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Abstract

The project addresses tl@ghallenge areaR2c2 - Electrical and Grid Challenges Unique to Offshore Wind
Transmission by developinglgancednodelingmethods and risk assessment strategies for the transient and dynamic
performance of offshore wind farm (OSW) in applications where multiple large wind farms connect in close proximity
to the electric power gridin Task 1 of this projectlectromagnetic transient (EMT) models for each of the proposed
30GW of proposed NYISO, ISBE and PJM offshore wind farms were developed and validatedduced order
system equivalent models were developed for the associated onshore powelSgpdrate small signal and
electromagnetic transient (EMT) models were developed. The EMT models developed accomnizdateed and
nonfundamental frequenatudiesof the performance of multiple offshoveind farms transientperformance.The

small signal modelas well as controls stability of invertbased resources.

In Task2, the Task 1 models were used to evaluate the potential operational risks that would arise from the installation
of multiple gigawatt level offshore wind farms on the U.S. North Atlantic cdéss. effort includes evelopnent of

risk metrics evaluating the level of load rejections, unit tripping, and the number of outages with the applicable
standards including NERC PRID6, PRG024, IEEE 280022 and regional operator and utility requiremenitse

team investigated the following risk factors:

Weak grid

Low inertia grid

Resonance and control interactions associated eftbssompensated transmission lines
IBR Converter interaction

Load Rejection

Critical Clearing time reductions

Stuck Breaker Contingencies

High and low load cases

High and low wind cases

=A =4 =4 =4 4 -4 4 -8 A

The factors with highest risk were found to be

1 Weak grid
1 IBR converter interactions
1 Low critical clearing times for stuck breaker contingencies

This researclstudy hasshown that small signal analysis is an efficient and effectimeeeningnethod to determine
lightly damped subsynchronous frequencies that can leadstained oscillations as well as extend the recovery
period following the clearing of system faultdowever, key results should be verified with EMT studiéiswas
found that EMT studies of faults, line trips and generator trips are the most effective method to déterstabdity

and overvoltageisks from transient events.

Full details of the methods developed in this project are presented in the Task 1 section of this report. Study results
for the NYSIO, ISO_NE and PJM systems are presented in the Task 2 section of the report.
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1 Introduction

The United States is in the process of moving toward cdireerelectricity generation, in order to address

global warming. In the northeastern states, this has led to ambitious plans to develop significant levels of
offshore wind generation. There lgalbeen plans announced for as much as 30 GW of offshore wind
generation inthe comingfewe cades, through initiatives and poli
Climate Leadership &amp; Community Protection Act (NY CLCPAAs of 2025, however, only 3

offshore wind farms are in service, Block Island Wind was put in service in 2016 with 30 MW capacity,

the Coastal Virginia Offshore Wind Pilot Project was completed in 2020 with 12 MW capacity, and The
South Fork Wind Farm we into service in 2024 with 132 MW capacity.

The current US offshore wind (OSW) pipeliné existing and proposed projectsill create high
concentrations and penetrations of inveltesed resources (IBRsAdditionally, many of the new farms

will connect to the power grid using)/DC transmission, with voltage source converters at both terminals.
The installation of these wind farmsll contribute to unprecedented challengmsthe electric power grid

The top OSW reliability and resilience challenge witludecontrols instability weak system instability,

and issues due to the reduced system inertia when there are reduced numbers of synchronous generators on
line. These issues can lead to transient instabilities, transient overvoltages, sustaisguckudnous
oscillations (below 60 hertz)and high rates of frequency change. In extreme cases, the transient and
dynamic issues carsult in unit tripping an@éven aredlackouts. In the curremterconnection process,

the focus is on the project beidgveloped and the required transmission upgrades. This process involves
greatly simplified models of the power grid. There is an opportunity to improve the process to emphasize
how plant controls, performance and modeling could mitigate critical risksciassb with rapid
deployment of offshore wind technologyhere is a need for more comprehensive studies that analyze the

performance of multiple large wind farms installed in concentrated areas.

These studies require accurate and efficient models of both the OSW installations and the bulk power grid.
In order to achieve this goal, this project has
1 Developed a set of flexible models of both OSW and H\MiBZallationmodels that can readily
adaptto represent the range of these installations and their controllers.

91 Developed an efficient network reduction methodology using existing reduction tools.

These two goals were addressed in Task 1 of this project, and the methods were validated in this Task. As

a result of the methods developed in this task, it is now possible to efficiently develop models for EMT and

11



small signal studies that are suitable for usage in a service providing interconnection studies and operational
studies of multiple large scale OSW installations located in gdoseimity. This advancednodeling
capability allows for a more comprehensive capability to identify and mitigate grid stebkiyassociated

with rapidly increasing renewable IBR penetration.

The project has also developed a controls and performance stability risk evaluation methodology and risk
mitigation strategies. These methods and strategies can be readily adapted for use in OSW interconnection

studies involving multiple large farms cauting in close proximity.

Together, these tools and processes can be used as the foundation for advanced interconnection services as
well as for the ongoing assessment of OSW wind farm performance in the operating phases of these

projects. This capability withelp offshore wind projecdemonstrate their value of providing reliable,

stable and clean powemndto meet their targeted Commercial Operation Date (C@Bjvell as to address
operating challenges and controller updates that occur after the project is commissioned

This project was led by Clarkson University, with subcontracts with GE Vernova and NYPA. Key
personnel on the project included:
1 Clarkson University: Tuyen Vu, Thomas Ortmeyer, Jianhua Zhang, Manh Bui, Minh Vu

T GE Vernovads Consul ting S eAbrahant Bawzhuadgéskion Mac
1 NYPA AGILe Lab: Hossein Hooshyar, Thanh Nguyen

Members of the Industrial Advisory Committee for the project were:

Saad Syed, Ocean Winds

Robert Eisenhuth, PSEG

Matthew Koenig, Consolidated Edison

Rachel MacDonald, California Energy Commission
Jian Fu, DOE

Scott Egbert, NYSERDA

=2 =/ =4 =4 4 4

The IAC was active in this project, particularly in providing advice and insights into the critical

contingencies that face the bulk power grid of this study.

This report is divided into chapters based on the technical subtasks of the project.

12



2 Task 1.1: EMT model development for 30GW of
Atlantic OSW

2.1. Wind Turbine -Generator Modeling

The general diagram for the offshore wind turbines modeled in this study is shown in Figine 1.
system model for this task was an infinite bus behind an impedance.

Fe i )
h 4 h 4 l A 4 ]
Pitch Machine-side Grid-side i
1 TB control
controller controller controller i

DC AC ,
\ \ -w-| Vi HVAC '
DC T

) Step-up Substation Land
MSC GSC  Grid-filter transformer transformer collector bus

Chopper
]

AC

Figurel. General diagram of the diredtive permanent magnet synchimus generatoRMSG wind
turbine generator (WTG) of this project.

The parameters of the base case wind turbine are givieablal. The turbine model included pitch
angle and variable speed control, andinwnd cutout wind speed limits to provide the 4 regions of

operation described ifable2.

The specific WTG model wused i n t RealTisnéloteopnnectos t a k e n
Studies and Control of New York Offshore WigdNY SERDA Pr o] (Elarkson Udivgrsity 6 ) 0

2023) The project 148516 involved Matlab/Simulink modeling, and these models were converted to
PSCAD models in this project. The machine side converter (MSC) controlled PMSG performance and the
turbine power output in the MPPC mode. The grid side conveé®C] controlled the DC link voltage

and the vars injected into the power grid. The GSC controller included negative sequence current injection
which was not active during balanced voltage conditions, using the WECC based current injection scheme.

The curent limit logic employed in this study was based on the WECC defined current limit logic.

13



Table 1. Parameters of the Base Case Wind Turbine System

Components Parameters Values
Rated power)
Stator winding resistancy¥, 12 MVA
Stator leakage reactance, 0.0017 pu
Unsaturated)axisreactance® 0.0364 pu
Unsaturatedi-axis reactance) 0.55 pu
Damper windind-axis resistange 1.11 pu
. 0.055 pu
PMSG Y ‘ 0.62 pu
Damper winding2-axisreactance® 0183 ou
Damper winding)j-axis resistanceY 1'175 ou
Damper winding)-axisreactance 10 ou
Magnetic strengthY 4s
Angular moment of inertia) 0.01 pu
Mechanical dampind®
Rated power 12 MVA
BTB converter DC link capacitance 15000° "O
DC link voltage 1.45 kV
Rated power 15 MVA
Stepup transformer Rated voltage (RMS line) 4 kV | 66 kV
Positive sequence leakage reactan 0.025 pu
. : Rated wind speed 10 m/s
Wind turbine Turbine radius 50 m

Thespeci fic WTG model wused i n t he ReaTuneg ywtereoangectiana k e n
Studies and Control of New York Offshore WildNY SERDA
2023) The project 148516 involved Matlab/Simulink modeling, and these models were converted to
PSCAD models in this project. The machine side converter (MSC) controlled pd8@Enancend the

turbine power output in the MPPC mode. The grid side converter (GSC) controlled the DC link voltage
and the vars injected into the power grid. The GSC controller included negative sequence current injection
which was not active during balancealtage conditions, using the WECC based current injection scheme.
The curent limit logic employed in this study was based on the WECC defined current limit logic.

The GSC model also includas.ow-voltage ridethrough (LVRT) functionThis function is also based on

the WECC LVRT logic, and includes both positive and negative sequence current liiné@spositive
sequenceactive and reactive currents are limited accordingly based on the vottadigion For example,
thesewould be forced to zero during very low voltage scenario. In order to detect the normal and abnormal

14
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conditions, the positiveequenceomponent of voltage is used and then the injected reactive power is
proportional to the voltage drop while the active power is determined according to the rsiabhipewer

Table 2. Wind Turbine Operation Regions

Operating Region Operating Mode Power Output

1 Parking Region <Cut-in wind speed 0

2 MPPT (Maximum Cut in speed tthe Constant blade pitch tg
Power Point Tracking) | rated wind speed achieve maximum
Region power output

3 Constant Power Regio| Rated speed to caiut | Constant rated power

wind speed output
4 Parking Region > Cut-Out speed limit | 0

A DC link chopper is used to avomvervoltage on the D@Gnk capacitor during fault conditions. The
chopper uses hysteresis control to limit the voltage, and dissipates energy to reduce the overvoltage during
abnormal conditions. At that time, the DC voltage control loop is frozen, aruditfent loop controls the

active and reactive currents injected into the grid.

Due to thenatureof theMSC and GSC, tteepower electronic converters generate a significant amount of
harmonisimpacting the system. Therefopgssive RLGQow pass filters are utilized on the AC side of the
converters

Validation of Wind Turbine -Generator PSCAD Models

The WT model validation was performed to verify compliance with the industry standards. The testing
benchmark is designed based on the Procedure Mantta¢ Bfynamic Working Group of the ERCOT
(Electric Reliability Council of Texas) with the purpose of evaluating the dynamic performance of the
model.
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For these tests, a 200 MW wind farm was represented by an aggregated wind turbine model representing
the entire farm.V.The farmés POI is 230Kk

The starup sequence for the wind turbine simulation is:

Close the circuit breaker linking the WT to the power grid

De-block the grid side converter after an 0.1 second delay

Release the rotor with turbine in tteeque control mode after an 0.1 second delay
Release the rotor side converter after an 0.5 second delay

=A =4 =4 =4

The turbine successfullgperated in the steady state with 1MW output power at unity power factor for a

wind speed of 10 m/s.

Small Voltage Disturbance Test In this test case, two scenarios are designed to test the plant automatic
voltage regulator (AVR) ability to regulate the original voltage set point. The voltage at the Point of
Interconnection (POI) is applied a 3% step increase and a 3% step decraseséparate simulations.

The real and reactive power flow plots for the stepease in voltage is shownkigure?2.
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Figure2. WTG response to a 3% step increase in voltage at the Point of Interconnection (POI) at 9 sec.

Large Voltage Disturbance TestThe large voltage disturbance test is also divided into two situations:
Low Voltage RideThrough (LVRT) and High Voltage Rid€hrough (HVRT). Both scenarios apply the
voltage profile boundary illustrated the North American Electric Reliability Corporation (NERC) Gaps
Whitepaper (PR@24-2).
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The resuls of the LVRT test are shown in Figure 3. The voltage profile shown in Figure 3 starts at-1.0 per
unit voltage (the base voltage is 230kV), then drops to zero, and from that the voltage rises up to 0.45, 0.65,
0.75 perunit and ends at 0.9 penit.
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Figure3. Low Voltage Ride Through (LRT) testresults.
For the low voltage transient, the model injected reactive current to compensate the sudden fall of the
voltage. As shown in Figure 3, the active power felt to close to zero while the reactive injection at the POI

was observable immediately when the voltaljopped to zerdAs the voltage gradually increases, the
reactive power still is injected into the system corresponding to each voltage condition throughout the active
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power recovery period. When the voltage profile recovers to 0.9 p.u, the AVR continually increases the
reactive output power and remains consistently as the final POI voltage is still below the initial 1.0 p.u value
and the active output power recoverefllboutput capability with a modest reduction at the initial recover
interval which is acceptable to accommodate greater reactive power injdéigoine 3 shows that the WT
model successfully remains on line through the test and has appropriateesdponghe real and reactive

power controllers. The WT model also passed the HVRT test successfully.

