with OPAL-RT.

A bird’s eye view of Feeder 1 is shown in Figure 4. This is a National Grid 12.47 kV feeder. The feeder
has both overhead lines and underground cable as well as a single phase 100 kilovars (kVAR) capacitor
bank. For demonstration purposes, the modeling of this circuit was simplified in order to fit into the
capacity of the smaller of the two OPAL-RT simulators at RPI. The computer model comprised of

one external source, 86 nodes, 85-line sections (of which 20 were cables and 65 were overhead lines)

and six spot loads.



Figure 4. Feeder 1 Bird’s Eye View

Feeder 2 is shown in Figure 5. This feeder was also provided by National Grid. The voltage level on
the substation for the feeder is 13.2 kV. The feeder has both overhead lines and underground cable as
well as two 900-kVAR capacitor banks. Compared to Feeder 1, Feeder 2 supports about 10 times more
load, and spreads out over a larger area. Feeder 2 also features several segments branching out from
the substation. The computer model is comprised of one external source, 490 nodes, 489-line sections

(of which 277 are cables and 212 are overhead lines), 25 fuses, 1 recloser, 20 switches, and 75 spot loads.

Figure 5. Feeder 2 Bird’s Eye View



Feeder 3 is shown in Figure 6. This feeder was provided by NYSEG and features a radial configuration
with a couple of segments branching out from the substation. The voltage level on the substation for this
feeder is 12.47 kV. The feeder has both overhead lines and underground cable as well as a 300-kVAR
capacitor bank. The computer model is comprised of one external source, 436 nodes, 435-line sections
(of which five are cables and 430 were overhead lines), one shunt capacitor, four two-winding

transformers, seven switches and 167 spot loads.

Figure 6. Feeder 3 Bird’s Eye View

Table 1 provides a summary of the maximum load, power factor, and grounding configuration of the

three test feeders. Line-neutral loads are single phase loads typical of many residential customers.

Table 1. Summary of Total Load, Power Factor, and Configuration for the Test Feeders

Name of Feeder - Load :
Circuit Utility 3 Phase Line-Neutral
KW KVAR PF | Config KW KVAR | PF
NG_30_12867 NG 359.852 179.982 | 0.894 Y 334.915 | 168.645 | 0.893
NG_16456 NG 4057.013 | 1964.901 0.9 Y 4359.6 | 2111.45 0.9
NYSEG_4400701 NYSEG 1131.8 437.9 0.933 YG 802.5 614.1 0.794




2.2 Provided Inverter Controllers

Two PV inverter controllers were provided by a manufacturer'* for CHIL simulation and testing. The
basic ratings of the inverters and the input/output (I/O) requirements are shown in Table 2. Both the two
inverters have the C/D design feature (C for centralized inversion and D for distributed MPPT) which
optimizes the power developed from a set of PV arrays connected to the inverter. Each converter uses
15 analog input (AI) ports for receiving measuring signals from the inverter circuit and 7 digital output

(DO) ports for sending out triggering signals to the inverter switching devices.

Table 2. Inverter Rating and Inverter Controllers, 1/0

Inverter | Rated Power | Rated Voltage | Inverter Type | Required I/O
No. (kW) DC/AC (V) for CHIL
1 500 820/315 C/D Inverter 7DO/15A1"
2 1000 820/520 C/D Inverter 7DO/15A1

The circuit topology of one inverter is shown in Figure 8. The main inverter components are a
three-phase bridge, an inverter reactor, a filter, a contactor, and a breaker. A two-level voltage

source converter is used for dc-ac conversion. The other inverter has a similar layout.

The inverters are connected at the various locations, notably near the substation, at the remote end of
a feeder branch or at an intermediate point. The is intended to investigate the effect of interconnection

location on the technical issues studied in this report.



Figure 7. The Diagram of PV Inverter Circuit
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2.3 CHIL Platform

The platform used for CHIL simulations is the OPAL-RT software. At the RPI Center for Future
Energy Systems (CFES) facility, there are two real-time simulators, as follows:
e OP5600 has 12 cores (each core is an independent processing unit to allow for
real-time simulation)

e  Real-time SuperServer has 32 cores with a total 128 analog I/O, 208 digital I/O,
32 current and voltage measure channels for flexible controller and power Interface

The two simulators are shown in Figure 9.

Figure 9. OPAL-RT Simulators at RPI Center for Future Energy Systems

The CHIL simulation is performed with a combination of software models and controller boards.
Measuring and control signals are exchanged between the simulator, which runs the models on its
cores, and the controller boards via I/O interfaces. Electrical behavior can be reproduced in real time

with high fidelity.

For this study, the OP5600 simulator was used. The connection configuration is as shown in Figure 10.



Figure 10. Test Configuration for OP5600 OPAL-RT Simulators with Inverter Controllers
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A host computer is used as the human-computer interface. The circuit models are built, edited, and
downloaded to the simulator via the host computer. The OP5600 simulator is used for the feeder

circuit simulation, with a simulation time step less than 100 ps.

The OP5607 interface box is used to interface between the simulator and the two controllers. It uses
eHS technology, a generic FPGA'®-based electrical solver provided by Opal-RT Technologies which

is specifically developed for high-speed simulation of switching devices with time steps of less than

1 ps. In the study, the time step of the PV inverter circuit simulation is set at 0.5 us. The trigger signals
of the PV circuit are obtained from the hardware controllers. The analog signals such as inverter voltage

and current are measured in the inverter circuit model and sent to the hardware controller thereafter.

A PCI/E optical cable is used for the fast communication between OP5600 and OP5607. An

Ethernet cable is used for the slow communication between OP5600 and the host computer.

The connector setup is shown in Figure 11.



Figure 11. CHIL Setup Overview (Front View)
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In order to achieve parallel-computation for fast simulation, each feeder model is partitioned using

the State-Space Nodal (SSN) method. SSN is a solver using an arbitrary size for state-space that
describes clusters of electrical elements and combines them into the nodal admittance matrix using

the nodal method. This method virtually decouples large systems of state-space equations into smaller
groups. Each of the small groups is then allocated to a core. And the speed at which each core calculates

its segment of the state-space equations determines the time step of the simulation.

In order to use the OP5600 simulator, the number of nodes of the feeder model when processed
with SSN must result in requiring no more than the available 12 cores.'” To do this, some model

simplifications were applied.

