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ESIG Background

1989

UWIG Established

ESIG started as the Utility 
Wind Interest Group 

(UWIG) in 1989, a group 
of six utilities interested 
in learning more about 

wind energy

Understanding 
Improves

Wind integration 
understanding rapidly 

improved, and was 
helped by consolidation 
of balancing areas and 

growth of larger market 
operators (ISO/RTOs) in 

early 2000’s

Early 
2000’s

UWIG becomes UVIG

Solar energy emerged at 
scale and with similar 
integration issues, and 

UWIG became the 
Utility Variable 

Generation Integration 
Group (UVIG) in 2011

2011

UVIG becomes ESIG

With renewables, storage 
and decarbonization as 

mainstream pathways to the 
future, UVIG merged with 

the International Institute for 
Energy Systems Integration 

(iiESI) and became the 
Energy Systems Integration 
Group (ESIG) in March 2018

2018
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ESIG Differentiators and Mission

DIFFERENTIATORS

Stellar Technical Reputation  |  Best in Class, Global Reach  |  Independent and Trusted

MISSION

● Address the technical challenges for transforming energy systems through collaboration, education 
and knowledge sharing

● Work with all industries, energy vectors and applications globally
● Forward leaning, but not advocating, keeping everyone at the table
● Working at the cutting edge of the technical pathways toward 100%
● Pragmatically progressive—reliable, economic and sustainable transformation
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ESIG Membership

300+ Members Globally
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Welcome!
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• Welcome to the first presentation of ESIG’s Electromagnetic Transient Course 

(supported by CMEI – Thanks again)

▪ Instructors for the week:

• Lukas Unruh – Engineering Manager – Electranix

• Alex Shattuck – Director of Grid Transformation – ESIG 

• Logistics for the week:

▪ Training will run 9:00a – 5:00p on Tuesday and Wednesday

• Tuesday lunch presentation by Mehdi Rezvani, ERCOT

▪ Training will conclude at 2:30p on Thursday 

▪ Happy Hour is Tuesday 6:00p – 8:00p at Meanwhile Brewing



Welcome!
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Some questions to kick us off:

1. Poll of industry sector

2. What topics are you hoping we cover this week?

3. Poll of experience in industry

4. Poll of experience in modeling

5. Poll of experience in EMT modeling



Key Takeaways From This Course
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• Align on modeling and study fundamentals

• Understanding of the use cases, benefits, and limitations of EMT 

• Foundation for Model benchmarking, usability, and the right domain and model type

• Model quality testing and design evaluation

• When, how, and why to perform special studies (SSCI/SSO, Large Loads, Weak Grid, etc.)



Acknowledgement of Multiple Software Tools
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There are multiple commercially available Electromagnetic Transient (EMT) 

Software available currently

Wednesday and Thursday will include demonstrations in one EMT software 

but this is not an endorsement of this software, please use the software tool 

that best aligns with your needs

Throughout this week (and in general in public discussions) please refer to 

any EMT software tools as ”EMT” or similar and try to refrain from using 

brand names in any discussions



Study Basics for the New 
Power System Paradigm



Brief Stop for Terminology 

• Electromagnetic Transient or “EMT” are the terms 

that will be used when discussing electromagnetic 

transient models, domain, studies, etc.

• Positive Sequence Phasor Domain (PSPD) is the 

term that will be most commonly used throughout this 

training course and is a consensus term used in the 

IEEE 2800 series of standards and can also be referred 

to as:

▪ RMS

▪ Positive sequence

▪ Transient stability 

▪ Phasor domain

▪ Many more 
2



Why Are Power System Studies Performed?

In a perfect world: Represent the system 

behavior before it happens

• Accurate modeled representations are 

critical

▪ Study results are only as good as their 

inputs

• Grid reliability depends on the ability to 

represent, understand, and mitigate 

changing grid characteristics

• Energy affordability is linked directly to 

study accuracy

▪ Inaccurate models are neither 

conservative nor optimistic
3



What is the Current Study Paradigm?

• Disparate interconnection and planning requirements and processes

▪ The North American power system has diverse electrical characteristics

▪ The grid is “transforming” differently everywhere

▪ Difficult to determine what the best practice (or sufficient practice) is

• Heavy reliance on Standard Library (or generic) models for reliability studies

▪ In much of North America, Standard Library models are required with manufacturer-

specific models either not allowed or disincentivized (FERC Order 2023 can help)

▪ Against NERC, FERC, and MMWG Guidance

• Strong focus on speed and cost

▪ Less focus on reliability

▪ Recommended practices are not being implemented (read the IBR-related NERC 

Alerts)
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https://www.ferc.gov/media/order-no-2023
https://www.nerc.com/programs/bulk-power-system-awareness/alerts/2025
https://www.nerc.com/programs/bulk-power-system-awareness/alerts/2025


The Current Paradigm Isn’t Working

Adapted from NERC Ridethrough Technical Conference, 

Sep. 4 2024

Reliability improvements begin with understanding the 
results of the current paradigm:

• 10 major disturbances published by NERC since 

2016

▪ Totaling ~15,000 MW

▪ These are not ALL events, just those classified in 

NERC procedure for mandatory release

• None of the affected facilities in any of these 

published reports had models which accurately 

reflected actual performance

• Four additional events in 2024 totaling ~3200MW

• EMT can’t close these gaps without an overhaul 

in study and modeling mindset
5

https://www.nerc.com/pa/Stand/Documents/Technical Conference Details_Agenda_Bios_Presentations_Transcripts.pdf
https://www.nerc.com/pa/Stand/Documents/Technical Conference Details_Agenda_Bios_Presentations_Transcripts.pdf
https://www.nerc.com/pa/Stand/Documents/Technical Conference Details_Agenda_Bios_Presentations_Transcripts.pdf
https://www.nerc.com/pa/Stand/Documents/Technical Conference Details_Agenda_Bios_Presentations_Transcripts.pdf
https://www.nerc.com/globalassets/our-work/reports/event-reports/ibr_disturbances_wi_20251105.pdf


The Current Paradigm Isn’t Working

“This report shows that the voluntary recommendations set forth in NERC Guidelines and other publications 
are not being implemented.”