Small Frequency Disturbance Test The inertia characteristic of the system is verified through two
situations comprising a 0.3 Hz step increase and a 0.3 Hz step decrease of system frequency from nominal
frequency (60 Hz). As shown in Figure 4, the frequency controller lowered thewnesal@aput according

to its droop characteristifollowing the frequency change. oFthe frequency reduction case similar

transient in real power occurred, while the power settled back to the original value as ities wab

operating at its maximum power point.
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Figure4. Real and reactive power response to an 0.3 Hz step increase in frequency at 7.0 seconds.

Wind Speed Variation Test As the wind energy availability varies significantly depending on many
factors such as weather, location, and time, this test investigates the performance of the system under a
wide range ofwind speed. The output power of a WT is a #lioear function of wind speed and WT
availability, as depicted in Figutewherean is cutin speedys és cutout speedq is rated speedif the

wind speed is smaller than the rated value and greater than timespatedthe turbine operates

in the variable geed fixed pitch mode of operation, ahd output power increases with the wind

speed Above rated wind speed, the turbine operates in the constant speed variable pitch mode,
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andthe real power is maintained at the rated power valihis urbing the cutin speed is 3 (m/s),
the cutout speed is 25 (m/s), and the rated speed is 10 (figlre 6 shows the turbine response for a
step change in wind in the variable pitch mode, and Figure 7 shows the response to a step change in wind

speed in the variable speed mode.

A

Rated power

Power output, Pw

L | |
T I —

Vm Vr Vco

Figure5. Wind turbine peak power output versus windspeed.
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Figure6. Aggregated model response to step increases in wind speed in the constant power region above
rated wind speed.

System strength and phase jumps tests were also conducted. In sum, these tests validate the performance
of the PSCAD wind turbine modeind demonstrate that the PSCAD wind turbine models accurately
represent the published generic models of offshore wind turbines and farms when they are connected to a

grid model that is an infinite bus behind and impedance.
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Figure7. Aggregated model response to step decreases in wind speed in the maximum power point
operating region below rated wind speed.
These tests demonstrate that the PSCAD wind turbine models accurately represent the published generic
models of offshore wind turbines and farms when they are connected to a grid model that is an infinite bus

behind and impedance.

2.2. Offshore Windfarm Modeling- HVAC Transmission

The general configuration of offshore wind farms consists of multiple wind turbines connected by a set of
69kv collector lines, an offshore substation, a transmission system, and the onshore substation. The
mediumvoltage submarine collector cables areduseransmit wind power to the offshore substation. The
stepup substation transformer has the purpose to boost up the voltage to the transmission level. An example
for the wind farm configuration is depicted in Figueln this case, high voltage altative current

(HVAC) submarine export cables are utilized to carry the wind power to the onshore substations. The
onshore transformer at the onshore substation would transform the transmission voltage to the utility grid
level. The offshore wind farm sysiteis connected to the utility grid at the point of interconnection (POI).
Shunt reactors are applied at both ends of the HVAC cables to compensate the reactive power generated by

the capacitance of the transmission cables.

The Figure8 inset shows the individual wind turbine model including the-sigfransformer to collector

voltage.
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Figure8. Generic Offshore Wind Farm Layout with AC transmission.

Large OSW farms have the potential to create disturbances and abnormal conditions that can severely
impact the connected utility system. Therefore, the offshore wind farm systems need to have the capability
of voltage and frequency support for the utilityd. The wind farm control system is designed to regulate

the total injected active power into tR®I, and controdf terminal voltage

The wind farm control system developed for this project is shown in Figliee®e would be two modes
regarding active power control, which are active power curtailment mode and droop active power
frequency control mode. The active power curtailment mode is used to regulate the wind farm power based
on the requirement from the tmission system operator (TSO), meanwhile the droop active power
frequency control mode is developed to provide power sharing and damping support the high during
contingencyinduced transient conditions. The active power reference to each Wimited by the
maximumavailable power of each WTThe reactive power contrblas the capability to provideoltage

control, droop reactive powapltage control, and constant reactive power control. The reactive power
limiter calculates the reactive power reference to each WT based on the output active power and their

reactive power capability.
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2.3. Offshore Windfarm Modeling- HVYDC Transmission

The proposed offshore wind farms that are a part of this study use either HVAC or HVDC transmission
lines to connect the OSW power to the bulk power grid. The basic diagram for an OSW with HVYDC
transmission is shown in Figure 1 modern farmsPWM Voltage Source ConvertefVSC) conveters

are used for both the offshore rectifier and onshore inverfetypical VSC HVDC transmission system

is comprised of converters, transformers, phase reactors, AC filters, DC cables and breakers, DC capacitors

and flters, a control system, and third harmonic filters. The converter is the most important module since
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it performs the conversion from AC to DC (rectification) at the sending end and from DC to AC (inversion)
at the receiving end of the DC link. The thqgease AC voltage is converted to a DC voltage.

T2 hns:

HVAC Line : T WT Model

TOV

HVDC Model

Figure10. OSW with HVDC transmission.

In this study, a model of this HYDC transmission line was created in PSCAD. This modabuyded

with the OSW model using the aggregated model of the wind turbines. was used to investigate the steady
state and fault performance of this wind farm. The HVDC line has a grid following converter at the onshore
substation and a grid forming conarat the offshore substation. The aggregated wind farm model uses

a grid following converter that controls the active and reactive power flow from the farm. The grid
supplying the onshore substation is a strong grid, with SCR=10,5X/R=

The topologyfor the single wind turbine modeltgpe 4, which consists of 2 batt#-back converters that
decouple the turbine from the grid. The generator type is used as PMSG. The model consists of 2 converters,
a machine side converter (MSC) and grid side conv@B8L). Additional equipmerior the model iDC

chopper, LC filter, and a stagp transformer. The GSC generates output in 4kV. A-gpepransformer
converts that into 66kV and transfers power into the offshore substation thewligiarinearray cables

The aggregated farmmgould bescaled using the current scaling block to scale up fronwmameturbine to
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This HVDC connected OSW model was uweedonduct studies including fault

80 wind turbines.

performance, transient oveoltage assessment, and fault stleough capability.

Figure 11 shows the response ttheeephasefault at offshore bus T2. The resufisow a temporary
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Figurell Three phase fault performance at offshore bus T2.

overvoltage (TOVat bus T2of approximately 50% following the fauliVhile not a direct concern of this

project, this TOV at the offshore substation would need to be tatig&imultaneously, the reactive power

is injected into the system to support the system stability. Although the onshore side does not observe the

voltage fall, the active and reactive power also respond based on the response of the offshore side. The
24



HVDC line does not experience overvoltage during the fautite that negative real and reactive power

flows in ths figure indicaespower flowing from OSW to the grid.
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Figurel2 Unbalanced fault response at the offshore bus T2.

Next, an unbalanced fault test was simulated at the same location at the offshore substation. For a bolted A
phase to ground fault, the response of our model is shown in Higugnce this fault is unbalanced, the

fault current includes a negative sequence current component. The output active power does not decrease
to zero value during the fault period as the remaining two phases still provide the tenérggnshore

grid.

Fault studies were also conducted on bus T1 at the onshore substation. In general, these faults were not as
severe as the fault at T2. For all cageserter controllers also responded correctly to thefiadét through

requirements, keeping the inverters on line during this fault.

2.4. Applying IEEE Standard 2800-2022 for OSW

The IEEE Standard 28&#022 establishes the required interconnection capability and performance

criterion for invertesbased resources interconnected with transmission system including voltage and
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frequency ridehrough, active and reactive power control, power quality, and system protection. The
reactive power voltage control, active powérrequency response requirements are tested with our model.

In our model, the IBR continuous rating (ICR) is 22 MVA for the 15MW turbines under study. Studies
were conducted that demonstrated the ability of the study model to meet this requirement. Studies were
also conducted that showed the model meets thE EHDO requirement for overfrequency operatandg

demonstrates the real power droop which will enhance grid recovery from events.
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Figurel3. Minimum reactive power capability at point of applicability (RPA), with V2=1.00, V351.04
and V4=1.05.

2.5. OSW Farmsin NYISO, ISO-NE and PJM systems

The status of the proposed OSW in this study changed considerably over the course of thisTireject.
initial list of awarded projects that was compiled in 2023 quickly became outdated. This list was updated

at the start of Task 2. The wind farms considered in the Task 2 studgserén Tables 6, 15, and20.
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3 Task 1.2. Electromagnetic (EMT) System
Equivalent Models for the Onshore Bulk Power
Grid

In Task 1.2 a set of dynamic equivalent models of the onshore bulk power grid were develdpesh
equivalent models welfer the East Coast regional transmission systems, including NYISGNE&nd

PJM. The reduced EMT model is developed based on NYISO data from FERC 715 (MMWG2022Series
and MMWG2023Series) provided by NYISO. The sysigitle East Coast regional transmission grid

model is used in conjunction with up to 30 GW of wind farms.

This task included 5 distinct steps. This milestone report documents each of these steps, if\sections
throughE.

3.1 Convert FERC 715 model toreduced PSCAD models

This section describes the process of converting power grid models from NYISO data FERC 715
(MMWG2022Serie$ in PSS/H1] to develop an EMT reduced model in PSCARe EMT reduced model
has been developed based on NYISO ddtd\(VG2022Serie$ using the PSS/E moddrhis process will

demonstrate the accuracy and fidelity of the expanded models integrating other RTO transmission systems.

Onshore Power System Data

After developing the Offshore Wind Farm (OSW) model from Task 1.1, the team aims to develop the
Onshore Grid System (OGS) model including the Eastern Interconnection area. As a result, the team
requested and received the FERC 715 (Annual Transmissiomijadata from NYISO. This information
is critical energy infrastructure information (CEIl), and is covered bydistlosure agreementsThis

confidential information is therefore not included in this report.

Not only does the data cover the Eastern Interconnection domain, but FERC 715 also comprises some
Western Interconnection data, demonstrating the diversity of the grid model. To be specific, the
Multiregional Modeling Working Group (MMWG) develops comprebige power system models that
represent the interconnected electric transmission networks across North AfRgrithese models
included in FERC 715 data are crucial for conducting power flow and dynamic stability studies, which help

ensure the reliability and security of the bulk electric system. The team used the MMWG data, which is
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developed for the year 2022, to develop the OGS model. These models include detailed data on transmission

lines, generation units, loads, and system configurations for various scenarios and timeframes.

The MMWG consists dboth the steady statewerflow dataanddynamicdataincludinggenerator
characteristics and control systems. There are several power flow cases included in the MMWG2022Series
data comprising Summer Peak Load, Winter Peak Load, and Spring Peakl heddMWG2022Series
power flow encompasses approximately 94000 buses &t Henerators, there are over 9000 dynamic
machine models representing the dynamic behavior of the Eastern power system. From this data, the team
developed Onshor@rid Electromagnetic Transient (EMT) model providing a detailed and accurate picture
of high-frequency events and Small Signal Models (S&Muse in frequency domain studiessystem
stability and oscillatory performanc&hese reduced models will then be coupled with the OSW and IBR

models of Task 1.1 for the system studies of Task 2.

3.2. Small Signal Model for Eastern Power System

Dynamic Reduction Process

The pr oj ec dydanicayoraduce ihes fulltEastern Interconnection data case, which is
received from NYISO, toraacceptablysmall size model that can peacticallysimulated in PSCAD. To
this end, the EPRI3pis utizetrbRipEmeatphp leducti@n process and create the
dynamically reduced system. The reduction algorithm of DYNRED is based on identifying coherent
generators and aggregating them together into one equivalent maggiure. 14 shows the process steps

for this reduction.
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* Input the onginal power flow and dynamic model

+ Find Coherency Identification in DYNRED.

+ Apply aggregation approach manually.
+ Aggregate generators outside NYISO based on the area and geographical location

+ Generators in NYISO system are manually aggregated based on recommendations
from NYPA

+ Choose the retained system in DYNRED. h
+ All buses in NYISO area above 220KV level
+ All generators in NYISO area above S0MVA_
+ All ie-lines between NYISO and its first-level neighboring areas.

* Further reduce number of equivalent branches.
+ Analyze & Retain some specific buses.

+ Use PSAT Python Script to modify the reduction model to 500-bus system.

KL<

Figure14. DYNRED Reduction process

After each implemented step, there are different versions of the reduced system produced by
DYNRED. Step 1 and 2 deals with the original CEIl full case, approxima#l9®bus data. With the
retained center (NYISO), the scale of {RBdectranix n.d.system steadily decreased after each step: from
94000 buses to 5000 buses at step 3, d@model at step 4, remaining 2000 buses at step 5, and finally

the reduced modelontains 1400 buses after finishing step 6.