As an example, the model for Feeder 1 originally had 258 nodes in total, and there are around 30 cables
connected in series without any components between the cables, which means the nodes can be rebuilt
into equivalent blocks. Similar simplifications are applied throughout the feeder model. This reduced
the number of nodes to 181. Real-time simulation of the feeder was tested using 8 cores of the OP5600
simulator at 30 pus time step. From this, it was estimated that for the largest sized feeder, Feeder 2, which
has a total of 1447 nodes (490 single-line circuit nodes), a total of 27 cores are needed. Considering the
simulator OP5600 only has 12 cores, the feeder-circuit models needed to be simplified further. To do so,
adjacent Pi sections of overhead lines and cables without other components between them were lumped
as a single Pi block, with the average unit impedance and length of the lumped Pi block calculated from
the original model. In this way, the model simplification would not cause non-ignorable influences on

the circuit simulation.



The required number of cores for real-time simulation in the feeders in the three studies, derived from

a reduction and simplification of nodes and cores, are listed in Table 3.

Table 3. Feeder Circuits and the Required Cores for CHIL Simulation

Feeder No. Circ_uit N_o_des_ after Requ!red C_ores f9r
Simplification Real-Time Simulation
181 5
2 710 10
600 9

Based on the reduced feeder models, the CHIL setup, with the two controllers, at most requires

30 analog output and 14 digital input connectors for a time step of 60 ps.

2.4 Power Balance and Amplification

All the technical issues (islanding, GFOV, and GFOI) considered in this study require that the feeder
circuit have full power balance in both real and reactive power; otherwise, the passive anti-islanding
features of the inverter-based DER would trip the DER and negate any impacts related to the three

issues. Full-power balance in the island will fail both tests of the Sandia Guide and require islanding

mitigation per the New York Islanding Practice as described in section 1.2 of this report.

The power supply on the feeder varies from 500 to 1500 kilowatts (kW) depending on whether the
500 kW, the 1000 kW, or both inverters are connected. However, load on the study feeders varies
from as low as 400 kW to as much as 4 MW (see Table 1).

In order to achieve power balance for islanding operations, a gain is added to each inverter’s
current output. The magnitude of the gain depends on the amount of power needed to achieve

generation/load balance.

The gain, however, also amplifies harmonic currents from the inverters to a level that could lead

to instability in the simulation. As shown in Figure 12, in the process of inverter startup, the inverter
voltage and current outputs increase dramatically at some point of time, which indicates an unstable
issue of real-time simulation. Hence, A low-pass filter and a capacitance bank are added at the
interconnection point of the PV inverter to suppress the abnormal harmonics. In this case, the

instability issue disappears. The capacitance bank is designed to help balance reactive power as well.
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Figure 12. Inverter Voltage and Current Output in the Absence of Low-Pass Filter and Capacitance
Bank
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In addition to the power balance between the generation units and loads, a three-phase balance is
further considered in one of the tests. (Note that the study feeders have single-phase loads connected).
An additional lumped load is added to each feeder circuit with phase loads so that the circuit produces

balanced currents in all three phases.
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3 CHIL Simulation and Tests

This section discusses the actual test simulations conducted using the CHIL setup described in
the previous section. The results of the tests are also presented and discussed, with some

indicative conclusions.

Note once again, that the tests are applicable to a specific set of feeders and inverter configurations.
Inverter designs and performance may vary so that any conclusions are specific to the test cases and
conditions. The objective is to demonstrate a platform by which meaningful testing of inverter

controllers under various circuit conditions can be conducted in a laboratory environment.

3.1 Preliminary Testing

An initial set of preliminary tests was conducted to verify the performance of the modeling assumptions
and CHIL setup. Since islanding is a key condition common to all the issues being investigated, islanding

tests comprised the bulk of the preliminary testing. The preliminary tests are summarized in Table 4.

Table 4. List of Preliminary Tests

Balanced three- Enabled
TestD | Type of Test | PR2ce dencraton | [nverersete | muerer
power?'® function?
P-1 Islanding Yes Yes Yes
P-2 Islanding No No Yes
P-3 Islanding Yes No No

Figure 13 presents the 1000 kW inverter output voltage, current, and power with different operating
scenarios. The voltages plotted are three-phase in per unit. A detailed view of the voltage for test
P-1 just before and after the inverter trips is shown in Figure 14. Here, the three phase voltages

diminish to zero in less than a cycle (1/60s).
Going back to Figure 13, an inverter trip is indicated when voltage, current, and power drop to zero in

the simulation. The inverter trip is indicated in tests P-1 and P-2 (see plot of Power). In test P-3, the

power does not reduce to zero indicating that the inverter does not trip.
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Figure 13. Inverter Islanding Operation under Different Conditions
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Figure 14. Detailed View of Voltage in Test P-1 before and after the 1000-Kilowatt Inverter Trips

From these preliminary tests, it is noted that the active anti-islanding feature of the specific inverters
used in the CHIL simulations will trip the inverter under both imbalanced and fully balanced "
conditions. It is further expected that if the island is unbalanced, the inverter will trip on its passive

anti-islanding protection even if the active anti-islanding is disabled.

3.2 Time-Step Setting for Real-Time Simulation

This section discusses the selection of time step that enables the real-time simulations used in the study.
The CHIL simulation setup using OPAL-RT allows for real-time simulation. Recording of simulation

parameters such as voltage, current, and power is made after each simulation time step. However, the

23



time-step size will depend on the processing speed of the individual processors in the setup as well as
the transmission and switching times between and among the software and hardware components. For

this particular study, the simulation time step is determined by the following factors:

e the switching frequencies of the PV inverters and feeder simulation
e  transmission time between the OPAL-RT’s OP5600 simulator and the hardware controllers
o the transient behavior of the Single Line-to-Ground Fault (SLGF) for the GFOV study

The following discussion addresses the individual CHIL setup components to determine the minimum
time step each will be able to provide. The largest of these values determines the time step used for

the simulations.

1. Inverter circuits. The PV inverter circuits are modeled in the OP5607 device. This box is based
on FPGA technology and is capable of conducting real-time simulation with a time step less
than 0.5 ps for a circuit with a total of 128 switching devices.

2. Feeder circuits. The feeder circuits, on the other hand, are modeled in the OP5600 box, which
contains 12 cores or independent processing units. Each feeder model is partitioned using the
State-Space Nodal (SSN) method.20 After partitioning, basic tests indicate that the minimum
time step for the slowest feeder to simulate is 60 ps.

3. Communications. Taking into account the required input and output signals and the
communication function between OP5607 and the hardware controllers, the minimum time
step for the study’s CHIL simulation increases to 80 ps.

4. In the following discussion, time constants of the SLGF are calculated to identify the required
time step for fault transient simulations.