-Inverter-Based Resource Performance Issues Report, NERC, November 2023

• Planning a reliable power system depends on accurate modeling of the system and resources 

connected to it. This includes accurate modeling of IBR performance, as well as protections or 

other functions that may take the IBR offline

Adapted from: NERC 2022 Odessa Disturbance 

Report
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https://www.nerc.com/comm/RSTC_Reliability_Guidelines/NERC_Inverter-Based_Resource_Performance_Issues_Public_Report_2023.pdf
https://www.nerc.com/comm/RSTC_Reliability_Guidelines/NERC_Inverter-Based_Resource_Performance_Issues_Public_Report_2023.pdf
https://www.nerc.com/comm/RSTC_Reliability_Guidelines/NERC_Inverter-Based_Resource_Performance_Issues_Public_Report_2023.pdf
https://www.nerc.com/comm/RSTC_Reliability_Guidelines/NERC_2022_Odessa_Disturbance_Report (1).pdf
https://www.nerc.com/comm/RSTC_Reliability_Guidelines/NERC_2022_Odessa_Disturbance_Report (1).pdf


Why is Modeling IBR So Hard (in general)



Why is Modeling IBR So Hard (in North America)

Source: Vestas

Interconnection and planning requirements in North 
America do not allow or disincentivize the use of the 

representative models

• Vendor equipment-specific models are not allowed to be 

submitted or are disincentivized with extra scrutiny and 

costs in most interconnections

▪ This is out of alignment with the NERC Dynamic 

Modeling Recommendations and FERC Order 2023

• Manufacturers of IBR equipment do not recommend the 

use of generic or standard model library models to do 
site-specific or reliability studies

▪ Standard library and generic models are fine for long 

term, research, or representing machines far from 

▪ All but a small handful of the plants affected in the NERC-

reported disturbances used generic models

• Developers are not often willing to do perceived “extra” 

work that could jeopardize interconnection date 8

https://www.nerc.com/comm/RSTC/IRPS/IRPS_Meeting_Presentations-2024-02-15.pdf
https://www.nerc.com/pa/RAPA/ModelAssessment/Documents/Dynamic Modeling Recommendations.pdf
https://www.nerc.com/pa/RAPA/ModelAssessment/Documents/Dynamic Modeling Recommendations.pdf
https://www.ferc.gov/media/order-no-2023


The Modeling Paradigm Needs Change (Rapidly)

• Modeling IBR is extremely different than modeling synchronous machines

▪ Modeling synchronous machines is “easy”

• Grounded in physics of spinning masses

• Relatively simple and highly standardized controls

• Extremely mature technology

▪ Modeling IBR brings significant challenges

• Performance is almost entirely software-based

• Complex, not standardized, and often patented control schemes make generic modeling 

vastly insufficient
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The Current Paradigm Makes Sense

• Manufacturer-specific User-defined models deserve their reputation 

▪ In the mid 2010’s UDM were plagued with:

• Poor documentation

• Poor performance (in simulation software i.e. memory leaks)

• Inaccuracy (in representing their products)

▪ This was almost every TSO’s first experience with UDM

• These same people are likely in leadership roles now

• Industry developed standard library models (i.e. WECC Generic) were a reaction

▪ Industry needed some way to represent IBR and OEM models were insufficient

▪ Generic models were developed with OEM input but this input was misconstrued

▪ Generic models are being misused as part of common and tariff-directed practice

• The manufacturer-specific standard library experiment has failed
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Much Has Changed

• Major improvements in the model space driven by international grid codes

▪ The rest of the world has recognized this problem and have come up with different 

solutions

• Model accuracy and validation requirements with high bar for accuracy and model quality

• Model usability requirements

• Model quality requirements

• Open-sourced model code

• High-quality generic models with “hooks”

• Standardized interfaces (wrappers) for real-code models

• Most all of the technical roadblocks for proper modeling in North America have 

technical solutions in practice internationally

• In order to unlock full capabilities for IBR and ensure reliability, accurate modeling is 

paramount

11



What Does NERC Say?

12
Source: NERC

https://www.nerc.com/globalassets/programs/rapa/dynamic-modeling-recommendations.pdf


What Does NERC Say?
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https://www.nerc.com/globalassets/programs/rapa/dynamic-modeling-recommendations.pdf


What Does NERC Say?
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https://www.nerc.com/globalassets/programs/rapa/dynamic-modeling-recommendations.pdf


What Does NERC Say?

15Source: NERC

https://www.nerc.com/globalassets/programs/rapa/dynamic-modeling-recommendations.pdf


What Does NERC Say?

16Source: NERC

https://www.nerc.com/globalassets/programs/rapa/dynamic-modeling-recommendations.pdf


Intersection of Recommendations and Reality

17
Source: NERC

• Why should I follow these 

recommendations when:

▪ I don’t have to

▪ I have high profile 

interconnection deadlines

▪ More complexity means more 

time and money

• How can I follow these 

recommendations when:

▪ I don’t know what equipment I 

will use

▪ I don’t know final parameters

▪ I don’t have a representative 

model

https://www.nerc.com/globalassets/programs/rapa/dynamic-modeling-recommendations.pdf


Model Types and Simulation Domains

• Model type considerations (Standard Library/Generic vs. User-defined/Manufacturer-specific) 

remain regardless of simulation domain

• A poorly constructed EMT model is just as ”wrong” as a poorly constructed PSPD model

▪ At both the manufacturer and end-user level

• Just because a model is provided in the EMT domain doesn’t mean it is inherently accurate

▪ Similarly, PSPD models aren’t insufficient by virtue of simulation domain

▪ It is possible for significant overlap between the accuracy of “good” PSPD models 

compared to manufacturer-specific EMT models and actual product performance

• Enhancements to PSPD modeling in addition to an increase in EMT requirements, 

studies, and understanding is essential for a reliable grid transformation

▪ Enhancements to PSPD modeling can help close reliability gaps as EMT knowledge builds

18



Capturing Known Issues by Simulation 
Domain

Adapted from: NERC 

2022 Odessa Disturbance 

Report

• The current modeling and study 

paradigm is phasor domain and 

steady state driven and leaves gaps

• EMT simulations can represent 

many of the causes of reduction that 

are not possible in phasor domain 

simulations

19

Why not EMT for everything?