Small Signal Analysis Validation

To crossvalidate the power flow and dynamic behavior of the reduced models against the original case,
the SSAT from Powertech Labs is applied to determine theantermodes where NYISO generators have
large mode shapé&.able 3 shows the 4 intearea modes identified by SSAT and compares these mode
shapes between varied versions of the reduction model. This data validate9taedB0800 bus reduced

models.
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Table 3. Small signal analysis performed on different versions of reduction model

5000Bus Model 3000Bus Model 1400Bus Model
Mode
# Frequency] Damping| Frequency] Damping| Frequency] Damping
(Hz) (%) (Hz) (%) (Hz) (%)
1 0.9848 6.16 0.9845 7.79 0.9886 7.65
2 0.968 8.17 0.9658 8.51 0.9656 8.56
3 0.8642 9.22 0.8128 6.81 0.8514 7.21
4 0.7546 6.98 0.7333 6.62 0.7345 6.64

Electromagnetic Transient Model for Eastern Power System

This section describes the procedure to converMhiVG2022Seriegnodelsfrom PSS/E software to
PSCAD software using PSSESCAD conversion tools, ElectranixIRAN (Translator for Power System
Simulation)[4], and significant custom development.

Procedure to Convert the MMWG2022Series from PSS/E to PSCAD UsIirigAl:

1. Load PSS/E Data Files in ERAN:
- Import the .raw file (steadgtate power flow data) and .dyr file (dynamic device parameters) from
the PSS/E model into-ERAN as shown in Figuré5.
2. Define Conversion Scope:
- ldentify whichparts of the NYISO model will be retained in detailed EMT format.
- Determine the boundaries for network equivalencing.
3. Select Line Model:
- Use the Bergeron traveling wave line model for transmission lines.
4. Set PSCAD Properties:
- Configure key PSCAD settings such as time step, finish time, plot step, and fundamental frequency
(60 Hz).
- Specify initialization times for sources, machines, and loads:
0 Source Initialization Time: Set for initializing sources and generators.
0 Machine Initialization Time: Release exciter and governor after initialization.
0 Load Initialization Time: Gradually transition loads from constant RLC to the specified
load type in the .raw file to ensure stability during startup.
5. Add Detailed Component Data:
- Use the ETRAN PSCAD data substitution library to input detailed information for specific
components, such as wind and solar plants.
- Save this detailed data in a PSCAD library file (.psl).
- Replace unsupported modétsensure compatibility between PSS/ETIEAN, and PSCAD.
6. Generate PSCAD Files:
- E-TRAN automatically generates .psc and .pscx files in PSCAD format. These files include
detailed, interconnected data for buses, loads, DC links, switched shunt devices, branches,
generators, transformers, and phase shifters. Bus voltages, angles, laadfle@ data from the
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solved loadflow input file are used to directly initialize sources, generators, atich@anloads in
PSCAD.

A network equivalent for the remaining system is created using fundamental frequency impedance
andpower flowdata. This equivalent is a mufiort representation, accurate for steathte, open

circuit, and shortircuit conditions. It incorporates Thevenin voltage sources to match PQ flow and
accurately represent generation within the equivalent network.

Figure 15 illustrates this process.

Read E-TRAN Write
files File
PSCAD file

PSS/E Data Files

1 .raw (steadystate data for
power flow)

1 .dyr (parameters of
dynamic devices) |

1 .pscx (project file)

Figurel5. The flow of data during an-ERAN conversion

EMT models for Zone JK:

Case: 2028 NY Spring Light Load, MMWG 2022 Series, FINAL, CEIl Data (94k buses).
Tools Used: ETRAN, PSS/E, and PSCAD.
EMT-Reduced Model:
0 Retains buses in New York City (Zone J) above 345 kV and Long Island (Zone K) above
138kV, including all buses connected to generators in these areas.
0 The remainder of the network is represented as Thewgpiivalent sources.
0 Unsupported models for EMT (e.g., governors and compensaton®pdaieedo ensure
compatibility between PSS/E; ERAN, and PSCAD.
Final EMT Model for Zone-K Reduced System:

0 Total buses: 18{NYC: 77 busesLong Island: 105 buseBuffer zones: 5 busés.
EMT Model Initialization time:

0 Source initialization time: 0.1s
0 Machine release time (kigk exciter, governor): 2s

o0 Load release time: 5.5s
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Measurements fayeneratolST1 (Steam Turbinedn Long Island
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Figure16. GeneratolST1initialization process

Figure16 showtheinitialization proces$or the generato8T1on Long Islandwith RMS terminal \ltage
(p.u), Reactive Power (MVAr), Active Power (MW3peed (p.u), Field Voltagie Field Current (p.u),
ElectricalandMechanical Torque (p.uand Internal phasangle (degre®. At 2 seconds, machine release
time (exciter and governor activation), and load release time is at 5.5 secondsfor the entire reduced
EMT model

3.3. Compile onshore system designs for PJM and ISQE
Upgraded Public Policy Transmission Need data for the year 2029

As mentioned from part A, the team initially received MBIWG data case for the year 2022.
However, the team decided to upgrade the initial data case to study the power system in the future by adding
Public Policy Transmission Ne€¢BPTN) dataPPTN data refers to a dataset developed to address specific
public policy requirements in the context of power system planning and development. These needs typically
arise from governmenhandated policies, such as renewable energy targets, emissionsoreggrd
reliability standards, or energy markeforms, such as what is demonstrated in Newr k 6 s Thé& CPA.
data is used to evaluate and plan transmission system upgrades or new infrastructure to meet these policy

driven goals.After upgrading, our data comprising around 97008 and 120@enerator models, is
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developed for the year 2029. Before implementing further developments and analyses, the team conducted
the flat start study of the updated 2029 data case. The system model converged in the steady state and was
determined to be reliable.

Retired generation planning

The planned retirements of natural gas dodl fuel generation in Zones J and K were also
investigated. Again, this list changed significantly during the course of this project, due to the changes in
OSW and the delays in the scheduled deliverable dates for those continuing. Additionally, coaperns w
raised about NYCA reliability if these retirements had occurred as originally scheduled. In Task 2, the
2028 NY Spring Light Loadtase was selected to investigate the impacts of the loss of iofettiese
plants, as these Zone J and K plants ardire#fin this case.

Reduced PSCAD onshore model folYISO, PIM and ISO-NE

This section describes the procedure for developing the mextieition technique for the entire study
area. In addition, the EMT reduced models must retain critical points of interconnection (POIs) and other
local devices (e.g., series capacitors, thermal generators) that pesgnshimnous oscillation risks for
evaluation in Task 2.1 and future studies. To ensure the models meet the requirements of local transmission
system operators, the EMT reduced models will be tested undeiptiase faults.

Procedure to convert thigpdatedMMWG2022Model from PSS/E to PSCAD to achieve a combined EMT
model that includes NYISO, ISONEBndPJM

(Tools Used: ETRAN, PSS/E, and PSCAD.)

1. Load PSS/E Data Files in BERAN:

- Using case: 2028 NY Spring Light Load, MMWG 2022 Series, FINAL, CEIl Data (94k buses)
with power flow and dynamic data.

- PSSE Summary:

0 PSSE Busses: 94178, PSSE Generators: 11744, PSSE Loads: 50528
0 PSSE Branches: 113703, PSSE Transmission Lines: 86258
o PSSE Transformers: 27367

2. Define areas will be retained in detailed EMT format:

- ldentify which parts of the NYISO model will be retained in detailed EMT format.

- Retain buses in New York City (Zone J) above 345 kV and Long Island (Zone K) above 138 kV,
including all buses connected to generators in these areas. Total: 182 buses.

- Retain buses in ISE specifically, Massachusetts and Maine above 34%nkWiding all buses
connected to generators in these areas. Total: 200 buses.

- Retain buses in PJM and part of NC: New Jersey (Atlantic City Electric) above 230 kV, Delaware
(DP&L) above 230 kV, and Dominion (Virginia Bedd¥orth Carolina), including all buses
connected to generators in these areas. Also, retain New Jersey (PSE&itsiswdonnected to
New York City). Total: 239 buses.
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- Keep these buses for wind farm interconnection. The rest of the network will be modeled as
Theveninrequivalent sources.

- Total buses in EMT model for NYISO, ISON&ndPJM: 621 buses

- Total generators (with full dynamic models) in EMT model for NYISO, ISONE, PJM, and NC:
154 generators with full dynamic models

3. Select Line Model:
- Use the Bergeron traveling wave line model for transmission lines.
4. Set PSCAD Properties:

- Time step: 50 us, plot step: 250 us, and fundamental frequency (60 Hz).

- Source initialization time: 0.1s

- Machine release time (kigk exciter,governor): 0.5s

- Load release time: 5s

5. Add Detailed Component Data:

- Use the ETRAN PSCAD data substitution library (for wind plants) to replace unsupported models

by ETRAN, PSSE and PSCAD.
6. Generate PSCAD Files:

- E-TRAN automatically generates .psc and .pscx files in PSCAD format. These files include
detailed, interconnected data for buses, loads, DC links, switched shunt devices, branches,
generators, transformers, and phase shifters. Bus voltages, angles, laadfle@ data from the
solved loadflow input file are used to directly initialize sources, generators, afidhe@anloads in
PSCAD.

- After that, unsupported models for EMT (e.g., governors and compensators) are replaced to ensure
compatibility between PSS/E; ERAN, and PSCAD.

A threephase fault study was performed on the-684% model. A bolted fault was applied at an urban 345
kV POI (Bus A) one of the substations proposed for offshened interconnectiomt t = 71 s and cleared
after 6 cycles. Responses at two adjacentk34Substations, Bus B and Bus C, were analyzed. (Actual
names are masked for CEIl.)
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Figures 1719 show voltage and current responses at Buas Airban 34%V POI proposed for OSW
interconnectiorand adjacent Buses B and C during a tiplease fault.
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C to an adjacent corridor).

Prefault voltages and line currents are flat and consistent across Bus A, Bus B, and Bus C, indicating a
well-initialized base case. During thec@cle threephase fault at Bus A, Vrms_A shows the deepest sag
and the Bus AYBus B ttednhe nearby busesnexhibipsenaller dut dtignede x p e
depressions and current surgiféer clearing, both RMS and instantaneous voltages recover promptly with
only bounded ringdown, and currents settle back to steady values. Taken together, thesesrealidate

the base model as a sound starting p@insubsequent studies that connect offshore wind and assess its
impact on local voltages, line currents, and stability mardihg result shows that the 62Ls system
operatedn the steady state prior to the fault, and the fault study is performed successfully.

Alongside a combined EMT model covering NYISO, 818, and PJM (621 buses) for the Spring Light

Load condition, we built separate aigzecific models for NYISO, ISQIE, and PJM for both Summer

Peak and Spring LigHtoad, as shown in Table 4. These modutadels reduce simulation runtime and
focus the studies on the landing zones where OSW projects primarily affect local generators and network
performance
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Table4. AreaSpecific EMT Models for NYISO, ISE, and PIM

Model

Retained Areas

Total buses

Zone JK- Spring Light Load

Zone J ( N$45kV,dndZomreK (LGng Islang
buses O 138 kV
All internal generators in service in the spring

187 buses

Zone JK - extend Spring
Light Load

E ]

Zone J (NYC) buses O 34
buses O 138 kV, Zones G
(Mil wood) O 345 kV, I

( Mohawk Valley), and F
All internal generators are in service in the spring.
Including seriecompensated lines (Marcy South Ser|
Compensation Project, Knickerbocker Ser|
Compensation Project, Leetrley Smart Wire Smar
Valve Project).

288 buses

Zone JK- Summer Load

= =

Zone J (NYC) buses O 345
buses O 138 kV,

All internal generators are in service in the summer.
Including seriescompensated lines (Marcy South Ser
Compensation Project, Knickerbocker  Ser,
Compensation Project, Leetigurley Smart Wire Smar
Valve Project).

303 buses

ISO-NE - Spring Light Load

Massachusetts ( MA) buse
(R)buses O 220kV.
All internal generators are in service in the spring.

169 buses

ISO-NE- Summer Load

= (=2

Massachusetts ( MA) buse
(RI') buses O 220kV.
All internal generators are in service in the summer.

218 buses

PJM- SpringLight Load

PJM backbone (all buses
buses O 500 kV, Atlanti
kV, Del marva Power & Li
and Virginia Beach (VABE
All generating units within the AE,DP&L, and
VABEACH areas are in service in the spring.

351 buses

PJM- Summer Load

PJM backbone (all buses
buses O 500 kV, Atl anti
kV, Del marva Power & Li
and Virginia Beach (VABE
All generating units within the AE, DP&L, an
VABEACH areas are in service in the summer.

351 buses

3.4. Parallel process to simulate the onshore and offshore system

Our reduced EMT model in PSCAD includes the onskgstem, comprising a total of 621 buses and 154
generators for the NYISO, ISONE, PJM, and parts of North Carolina. Due to the model's large size,
integrating offshore wind farms significantly increases computation tonexample, simulating 1 second
with one wind farm take&.5 hours.Moreover, because of the onshore model's size, the workspace for a

single PSCAD project is insufficient when connecting more than two wind farms.

To address these issues, we separated the onshore model into one project and distributed the 15 wind farms

across seven other projects to enhance parallel computing capabilities. This approach is based on the
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Parallel Network Interface (PNI) introduced (@larkson University 2023(Clarkson University 2023)

(IEEE 2022)(Clarkson University 2023, ERCOT 2024yVith PNI process aingle electric network in

PSCAD may be split so that each electric subsystem is represented by a separate case project, and thereby
run using a separate EMTDC process. Each EMTDC process is linked together via Parallel Network
Interface (PNI) to form aahesive simulation that is run from within a single workspace.