The high-voltage side circuit of the substation transformer is represented by a three-phase voltage source
block with L-R branches in series. Taking Feeder 2 as an example, the system inductance and resistance

are calculated as follows:

Vb”—sez = 13200° =0.778ImH

Equation 1 *27f,P, 27x60%594x10°

2xf,L, 02933

RS
Ken 2063

=0.0142Q

Equation 2
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Thus, the lowest time constant of the SLGF is obtained as

L, 0.7781x107°

S

Ts =
Equation 3 R, 0.0142

=0.0548

1. A typical rule-of-thumb for accurate simulation is to set the time step to be less than 10% of
the time constant, or, in this case, about 5 milliseconds (ms) or 5000 ps. Since it has already
been determined that the CHIL setup for this study will allow an 80 us time step, then the
simulation should be able to capture the SLGF event accurately.

2. The oscillation frequency of the feeder circuits may also present a limiting condition for
selecting the simulation time step. The following discussion presents the derivation of the
oscillation frequency.
For the circuit behind the transformer, the root-mean-square (RMS) of transformer distributed
side voltage and current are measured as 5887 V and 7433 A, respectively. The positive-sequence

voltage and current are measured at 8730/ V2 and 11265/2 , respectively. The reactive
power of a single-phase capacitance bank is 300 kVA, with nominal RMS voltage 7621V.
Then the lumped capacitance is calculated as:

3
e Qe _ 60x10" .

Vs 1621°x377

Equation 4

The current of the lumped capacitance bank is obtained by

o =8P9210 4 377.427.4x1070 290 = 63.77.106
Equation 5 \/5

The current of the lumped load and the lumped load impedance are calculated as

p= 112652-20 —63.77£106 = 7502.8 — j2785.7 =~ 8003£-20.4
Equation 6 2
= M/ 8003£-20.4=0.77£36.4
Equation 7 2

Thus, lumped resistance and inductance of the series RL load are
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R}, =0.77 cos(36.4) = 0.62Q2

1, = 0T7snG64) _ 046 o\ 0

2r f, 2r £,

Equation 8

Similarly, the lumped resistance and inductance of the parallel RL load are calculated as

8730 8730

+ =80032-36.4
Equation 9 2R, jN2x3T7xLy,
{RLD =0.960
L,, =3.44mH
Equation10 (p =3.44m
Thus
2
i Q L ‘Q2
Equatlon 11 CLD :LLD _R y TL :RLDCLD _ ZLD _ 3.58X10_3Q2
LD LD

/ 2 444
Equation12 w, = ! 1-CuRip” ! = R =ﬁ, fi=—
\/LLDCLD LLD \/LLDCLD LLDQ Q Q

The quality factor of the circuit will be larger than 0.5, and the potential oscillation frequency of the RLC
load will be less than 90 Hz. Again, an applicable rule-of-thumb for simulation of oscillatory phenomena

is to have a time step of 10% of the duration of one cycle. In this case, that time step is 11 ms (11,000 ps).

The study time step of 80 us is also sufficient to simulate the circuit oscillation.

3.3 CHIL Simulation and Testing

A set of CHIL simulations were conducted to test the characteristics of the two study inverters with
respect to operation on the three study distribution feeders under three different technical issues that

may impact interconnection of DER. The following subsections discuss tests for each of the following:

e  Unintended islanding

e  Ground fault overvoltage (Two types: SLGF on the subtransmission line and on the
distribution feeder)

e  Ground fault overcurrent
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3.3.1 Unintended Islanding

The generic circuit diagram for the islanding tests is shown in Figure 15. The feeder circuit can be any

of the three feeders described in Section 122.1. The location of the inverter(s) can likewise vary. The

test is initiated when the grid breaker is opened.

Figure 15. Circuit Diagram of Islanding Study
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The typical response of islanding operation with the inverter active anti-islanding function enabled

is demonstrated in Figure 16.

o  Pin, and Qi are the Inverter 2 real and reactive power output respectively

vin2(¢) and iin2(7) are the Inverter 2% output voltage and current, respectivel
p g Y y

e vp(?) and iip(?) are substation transformer voltage and current on delta side, respectively,

e v (?) is the substation transformer voltage on wye side

e Bk is the triggering signal for grid breaker (blue) and fault breaker (red); where a value

of 1 indicates the breaker is closed, and a zero means the breaker is open

The x-axis shows the clock time of the simulator in seconds. The grid breaker is opened at t=511.2s

clock time. The opening of the breaker results in the feeder being islanded with the inverters online.

Active anti-islanding protection shuts down the inverter about 0.7s later. Note the pulses in Qin2 and

in2(7). These are presumed to be the reactive power pulses injected by the study inverter as part of its

active anti-islanding feature. (Other inverter designs may use other methods for active anti-islanding

detection.) The pulses are about 0.5s apart alternating between positive and negative quantities.

Figure 17 shows the response to an islanding event when inverter active anti-islanding is disabled.

Here, the grid breaker is switched off at t=720.5s. The inverter does not trip and continues to power

the islanded feeder.
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Figure 16. Inverter Islanding Operation with Active Anti-Islanding Function Enabled

‘I T T = 'M 1 T T 3
05t 1 m 05¢ ]
0 0
505 510 515 520 525 505 510 515 520 525
, %1 N , x© +
S
—
b 0 2 0
= <
= e
3
N [=]
= =
-2 n n n -2 I I 1
505 510 515 520 525 505 510 515 520 525
1000 § . - T i
500 4 -
—_ —_
N <
0 ~
S S
5 s00 i 2 4
-1000 n n n 1 1
505 510 515 520 525 515 520 525
15000 . . . . .
o e e
B 10000 L B
iy 3
< 5000 | ] :
QA )
Q:é S e A i £
-5000 L L L 2 L L L
505 510 515 520 525 505 510 515 520 525
t(s) 1(s)
1) Inverter output 2) Substation transformer voltage & current
Figure 17. Inverter Islanding Operation with Anti-Islanding Function Disabled
1 .
i)
os | 1B es L j
0 0
715 720 725 7o e s 7= 725 750 o
2 X o * x o
.
; —
S 2
< o = o
© z
E 4 =
= E
715 720 725 730 735 715 720 725 730 735
1000 200 ‘ ‘ ‘
=0 100 j
< <
e ’ s °
E 2
£ oo NG j
1000 ‘ ‘ ‘ 200
715 720 725 730 735 715 720 725 730 735
15000 . . . 2, x'° )
24 10000 | 1 —~
e =
QA so0 | 1 = o
A )
= el
9 ° B IS .
-5000 L L L -2 L L L
715 720 725 750 o 715 720 725 730 735
t(s) 1(s)
1)  Inverter output 2)  Substation transformer voltage & current

28



Figure 18 shows a close-up look at the effect of the active anti-islanding pulses on the real and reactive
power output from Inverter 2. The pulses are more pronounced in the reactive power output. They have

a steady duration and period with characteristics as follows:

e  Pulse width, 7}, is 0.13s
e  Pulse period, Ty, is 0.965s

The pulses alternate between positive and negative values. The time between the end of the previous
pulse to the start of the next pulse is 0.353s. When the fault is initiated, the regular pulse is interrupted,
and shortly thereafter, the inverter trips. The time from the when the feeder breaker opens to when the

inverter trips is designated as 7.