• Grid reliability needs

• Simulation differences

• Process and technological limits

https://www.nerc.com/comm/RSTC_Reliability_Guidelines/NERC_2022_Odessa_Disturbance_Report (1).pdf
https://www.nerc.com/comm/RSTC_Reliability_Guidelines/NERC_2022_Odessa_Disturbance_Report (1).pdf
https://www.nerc.com/comm/RSTC_Reliability_Guidelines/NERC_2022_Odessa_Disturbance_Report (1).pdf


Grid Reliability is More Than Ridethrough

• NERC disturbance reports tell the very last 

chapter of the story

▪ Easy to categorize all risks as ridethrough

• Normal operation controls and plant response 

to small disturbances is also critical

▪ These often do not “need” and EMT model

▪ Requires high quality PSPD models

• Normal and abnormal (ridethrough) operations 

require both control systems to work as 

intended and hand off

▪ EMT simulations are required to help 

mitigate some reliability risks but are 

excessive for others
20Adapted from: NERC 2022 Odessa Disturbance Report

https://www.nerc.com/comm/RSTC_Reliability_Guidelines/NERC_2022_Odessa_Disturbance_Report (1).pdf


Reliability Need: Maintaining System Voltage 
and Frequency

• Maintaining system voltage and frequency is critical for power system reliability:

▪ Power quality

• Ensuring quality is sufficient to minimize adverse effects

▪ Ridethrough and normal operations

• Keeping system frequency and voltage within specified bounds is essential for 

“normal operations”

• Remaining near nominal quantities provides extra “margin” during system 

disturbances

• In system steady state (normal operation) slow controls take precedence

▪ Automatic voltage regulation or primary frequency response, for example

• In system dynamic state (abnormal operation) fault ridethrough and fast controls take 

precedence

21

There are many 

other reliability 

needs!



Active Power Controls at 30,000 ft

22

• Active Power Setpoint Change

▪ Active power reference signal is input into the controller, and the controller moves to the 

new setpoint

• Response to grid frequency disturbance

▪ Primary Frequency Response

• Immediate and proportional change in active power injection in response to frequency 

disturbances – should move in grid-stabilizing direction

▪ Fast Frequency Response*

• Similar to PFR in that active power injection will change in response to frequency 

disturbances 

• Acts on significantly faster timeframes to PFR. Capable of providing full response 

in ~30 cycles



Reactive Power Controls at 30,000 ft
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• Reactive Power Setpoint

▪ Reactive power setpoint is given to the controller, and the reactive power injection moves 

to that setpoint

• Power Factor Setpoint

▪ The plant operates at one specified power factor at all times. Reactive power varies with 

active power 

• Automatic Voltage Regulation

▪ Changes reactive power injection as a function of voltage. 

▪ Can be open or closed loop controllers

• Open loop controllers do not incorporate any feedback 

• May be unstable in most grid conditions

• Closed loop controllers incorporate feedback to minimize large swings in output and 

controller interactions



Ridethrough Controls at 30,000 ft
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• Ridethrough Modes:

▪ Occurs when measured voltage crosses a high or low threshold (outside of “normal”)

▪ Controls operate significantly faster than “normal operation” controls

• Primary purpose is to protect equipment while maximizing grid connection stability

• Detailed considerations:

▪ At the extremes of both equipment capability and simulation methods

• Very fast and high magnitude changes in simulation quantities

▪ Requires “hand off” between power plant controller and individual inverters

▪ Sampling time, communication delays and protocols, and actual equipment limits 

dramatically change performance

▪ The differences between EMT and PSPD emerge clearly in ridethrough analysis



Key Takeaways
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• The modeling and study paradigm must 

change to maintain reliability through the 

grid transition

• There is significant room for improvement 

within current practices

▪ Requires practice above the compliance 

”floor”

▪ Can be good practice to hone 

fundamentals needed for EMT analyses

▪ Important not to let the next new thing 

hinder mastery of the current state of the 

art



Key Takeaways
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• PSPD simulations will remain a mainstay in reliability studies 

▪ Computational burden

▪ Lack of EMT models for many grid-connected resources

▪ Not all studies need EMT

• Verifying performance of automatic voltage regulation can be performed in PSPD while a 

sub-synchronous oscillation study must be performed in EMT

• ”Over engineering” is a real concern

▪ Engineering first instinct is to model all details possible

▪ What study is being performed, for what reason, time, and cost should inform 

simulation domain

• Efficient mitigation of current reliability issues requires a thorough understanding of 

both PSPD and EMT domains

▪ This understanding will inform engineering judgment



Introduction to 
Electromagnetic Transient 
Simulations



Acknowledgement of Multiple Software Tools

2

There are multiple commercially available Electromagnetic Transient (EMT) 

Software available currently

Wednesday and Thursday will include demonstrations in one EMT software 

but this is not an endorsement of this software, please use the software tool 

that best aligns with your needs

Throughout this week (and in general in public discussions) please refer to 

any EMT software tools as ”EMT” or similar and try to refrain from using 

brand names in any discussions



PSPD vs EMT Basics

Both PSPD and EMT have great use cases and 
limitations

• PSPD:

▪ Solution is based on phasor calculations

• Quick simulation time to provide insight into 
power flow, voltage, and current

▪ Assumes a quasi-steady state and sinusoidal 
balance

• EMT:

▪ Solves differential equations in the time domain 
and resolves the actual waveform at very small 
time intervals

▪ Does not assume sinusoidal balance and 
captures:

• Unbalanced faults

• Very fast control behavior

• Resonances

Source: AEMO
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https://www.aemo.com.au/-/media/files/stakeholder_consultation/consultations/electricity_consultations/2018/psm/power_system_model_guidelines_dfc.pdf


PSPD vs EMT Generally

4

PSPD
Short simulation times

Less detailed and accurate*

“Sledgehammer” of current study 
paradigm

More Generic/Standard Library than 
Manufacturer-specific

Can be difficult to map to real-world 
parameters

Limitations at low “system strength”

EMT
Significantly longer simulation times

More detailed and accurate*

“Scalpel” of current study paradigm

Most often Manufacturer-specific

Often easier to map to real-world 
parameters

Fewer limitations at low “system strength”

Can be used to study harmonics, 
SSCI/SSR



How Is The Power System Changing?
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• System inertia or “system strength” is reducing

▪ All assumptions must change

• Frequency perturbations will be larger and happen faster (Rate of change of Frequency 

(ROCOF) increase)

▪ Higher ROCOF means its harder to establish and remain within limits

• System voltages will be “less firm”