- Project 1: an onshore systdan the NYISO, ISGNE, PJM, and parts of North Carolina
- Project 2: Windfarm 1, Windfarm 2 (NYISO)

- Project 3: Windfarm 3, Windfarm 4 (NYISO)

- Project 4: Windfarm 5, Windfarm 6 (NYISO)

- Project 5: Windfarm 7, Windfarm 8 (ISNE)

- Project 6: Windfarm 9, Windfarm 10 (ISRE)

- Project 7: Windfarm 11, Windfarm 12 (PJM)

- Project 8: Windfarm 13, Windfarm 14, Windfarm 15 (PJM)
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Figure20. Onshore + offshore model with (a) parallel network interface (b) direct interface
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To validate the onshore and offshore model with the Parallel Network Interface (PNI), we compared its
behavior with that of a model using a direct interface during a-ftirase fault. From Figurg0, after
applying a threghase fault at the Gowanus bus at 14 seconds for 6 cycles, the model with the PNI exhibits
the same behavior as the model where the wind farm is connected directly to the onshore system.
Additionally, the simulation time for the case with only one wind farm integrated with the onshore system
using the direct interface is 45 hours, whereas with the PNI, it is 15 hours. Therefore, the simulation time
has been reduced by tvtloirds.

3.5. Validate full regional onshore + offshore system model with NY RTDS

model

The validation of the full regional onshore and offshore system model against the NY RTDS model
faces two key challenges. Figstthe current NY RTDS model utilizes data from 2018, while our model is
designed for the year 2029, creating a temporal discrepancy that may impact the accuracy of the
comparison. Secohd if we aim to compare our model with the 2029 version of the NY RTDS model, we
will need to wait until next year, as the 2029 version of the RTDS model is still under development and has
notyetbeen compl eted. These challenges need to be co
and future validation timelinesn order to meet the deadline and overcome these challenges, the team
decided to validate the full regional onshore and offshore system model in another way. While the OSW
model was already validated through multiple criteria and standards from Ta#kelohshore grid EMT
model would be benchmarked with the original PSS/E grid mmdehsure that both models provide

consistenaind reliable results under identical operating conditions

Benchmarking of Onshore Grid EMT model

Since the team verified the initialization for the data case by running flat start from Section B, the
onshore grid model in PSS/E would be the accurate benchmark to validate the EMT model of onshore
system. As the EMT onshore system is developed fromBP@8del, EMT and PSS/E models represent
the same system configuration. Initial validation involves comparing sttatly results, such as bus
voltages, line flows, and system losses, obtained from power flow solutions in PSS/E and EMT simulations.
Once stadystate alignment is achieved, dynamic validations are conducted by applying identical
di sturbances, such as faults, generator trips, or
including voltage, frequency, and power oscillations.cEpancies in results are analyzed to identify
potential model differences, such as control system settings, network impedance mismatchestep time

resolution in EMT simulations. The validation process also considers inherent differences in modeling
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fidelity, with the EMT model capturing higltequency phenomena and detailed delésel| interactions,
while the PSS/E model focuses on systewel behavior. Addressing these differences ensures the EMT
model provides a refined representation while naamimg consistency with the broader PSS/E model,
ultimately enabling accurate and scalable system analysis.

Steadystate validation

While EMT models focus on timéomain simulations with high temporal resoluti®§S/E models are
widely used for load flow and stability studies, emphasizing stetatg powersystem analysis. The
objective of this validation is to confirm that the EMT model accuraggliicates the steaeltate operating
conditions, such as active and reactive power flows, vohzapmitudes, and system losses, as computed
by the PSS/E model. Steadiate load flow resultsom the PSS/E model serve as théerence, amhthe
EMT mae thigal cdnditions areonfigured to match these resul@mparisons are made for critical
metrics, such as active arghctive power flows of generator units, and loads.

To implement the validation, PSCAD simulations are started fromendggized statayhich demands a

far more involved starip procedure, meanwhile PSS/E model wouldafiat-start case as in Part B. The
startup ofthe EMT model isaccomplished by initializinghe synchronous generators in the model as ideal
voltage sources, subsequently turning on alhesynchronous generator dynamics, and then releasing the
loads. The verification of steagyatepower flow is summarized ifiable5, with the achieved aggregates
from the PSCAD generatioand load presented against the PSSE quantities. By comparing a gariety
numbers of generatingnits and loads in active power and reactive power flows, the respective total
deviations weralemastrated to be minimal. The individual generator/load quantities were well within
acceptedoounds ( 2% from the PSS/E case). Once the EMT model matches the PSS/E results within
acceptable tolerances, confidence is established that it correctly represesystéme'ssteady state
operating point. This validation provides a robust foundation for further dynamitraargilent analyses
using the EMT model, ensuring that its steathte assumptions align withose of the welestablished
PSS/E framewaork

Table 5. Steady State Load Flow Comparison between PSS/E and PSCAD Models during flat start

scenario

Aspect Simulation RealPower(MW) | ReactivePower(MW)
Generation Gen A (ISONE)i PSSE Model | 181.9 53.3

Gen A (ISONE)Y PSCADModel | 181.87 53.338

Gen B (NYC)-PSSE Model 217.8 -127.6

Gen B (NYC)-PSCAD Model | 217.81 -127.62

Gen C (Long Island)-PSSE| 105.1 -9.5

Model
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Gen C (Long Island)PSCAD 105.117 -9.505
Load Load X (Long lIsland)i PSSE| 29.942 1.442

Model

Load X (Long Island)i PSCAD| 29.95 1.442

Model

Load Y (ISONE)i PSSE Model| 8.749 5.249

Load Y (ISONE) i PSCAD| 8.75 5.25

Model

To verify that the PSCAD conversion preserves the operating point, we comparedstetfiadwerflow

solution from PSS/E and PSCAD at identical bus numbers for representative generators and loads across
ISO-NE, NYC, and Long Island. Table reports active power (MW) and reactive power (MVAr) for
generations and loads in these study aréhs values agree to within rounding precision in all cases,
confirming that the reduced PSCAD model reproduces the PSS/E -statalyoperating point prior to
dynamicstudies.

Dynamic behavior validation

The dynamicvalidation process involves comparing key respofsash as voltage, current, and
frequency under identical system disturbances. The EMT model typically captures transient oscillations
with higher fidelity due to its detailed tirdomain simulations, whereas the PSS/E model provides insights
into steadystate and slower dynamics. Consistencyckbare performed by matching dynamic parameters
such as generator inertia, governor, exciter, and protection settings. Key metrics, such as fault current and
recovery time, are then compared.

Thefirst step of thelynamic validationnvolvedthreephase fault tesfor both PSS/E and PSCAD
models. Threghase fault wreapplied athe POl interconnection ain OSW tahepowergrid. A fault at
the Long Island Holbrook bus was of particular interest, due to the relatively low SCR at that location. In
these results, &cycle balanced fault w&s initiatedat 14 (s) after the startup transients had decaydu
study was done for the spring light load, as the majority of natural gas and dumrfaedtion in Zones J
and K was offline for this cas@herms fault currentesponse ahe PSS/E and EMimhodels are illustrated
in Figure21and22, respectively. It can be seen that the maximum magnitude of fault current of both models
would be approximately equal to 2.7 per unit. The onshore grid models in PSS/E and FSERMS
fault currents both show a low frequency oscillation of 1.5 hz. In both simulations, these oscillations are
similarly well dampedThe EMT modeloes show a well damped dition immediately following fault
inception,due to the transient and strlansient effects of the synchronous generators. The EMT model
also shows a lightly damped subsynchronous oscillation following fault clearimg PSS/E model is not

expected to capture either of these responses.
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The validated EMT model not only provides confidence in its ability to represent system behavior
but also acts as a benchmark for studying phenomena that cannot be captured by the PSS/E model alone,
such as higlirequency switching transients or interaogdetween invertdrased resources. Ultimately,
this validation ensures that the EMT model can be reliably used for detailed analyses, such as transient
stability studies, protection scheme evaluations, andfgriding inverter interactions, complemergithe
broader insights offered by the PSS/E model.
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Figure2l. Fault current signal of PSS/E model
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Figure22. Fault current signal aghe EMT model

3.6. Task 1 Summary

In Task 1 of this prect involved the development of models for the project NOWRDC Award 192899

132 AAtl antic seaboard offshore stability risk e\
offshore wind turbines, offshore substation, and transmission system up poitth of interconnection

(POI). Individual models were created for eatlthe proposedvind farm. The work done on Task 1.2
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involved the modeling of the bulk powsystem that the OSW farms that the NYISO, 48b and PJM

areas. This modelingas achieved in 5 discrete steps. These steps are presented individually in Sections
A-E ofthe Task 1.2 chapter of this repofihe PSCAD model includes the East Coast regional transmission
grids (including NYISO, ISENE, and PIJM), and wind farms for these areas have been developed and
validated in this task. The development of these power system mogetsented many challenges
Significant model reductions in the model esiwere required, and these reduced order models were
validated. Still, these models required significant computational time and space, and parallel computing
methods were developed to reduce this tilmeTask 2, thelask 1modelswill be used to condusmalt

signal and transient stability analyses, autbsequentlyisk analysis and mitigation methods will be
developed.

43



4. Task 2.1. Controls Instability Risk Identification
and Metrics

The Task 2.1 goals were to complete the risk identification method, including risk metrics, simulation cases
and results, applied to the onshore equivalent PSCAD models of the East Coast regional transmission grids
(NYISO, ISONE and PJM) and their assad wind farms. This task comprised three distinct steps,
which are documented in SectiohghroughC of this section.

4.1 Develop risk metrics

Develop risk metrics evaluating the level of load rejections, unit tripping, amdithber of outages with

the applicable standardacluding NERC PR&06, PRG024, |IEEE 2800, regional operatand utility
requirementsFor IEEE 2800 standafé], the team already designed risk metrics for interconnection and
interoperability of InverteBased Resources (IBRs) with tBalk Power System (BP3) Section 2.5f

this project.

NERC PRC-006 Standard

PRGOO6 is a NERC Reliability Standard designed ATo

for automatic underfrequency load shedding (UFLS) programs to arrest declining frequency, assist recovery

of frequency following underfrequency events anajale last resort system preservation measufés
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Figure23. Underfrequency Thresholds of Generators for Eastern Interconnection [3]
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In the NOWRDC projectthe team designed risk metrics for generators underfrequency babeuktexh
requirements for simulation and system performancdhis standard. The underfrequency metric, shown
in Figure23, is specified for th&astern Interconnection model.

NERC PRC-024 Standard

NERC PRCG024 Standardis developediiTo assure that protection of synchronous generators and
synchronous condensers do not cause tripping during defined frequency and voltage excursions in support
of the BPSO[7]. This standard also applies to IBR technology, and the offshore wind plants would need
have adequately coordinated protection and control settings to coinplliyis standard, risk metrics are
designed for the frequency and voltage of generating resources. The Eastern Interconnection boundaries

are presented in Figugl and Figure25 for frequency and voltage metrics, respectively.
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4.2 |dentify high-risk conditions

Table6 summarizes thB YISO OSW projectsstudied in this project. It includéiseir capacities, proposed

POls, voltage levels, designated onshore substations;earsmission type
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Table 6. Configuration of NYISO Proposed Offshore Wind Farms

Name Capacity Transmission | POI Substation Voltage
EmpireWind 1 810 MW HVAC Gowanus (NYC) 345 kv
Beacon Wind 1230 MW HVDC Mott Haven (NYC) 345 kV
Sunrise Wind 924 MW HVDC Holbrook (LI) 138 kV
Vineyard Mid-Atlantic Wind 1300 MW HVDC East Garden City (LI) | 345 kV
Juno Power Express 1200 MW HVDC Ruland RoadLl) 138 kV

These 5 OSWs with a total of 5.5GW are proposed to connect to two points of interconnection (POISs) in
New York City (NYC) and three POls in Long Island (LI), as illustrateBigure26.
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Figure26. Strategic NYSOSW Deployment: Substations, Wind Farms, Atla@iean Interconnection.

High-Wind 100 % Output Evaluation

In this scenario5 OSW projects (combined ratingf 5.5 GW) are connected to the NYISO spring light

load case, which contains 187 buséth a total generation capacity 85 GW in retained areas. Wind

speeds are assumed high enough that each turbine operates at its rated output, so the offshore complex
exports its full nameplate power to shore throughout the study window.