Figure 18. Close-Up View of Inverter Pulses as Seen in the Real and Reactive Power Output
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To investigate the distribution of inverter tripping time, the following two test cases were considered:

e  Test S-1: Islanding detection test with single inverter connected to Feeder 1.
e Test S-2: Islanding detection test with two inverters connected to Feeder 1.

In both test cases, the active anti-islanding feature of the inverters were activated. Both tests were
repeated several times with the circuit and inverter operating conditions unchanged. The timing of the

feeder breaker trip to initiate islanding was selected randomly.

The statistics of the inverter trip time for the two Test Cases, S-1 and S-2, are summarized in Table 5.
For Test Case S-1, with only one inverter in the study feeder, the mean for 7, is 0.779s, with a standard
deviation of 0.219s. The 90th and 99th percentile values®® are 1.059s and 1.288s. These are within the
2-second limit for tripping time specified in IEEE Standard-1547. (Note that given the pulse period of
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0.965s, and that there are two pulses, one positive and the other negative, within this period, the response
time of the inverter is within two to three pulses from the initiation of the islanding event. Apparently, the
inverter will not trip on the first abnormal pulse response but waits for at least a second pulse to confirm

the islanding condition.)

Table 5. Statistics of Inverter Tripping Time T; for Test Cases S-1 and S-2

23 Minimum | Maximum Standard 90th 99th
Case & Inverter Mean . L. . .
Value Value Deviation | percentile | percentile
Inverter 1 in case S-1 0.499 1.125 0.779 0.219 1.059 1.288
Inverter 1 in case S-2 0.569 1.233 0.879 0.230 1.175 1.415
Inverter 2 in case S-2 0.578 1.056 0.795 0.134 0.966 1.105
Both Inverters in case S-2 0.578 1.233 0.888 0.227 1.179 1.415

For Test Case S-2, there are two inverters. Both inverters use the same anti-islanding method with the
same values for pulse width and period. However, their pulses are not simultaneous with each other, and
the difference between positive pulses from Inverters 1 and 2 is random. In the sampling tests, the two
inverters change places as to which one would trip first. Inverter 2 has the lower mean for trip time at
0.795s compared to 0.879s for Inverter 1. (Both values for mean are larger than the solo inverter in Test
Case S-2. There is apparently some delay in trip time introduced by having two inverters on the feeder
compared to having just one.) The standard deviation for Inverter 1 is 0.230s which is very similar to
its standard deviation under Test Case S-1 where it is the only inverter on the feeder. In comparison,
the standard deviation for Inverter 2 is 0.134s. This is much smaller than the standard deviation of
Inverter 1 implying that although the two inverters have similar methods for active anti-islanding
detection with the same pulse width and period, their response times to an islanding event are
dissimilar. The time to trip both inverters in Test Case S-2 is slightly longer than the single inverter

in Test Case S-1, with mean time of 0.888s and 99th percentile of 1.415s, compared to 0.779s and
1.288s, respectively. This also supports the previous observation that there is an apparent delay in trip
time when two inverters are on the feeder, but the delay is no more than the time to an extra pulse. It

is also observed that once the first inverter trips, the remaining inverter trips not only on its own active
anti-islanding protection but may also trip on its passive anti-islanding function, since the feeder

conditions will now show unbalanced voltage and frequency.
The inverter trip time is a function of when the islanding occurs in relation to the point in time within

the inverter pulse period. If an islanding event occurs immediately after a detection pulse, the inverter

takes just a little more time to detect the island compared to an event which occurs just before a pulse.
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Furthermore, the interaction effect of multiple-inverter applications is determined by the detection
technologies used by the inverters. Exhaustive experiments with various inverters employing various
detection technologies and related analysis are needed to obtain a general conclusion of the interaction

in multiple inverter environments. This is beyond the scope of this study which is intended to demonstrate

the platform and methodology for conducting such experiments and testing.

The summary of the tests and results for islanding is shown in Table 6.

Table 6. Summary of Islanding Tests

. . Location of Inverter® Trip Time®
Test ID (G LA Feeder 500 kW
Islanding Enabled? 1000 kW | 500 kW 1000 kW Inverter
Inverter
1-1 No A 1 Did not trip
1-2 No D 1 Did not trip
1-3 No A 1 Did not trip
1-4 No D 1 Did not trip
1-5 No A D 1 Did not trip Did not trip
1-6 No D A 1 Did not trip Did not trip
1-7 No B C 1 Did not trip Did not trip
1-8 Yes A 1 Within 2-3 pulses
1-9 Yes D 1 Within 1-2 pulses
1-10 Yes A 1 Within 2-3
pulses
1-1128 Yes D 1 Within 2-3
pulses
1-12 Yes A D 1 Within 2-3 pulses Within 3-4
pulses
1-13%7 Yes D A 1 Within 1-2 pulses Within 1-2
pulses
2-1 No A D Did not trip Did not trip
2-2 No D A Did not trip Did not trip
2-3 Yes A D 2 Within 1-2 pulses | Vithin 3-4
pulses
2-4 Yes D A 2 Within 1-2 pulses | Vithin 2-3
pulses
3-1 No A D Did not trip Did not trip
3-2 No D A Did not trip Did not trip
3-3 Yes A D 3 Within 2-3 pulses | " thin 2-3
pulses
3-4 Yes D A 3 Within 1-2 pulses | 'Vithin 2-3
pulses
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When active anti-islanding is disabled, the inverters fail to trip within 2 seconds. Remedial measures,
such as direct-transfer trip (DTT), are needed for this situation. The DTT should initiate on the opening
of the feeder breaker and send a trip signal to cause tripping of the inverter(s) within six to12 cycles

(0.1 to 0.2 seconds).

When the study inverters’ active anti-islanding protection is enabled, the 1000 kW inverter tends to trip
within one to three pulses®® regardless of feeder type, location in the feeder, or whether or not another
inverter is on the feeder. The 500-kW inverter has a slower response requiring at least two pulses and,
in two highlighted test cases (one to12 and two to three), up to four pulses (between 1.448s and 1.93s).
Both inverters comply with the 2s limit on response time specified in IEEE Std-1547.

The slower trip times for an inverter apply to specific system conditions including (a) presence of
another inverter on the circuit, (b) the inverter is located on the remote end from the feeder breaker,

and (c) the inverter is on a feeder with no capacitor bank.