▪ With lower system strength, each change in reactive power will cause a larger change 

in voltage

• More complex resources are interconnecting

▪ Hybrid, mixed manufacturer, supplementary controls and devices

• EMT simulations (and PSPD simulations**) are paramount represent increasingly 

complex resources on “weakening” system



Power System is Changing: Timeframe

6

• IBR bring extremely fast controls driven by 

power electronics and software

▪ Performance is significantly more decoupled from 

physical behaviors when compared to 

synchronous machines

▪ Software-based controls and power electronics 

significantly increase the speeds and magnitudes 

of response

• IBR controls will get even faster

▪ With increased penetrations of grid forming 

inverters, overall timeframe will become faster



Power System is Changing: Timeframe
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• Relevant control and time constants in a 

synchronous generator-dominated system fall 

within the electromechanical window

• Relevant controls and time constants for IBR 

are significantly faster and encompass the 

electromagnetic window

• As more IBR integrate with the system:

▪ System stability becomes more dependent 

on faster controls

▪ Fast transients and responses to those 

transients play larger roles in reliability

▪ The system response overall becomes faster

Source: GPST

https://globalpst.org/wp-content/uploads/Lecture-3-Stability-With-100-Inverter-Based-Resources-IBRs.pdf


Power System is Changing: System Strength
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• Synchronous machines provide inertia to the 

power system

▪ Large spinning masses have momentum and 

resist changes 

▪ Power-electronics resources decouple the 

mechanics from power injection (type 1-3 wind 

need consideration)

• Fault current is provided by this momentum 

▪ During system disturbances voltage drops

▪ Synchronous generator inertia continues to 

provide power 

Source: ElectronicsTutorials

https://www.electronics-tutorials.ws/dccircuits/dcp_2.html


Short Detour to System Protection

9Source: NRELSource: NREL

• Detailed and high quality EMT protection 

models and studies have the potential to help 

solve this problem

https://docs.nrel.gov/docs/fy20osti/73856.pdf
https://www.nrel.gov/grid/protection


Short Detour to System Protection
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Source: NREL

• ~6x fault current injection from synchronous 

machine

• System protections currently use fault current 

as a primary trigger

▪ What happens when protection expects 6x fault 

current?

▪ How can detailed EMT modeling of test systems 

and protection devices help new solutions?

• Challenges to overcome

▪ IBR do provide some fault current

▪ Fault current injection changes with control 

changes

▪ There is no “one size fits all” for fault current 

▪ Cannot fit a IBR-sized peg into a synchronous 

machine-sized hole

https://www.nrel.gov/grid/protection


Inertia and System Strength: High Level

11Source: NREL

Note: This is an example with active power and 

frequency but reactive power and voltage share 

similar phenomenon

https://docs.nrel.gov/docs/fy20osti/73856.pdf


Inertia and System Strength: High Level

12Source: NREL

System disturbance 

causes reduction in 

system frequency
Significant “torque” to 

keep frequency near 

nominal

https://docs.nrel.gov/docs/fy20osti/73856.pdf


Inertia and System Strength: High Level

13Source: NREL

System disturbance 

causes reduction in 

system frequency
Less “torque” to keep 

frequency near nominal

https://docs.nrel.gov/docs/fy20osti/73856.pdf


Inertia and System Strength: High Level

14Source: NREL

System disturbance 

causes reduction in 

system frequency
Little “torque” to keep 

frequency near nominal

These grid conditions often need 

EMT simulations with detailed, 

accurate, manufacturer- and site-

specific models

https://docs.nrel.gov/docs/fy20osti/73856.pdf


Primary Reliability Gaps
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BPS 
Reliability

Low 
Interconnection 

Strength

Highly Complex 
Resources

Model Quality 
and Accuracy

Mapping 
Models to 

Reality

Rapid Change 
of System

Predispositions



Primary Reliabaility Gaps
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BPS 
Reliability

Low 
Interconnection 

Strength

Highly Complex 
Resources

Model Quality 
and Accuracy

Mapping 
Models to 

Reality

Rapid Change 
of System

Predispositions

More detail in the 
model creation and 

benchmarking 
session



Reliability Gaps and Simulation Domains
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Breaking Predispositions

PSPD:

• PSPD is not obsolete

• PSPD models can be 
highly accurate*

• PSPD simulations have 
great use cases

EMT:

• EMT is not the only “right” 
tool

• EMT models are not 
accurate just because they 
are in the EMT domain

• Not everything needs an 
EMT simulation



Reliability Gaps and Simulation Domains
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System Strength 
Weakening

PSPD:

• Simulation issues at low 
short circuit ratios (~3-5)

• Models may not have 
advanced control 
features

• Real-world solutions may 
not map to PSPD models

EMT:

• Capable of simulating in 
low short circuit ratios 
(less than 3)

• Models likely include all 
relevant controls

• Often capable of better 
mapping between real 
and modeled parameters



Reliability Gaps and Simulation Domains

19

More Complex Resources

PSPD:

• Difficult to model 
third-party controllers, 
communication 
delays, 
communication 
protocols, etc.

EMT:

• High level of detail 
makes the modeling 
of highly complex 
control system 
feasible



Reliability Gaps and Simulation Domains

20

Mitigating Reliability Needs

PSPD:

• Can be difficult to represent 
on-site tuning

• Often do not include 
advanced controls 

• Lack of direct mapping 
between model and product

• No mapping in standard 
library models

EMT:

• Easier to represent on-site 
tuning

• Often include advanced 
controls

• More direct mapping 
ensures on-site solutions 
can be tested and studied



Reliability Gaps and Simulation Domains
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Mitigating Reliability Needs

PSPD:

• Can be difficult to represent 
on-site tuning

• Often do not include 
advanced controls 

• Lack of direct mapping 
between model and product

• No mapping in standard 
library models

EMT:

• Easier to represent on-site 
tuning

• Often include advanced 
controls

• More direct mapping 
ensures on-site solutions 
can be tested and studied

Critical for the 

efficient use of the 

power system



Reliability Gaps and Simulation Domains

22

“New” Grid Issues
PSPD:

• Not capable of studying 
sub-synchronous 
interactions, unbalanced 
faults, power quality

• Difficulties when studying 
controller interactions

EMT:

• Capable of studying sub-
synchronous interactions, 
unbalanced faults, etc.

• Added detail helps uncover 
controller interactions

• Studying effects of 
changing power system on 
synchronous mechanics



Use Cases for EMT Studies

23
Source: NERC

https://www.nerc.com/globalassets/who-we-are/standing-committees/rstc/irps/reliability_guideline-emt_modeling_and_simulations.pdf


Benefits and Limitations of EMT

24

Benefits

Very robust solution engine solving the 
entire waveform in the time domain

Able to simulate low system strength 
conditions

Able to represent mechanical behaviors

Often contain real code or highly 
mapped representations

Needed to study SSCI/SSR, harmonics, 
etc.