Figure27 shows the simulation results as the 5 wind farms are brought on line in seqiibeceesults

show thatthe RMS voltage at all five offshore wind terminals remains between 0.95 pu and 1.03 pu
throughout the simulation within the continuemp er at it o m p © fi n di4.05cdu Ipdcified by9 5

IEEE Std. 28002022 (EEE Std. for Interconnection and Interoperability of InveBased Resources
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(IBRs) Interconnection with Associated Transmission Electric Power Syst&wslem frequency is

maintained between 59.85 Hz and 60.30 Hz, comfortably inside IEEE 2

800 indefinitieradgh band of

59.4/60.6 Hz.No undamped oscillations or pafisturbance frequency dips are observed. Fast primary

frequency control at every offshore converdampRoCoF (Rate of Chan
keeping the spring ligHbad grid stable under these conditions.
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Figure27. Voltage and frequency resporese5 OSW farms terminal

Active power at each offshore wind terminal ramps smoothly to its rated output and remains at that level

for the entire simulation. Reactive power adjusts automatically to satisfy vaolbay®l demands, as shown

in Figure28.
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Figure29 shows the peunit speed and roteangle traces for all 31 retained synchronous generators after
the five offshore wind farms begin exporting at full power. Generator speeds stay between 0.992 pu and
1.0075 pu (x0.75 % about synchronous). Oscillationsvatedamped, settling within roughly 10 s, and no
machine approaches eof-step or ovesspeed protection thresholds. This confirms that the onshore fleet
remains in synchronism and the spring litgad grid stays dynamically stable with th& &W offshae
injection.

(b) Reactive power (MVAR) with 5 OSW farms

Figure28. The output power of 5 farms
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Figure29. Machine speed (per unit) profiles (a) and retagle (rad) profiles (b) of the onshore
generator fleet with the farms

Extreme-Weather Mass Trip of Offshore Wind

In thisillustrative scenario, the NYISO spring ligihdad model is subjected to a sustained hurrizgine

(> 25 ml/s) that triggers the eaut protection of every offshore wind farm, disconnecting all five
installatiors together exporting 5.5 GWithin a few seconds. This full shutdown, selected over the 10 m/s
wind-ramp test, imposes a more severe, systéme disturbance. The study quantifies the ensuing
frequency nadir, RoCofRate of Change of Frequengyoltage recovery, and synchroneaeserve
deployment following the sudden loss of all offshore generation.

In this scenaripthe hurricandevel windsweeps eagb-west across the lease areas:
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f t=0s: Thdrontfirst reaches the eastern projestsirise Wind (Holbrook LI POI) and Beacon
Wind (Mott Haven NYC POI), both sited aboufi®0® mi east of Montaykorcing them to trip
simultaneously.

f t=6 s: The front then hits Juno Power Express (Ruland Road LI POI) and Vineyard Mid
Atlantic (East Garden City LI POI), causing both plants to disconnect.

1 t=11s: Empire Wind 1 (Gowanus NYC POlI) trips, completing the full offshore shutdown.
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Figure30. Onshore generator speed (per unit) (a) and-angie (rad) (b) responses during the
sequential trip of the five offshore wind farms.

Figures30 (a)i (b) plot the resulting onshore generator speed and-aoigle trajectories, while Figures 9

(a)i (b) display the frequency and voltage responses at the Gowanus and Holbrook POIs.

Generator rotor speeds remain largely within 019905 pu (1 % of synchronous) throughout the event.

The largest excursion occuiia the vicinity of theRuland Road POI: its speed peaks briefly at 1.015 pu

50



immediately after the Juno Power Expressd theVineyard Mid-Atlantic Windtrip. The ringdown is well
damped: successive speed maxima drop from 0.015 pu to 0.0075 pu in 0.4am@laifde time), which
corresponds to a decay time constant of ~0.5&storangle swings at Rulararea machines subside

within roughlyfive seconds, and no unit approachesaftstep protection thresholds. Overall, oscillations
are well controlled, indicating that sequential offshore trips do not endanger transieny stabili
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Figure31. Frequency and voltage responses at the Gowanus and Holbrook POls during the se

trip of the five offshore wind farms.

Figure31 highlights the relative stiffness of the two networks. At Holbrook (Long Island), voltage moves
between 0.97 pu and 1.045 pu and frequency between 59.65 Hz and 60.15 Hz after thiotatedo
offshore farms trip. At Gowanus (NYC), the swings are mjl@e39 1.01 pu for voltage and 59.960.02

Hz for frequencybecause only two farmshut downthere and the underlying grid is strongsi. values
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stay within tthrei pcoo nlt daimasspuwand 580D Hr mandated by NERC PRC

024 and IEEE Std 286R022, so neither POI violates generator {tial®ugh requirements.

The sequential loss of 5.5 GW of offshore wind remains tolerable for the sprindpbghsystem. Long

Island experiences wider excursions, underscoring its weakercétonit strength, yet still meets voltage

and frequencyide-through criteria. No uter-frequency load shedding is triggered, and both POls recover
to nominal conditions without additional trips, confirming overall system resilience.

In reality, the high wind cut out function is implemented at the WTG level and the likelihood of all turbines
cutting out in a plant exactly at the same time is low. Th@uatd are more likely to be staggered over time.
That said, this scenario investiga a worstase boundary condition that is easier to simulate. Since there
were no violations or instabilities under the warase illustration when full plants experience simultaneous
cutout, the more realistic scenario of a staggereebuatiposes lesrisk and also confirms overall system
resilience. This simulation may also show, if all 5 wind plants were to trip at nearly the same time due to
other reasons, the remaining onshore network maintains stable operation and is able to recover from such

anevent, albeit unlikely.

4.3. ldentify high -risk disturbances

Small Signal Stability Analysis of LargeScale Grid Model Including Multiple OSWs

This study focuses on evaluating the srsadhal stability of the New York State (NYS) onshore power
system when integrated with multiple offshore wind farms. A linearized model of the interconnected system
spanning NYISO, ISENE, and PJM is analyzed ugithe Small Signal Analysis Tool (SSAT) with the
PSS®E format data. Eigenvalue analysis is performed to identify potential oscillatory modes, observe their
dominant participating states, and quantify damping levels.

From the data received from NYISO, the team developed Small Signal Models (SSM) indicating a
macroscopic view of system stability and oscillatory performance, focusing onidlongplanning and

overall system health. The MMWG2022Series case data is dtilizehis task, with its power flow
encompassing approximately 94000 buses and 1100 generators, and there are over 9000 dynamic machine
models representing the dynamic behavior of the Eastern power system. The goal is to dynamically reduce
the full Easterrinterconnection data case, which is received from NYISO, to a reasonably small size model

t hat can be simulated in SSAT. To this end, t he E
reduction process and create the dynamically reduced systenreduction algorithm of DYNRED is

based on identifying coherent generators and aggregating them together into one equivalent machine. After

running DYNRED software for Spring Light Load case data, the reduceddeade model is obtained
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with around 14000 buses including three areas (NYISO;N&Dand PJM), particularly focusing on
NYISO.

To conduct the small signal analysis of the reducedscge model with multiple OSWs, the SSAT from
Powertech Labs is applied to compute the eigenvalues of the wholestalgemodel and determine
different dominant states of the system. Eigenval@dyars is performed to identify potential oscillatory
modes, observe their dominant participating states, and quantify damping levels. The dominant states
identify which elements in the reduced lasgmle model are driving instability and oscillationseTh

following table shows various dominant modes of multiple OSWs identified by SSAT.

NYISO

The small signal analysis of the NYS onshore grid system, integrated with multiple offshore wind farms,
reveals a spectrum of oscillatory modes associated with different subsg&tioiE RD, MOTT HAVEN,
E.G.C:1, HOLBROOK, and GOWANUS. These substations correspond to OSW Points of Interconnection
(POls), and eacHisplaydistinctive dynamic behavior in terms of frequency, damping ratio, and system
stability. Two substations exhibited negative damping; Shore Roae2baglo

damping at 19.8 Hz and E.G:-Chad-13.2% damping at 36Hz.

Table 7. Dominant states of OSWs in NYISO

Real Imaginary | Frequency(Hz) | Damping(%) Dominant State
32.628 124.7162 19.8492 -25.31|128835 : SHORE RD 345.00
-3.5618 76.3784 12.156 4.66/126641 : MOTT HAVEN 345.00
30.1807 225.944 35.9601 -13.24|/128822 : E.G.C.-1 345.00
-15.8354 177.4202 28.2373 8.89(129421 : HOLBROOK 138.00
-4.9268 46.9794 7.477 10.43|126287 : GOWANUS 345.00
ISO-NE

Based orthe small signal stability analysis of the offshore wind farms in-NEintegrated at WEST
BARNSTABLE, BARNSTABLE SWITCHING, BRAYTON POINT, and DAVISVILLE, the results
indicate the presence of both unstable and-dasthped oscillatory modes, most of whie within the
subsynchronous frequency range of 16 to 39%cdmmonly associated with converdniven dynamics in
offshore wind integrationTwo substations exhibited negative damping; West Barnstable38di6o
damping at 21.7 Hz and Brayt®oint had-17.4% damping at 24Hz.
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Table 8. Dominant states of OSWs in ISO -NE

Real Imaginary | Frequency(Hz) | Damping(%) Dominant State

43.6648 136.5393 21.7309 -30.46|111134 : WEST BARNSTABLE  345.00
14.4611 243.0229 38.6783 -5.94|111202 : BARNSTABLE SWITCHING 115.00
26.6871 151.1238 24.0521 -17.39|114734 : BRAYTON POINT 345.00
-20.2446 101.393 16.1372 19.58|117314 : DAVISVILLE 115.00

PIM

The small signal stability analysis of offshore wind farms in PJM interconnected at INDIAN RIVER,
BIRDNECK, CARDIFF, LARRABEE, andFENTRESS substations reveals significant oscillatory
instability across multiple locations, with dominant states located within theysuronous frequency
range (535 Hz). Most of these modes exhibit positive real parts and negative damping rataajrigdi
growing oscillations that pose a severe threat to system stability and require immediate miligegien.
substations exhibited negative dampi@ARDIFF had-21.8% damping at 9.7 HBIRDNECK had -
11.8% at34.5Hz and Fentress hatD.6%damping at 22.9Hz.

Table 9. Dominant states of OSWs in PJM

Real Imaginary | Frequency(Hz)| Damping(%) Dominant State
13.5144 60.6478 9.6524 -21.75|227900 : CARDIFF ~ 230.00
25.7869| 217.0061 34.5376 -11.8/314295 : BIRDNECK  230.00
64.0331| 144.1759 22.9463 -40.59(314909 : FENTRESS  500.00
-42.2394| 111.8828 17.8067 35.32|232006 : INDIAN RIVER  230.00
-4.4985 30.7532 4.8945 14.47|206294 : LARRABEE  230.00

Contingency Scenarios Description

As the objective of this task is to investigate possible-higihoscillations in the Eastern Interconnection

grid model when integrating with multiple Offshore Wind Farms (OSWSs), the team proposed dynamic
stability assessment contingencies to study argelscale model based on NERC TPQ1-4 Reliability
Standardq8]. There are in total 8 planning events (from iP®7) for largescale grid performance
requirements in this standard. However, the team finally decided to study 6 planning events as the received
Eastern Interconnection data is not suitable for all planning events. The planning event PO is the normal
system condition and is applicable to steady state only. After thedaade grid reached a steady state
condition, the other 5 planning events eo&ducted sequentially with the detailed contingency sequence

as follows:
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1 Planning event P1 (single contingencypply a threephase fault at the determined bus for a
time span, open the outaged element, and clear the fault.

1 Planning event P2 (single contingenc@pen one end of a transmission line section without a
fault.

1 Planning event P3 (multiple contingenc@pen the first outaged generator unit and allow steady
state system adjustments. Apply a thpbase fault at the determined bus for a time span, open
the second outaged element, and clear the fault.

1 Planning event P4 (multiple contingenc@®pply a singlephase fault at the determined bus for
a time span, open multiple elements caused by a stuck breaker, and clear the fault.

1 Planning event P6 (multiple contingenc@pen the first outaged element and allow steady state
system adjustments. Apply a thyplease fault at the determined bus for a time span, open the
second outaged element, and clear the fault.

In addition to these contingencies, the team also investigated the Eastern Interconnection power system
model to figure out some specific scenarios to study for NYISO;N&Dand PJM area. All conducted
contingency scenarios are listed in detail for emela in the following sections.

NYISO Contingencies and Faults Analysis

A comprehensive fautindcontingency study has been performed for NYISO, assessing the five offshore
wind projects under both spring ligltad and summer ped&ad conditions. Each fault and contingency
scenario were tested with and without offshore wimdgration (OSWHVAC and OSWHVDC), and

faults were applied at critical Points of Interconnection (POIs), such as the Gowanus Substation (NYC) and

Ruland Road Substation (Long Island).

NYISO Fault Analysis

This study investigates system stability under fault conditions by analyzing critical contingencies in the

New York State power system, both with and without offshore (@MW) integration. The objective is

to determine the Critical Clearing Time (CCT) tbe system under varying levels of OSW deployment,
specifically with 1, 2, 3, 4, and dl offshore wind projects enabled.

A systemlevel electromagnetic transient (EMT) fault analysis was performed connecting the whole wind
farm and the New York State Power System. The study consitheréigle scenarios across different grid
conditions, including the Spring Light Load camed Summer Peak Load cases. The summer scenarios
incorporated key transmission infrastructure upgrades such as the Champlain Hudson Power Express

(CHPE) HVDC lineand seriexompensated lines, including
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1 Marcy South Series Compensation Project (ZoiidMbhawk Valley),
1 Knickerbocker Series Compensation Project (ZoheCapital),

1 Leed$ Hurley Smart Wires Smart Valve Project (Zone Hudson)

Scenario 1: 2028 Spring LighitLoad (Balanced Fault at Gowanus)

Areduced NYISO springlight oad EMT model was wused, retaining Zc
K (Long Island) buses O 138 -phage faukhwad appliedlat tie 845 kW n a |
Gowanus substation (POIScenario 1 included study of the impattupto 5 OWS farms on this fault

case. The 6 cases study are shown below, with the POI for the connected wind farms given. All wind
farms were operating at their rated power.