3.3.2 Ground Fault Overvoltage on the Subtransmission Line

The generic circuit diagram for the ground fault overvoltage (GFOV) on the subtransmission line test

is shown in Figure 19. This is similar to the generic circuit for islanding (see Figure 15) with the addition
of a solid single line-to-ground fault (SLGF) on the high side of the substation transformer. The test is
initiated with the SLGF applied to phase A. The grid breaker opens five cycles later, where the five

cycles allow time to detect the fault and the breaker to open.

Figure 19. Circuit Diagram for GFOV Study
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The typical response for the GFOV test with inverter anti-islanding function enabled is presented
in Figure 20.

e vin(¢) and i (¢) are the Inverter 1?° output voltage and current, respectively

® Py, and Qi are the Inverter 1 real and reactive power output respectively

e  vp(?) and iip(¢) are substation transformer voltage and current on delta side, respectively
®  vy(?) is the substation transformer voltage on wye side

e Bk is the triggering signal of grid breaker (blue) and fault breaker (red)

As shown, the SLGF is initiated at t=884.7s. Five cycles later, the grid breaker is opened isolating the
faulted island. GFOV initiates at 1.732 times the pre-fault voltage on phases B and C on the delta side

of the substation transformer. The inverter begins shutting down at about t=885.6s.

The response for the GFOV test with inverter anti-islanding function disabled is presented in Figure 21.
In this case, the fault is applied at t=679.6s. After five cycles, the grid breaker opens. The inverter
continues to energize voltages of phase B and C on the delta side of the transformer at 1.732 times

the pre-fault voltage.

Note that in both cases shown in Figure 20 and Figure 21, the low voltage ride through (LVRT)
capability of the inverter is enabled.
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Figure 20. 3V0 Test with Inverter Anti-Islanding Function Enabled

Bk

o
wm

Vint () (V)

|
- I
[N

880

1000

iml(’) (A)

—~ 15000

10000

5000

Pi, le (kW

-5000

880

v () (V)

890

895

-2
900 8380 585 890 895 =lele]

1000 T

iip (1) (A)

-500 ] i

890

895

_1000 L L L L L L L

vy () (V)

885

8390

£(s)

1) Inverter output

895

882 334 386 388 890 892 394 896 8938 900

£(s)

2) Substation transformer voltage & current

900 30

Figure 21. 3VO0 with Inverter Anti-Islanding Function Disabled

Bk

Vi @ (V)

i (0 (A)

in () (A)

685

£(s)

1) Inverter output

695 675 680 685 690 695

t(s)

2) Substation transformer voltage & current

34



The summary of the tests and results for GFOV is shown in Table 7.

Table 7. Summary of Tests and Results for Ground Fault Overvoltage

Active || cation of Inverter30 Trip Time31 Overvoltage
Test ID | Feeder | ,_Anti- L (A0
Islanding 1000 kW 500 kW 1000 kW 500 kW Delta Side of Y Side of
Enabled? Inverter Inverter Transformer | Transformer
1-14 No A Did not trip 1.73 1.03
1-15 No D Did not trip 1.73 1.03
1-16 No A Did not trip 1.73 1.03
1-17 No D Did not trip 1.73 1.03
1-18 No A D Did not trip Did not trip 1.73 1.03
1-19 No D A Did not trip Did not trip 1.73 1.03
1-20 1 No B C Did not trip Did not trip 1.73 1.03
1-21 Yes A Within 1-2 pulses 1.73 1.03
1-22 Yes D Within 1-2 pulses 1.73 1.02
1-23 Yes A Within 1-2 pulses 1.73 1.01
1-24 Yes D Within 1-2 pulses 1.73 0.98
1-25 Yes A D Within 1-2 pulses | Within 1-2 pulses 1.73 1.01
1-26 Yes D A Within 1-2 pulses | Within 1-2 pulses 1.73 1
1-27 Yes B C Within 1-2 pulses | Within 3-4 pulses 1.73 1
2-5 No A D Did not trip Did not trip 1.75 1.02
2-6 9 No D A Did not trip Did not trip 1.75 1.02
2-7 Yes A D Within 1-2 pulses | Within 2-3 pulses 1.75 1.02
2-8 Yes D A Within 2-3 pulses | Within 3-4 pulses 1.75 1.02
3-5 No A D Did not trip Did not trip 1.73 1.03
3-6 3 No D A Did not trip Did not trip 1.73 1.03
3-7 Yes A D Within 1-2 pulses | Within 1-2 pulses 1.73 0.975
3-8 Yes D A Within 1-2 pulses | Within 1-2 pulses 1.73 0.975

Following a GFOV event, voltages as high 1.75 per unit are observed (in tests 2-6 through 2-10) on

the high side of the substation transformer. These results are consistent with the software simulation

(from the Phase 2 Study).

When active anti-islanding is disabled, the inverters fail to trip. With active anti-islanding, the range

of response is from within one pulse to as long as four pulses. Although, this is within the 2s islanding

response time, the duration of the overvoltage may be too long for equiment and personnel. Remedial

measures, such as 3V0 and the negative-sequence voltage (NSV)?*? protection schemes, are needed for

this situation.
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3V0 protection will wait until the sensing relay detects the overvoltage and sends a trip signal to the
feeder breakers. This could take as long as 624 cycles (0.1 to 0.4 seconds) to occur, just a little bit faster

than active anti-islanding protection. In the meantime, the overvoltage remains on the high voltage side.

The proposed NSV scheme will detect the overvoltage as soon as it occurs and trigger the inverter to trip
faster than the 3VO0 scheme, within one to two cycles. This is a faster and preferred response considering
that the overvoltage is a safety risk. The following discussion notes the characteristics of the system
response that supports the implementation of the NSV scheme. A more detailed description of the NSV
scheme is included in the report prepared for NYSERDA titled Alternate Mitigation and Design Options
to 3V0 Requirement, Pterra Report R106-18, dated 2 May 2018.

First, we take a closer look at a representative response to the SLGF that initiates the GFOV event.
Figure 22 shows phase voltages for Test Case 1-21 (Feeder 1 with the 1000 kW inverter located near the
feeder breaker. Active anti-islanding is enabled.) In Figure 22(a), it can be observed that as the SLGF is
applied to phase A, the phase B and C voltages continue at their pre-fault levels until the utility breaker
opens five cycles later. After the utility breaker opens, the phase B and C voltages rise to 1.732 times the
pre-fault magnitude. Not shown in the figure is the extinguishing of the high side voltages as the 1000 kW
inverter trips. The inverter trips after its active anti-islanding protection detects the island formed by the
opening of the utility breaker. As noted earlier in this report (see section 3.3.1), the time within which the
inverter protection responds will vary depending on when the island forms relative to its pulse cycle. In
this particular case, the inverter trips within one to two pulses after the island is formed which, based on
the pulse duration of the inverter, is no more than 0.965s. This is a fast response, but the brief period of

over voltage may still impact equipment and pose a safety risk.