Limitations

Extremely high computational burden

Steeper learning curve (both the tools 
and the problems)

EMT models are only as good as their 
parameterization

EMT models may not exist for a piece of 
equipment

Lack of regulatory clarity



Benefits and Limitations of EMT
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Benefits

Very robust solution engine solving the 
entire waveform in the time domain

Able to simulate low system strength 
conditions

Able to represent mechanical behaviors

Often contain real code or highly 
mapped representations

Needed to study SSCI/SSR, harmonics, 
etc.

Limitations

Extremely high computational burden

Steeper learning curve (both the tools 
and the problems)

EMT models are only as good as their 
parameterization

EMT models may not exist for a piece of 
equipment

Lack of regulatory clarity

Extremely 

capable and 

important tool

Even the best 

tools need to 

be used with 

intention



EMT Simulation 
Prerequisites



EMT Simulation Key Considerations

• EMT Simulations are:

▪ Difficult 

• Lack of subject matter expertise world-

wide

• Often used to solve specific problems 

in specialized studies

▪ Expensive

• Subject matter expertise is not cheap

• EMT models may come at high costs

▪ Time consuming

• EMT simulations take much longer to 

run than PSPD and loadflow

• Additional simulation detail requires 

additional data inputs
2

High 
Quality

Low 
Cost

Pick 
Two

Done 
Quickly



The Most Critical Prerequisite

3

Does this need an 
EMT study?



Questions to Keep in Mind

4

What am I studying?

Why am I studying it?

Does this need 
to be studied in 

EMT?

Can this be 
studied 

sufficiently in 
another way?

Do I have 
sufficient 

experience? 

Do I have the 
required data?



Guiding Principles 

5

• EMT simulations are not needed for every analysis

▪ Numerous power systems studies can be performed in different software and with different 

methods

• EMT simulations should not be used for every analysis (generally… for now)

▪ EMT simulations can be overly complex for some reliability needs 

▪ Attempting to shift paradigm from all PSPD to all EMT can impede incremental progress

• Many of the principles of good EMT simulation practice apply also to PSPD

▪ Increasing quality, accuracy, and ability to use manufacturer-specific models can increase 

study accuracy without going “full EMT”

• Any study is only as good as its inputs

▪ EMT does not automatically equate to correct or accurate

▪ Proper model creation, validation, and benchmarking are necessary



Guiding Principles 

6

• EMT simulations are not needed for every analysis

▪ Numerous power systems studies can be performed in different software and with different 

methods

• EMT simulations should not be used for every analysis (generally… for now)

▪ EMT simulations can be overly complex for some reliability needs 

▪ Attempting to shift paradigm from all PSPD to all EMT can impede incremental progress

• Many of the principles of good EMT simulation practice apply also to PSPD

▪ Increasing quality, accuracy, and ability to use manufacturer-specific models can increase 

study accuracy without going “full EMT”

• Any study is only as good as its inputs

▪ EMT does not automatically equate to correct or accurate

▪ Proper model creation, validation, and benchmarking are necessary

Screening!



What is Screening and Why?

7

• Screening (in the context of EMT):

▪ Assessing whether or not an EMT study should be performed

• Why is screening important:

▪ Resources are limited

▪ Time is limited

▪ EMT is expensive

▪ Some systems and topologies may not see large EMT benefit

• Screening now may make EMT analysis easier in the future

▪ FERC Order 2023 states: “These modeling requirements include: (…) (3) a validated 

electromagnetic transient (EMT) model, if the transmission provider performs an EMT 

study as part of the interconnection study process.”

▪ Screening for need now can inform requirements for the future

https://www.ferc.gov/media/order-no-2023
https://www.ferc.gov/media/order-no-2023


Principles of Screening

8

• Screening does not need to be a detailed process, analysis, or dependent on new tools

▪ Screening can be as simple as asking the questions in previous slides

▪ Screening can be as complex as new methods, tools, and processes 

• Screening should be formalized in some way

▪ Study assumptions and methods are good to have in writing

• Considerations when performing Screening

▪ IBR penetration

▪ Series compensation

▪ System strength

▪ Complexity of interconnecting facilities

▪ Grid forming resources



Getting Started With Screening

9

• Screening metrics, tools, and processes are a hot topic in industry

▪ There are many good examples from the National Labs and industry groups

▪ Won’t advocate for one method here

• No one size fits all

• This are needs further development

• Metrics for screening need to be thoroughly understood

▪ Many metrics like short circuit ratio (SCR) are misused

▪ All metrics have limitations and use cases

• Look to peers with similar system characteristics

▪ Not every problem needs a novel solution

▪ Peer-to-peer learning is critical in the grid transformation

• Andrew Isaacs presented this in ESIG’s Interconnection Studies Course

▪ Recording

▪ Slides

https://youtu.be/hi26KjR6LJM
https://youtu.be/hi26KjR6LJM
https://www.esig.energy/wp-content/uploads/2025/08/11.-Weak-Grid-Concepts-and-System-Strength-Metrics.pdf
https://www.esig.energy/wp-content/uploads/2025/08/11.-Weak-Grid-Concepts-and-System-Strength-Metrics.pdf


So You’ve Decided to Perform EMT

10

• Understand the problem you are solving

▪ Why does the problem exist

▪ What performance is needed to be 

reliable

• Understand tests needed to confirm 

solution

▪ Choosing proper tests and success 

criteria

• Collect necessary data 

▪ Managing stakeholders

• Avoid doing ”the engineer thing”

▪ What is necessary and what is nice to 

have



Maximizing EMT Simulation Benefit

11

• Ensure the use of high quality and representative manufacturer-specific models

▪ EMT is just a simulation domain, bad models exist in all domains

▪ For forward-looking and academic purposes different model types have good use cases

• Ensure that the parameterization you study in EMT matches actual equipment

▪ A perfect EMT study with wrong parameters still results in an incorrect study

• Ensure sufficient data is available for the study being performed

▪ If data of sufficient detail is not available, EMT simulations may not be “worth it”

• Ensure that the submitted data is correct

▪ Can be extremely difficult to spot incorrect data

▪ Comes through engineering judgement and experience

• Leverage EMT simulations in addition to other analysis methods

▪ Performing analyses in multiple domains to maximize efficiency



Fundamentals of IBR Plant Model 
Construction

• What is the purpose of creating IBR plant models?