0 OSW: Base model without offshore wind in service.

1 OSW: Gowanus (NYC).

2 OSW: Gowanus and Mdttaven (NYC).

3 OSW: Gowanus, Mott Haven (NYC), and Holbrook (Long Island).

4 OSW: Gowanus, Mott Haven (NYC), Holbrook, and Ruland Road (Long Island).

1 5 OSW: Gowanus, Mott Haven (NYC), Holbrook, Ruland Road, and Garden City (Long Island).

For each configuration, the Critical Clearing Time (CCT) was analyzed in the EMT simulations to quantify

=A =4 =4 4 =

the impact of incremental offshore wind integration on NYISO transient stability.

Figure 32 compares rotespeed and rotesingle responses of the feiSW moded during 15 and 16

cycle, threephase faults at the 345 kV Gowanus POI. With ayde fault (the critical clearing time for

this configuration) generator speatgerience a damped oscillation of approximately 3 heotafirming

transient stability. When the fault duration is extended to 16 cy@g)chronous generating unéar the
Gowanus substation loses synchronism, becomes unstableyilartdp once its protectionirhits are
exceeded. Note that the angles shown in these figures are in radians, and it is the relative difference in the

angle which is of primary importance.
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Figure32. Comparison of machine speed (a, b) and ratagle (c, d) profiles for the-wind case at
Gowanus under stable (ycle clearing) and unstable (t§cle clearingonditions.

TablelOindicates that the critical clearing time (CCT) for a thpease fault at the 345 kV Gowanus POI

stays at 15 cycles for Cases 1 through 5, whether zero or up to four offshore wind farms are in service. In
each of those cases, thex Hills combustiorturbine unit, located close to the fault, is the first machine to
lose synchronism, so local inertia and proximity drive the stability limit rather than offshore generation.
When the fifth project is added (Case 6, total offshore injection about 5.5 GW) the CCT falls to 13 cycles
and instability shifts to the HVD€onnected plant at East Garden City. That outcome suggests the EGC
bus is comparatively weak, with a lower shartuit ratio, making the converter more sensitive to the

voltage dip that follows the fault.

Figure33 compares onshore generator behavior in the@$&V model for two faultlearing times at the
Gowanus POI: 13 cycles (stable) and 14 cycles (unstable). WitlktgclE8clearance, all generators show
only small speed dips and bounded ratngle swings thadamp out within about 6 seconds, confirming
transient stability. When the clearing time is lengthened to 14 cycles, the Long Island maéiniioegarly
those closest to the East Garden City,lsloow reduceddamping on their low frequencyinertial

oscillations. A higher frequency oscillation also appears, amsl@solightly damped.
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Table 10. Critical clearing time for a three  -phase fault at the Gowanus substation using the spring
light load model

Critical
Case Name Number Description Clearin
No of OSW P . 9
Time
zone K wrau osw] | 2SIk P g oadcese w17 s, 2 e
1 with  3-phase faults 0 Y ' g rapacty o 2. 15 cycles
(Gowanus) r"etalned areas.
Y Synchronous generating unit unstable
Zgne JK with 1 OSW 1 OSWi Gowanus (NYC)
2 with  3-phase faults 1 , ; . 15 cycles
Y Synchronous generating unit unstable
(Gowanus)
Zgne JK with 2 OSW 2 OSWsi Gowanus and Mott Haven (NYC).
3 with  3-phase faults 2 y . . 15 cycles
Y Synchronous generating unit unstable
(Gowanus)
Zone JK with 3 OSW 3 OSWs: Gowanus, Mott Haven (NYC), and Holbrook (Ld
4 with  3-phase faulty 3 Island) 15 cycles
(Gowanus) Y Synchronougenerating unit unstable
Zone JK with 4 OSW 4 OSWs: Gowanus, Mott Haven (NYC), Holbrook, and Rul;
5 with  3-phase faultg 4 Road (Long Island) 15 cycles
(Gowanus) Y Synchronous generating unit unstable
Zone JK with 5 OSW 5 OSWs: Gowanus, Mott Haven (NYC), Holbrook, Rulg
6 with  3-phase faults 5 Road, andEastGarden City (Long Island) 13 cycles
(Gowanus) Y The -H¥YB®tonnected to EGC becomes unstable.

Figure34 shows thevoltage and frequency transientdatDC terminaland the point of grid connection

at EGC for this same case. In this scenario,-ayt® clearing time allows the EGC HVDC converter to

ride through the fault: voltage briefly plunges to 0.10 pu, overshoots to 1.40 pu, and frequency swings
between 59.9 Hz and 60.8 Hz, yet both returmoiminal within about one second. When clearing is delayed

to 14 cycles, posdfault voltagefails to recover to an acceptable voltage, and theffQuencysettles at
61.061.25 Hz,di sti nctly different than the frequency
transformer. Thissiolatesthe continuous rid¢hrough bands in NERC PR@4 and IEEE 2800 and

confirms converter instability.
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These resultestablish a critical clearing time of 13 cycles for faults at Gowanus with all five offshore wind
farms in service; longer clearing or weaker grid conditions would require added dyviaRisupport,
tuned damping controls, or faster protection to mairgtbility.

It is noted that this is a distinctly different instability directly involving the HVDC terminal at EGC. This
is as opposed to the case shown in Fi@lrevhere the HVDC controllers cause a synchronous generator
to separate from the system.

Scenario 2: 2028 Spring LightLoad (Balanced/ Unbalanced Fault at Ruland Road)

Scenario 2 employs the same spring higlatd EMT model used in Scenario 1, but the disturbance is moved
to the 138 kV Ruland Road point of interconnection on Long Island, where three of the offshore projects

plan toconnect. A balanced thrgdhase fault is applieat Ruland Roatbr every offshorepenetration level

Table 11. Critical Clearing Time for a balanced/ unbalanced fault at the Ruland Rd substation
using the Spring Light Load model

Critical
Case Name Number Description Clearin
No of OSW P anng
Time
Zone JC oSy | 2o K SPINO Lo e v 107 e ) e
1 with  3-phase faults 0 e ' 9 pacity ’ 14 cycles
(Ruland Rd) retained areas.
Y Synchronous generating unit unstable
zone JK with 1 OSW 1 OSWi Ruland (LI)
2 with  3-phase  faults 1 Y Synchronous generating unit unstable 17 cycles
(Ruland Rd) y 9 9
Zgne K with 2 OSW 2 OSWsi Ruland and Holbrook (LI)
3 with  3-phase  faults 2 Y Synchronous generating unit unstable 18 cycles
(Ruland Rd) y 9 9
Zone JK with 3 OSW,| 3 OSWs: Mott Haven (NYC), Ruland and Holbrook (Lo
4 with  3-phase faults 3 Island) 18 cycles
(Ruland Rd) Y Synchronous generating unit unstable
Zone JK with 4 OSW 4 OSWs: Gowanus, Mott Haven (NYC), Holbrook, and Rul
5 with  3-phase faults 4 Road (Long Island) 18 cycles
(Ruland Rd) Synchronous generating unit unstable
Zone JK with 5 OSW 5 OSWs: Gowanus, Mott Haven (NYC), Holbrook, Rulg
6 with  3-phase faultg 5 Road, and Garden City (Long Island) 5 cycles
(Ruland Rd) Y The -H¥BG\onnected to EGC becomes unstable.
. 5 OSWs: Gowanus, Mott Haven (NYCMHolbrook,
Zone JK with 5 OSW . ( d
7 with sinale phase 5 Ruland Road, and Garden City (Long Island) 12 cveles
ge p Y The -HYB@Vconnected to EGC becom y
faults (Ruland Rd)
unstable.
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(0 through 5 OSWSs). For the feplenetration case with five offshore wind farms online, an additional single
line-to-ground fault is simulated to compare its critical clearing time with the-{firase resulfTable 11
summarizes the findings.

Tablells hows that, when up to four offshor-stabMity nd f ar
margin improves: the critical clearing time (CCT) increases from 14 cycles in the base c&48 wytles

In each case, synchronous generating unit near Ruland Rodhiésfirst unit to lose synchronism.

With the addition of a fifth offshore project, stability deteriorates. For a-pinase fault the CCT drops to

5 cycles, and the element that now becomes unstable is the Hika@d offshore plant at East Garden

City evidence that converter dynamics and the weak Long Island network have become the limiting factors.
A singlelline-to-ground fault in the same fiv®@SW configuration is less severe (CCT = 12 cycles) but still
well below the original margin.

Figure35 contrasts system behavior for a Slsthgleline-to-ground (phasé\-to-ground) fault at Ruland

Road when five offshore wind farms are online. With acy@e clearing time the thrgghase voltage
waveformseventually stabilize following a period of significant temporary overvoltdyfaen clearing is
delayed to 13 cycles, the line currents and phase velthgéh exhibit persistent higimagnitude
oscillations. The comparison confirms that 12 cycles is the critical clearing time; any longeeddkagol
sustained voltage depression and undampegwuthronous current oscillations that threaten protective

tripping.
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This SLGfault instability contrasts sharply with tlearlier thregphase cases: the sustained-foeguency

voltage and current oscillations suggest a converigen problem at the EGC HVDC terminal. Here the

synchronous fleet remains in step, yet the converter itself becomes the instabilitypesimgea different

mitigation challenge.

Scenario 2: 2028 Summer Peak Load (Balanced Fault at Gowanus/ Ruland Rd)

A reduced NYISO Summer pedko a d
K (Long

I sl and)

EMT model was used,

buses O 138 kV, and al

retaining

internal

most demanding seasonal condittammer peakvhen New York City and Long Island load is at or near

its annual maximum. Compared with the spring lilgiatd cases, higher demand places greaggmal and

voltage stress on the 345 kV backbone and Long Island export corridors, while heavier synehronous

generation scheduling in Zones J and K increases inertia but narrows rpagtaeheadroom. Simulating

balanced threphase faults at both theo@anus (NYC) and Ruland Road (Long Island) POls reveals

whether the system can still meet transient stability and veitdgehrough criteria when transmission

corridors are heavily loaded and offshore wind is operating alongside a full convegtoeation fleet.

Table 12. Critical Clearing Time for a three-phase fault at the Gowanus substation using the
summer peak load model

Case Number of Critical
No Name oSwW Description Cle_arlng
Time
Zone JK without OSW Zc_Jne JK- Su_mmer Load case with 303 bus_es, 121 gener
: with dynamic models, and a total generation capacity o
1 with  3-phase faults 0 . . 9 cycles
(Gowanus) GW in retained areas. _ _
Y Synchronous generating unit unstable
Zone JK with 1 OSW, .
2 with  3-phase faults 1 #OSW' Gowanus (NYC) 8 cycles
(Gowanus)
Zc_Jne JK with 2 OSW 2 OSWsi Gowanus and Mott Haven (NYC).
3 with  3-phase faults 2 - . 8 cycles
Synchronous generating unit unstable
(Gowanus)
Zone JK with 3 OSW, 3 OSWsGowanus, Mott Haven (NYC), and Holbrook (Lo
4 with  3-phase faultg 3 Island) 8 cycles
(Gowanus) Y Synchronous generating unit unstable
Zone JK with 4 OSW, 4 OSWSs: Gowanus, Mott Haven (NYC), Holbrook, &
5 with  3-phase faults 4 Ruland Road (Long Island) 8 cycles
(Gowanus) Y T Bymchronous generating unit unstable
Zone JK with 5 OSW, 5 OSWs: Gowanus, Mott Haven (NYC), Holbrook, Rulg
6 with  3-phase faults 5 Road, and Garden City (Long Island) 8 cycles
(Gowanus) Y Synchronous generating unit unstable

Tablel2 showsthat adding offshore wind has only a minor impact on transient stability during the summer

peak case. The base case (no offshore wind) yields a critical clearing time (CCT) of 9 cycles for a three
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phase fault at Gowanus. Once any offshore capacity is added, the CCT drops to 8 cycles and then remains
unchanged as additional projects are connected all the way to tf@Skkelevel. In every study run, the
element that first loses synchronismaisynchronous generatondicating thathe offshore wind farms

have little impact on the CCT in this case.