Figure 22 (b) plots the RMS value of phase voltages at the terminals of the 1000 kW inverter. The
inverter is initially operating at lagging power factor. When the SLGF is applied, the phase voltages

at the inverter terminal start to drop. The phase C voltage® drops to 0.35 PU for about 0.08s. Since the
LVRT feature is enabled, the inverter does not trip on low voltage of this short duration. After the utility
breaker opens, the inverter voltages gradually recover to the pre-fault level. The voltages will remain in

this state until the inverter trips on its active anti-islanding protection.
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Figure 22. Case 1-21 Voltage Waveform Plots Showing Events with the SLG Fault and
Islanding/Utility Breaker Open
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For the NSV protection scheme, the response is based on the sequence voltages. Figure 23 shows the
symmetrical voltage waveform plots for the same test case. Following application of the SLGF, the
high-side positive sequence voltage drops, while the negative sequence voltage rises [Figure 23(a)].
Within a cycle, both the positive and negative sequence voltages reach their target values and stay
there until the utility breaker opens. After the breaker opens, the sequence voltages recover to their
pre-fault level. The magnitude of incremental change is almost identical in the negative and positive
sequence voltage [Figure 23(b)]. This response is consistent with simulations discussed in the Phase 2
Report, and thus confirms that the NSV protection scheme will be able to detect the incipient GFOV

condition and trip the inverter at a much faster response than the 3VO0 scheme.

For the specific inverters tested here, the inverter trip occurs due to the anti-islanding protection, which
as noted previously depends on a 0.965 cycling period for its detection signal. These particular inverters
do not detect the overvoltage, unlike some simulation models that were studied for the Phase 2 Report.
Other types and designs of inverters may be able to trip faster by detecting the overvoltage event or

by using shorter anti-islanding detection cycles.

Figure 23. Case 1-21 Symmetrical Voltage Waveform on the Inverter Side

(a) Inverter Voltage

T T T T T T T T
\ Islanding - /fJf
0.9F ’

\ HV Breaker / 7
08F . —
Vpositive
07k \ \ /J Vnegative | |
- I Vzero
E) 06 Fault occurs 7
8 05 .
=
=l
= 041 .
0.3+ / ! .
| |
/ |
0.2k ! ! -

0.1 / \'\ B
0 [ I I e P —

1 1 1 1
46994 46996 460.98 470 470.02 470.04 470.06 470.08 470.1 47012 470.14
Time (s)

38



(b) Incremental Voltage
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3.3.3 Ground Fault Overvoltage on the Distribution Voltage

Ground fault overvoltage may also occur on the distribution voltage. A SLGF fault anywhere on

the feeder will cause the feeder breaker to open, islanding the feeder with its connected DER.

Table 8 shows a summary of two tests conducted for GFOV on Feeder 2 with two inverters connected.
The configuration is as shown in Figure 19, but with the SLGF applied at the terminal of the 1000 kW
inverter. For conservatism, the low voltage ride-thru function is enabled for both inverters (otherwise,
the inverters may trip when voltage drops following the fault). Furthermore, active anti-islanding
protection is disabled. This is to determine the duration of any GFOV without action from active

anti-islanding.

For test 2-9, the load and generation on the island is balanced. The plots of test results are shown in

Figure 24.

e Bk is the triggering signal of feeder breaker (blue) and fault breaker (red)

e vini(?) and vina(?) are the Inverter 1 and 2* output voltages, respectively

o iini(?) and iin2(¢) are the Inverter 1 and 2 output currents, respectively

o Py, and Qi are the Inverter 1 real and reactive power output respectively
o  Pin, and Qi are the Inverter 2 real and reactive power output respectively
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The SLGEF is applied at about t=118s, and the feeder breaker opens at about t=118.5s. Before the feeder

breaker opens there is a slight voltage rise at the terminal of the 500-kW inverter, maximum of 1.08 PU.

Once the island forms, the voltages depress and there is no GFOV observed. The inverters trip in 1.2s,

ostensibly from passive-anti-islanding protection.

Table 8. Summary of Tests and Results for Ground Fault Overvoltage on Distribution Feeder/High
Side of Inverter Terminal

Location of Trip Time Maximum Overvoltage
. - o .
LCEH! Feeder (e el p](;tlgl:d?nng;l LVRT mverter Tern':’ilre:glnclxtfu de'Ig::’rlr"r)\inal
i ?
ID ratio Enabled? Enabled? | 1000 | 500 1000 kW | 500 kW 1000 KW of 500 kW
kW kW Inverter | Inverter
Inverter Inverter
s Within
2-9 2 1 No Yes A D Within 1.2s 0.89s 1.00 1.08
2-10 2 3 No Yes A D Within 5.4s | Within 5s 2.00 1.94

Figure 24. Plots of Results for Test Case 2-9 Distribution-Side SLGF test with Generation-Load
Power Balanced and LVRT Functions Enabled
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For test 2-10, the generation is three times that of the load on the island. The plots of test results are

shown in Figure 25. Here, GFOV occurs just after the island forms, peaking at 2.0 PU. In response to
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the overvoltage, the inverters reduce their output currents. Voltages then drop to within normal range.
The duration of the GFOV is very short, less than nine cycles. The test inverters are not able to sustain

GFOV on the island.

Though the island remains energized for over 5s, there is no further GFOV. With active anti-islanding

enabled, the duration of the island will be within the durations noted earlier in section 3.3.1.

Figure 25. Plots of Result for Test Case 2-12 Distribution-Side SLGF Test with Generation-Load
Power Ratio 3:1 and LVRT Functions Enabled
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3.3.4 Ground Fault Over Current

To simulate GFOI on the CHIL setup, the circuit configuration was modified to include an additional
transformer representing the alternate grounding source, a customer transformer connected to the

subtransmission system. This configuration is shown in Figure 26.
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Figure 26. Circuit Diagram of GFOI Test
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Inverter active anti-islanding is disabled for this test, so that the results will be generally applicable

whether the resulting island is fully balanced or not. The two tests conducted are listed in Table 9.