▪ At a high level: To represent the behavior of the IBR plant during normal and abnormal 

conditions 

• We need to know how an IBR plant will behave under certain conditions and stimuli

▪ Digging in: There are numerous ways to represent an IBR plant in EMT including:

• Aggregate

• Disaggregate

• Generic/standard 

• Vendor-specific 

▪ Key consideration: How you represent the IBR plant in the model space should be 

considered based on the goals and purpose for the study work being conducted

• Choose two of the following: (1) Quick study (time and computation); (2) Accuracy; (3) 

Cost

12



Introduction to Plant and Equipment Data

• A model is only as good as the data that goes into it

▪ A study cannot provide accurate results if the model does not represent the equipment

• Not all stakeholders involved in the data collection process are technical experts

▪ Modeling and study engineers need to know how to ask for data in the right way to get the 

right information

▪ Engineers also need to build judgement to assess and spot check data

• Experience in the PSPD processes is transferrable to the EMT space

▪ EMT simulation is an extension of the study process and not an entirely new concept

13



Components of an IBR Plant – Transmission 
System

14

You very likely will NOT get a transmission representation in 

the EMT domain. (There are a few exceptions)

• Equivalent networks are 

used in place of the 

transmission system

• Single machine infinite bus 

(SMIB) are often used 

▪ Can be adapted to 

approximate some TS 

conditions:

• SCR

• X/R ratio

• System impedance 

▪ Often represented as a 

“test bench”

Source: Adapted from IEEE 2800-2022



Components of an IBR Plant – Transmission 
System

15

You very likely will NOT get a transmission representation in 

the EMT domain. (There are a few exceptions)

• Strong driver for the need for 

cross-domain simulation

▪ EMT for complex plant 

analysis, PSPD to 

”check”

• Co-simulation options exist

▪ Not a perfect solution

▪ Many technical and 

practical limitations

• Small portions of the TS may 

be used with equivalized 

boundaries

Source: Adapted from IEEE 2800-2022



Components of an IBR Plant – IBR Tie Line
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IBR tie lines are often ”ignored” due to typically very short 

lengths 

• Many IBR tie lines are 
extremely short (hundreds of 
feet) and their impedance is 
often not included

• Tie lines are important outside 
of just their impedance

▪ Different regional 
requirements apply at 
sending or receiving end of 
tie line

▪ Tie lines are often used for 
controller feedback in the 
model space

• How much detail do we need 
in the EMT space?

Source: Adapted from IEEE 2800-2022



Components of an IBR Plant – Main Power 
Transformer

17

Main IBR transformers: also known as main power 

transformers (MPT) are frequent causes of incorrect 

representation

• MPT are important control devices at the 
IBR Plant

▪ Offload tap changers 

▪ Onload tap changers

• Deadbands, step size, step number

• Transformer characteristics are crucial

▪ Impedance base in the software may 
be default or specified

▪ Transformer documentation can be 
confusing

▪ Prone to data errors when moving 
between software tools

▪ Some characteristics may not be in 
test reports

• Simulations often are not run long enough to 
incorporate MPT dynamics

• Very important to confirm 
parameterization between EMT, PSPD, 
and data sheets

Source: Adapted from IEEE 2800-2022



Components of an IBR Plant – Supplemental 
Devices

18

Supplemental devices are often critical when representing 

IBR performance and capability

• Supplemental devices add additional 
capabilities to the IBR Plant design

▪ Fixed shunts (capacitors or reactors)

▪ Switched shunts

▪ Communication devices

• Important to collect this data to maximize 
EMT benefits

▪ Communication protocols

▪ Time delays

▪ Sample times

• Control hierarchy and communication

▪ What is the main controller

▪ Does this require additional 
equipment 

• Managing manufacturers, consultants, 
and developers data security needs

Source: Adapted from IEEE 2800-2022



Components of an IBR Plant – Collector 
System

19

Collector systems vary widely among different types of IBR 

plants, but general layout is the same

• Composed of numerous 

components

▪ Substation collector buses

▪ Cable sections and 

junctions

▪ Protective relays

• With so many components, 

errors are easy to make

▪ Incorrect cable types

▪ Incorrect distance data

▪ Problems with in-house 

automation and 

aggregation

Source: Adapted from IEEE 2800-2022



Components of an IBR Plant – Collector 
System

20

Cautionary example: Modeling lines in EMT
• Lumped parameter models

▪ RL coupled

▪ PI-section

• Distributed parameter 

models

▪ Frequency independent

▪ Frequency dependent

• How long are collector 

lines typically?

• What phenomenon are you 

studying with a plant 

model?

Source: Adapted from IEEE 2800-2022



Components of an IBR Plant – Inverters
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Easy in the steady state, much more difficult in dynamic 

simulation

• “Inverter” means OEM provided 
equipment

▪ Could include in inverter model and 
generator step-up transformer (GSU)

▪ Could have this information included 
in one component and connect 
directly to collector voltage

• In steady state: inverter models are 
relatively simple and are comprised of 
easy to transpose data from the OEM

▪ Represent capabilities of the inverter

▪ Contain the correct data to link to 
dynamic models

• In dynamics:

▪ Actual performance must be 
represented based on level of detail 
and type of study

Source: Adapted from IEEE 2800-2022



Components of an IBR Plant – Inverters

22

Easy in the steady state, much more difficult in dynamic 

simulation

• Important to know what has 

been provided in EMT

▪ Often models are provided 

from manufacturer with an 

“example” collector and 

parameterization

▪ No two plants are identical

• Is the model of the right 

equipment?

• Is the model the correct 

software version?

• Does the model include all 

manufactures as expected?