Table 13. Critical Clearing Time for a three-phase fault at the Ruland Road substation using the
summer peak load model

Case Name Number of Description ((Z:I(ralg(r:iil
No osw P anng
Time
. Zone JK- Zone JK- Summer Load case with 303 buses, 1
zone  JK - without enerators with dynamic models, and a total generation ca
1 OSW with 3phase 0 9 . Y ' 9 H 24 cycles
of 12 GW in retained areas.
faults (Ruland Road N . .
Y Synchronous generating unit unstable
Zone JK with 1 OSW 1 OSWi Ruland (LI)
2 with 3-phase faultg 1 Y Synchronous generating unit unstable 24 cycles
(Ruland Road) y 9 9
z K with 2 OSW
one JKwith 2 0S 2 OSWsi Ruland and Holbrook (LI)
3 with 3-phase faultg 2 Y Synchronous generating unitstable 20 cycles
(Ruland Road) y 9 9
Zone JK with 3 OSW 3 OSWs: Mott Haven (NYC), Ruland and Holbrook (Lo
4 with 3-phase faults 3 Island) 21 cycles
(Ruland Road) Y Synchronous generating unit unstable
Zone JK with 4 OSW 4 OSWs:Gowanus, Mott Haven (NYC), Holbrook, and Rulal
5 with 3-phase faultg 4 Road (Long Island) 21 cycles
(Ruland Road) Y Synchronous generating unit unstable
Zone JK with 5 OSWM 5 OSWs: Gowanus, Mott Haven (NYC), Holbrook, Rulg
6 with 3-phase faultg 5 Road, and Garden City (Long Island) 20 cycles
(Ruland Road) Y Synchronous generating unit unstable

The summepeak results in Tabl&3 show that offshore additions have a modebaitesignificanimpact

on transient stability for a thrgghase fault at Gowanus.

In the spring lighfoad study, connecting all five offshore wind farms cut the critical clearing time for a
fault at Ruland Road to just 5 cycles, and the system became unstable when the East Garden City HVDC
terminal lost synchronism. Under sumnrpsrak onditions, the same fiv®SW configuration still permits

20 cycles at Ruland Road. Pesgason demand keeps many more synchronous generators online, boosting
system inertia and reactive support

Figure 36 shows that, with all five offshore wind farms online, acdtle clearing time at Ruland Road

cause one generator to lose synchronism.
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Figure36. Comparison of machine speed (a) and ratayle (b) profiles for the-&ind case at Rulanc
Rd under unstable (2dycle clearing) conditions. (Note: each plot of speed and angle show half

synchronous generators in the study).

Figure 37 applies a Fast Fourier Transform (FFT) to thestable generataotor-speed waveform and

isolates a pronounced spectral peak at 3.125 Hz. This singledefigled component confirms that the

persisting speed oscillation observed in Figees dominated by a 3.1 Hz electromechanical mode that

remains poorly damped after the-@jcle fault.
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Figure37. FFT of turbine generator speed following the fault event
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Envelope Fitting for Damping Ratio of Machine Speed
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Figure38. Damping ratio olunstablgurbine generator speed following the fault event

To assess how quickly the 3.125 Hz mode decays, a Hitlaeform envelope was extracted from the
rotor-speed signal and fitted with an exponential curve (Fig8yeThe fit yields a damping ratio of only

0.08 %, effectively indicating an undamped electromechanical mode: the speed oscillation decays so slowly
that it persists after the fault is cleared, confirming the instability observed imghableunit shown in

Figure 36

Under 2028 summegueak conditions, the grid retains solid transigability margins despite full offshore
penetration:athreehase fault at Gowanus must stil l-wndl ear i1
case), while the weaker Long Islandcget at Ruland Road remains stable for clearing times up to 20

cycles.

NYISO Contingency Analysis

In order to determine highisk oscillations for the NYISO largecale model, including both onshore and
offshore systems, the team implemented multiple practical contingency scenarios to assess the dynamic
stability of the NYISO grid under a high level @©BW integration. Tabl&4 presents the description of the
studied contingencies for NYISO and lists some particular example cases for each planning event. The team
implemented a total of 60 events for the NYISO lasgale model, with 30 events for theridg Light-

Load (SLL) case and 30 events for thanmerpeak load case. All contingency scenarios are eventually
tested with 5 POIs of OSWs and some critical buses inside the NYISO grid model
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Table 14. Studied contingencies for NYISO

No of o . .
Category Events Initial Condition Fault Type Example Scenario
PO 1 Normal None None
P1 7 Normal Threephase fault | Apply fault at Gowanus POI bus
P2 1 Normal None Open a nearby transmission line
7 Trip Large Synchronous Apply fault at Gowanus POI bus
Generator
P3 Trip Large Synchronous Threephase fault
7 pLarge sy Apply fault at Holbrook POI bus
Generator
P4 7 Normal Singlephase fault | Apply fault atRuland Rd POI
P6 7 Open g ngarby Threephase fault Apply fault at East Garden City POI
transmission line bus

The NYISO model is tested and found to be stable during normal conditions, satisfying TPL Category PO
requirementsSeveral of the most significant contingencies studied are discussed b&lbether events

are found to be stable when testing with the clearing times and their results recover to values consistent
with their original steadytate conditions.

Contingency 1: Large Conventional Generator Tripping With 1 OSW

In this study, the large generator tripping scenario is carefully simulated to assess the impact of OSW
integration on the stability of the onshore grid syst&rarge synchronous generatorZone Js suddenly
disconnected from the grid. There are wifferentconfigurations for this scenario, which are (i) the NYS

grid model and (ii) the NYS grid model with 1 OSW operating at the GOWANUS point of interconnection
(POI). At a predefined simulation time instant t = 10 (s), the tripping of the generaiaiaigd for the
configuration (i). For case (ii), the aggregated OSW model begins injecting 100% rated power into the NYS
grid system through the GOWANUS POl bus at t = 6 (s) béfersynchronous generatap att = 10 (s).

The responses studigtludedmachine speeds, voltage profiles, power flow redistributions, and frequency

dynamic performance.

This casdocuses on the transient and steathte voltage behavior across the OSW POl G@WANUS)
following the generator trip contingency. Immediately after the generator outage, the sudden imbalance
between generation and load leads to a temporary increase in the POl RMS voltage métyrstuated

in Figure39.
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Figure39. Frequency& voltageof Gowanus POI followinghe synchronougenerator trip event

The simulation results confirm that, under the studied scenario, the system with and without OSW maintains
adequate voltage stability margins without triggering overvoltage load shedding or violating holisge
Theshorttermpeak RMS voltage of the system with OSW is slightly higher than the scenario of the system
without OSW, which are 1.024 and 1.022 per unit, respectively.

Thefrequency transient for this case is also shown in FigdrioBthe frequency measuratithe POI bus

with and without OSW integration. Following the generator trip, both scenarios exhibit similar frequency
profiles characterized by a rapid frequency decline as shown in RB§uhe the scenario without OSW
integration, the system experiences a moderate frequency ramp down (RoCoF = 0.71 Hz/s) driven by the
available synchronous inertia. The system successfully recdoetise nominal frequency quickl
demonstrating sufficient primary frequency response capability from remaining conventional generators.
When a single OSW is integrated into the system at Gowanus POI, a slightly lower frequency nadir is
observed at t = 10.11 (s). However, the RoCoFeim®es to 0.79 (Hz/s), suggesting that the additional
offshore wind capacity contributes lower effective inertia compared to synchronous machines, resulting in
a steeper initial frequency drop. To sum up, the recovery time remains nearly identical aadqubrcly

stability is preserved under the studied condition, with the frequency nadir remaining above critical
underfrequency thresholds and recovery occurring within acceptable time frames. These results highlight
that while OSW integratiomay slightly reduce system inertia, its impact on frequemégimum and
recovery remainacceptable fothe studiectase

Contingency 2: Large Conventional Generator Trippingfollowed by three phase faulwith 5 OSWs

In Contingency 2the performance of the NYISO grid model with a high level of OSWs penetration (all 5
farms). In this case, the NYISO grid model is initialized through estkt power flow, and each OSW is
sequentially integrated into the grid in order to ensure adlraijmng conditions are in steadiate
equilibrium prior to the disturbansdn this study case, the large synchronous generator trgiged61(s)

and then a threphase fault is applied at Gowanus POI bus at t = 6%{glire40shows that the remaining

synchronous generators in Zones J and K remain in synchronism for both 10 and 11 cycle faults.
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Figure40. Generator speed profiles-line unitsafter generator trip

Figure41 shows the performance of the OSW landing at East GardenWiti{e the East Garden City

OSW is able to recover to the steady state conditions with the fault in 10 cycles, unstable voltage and
frequency is observed at the East Garden City OSW terminal with the fault in 11 cycles. This result is
further analyzed wiit the oscillation frequency and damping ratio estimation. For the stable case, the voltage

response of the system has the averagegyuthronous oscillation frequency of 22.40 Hz dacthping

ratio of 1.38%. On the other hand, the voltage signal in case-©fclé fault is undamped with 35.14 Hz

oscillation frequency.
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Figure4l Voltage and frequency of East Garden G@I after generator trip

68.0

In summary, when thiarge synchronous generator was tripped, simulating a Category P6 contingency

involving sequential outages, the system's stability was adversely affected. The CCT at the Gowanus POI

decreased by 3 cycles, dropping to 10 cycles. This reduction underscoressitigtgest the system to

combined events involving loss of conventional ineritd generation and subsequent fanttuced
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disturbances. The trip of ifigenerator not only altered the geailt steadystate equilibrium but also
removed critical inertia and voltage support, thereby lowering the faulthitdagh capability of the grid
at key POI locations.

Contingency 3: Stuck Breaker Study

This part investigates a Category P4 stuck breaker contingency as defined by NERIDI¥RL
specifically focusing on the Long Island area of the NYS transmission network. The selected scenario
involves a singlghase fault initiated oa transmissiotine near theRuland RDbus The Ruland RD bus

is the POI for Juno Power Express wind farm, and this bus is a critical node within the Long Island
transmission corridor. This bus is electrically proximate to several major transmission int@rfesctzsilt
scenario assumes that, following the fault applicatitme line circuit breaker at Ruland Road fails to
operateConsequently, fault current continues to flpw

To mitigatethe breaker failureabackup protection schensactivated. TFs initiatesthe tripping ofcircuit
breakerselectrically adjacent to thiiled breakerThe tripping of these elements introduces significant
changes in network topology than under normal fal@laring scenarios, impacting power flow distribution,
system inertia, and voltage stability margins.

The EMT model of the NYS grid was initialized under ##drt steadystate conditions, with all relevant
loads, generators, and 5 OSWs active. A sitigketo-ground faulton the transmission line TLINE Nat

t = 60.1 (s)A line breaker failed to clear, backup protectioamsthen triggered, and the fault was cleared
through breaker action @breaker and half bus scheme within 12 cycles. These actions led to the isolation
of the faultedtransmission line. Figuré2 shows the Ruland RD bus voltage fhistcontingency. The
voltage profile at Ruland RD substation shows the unfaulted pfessa slow decay during the fault,
followed by a sustained period of nemusoidalovervoltage following fault recovery. FigudS shows
significantdistortion in theTLINE NY line current during the fault, particularly in the unfaulted phases.
Similarly, the undamped frequency oscillations in Figddeare triggered at both the terminal of Ruland

RD OSW as well as Ruland RD substation. Thus, this stuck breaker contingency demonstrated the possible
instability of theRuland Road OSW in this cade this eventit is clear that the Juno Power Express Wind

Farm would trip off line to avd damage to the converters.
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Voltage Signal of RULAND RD Substation
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Figure42. Voltage (kV) profile at Ruland RD substation
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Figure43. Currentflow (kA) on the faultedransmission line
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Figure44. Voltage and frequency responses at Ruland RD Substation and OSW terminal

4.31SO-NE Contingencies and Faults Analysis

A comprehensive fault and contingency study for 48D has been performed on the four offshore wind
projects. Tablel5 summarizes these projects, detailing their capacities, proposed POIs, voltage levels,

designated onshore substations, and export technologies.

Table 15. Configuration of ISO-NE Proposed Offshore Wind Farms

Name Capacity | Transmission | POl Substation Voltage
South Coast Wind 1204 MW | HVDC Brayton Points Massachusetts 345 kV
New England Wind 1 804 MW | HVAC WestBarnstable Massachusetts 345 kV
Vineyard Wind 1 800 MW | HVAC BarnstableMassachusetts 115 kV
Revolution Wind 704 MW HVAC Davisville Substatiofi Rhode Island 115 kV

These 4 OSWs with a totahting of 3.5GW are proposed to connect to three points of interconnection
(POls) in Massachusetts (MA) and one POI in Rhode Island I{R$)noted that thereecentlyhave been
significant changes to these proposed wind farms, including several cancellations.

A reduced ISGNE EMT model for spring lightoad and summepeak conditions was used, retaining all

internal generators and all Massachusetts (MA) and Rhode Island (RI) buses at 220 kV or above.
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ISO-NE Fault Analysis

A balanced threphase fault waapplied at the 345 kV West Barnstable (MA) POI. Four offsiwgre
penetration levels were evaluated:

0 OSW: Base model without offshore wind in service.

1 OSW: West Barnstable (MA).

2 OSW: West Barnstable (MA), and Davisville (RI).

3 OSW: West Barnstable, Brayton Points, and Davisville (RI)

4 OSW: West Barnstable, Brayton Points, Barnstable (MA), and Davisville (RI)

For each penetration level, an ENvased fault study was carried out under both spring-laggt and

To To o Do I»

summerpeak oad conditions to determine the systembs cr
stability margins with and without offshereind integration, identifying how the progressive addition of

one, two, three, and all four projects affects transient stability across tHe¢ES@twork.