Table 9. Summary of Tests and Results for Ground Fault Overcurrent

Active Location of Inverter3® 310
Anti- i
TestID | Feeder | | anding LCALL UL 1000 KW Inverter | 500 KW Inverter | CUrrent
Enabled? (EE)
1-29 1 No Without alternate grounding source A A 0
1-30 1 No With alternate grounding source A A 13.79

The system response for Test Case 1-29 is shown in Figure 27.

vin1(?) and iin1 (f) are the Inverter

137

output voltage and current, respectively

Pin1, and Qini are the Inverter 1 real and reactive power output respectively

vip(?) is the substation transformer voltage on the delta side

vey (¢) is the substation transformer voltage on wye side

Bk is the triggering signal of grid breaker (blue) and fault breaker (red)
The zero-sequence current izgg = iyq + igp + iz

The SLGF is initiated at t=484.8s. Five cycles later, the grid breaker is opened, islanding the study

feeder, the inverters and the fault. GFOV is observed on the subtransmission system on the delta side

of the substation transformer as the inverters continue to power the island. Without the alternate

grounding source, the current i3 is zero.

With the alternate grounding source in service (Test Case 1-30), the system response is as shown in

Figure 28. The SLGF is initiated at t=550.5s. The grid breaker is switched off five cycles later. There

is no ground fault overvoltage any more due to the presence of the alternate grounding source. The
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zero-sequence current flowing into the customer transformer has a peak value of about 16 A. The

two inverters shut down within 1s from their passive anti-islanding functions.

When there is an alternate grounding source on the same sub-transmission system, GFOV does not
occur. The alternate grounding source is generally in the form of a customer transformer with a

wye-grounded/delta connection, a three-winding transformer or an autotransformer.

There is a ground fault current that flows in the alternate grounding source. For the simulations,
the customer transformer is specified as 2.5 mega-volt ampere (MVA), 69/13.2 kV, connected
wye-grounded/delta. The magnitude of the 310 current is about 12 amps RMS. Each leg of the
transformer winding carries one-third of the neutral current. The customer transformer will have a
continuous rating of 3% for 10s (per ANSI/IEEE Std. 32-1972) and a short-term rating which is
33 times the continuous rating, or just under 2100 amps. Note that in this ground fault event, the
transformer is expected to carry only a short duration of fault current. There is, therefore, not

enough ground fault current to overload the transformer.

Figure 27. Test Case 1-29: 310 Test without Alternate Grounding Source
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Figure 28. Test Case 1-30: 310 Test with Alternate Grounding Source
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4 Conclusions

To demonstrate the approach and methodology for control-hardware-in-the-loop (CHIL) simulation,
three operating distribution feeders were modeled, and two inverter controllers of different ratings
were obtained from the manufacturers. These were put together at the test facility at Rensselaer
Polytechnic Institute (RPI) and interconnected with the OPAL-RT simulator,® a software that enables
the key functions of CHIL simulation. The following results and findings are specific to the studied
feeders and inverters. Any conclusions inferred herein are specific to the study cases and may not
generally be applicable to all feeders and inverters. Non-inverter-based DER may have significantly

different response and are not covered in the study.

4.1 Unintended Islanding

Inverters use different methods for active anti-islanding protection. In the study, the inverters introduce
an alternating pulse with Pulse duration, 7, of 0.13s and a period, T4, of 0.965s. (See illustration below.)
Even when two inverters use similar methods for active anti-islanding detection with the same pulse
width and period, their response times to an islanding event are dissimilar as evidenced by the

different standard deviations of trip time, 7,, between the two inverters used in the tests.

Figure 29. Inverter Pulses from Its Active Anti-Islanding Scheme as Seen in the Real and Reactive
Power Output
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The inverter trip time is a function of when the islanding occurs in relation to the point in time within the
inverter pulse period. If an islanding event occurs immediately after a detection pulse, the inverter takes
just a little more time to detect the island compared to an event which occurs just before a pulse. In the
case of the of the study inverters, the trip time can vary but remain within a specific number of pulses
(i.e., one to two pulses is a time range of 0 to 0.965s, two to three pulses is a time range of 0.483 to

1.448s, and three to four pulses is a time range of 0.965 to 1.93s).

There is an apparent delay in trip time when two inverters are on the feeder compared to when there is

only one, but the delay is no more than the time to incur an extra pulse.

For cases with two inverters on the feeder, once the first inverter trips, the remaining inverter trips not
only on its own active anti-islanding protection but may also trip on its passive anti-islanding function,

since the feeder conditions will now show unbalanced voltage and frequency.

When active anti-islanding is disabled or not available, the inverters fail to trip within 2 seconds.
Remedial measures, such as direct-transfer trip (DTT), are needed for this situation. The DTT should

initiate on the opening of the feeder breaker and send a trip signal to the inverter(s).

When the study inverters’ active anti-islanding protection is enabled, the 1000-kW inverter tends to

trip within one to three pulses regardless of feeder type, location in the feeder, or whether or not another
inverter is on the feeder. The 500-kW inverter has a slower response requiring at least two pulses and,
in some cases, up to four pulses (when two inverters are on the feeder). All the tests conducted had

all connected inverters tripping within the 2s limit on response time specified in IEEE Std-1547.

The slower trip times for an inverter apply to certain system conditions including (a) presence of another
inverter on the circuit, (b) the inverter is located on the remote end from the feeder breaker, and (c) the

inverter is on a feeder with no capacitor bank.

4.2 Ground Fault Overvoltage on the Subtransmission Line

Since a ground fault overvoltage (GFOV) event involves an islanded system, albeit with a single line to
ground fault (SLGF), the anti-islanding protection of the inverters can play a role on whether or not the

inverters will trip. For the inverters considered in the study, when active anti-islanding is enabled, even
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for a fully balanced island, the inverters trip within the same time frame as noted in the islanding test,
anywhere from one to four pulses. The time to trip the inverters and de-energize the island can be as
much as 1.93s. This duration may be long enough to affect equipment. New York State utilities indicate

that this is an unacceptable duration for GFOV as it poses a safety risk to personnel.

The CHIL tests confirm that following the SLGF and formation of the island, voltages as high
1.75 times the pre-event values are observed on the high side of the substation transformer and on the

subtransmission system. This is consistent with the all-software simulation (from the Phase 2 Study).

When the active anti-islanding feature is disabled, the inverters do not trip for a fully balanced
island, indicating that passive anti-islanding is unable to detect the presence of the ground fault on
the subtransmission line. If left undetected, the GFOV can remain active for as long as balanced

conditions are present on the island.

Two remedial measures were evaluated. For faster trip times, remedial measures, such as 3V0 and the

negative-sequence voltage (NSV) protection schemes, are needed.

e New York State utilities require the implementation of a 3VO0 protection. This scheme requires
additional equipment and construction at the utility substation that can be expensive for
developers of inverter-based generation and will also impose a time delay to their projects.
The 3V0 scheme will wait until the sensing relay detects the overvoltage and sends a trip
signal to the feeder breakers. This could take as long as six to 24 cycles (0.1 to 0.4 seconds)
to occur, just a little bit faster than active anti-islanding protection. In the meantime, the
overvoltage remains on the high voltage side.

e  For the NSV protection scheme, the response is based on the sequence voltages. Following
application of the SLGF, the high side positive sequence voltage drops, while the negative
sequence voltage rises. Within a cycle, both the positive and negative sequence voltages
reach their target values and stay there until the utility breaker opens. After the breaker
opens, the sequence voltages recover to their pre-fault level. The magnitude of incremental
change is almost identical in the negative and positive sequence voltage. This response is
consistent with simulations discussed in the Phase 2 Report, and thus confirms that the
NSV protection scheme will be able to detect the incipient GFOV condition and trip the
inverter at a much faster response than the 3V0 scheme.