Source: Adapted from IEEE 2800-2022



Components of an IBR Plant – Plant 
Controller(s)

23

Power plant controller(s) work to operate the IBR plant 

during normal operations and coordinate plant-wide 

performance

• Not included in steady state 
models

• May be standalone controller 
or part of multiple PPC control 
scheme

▪ Needs to also coordinate 
with supplemental devices 
and MPT controls

▪ Difficult to manage multiple 
OEM and control vendors

• Critical to have high quality 
documentation

▪ How values are calculated

▪ How to set up 
measurements

PPC Control Point

Source: Adapted from IEEE 2800-2022



Wrap Up and What’s Coming Next

24

• Most important pre-requisite is if an EMT 

study is needed

▪ There are many needs and use cases 

for EMT

• Stakeholders need to understand their 

system and trends to prepare for the 

changing study paradigm

• EMT studies are resource intensive so it’s 

important to maximize benefit

• Data needs (more) scrutiny

What’s coming next:

• EMT model creation and model 

benchmarking



EMT Model Creation and 
Benchmarking



Introduction to EMT Model Creation and 
Benchmarking

2

• Skipping model validation (for now)

▪ Will cover this in the design evaluation session

• EMT model creation is a critical starting point

▪ Some extra time and scrutiny at this point can save significant time and money later

▪ This session will be most beneficial with group discussion so please feel free to 

interject

• The real knowledge here comes from experience and peers

• Leverage experience and lessons learned from PSPD modeling

• Model benchmarking adds extra “trust” in the models

▪ Shows that modeled representation is the “same” across simulation domains, software, 

and time steps

▪ This session will assume we are starting with a ”validated” and manufacturer-approved 

EMT model



Step 1: Getting an EMT Inverter Model

3

• This is not a joke slide

▪ Procuring an EMT model can be extremely difficult

• For transmission system operators:

▪ May not have requirements for the provision of EMT

▪ Many facilities connected currently do not have an EMT model (available or created)

• Very important when considering retroactive requirements

• For developers:

▪ EMT models after commercial operation date are often expensive (for new-er equipment)

• Service contract language can help 

▪ Parts of fleet may be older equipment

▪ Retroactive requirements have a huge impact here

• Can cost hundreds of thousands of dollars and up to 24 months in some cases

• These models are often “best guesses” and may not have the accuracy of a new 

model/equipment pair



Step 1: Getting an EMT Inverter Model

4

• For equipment manufacturers:

▪ There is a time cutoff where equipment and model design practices make the creation 

of a quality EMT model extremely difficult

▪ Grid requirements (retroactive or otherwise) can create “surges” in model creation 

requests

▪ EMT model creation for older facilities are outside of the normal business practices and 

often come with high prices due to the one-off nature and subject matter experts 

involved

• For us all:

▪ Get an EMT model early (before COD is best)

▪ Adding in modeling provisions to service contracts can help

▪ Keep these thoughts in mind when discussing and creating modeling requirements



Step 1a: Getting an EMT Plant Controller(s) 
Model

5

• IBR facilities include power plant controllers that need to be modeled

▪ Can be provided by the inverter manufacturer

▪ Could be written by a third party consultant

• These may not have actual modeling staff

• Falls to another party to take the control philosophy and create a model

• Similar process to inverter model acquisition with some additional guiding questions:

▪ Does this manufacturer make plant controllers for the region I am studying?

▪ What is the full control capability of the facility?

• What devices are communicating, why, and who is in charge

▪ What is the communication protocol used?

• Can these additional devices use this protocol?



Step 2: Getting The Right EMT Inverter and 
Plant Controller Model(s)

6

• Just because the model has an EMT file extension doesn’t make it the right model

• The new paradigm involves many non-technical stakeholders

▪ These stakeholders may operate in between technical experts

▪ Extremely important to know exactly what you are asking for and ask it in a way that is clear

• For those receiving requests, confirm understanding and ask follow up questions

• The right EMT model is site-specific (for the equipment)

▪ Right technology version (and subversions)

• Correct firmware

• Does the provided model include a site-specific plant representation? (probably not)

▪ Manufacturers provide models for their equipment only 

▪ Some manufacturer-provided models have “generic” balance of plant representations

• This can be extremely confusing as models change hands throughout study processes



Step 2a: Getting The Balance of Plant Data

7

• Inverter models are just one piece of an EMT facility 

model

▪ Manufacturers often do not know nor have 

responsibility to build the balance of plant

▪ When obtaining an EMT inverter model there is one 

primary stakeholder

• The balance of plant data comes from multiple sources

▪ These sources are all working towards the same goal, 

often in parallel

• Can create versioning and management of change 

issues – highly iterative

• Some pieces of data may be more “final” than others

• Having a standardized checklist of required data can help 

during this process



Step 2b: Reviewing The Balance of Plant Data

8

• Similar to the inverter/dynamic models, just because a piece of data was provided 

doesn’t mean it is correct

• Guiding questions:

▪ Did I receive all of the data I asked for?

• Checklists help – categorizing by “need” and “good to have” helps more

▪ Do the values make sense?

• This comes from engineering judgement and experience

▪ Is the data dated/versioned?

• Helps create a correct “snapshot”

▪ Does the balance of plant data match what was used in the PSPD?

• Not always applicable

▪ Have I seen this data before?



Step 3: Putting Major Pieces Together

9

• Need to determine where the model building responsibility “ends”

▪ For the plant model builder, often the point of interconnection

▪ For the transmission system operator, much more difficult and study-dependent

• The balance of plant data is used to create the physical representation of the plant

▪ Transformers, cables, tie line, etc.

• The inverter and plant controller models and data are connected to the balance of plant 

where they are designed to

▪ Spot checks throughout this process are crucial for efficiency

▪ ”solve” as much as possible

• Does the result make sense?

• Are losses in line with expectations? Etc.

▪ No disturbance runs and other thoughtful checks



Step 4: Site-Specificity and Data
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• Putting together the pieces of the model is (a very important) step 1

• Parameterization of the model is an equally important step 2

▪ A correct model with wrong parameters is the wrong model

• Hinges on model usability, fidelity, and mapping to real-world values

• More stakeholders are involved

▪ Often developers are responsible for understanding what requirements are needed at the 

point of interconnection

• Voltage schedules

• Frequency deadbands/droops

• Protection settings

• Enabled control modes

▪ How to manage “telephone game”

▪ What should be done when these values don’t make sense

• Strong foundation of engineering judgement and knowledge is necessary



Step 4a: Representing Site-Specific Controls

11

• Modeling complex communication systems is a strong use case for EMT

• EMT affords the ability to model in detail many aspects of actual site control that is not 
possible (or efficient) in other domains

▪ Extremely important to request manuals and documentation from all vendors

• Each vendor model likely has “nuance” that will need to be understood and implemented

• Hierarchical controls:

▪ Main/secondary schemes

▪ Mechanically switched units 

▪ Plant controllers and supplemental reactive devices

▪ Hybrid plants

• Real-world delays often not modeled (even in EMT):

▪ Communication delays

▪ Sample time delays

▪ Controller holds 

• Much more! Complexity is always increasing

In a ”perfect world” These have 

parameters in the model space. In 

reality, these may need to be 

manually added.



Model Benchmarking
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• What is model benchmarking?