A systemlevel electromagnetitransient (EMT) fault analysis was carried out on the fully integrated
offshore wind farms and the ISRE power system. The study examined multiple scenarios under different

grid conditions, including spring lightad and ssmmer peaload cases.

Scenario 1: 2028 Spring LighitLoad (Balanced Fault at West Barnstable)

Table16 summarizes the critical clearing times (CCTs) obtained as up to four offshore projects are added
to the ISGNE spring lightload model for the Massachusetts (MA) and Rhode Island (RI) retained areas.

In the base case with no offshore wind, the sysgestable for &1-cycle faultthree phaséault. Adding

the first offshore plant at West Barnstable reduces the CCT to 19 cycles, and adding a second plant at
Davisville lowers it further to the study minimum of 17 cycles. After the third and foudjeqts are
connected, the margin improves slighthy20 and 19 cycles, respectivelyowing that the impact depends

on system topology and conditiorsndnot merely on the total offshore capacitifigure 46 shows the

stability boundary for the 4 OSW case.

Theminimumcritical clearing time olL7 cycles remains above typical 345 kV breallearing targets of

8i 10 cycles, so transiestability headroom is still ample.

Scenario 2: 2028 Summer Peak Load (Balanced Fault at West Barnstable)

Tablel7shows that under summpeak conditions, with about 11.5 GW of synchronous generation online,
the base case (no offshore wind) withstands a{binase fault at the 345 kV West Barnstable POI for 13
cycles. Adding the first and second offshore projeatsces the critical clearing time (CCT) to 12 cycles.

Introducing a third project raises the CCT back to 13 cycles, while connecting all four projects lowers it
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again to 12 cycles. This #dycle swing indicates that offshore wind has only a minor influence on transient
stability at peak load.

Table 16. Critical Clearing Time for a three -phase fault at the West Barnstable substation using the
spring light load model

Case Number of - Critic_al
No Name OSW Description Clgarlng
Time
. Massachusetts (MA) and Rhode Island (RBpring Light
Zone MA_“RI without load case with 169 buses, 38 generators with dyng
OSW with 3phase . ;
1 0 models, and a total generation capacity of 1.86 GW 21 cycles
faults (West ined
Barnstable) retained areas. . .
Y Synchronous generating unit unstable
Zone MARI with 1
> OSW with 3phase 1 1 OSWi West Barnstable (MA) 19 cveles
faults (West Y Synchronous generating unit unstable Y
Barnstable)
Zone MARI with 2
3 OSW with 3phase 5 2 OSWsi West Barnstable (MA), and Davisville (RI). 17 cvcles
faults (West Y Synchronous generating unit unstable Y
Barnstable)
Zone MA_“Rl with 3 3 OSWs: West Barnstable, Brayton Points, and Davis
OSW with 3phase
4 3 (R 20 cycles
faults (West Y Synchronous generating unit unstable
Barnstable) y 9 9
Zone MA.“Rl with 4 4 OSWs: West Barnstable, Brayton Points, Barnstable (N
OSW with 3phase Lo
5 4 and Davisville (RI) 19 cycles
faults (West Y Synchronous generating unit unstable
Barnstable) y 9 9
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Figure45. Comparison of machine speed (a, b) and ratmle (c, dprofiles for the 4wind case at
West Barnstable under stable {@&le clearing) and unstable (29cle clearing) conditionsSpring

Table 17. Critical Clearing Time for a three

Light Load Case

summer peak load model

-phase fault at the West Barnstable substation using the

(West Barnstable)

Y Synchronous generating unit unstable

Case Name Number of Description ((Z:Izg(r:iilg
No Oosw i
Time
Massachusetts (MA) and Rhode Island @ummer load|
Zone MARI without case with 218 buses, 70 generators with dynamic mo
1 OSW with 3phase faultg 0 and a total generation capacity of 11.5 GW in retail 13 cycles
(West Barnstable) areas.
Y Synchronous generating unit unstable
Zone MARI with 1 1 OSWi West Barnstable (MA)
2 OSW with3-phase faultg 1 Y Synchronous generating unit unstable 12 cycles
(West Barnstable)
Zone MARI with 2 2 OSWsi West Barnstable (MA), and Davisville (RI).
3 OSW with 3phase faultg 2 Y Synchronougenerating unit unstable 12 cycles
(West Barnstable)
Zone MARI with 3 3 OSWs: West Barnstable, Brayton Points, and Davis
4 OSW with 3phase faultg 3 (RI) 13 cycles
(West Barnstable) Y Synchronous generating unit unstable
Zone MARI with 4 4 OSWSs: West Barnstable, Brayton Points, Barnst
5 OSW with 3phasdaults 4 (MA), and Davisville (RI) 12 cycles
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ISO-NE Contingency Analysis

In order to determine highisk oscillations for the ISIE largescale model, including both onshore and
offshore systems, the team implemented multiple practical contingency scenarios to assess the dynamic
stability of the ISONE grid under a high levelf OSW integration. Tabl&8 presents the description of the
studied contingencies for ISSE and lists some particular example cases for each planning event. The
team implemented a total of 54 events for the-Mlargescale model, with 27 events forettSpring
Light-Load (SLL) case and 27 events for the Summer Peak Load case. All contingency scenarios are
eventually tested with 4 POls of OSWs and some critical buses inside tidBS8d model, as shown in
Table19.

Table 18. Studied contingencies for ISO -NE

No of . . .
Category Events Initial Condition Fault Type Example Scenario
PO 1 Normal None None
Th h
P1 6 Normal r?:uF)It ase Apply fault at Barnstable POI bus
Open aransmission lind
P2 2 Normal None — -
Open a transmission lir2
6 Trip Synchronous Generatc Apply fault at West Barnstable POI
p3 1 Threephase | bus
Tri h fault .
6 an Synchronous Generatc Apply fault at Brayton Point POI bus
Singlephase .
P4 6 Normal tault Apply fault at Davisville POI bus
T Threephase
P6 6 Open a transmission lirz fauﬁt Apply fault atBus 2

The ISONE model is tested and found to be stable during normal conditions, satisfying TPL Category PO
requirements. In order to study the impact of the {églel IBR penetration, the teafocusedon one
particular contingency for the ISRE grid model. All other events are found to be stable when testing with
the clearing times and their results recover to values consistent with their originalsteadyonditions.

Table 19. Critical buses to study for ISO -NE

Name Comment
Bus 3 Bus locatedhdjacent t;mearbygenerator
Bus 4 Bus locatedht nearbygenerator

Contingency 1: Loss of a transmission line between West Barnstable POI aSdbstation 1
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This section presents a tvebement contingency event applied to the ISP power system model with

high offshore wind penetration. The EMT model of the ISE grid was initialized under fledtart steady

state conditionsyerifying precontingencypower flow convergence across all network nodes. All
significant system components, including conventional generators, loads, and 4 OSWs located at West
Barnstable, Barnstable, Brayton Point, and Davisville were modeled as active and synchronized with the

onshore grid.

RMS voltage at Bus 1 Frequency response at Bus 1

— Vrms_1 Freq_1

Magnitude (pu)
F (Hz)

@ @ a8 a5 a8

s a5 s
Time (s)

Time (s)

Figure46. Bus 1 RMS voltage and frequency resporfeiewing the transmission line trip event

The contingency sequence involves the trippingadfne inthe transmission corridor between West
Barnstable POI anBus 1substation. The transmission line tripping is initiated at time t = 40 (s) through
the opening of the circuit breakem the lineconnecting the West Barnstable POButs 1.Figure46 shows

the voltage and frequency response to this evidis event leads to a sudden redistribution of power flow
and alters the local impedance seen by the offshore wind farm at West Barnstable. Following the tripping
event, a significant voltage rise in Figu4é is observed at the OSW terminal connected to the West
Barnstable substation. The voltage magnitrigies above 1.2 p.u, surpassing the upper threshold defined
in the OSWO6s ptiingst Ascatrésoltn ther GSW aaly West eBarnstable is automatically
disconnected by its local circuit breaker protection system within 21 ms in order to prevent overvoltage
induced equipment damage.
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RMS Terminal Voltage of West Barnstable OSW Terminal Active Power of West Barnstable 0SW

Y/ onishare_etran = P wind_etran
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Figure47. Overvoltage Event leading to shutdoafWest Barnstable OSW

This disconnection removes a major wind generation source (800 MW) from the area, further intensifying
the local voltage and reactive power imbalaridee event triggers thesoillatory behavior in Figurd6,

and the reduction in generation support at the POI also introduces temporary voltage and frequency sag.
Moreover, the sudden removal of OSW output causes a localiwstal frequency transientfor
conventional generators, illustrated in Figd® This figure shows that the system stabilizes with a damped
15-hertzinertial oscillation.
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Figure48. Generator speed profiles following transmission line tripping

The results of this study indicate that while the #8Bgrid can withstand twelement contingency under
high OSW integration, line outage events (Category P6) can precipitate the tripping of vital renewable

generation resources due to transient overvoltage conditions.

Il. PJM Contingency and Fault Analysis
A fault and contingency analysis has been20compl et

outlines each projectbdéds capacity, point of i nter
export technology.
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Table 20. Configuration of PIM Proposed Offshore Wind Farms

Name Capacity Transmission POI Substation Voltage
Atlantic Shores South Wind Project, 1510MW HVAC Cardiff Substation 230 KV
Phase 1 (New Jersey)
Atlantic Shores South Wind Project, 1327MW HVAC Larrabee Substation 230 KV
Phase 2 (New Jersey)
Momentum Wind, Phases 1 and 2 | 1109MW HVAC Indian River Substation 230 kV
(Delaware)
Coastal Virginia Offshore Wind Fentress substation
(CVOW) Commercial Project 2640MW HVAC (Virginia) 500 kv
Kitty Hawk South Wind 2465MW HVAC Birdneck Substation 230 kV
(Virginia)
Kitty Hawk North Wind 1035MW HVAC Birdneck Substation 230 kV
(Virginia)
These svenoffshore wind projects ot a |l i n gare&latedd@o c@hect to the PIM grid at points of

interconnection in New Jersey (Atlantic City Electric, AE), Delaware (Delmarva Power & Light, DP&L),
and Virginia (Virginia Beach/VABEACH, Dominion). The study uses a reduced PJM EMT model for both
spring lightload and summer ped&ad conditions
1. PJM backbone: all buses O 500 kV
2. Dominion (DVP) area: buses O 500 kV
3. Atlantic City Electric (AE) area: buses O 230
4, Del marva Power & Light (DP&L) area: buses O 2:
5. Virginia Beach (VABEACH) area: buses O 230 kV
All generating units within the AE, DP&L, and VABEACH areas are explicitly included in the simulations.

4.4. PJIM Fault Analysis
This section evaluates the transient stability of PJM with the proposed-m®yject, 10 GW offshore

portfolio. Two seasonal cases are studied:

A Scenario 1: 2028 Spring LigHtoad (Balanced Fault at different POIs)

A Scenario 2: 2028 Summer Peak Load (Balanced Fault at different POIs)
For each scenario, a reduced EMT model retains the 500 kV backbone, all internal generators, and the AE,
DP&L, JCPL, and VABEACH areas down to 230 kV. Balanced tipfegse faults, cleared in 25 cycles,
are applied at six representative points of intercotime Bird Neck, Landstown, Cardiff, Larrabee,
Fentress, and Indian River. Results for the base system (no offshore wind) are compared with the-full seven
OSW buildout to determine whether the added offshore generation affects stability margins uimder spr

light-load and summer peak load conditions.
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Scenario 1: 2028 Spring LighitLoad (Balanced Fault at different POIs)
Table21 summarizes thepring lightload screening of balanced thyglease faults at six key PJM points
of interconnectionln this case, 1.6GW of synchmous generators are online.

Table 21. Summary of threephase fault at PJM POIs using the SLL model.

Case Name Number of Description
No osw P

Conduced 6 scenarios with threghase faults at the followin®Ols:
Threephasefaults at the following POls:

Bird Neck

Landstown

Cardiff

Larrabee

Fentress

Indian River

1 Base Case: No OSWs 0

o I To I To I

Y The sepanedstble for a 25cle clearing time.
Conducted scenarios with threghase faults at the following POls:

A Bird Neck
A Land Stone
Full wind case: All wind A cardiff
2 farms operating at rate 7 A Larrabee
output A Fentres
A Indian River

Y The sremainedrstable for a 25/cle clearing time.

Scenario 2: 2028 Summer Peak Load (Balanced Fault at different POIs)

PIJMb6s robust 500 kV gr i d-ckledearing timb iea every scanaridhisst ab |l e
allows sufficient for timébackup fault clearinglhe base case without offshore wind and the full boilt

with seven off shor eetaip stabijitghougbthegefaultsladBirdAN®gk, Landstotvn,

Cardi f f, Larrabee, Fentress, and I ndian River. Th
and high inertia, rather than offshesénd injection, set the transiestability limit under spring lightoad

conditions.

Table 22 summarizes the summpeak screening for balanced thy@®ase faults at six PJM points of
interconnection.

In this case5.3 GW of synchronous capacisyon line in the study areaThe grid stays stable when & 25

cycle fault is applied at Bird Neck, Landstown, Cardiff, Larrabee, Fentress, or Indian River. This unchanged
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