For the specific inverters tested here, the inverter trip occurs due to the anti-islanding protection.
These particular inverters do not detect the overvoltage, unlike some simulation models that were
studied previously. Other types and designs of inverters may be able to trip faster by detecting
the overvoltage event or by using shorter anti-islanding detection cycles or other forms of

anti-islanding protection.
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4.3 Ground Fault Overvoltage on the Distribution Feeder

This tests for ground fault overvoltage (GFOV) following a SLGF fault at the inverter terminal. After the
SLGF is applied, the feeder breaker opens. This forms an island on the distribution feeder with the fault
energized and the inverters online. The concern here is that the voltages on the distribution feeder may

show some level of GFOV.

However, the simulations show that no GFOV is observed when the load on the distribution circuit is
about the same as the generation. If the load is less than the generation, then there is overvoltage;
however, this is very brief (less than nine cycles with generation three times the load on the island)
because the inverters reduce output currents in response to the overvoltage. A worst-case scenario is

assumed in such a case, where LVRT is enabled and active anti-islanding is disabled.

4.4 Ground Fault Current

When there is an alternate grounding source on the same sub-transmission system, GFOV is not likely
to form. The alternate grounding source is generally in the form of a customer transformer with a

wye-grounded/delta connection, a three-winding transformer, or an autotransformer.

However, there is a ground fault current (GFC) that flows in the alternate grounding source. For the
simulations, a smaller customer transformer is specified in order to determine if it can withstand the
incoming GFOI. The magnitude of the 310 current in the transformer is less than its continuous rating
per ANSI/IEEE Std. 32-1972 and significantly less than the short-term rating. There is, therefore,

not enough ground fault current to overload the transformer.

No mitigation is required since the transformer can withstand the GFC in this scenario.
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A commercial product of OPAL-RT Technologies.
A commercial product of OPAL-RT Technologies.

For the report, visit http://documents.dps.ny.gov/public/Common/ViewDoc.aspx?DocRefld=BB4B461D-FF72-495F-
9B50-8BC82303D7B8 on the New York State Department of Public Service (DPS) Interconnection Technical
Working Group (ITWG) website.

“Protection of a transmission side ground fault overvoltage on power transformer equipment from any source on the
secondary side will, depending on the protection schemes in place at any substation, require ground fault (or zero
sequence) overvoltage (“3V0”) protection equipment.” National Grid’s Technical Review of Pterra Consulting’s
Report R149-16 “Assessment of Inverter-based Distributed Generation Induced Ground Fault Overvoltage on Delta-
Wye Substation Transformers”, January 31, 2017, posted on ITWG webpage and accessible via this link.

3VO0 comes from the fact that the zero-sequence voltage, V0, needs to be multiplied by three to permit the
measurement.

Pterra Consulting Report, “Assessment of Inverter-based Distributed Generation Induced Ground Fault Overvoltage
on Delta-Wye Substation Transformers”, January 3", 2016 available at this link.

Pterra Consulting Presentation Slides, “Assessment of Inverter-based Distributed Generation Induced Ground Fault
Overvoltage on DeltaWye Substation Transformers”, January, 2016 available at this link.

Tom Short, “Application for [IEEE C62.92.6-2017, NY DPS ITWG Meeting, Albany, NY, August 29, 2018, available
at this link.

For the report, visit http://documents.dps.ny.gov/public/Common/ViewDoc.aspx?DocRefld=BB4B461D-FF72-495F-
9B50-8BC82303D7B8 on the New York State Department of Public Service (DPS) Interconnection
Technical Working Group (ITWG) website.

Essential findings of the report are presented in PowerPoint format. Visit
http://documents.dps.ny.gov/public/Common/ViewDoc.aspx?DocRefld=%7B583C0024-9121-472B-8EAS5-
491107F5DEFB%7D on the New York State Department of Public Service (DPS) Interconnection
Technical Working Group (ITWG) website.

MATLAB/Simulink is a commercial product of Mathworks

A commercial product of OPAL-RT Technologies.

NYSEG is New York State Electric & Gas, a wholly-owned subsidiary of AVANGRID, Inc.
For confidentiality reasons, the name of the manufacturer is withheld.

Seven digital output (DO) ports and 15 analog input (Al) ports

Field-programmable gate array, a type of integrated circuit

At the time of the study, the 32-core Real-time SuperServer simulator was not available.
Both real and reactive power is balanced.

“Fully-balanced” here means balanced three-phase loading such that all three phase currents into the breaker that
initiates the islanding event are zero.

See Section 2.3 for further discussion.

Inverter 2 is rated 1000 kW. Please refer to Table 2 for further specifications.

These are percent of the time that the trip time is below the stated values.

Inverter 1 is rated 500 kW while Inverter 2 is rated 1000 kW. Please refer to Table 2 for further specifications.
A = Near the feeder breaker, D = remote end from the breaker. Locations B and C are at intermediate locations.

1-2 pulses is a time range of 0 to 0.965s; 2-3 pulses is a time range of 0.483 to 1.448s, and 3-4 pulses is a time range
0f 0.965 to 1.93s.

This is the same as Test Case S-1.
This is the same as Test Case S-2.

A pulse is 0.483s long. This is specific to the study inverters.
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Inverter 2 is rated 1000 kW. Please refer to Table 2 for further specifications.
A = Near the feeder breaker, D = remote end from the breaker. Locations B and C are at intermediate locations.

1-2 pulses is a time range of 0 to 0.965s; 2-3 pulses is a time range of 0.483 to 1.448s, and 3-4 pulses is a time range
0f 0.965 to 1.93s.

See Section 1.3.5.

Note that between the location of the SLGF on the high side and the terminal of the inverter on the low side, there is
delta-wye transformer.

Inverter 2 is rated 1000 kW. Please refer to Table 2 for further specifications.

A = Near the feeder breaker, D = remote end from the breaker. Locations B and C are at intermediate locations.
A = Near the feeder breaker, D = remote end from the breaker. Locations B and C are at intermediate locations.
Inverter 2 is rated 1000 kW. Please refer to Table 2 for further specifications.

A commercial product of OPAL-RT Technologies.
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