▪ Simply put: comparing the response of a model to another model or to the performance 

of the actual equipment

• Model to measured performance:

▪ Also known as model validation and is part of the type testing process (more on model 

validation in the design evaluation section)

▪ Shows differences between measured response and model response to the same 

stimulus

• Some differences will always occur

• Shows incorrect performance that can then be mitigated

▪ Test benches are few and in high demand

• Type testing is thorough but infrequent for any one piece of equipment



Model Benchmarking

13

Source: Vestas



Model Benchmarking
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Source: Vestas



Model Benchmarking

15

Source: Vestas



Benchmarking Between PSPD and EMT

16

• Assumption: The EMT model is validated by the manufacturer

▪ Pro:

• The manufacturer performed model validation testing

• The manufacturer validated the model performance against the test results

• Differences between model and measurements are explained

▪ Con:

• The validation was done on one specific ”platform”

• The validation was done with one specific parameter set

• Need: Site-specific parameterized model in both the PSPD and EMT domains



Benchmarking Between PSPD and EMT – 
Inverter and Plant Controller

17

Base 
Validated 

EMT Model

•With one parameter 
set on one platform

Additional 
Validated 

EMT Models

•Thorough validation of one parameter set and one platform provide trust in the model 
representation

•Additional parameter sets can be assumed "validated" 

•There will always be software bugs

Site-specific 
EMT Model 

•Becomes the new "source of truth" for the individual facility

•Can be used as basis for validating the PSPD model

Validated 
PSPD Model

•Both the PSPD and EMT model are put through 
thorough testing procedures

•There will be performance differences

•Differences in performance must be explained

Will discuss model validation in 

more detail as part of the design 

evaluation session



Benchmarking Between PSPD and EMT 
Balance of Plant

18

Source: Adapted from IEEE 2800-2022



Success Story of Quality Model Practices

19

• Case Study: (Source Vestas)

▪ IBR facility showed instability in operations that was not seen in the study space

▪ Facility was immediately curtailed to ~50% output

▪ Proposed solution was multiple transmission assets

• Old paradigm:

▪ The models in the process are the best we have

▪ Pay for the transmission upgrades

• New paradigm:

▪ Leverage principles in this training

▪ Perform detailed analysis with highly representative models

▪ Avoid transmission upgrades, install tuned controls

https://www.esig.energy/download/control-tuning-as-alternative-to-transmission-reinforcement-alex-shattuck/?wpdmdl=9260&refresh=62f4df6d404091660215149


Success Story of Quality Model Practices
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Success Story of Quality Model Practices
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Success Story of Quality Model Practices
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Success Story of Quality Model Practices
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Success Story of Quality Model Practices
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Key Takeaways

25

• ”Extra” work now pays itself back later (usually)

▪ Models are the building blocks of analysis

▪ Small mistakes made early on are extremely difficult to track down 

• Or worse – the mistakes give reasonable, but wrong performance

• Ensuring one thoroughly vetted “Source of truth” is critical

▪ Always have a reference for expected performance

▪ Enables cross-domain analysis

• While many PSPD modeling principles can inform EMT work, added details and 

specialized use cases underscore the importance of engineering judgement and 

experience

▪ Also underscores the need for mentorship within organizations



Introduction to Design 
Evaluation



Design Evaluation: Introduction

2

• Design evaluation is a term with specific meanings in specific contexts

• Generally: Design evaluation is exactly what it sounds like, confirming that the site as 

designed and modeled conforms with the performance requirements at the point of 

interconnection

• Requires validated equipment and verified plant models

• Disclaimer:

▪ I have been heavily involved at a leadership level in the P2800.2 process and have 

many (many) opinions on design evaluation and validation/verification

• Some of these opinions differ from the consensus language in the currently approved 

P2800.2 draft



Design Evaluation: Introduction

3
Source: 

IEEE

https://www.esig.energy/wp-content/uploads/2024/07/SHATTUCK-2_IEEE-P2800.2-Slides-for-i2X-FIRST.pdf


IBR Unit Model Validation

4



IBR Unit Model Validation

5



IBR Unit Model Validation Challenges

6

• How do you evaluate what is an “acceptable” match?

▪ This topic delayed IEEE P2800.2 by months (sorry)

▪ Incredibly difficult to gain consensus

• Different manufacturers have different modeling standards

▪ Some manufacturers have highly detailed and mapped models, others may not have the 

same level of accuracy

• Intent of IEEE standards

▪ Some manufacturers have trouble committing to accuracy percentages 

• How is error calculated

• Fear that requirements will be copy/pasted with no nuance

• Is the difference in performance real or due to measurement errors in the test bench?

▪ While measurement errors should be minimized, IEEE 2800-2022 measurement tolerances 

add up



IBR Unit Model Validation Challenge #1
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• Quantitative vs Qualitative (single most contentious issue in the design evaluation 

subgroup)

• Quantitative

▪ Pro:

• Can standardize model quality

• Helps automate screening 

• Informs engineering judgement

▪ Con:

• Poorly determined error bands can let bad models through and overly constrain good 

models

• If there is no qualitative component, it is very easy to fall into automation traps



IBR Unit Model Validation Challenge #1

8

• Quantitative vs Qualitative (single most contentious issue in the design evaluation 

subgroup)

• Qualitative

▪ Pro:

• Experienced engineers have more freedom to assess model performance and ask 

nuanced questions

• If done well, can effectively identify important errors

▪ Con:

• There aren’t enough experienced engineers to do this work

• Hard to automate, can lead to fatigue

• Doesn’t help standardize model accuracy, can lead to variance in “acceptable” 

performance



IBR Unit Model Validation Recommendations

9

• Push this work to the manufacturer

▪ Create a validation report that:

• Uses both quantitative and qualitative 

methods

• Engineering review for any differences 

outside of determined bands

• And other oddities

• Lowers burden on other industry 

stakeholders

▪ Other stakeholders would review the 

validation report

▪ Validation reports are done only by the 

equipment-level experts



IBR Plant Design Evaluation
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Source: 

IEEE

https://www.esig.energy/wp-content/uploads/2024/07/SHATTUCK-2_IEEE-P2800.2-Slides-for-i2X-FIRST.pdf


Another Terminology Break
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Source: 

IEEE
Conformity does ensure grid stability!

https://www.esig.energy/wp-content/uploads/2024/07/SHATTUCK-2_IEEE-P2800.2-Slides-for-i2X-FIRST.pdf


Design Evaluation: Scope and Procedures
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Source: 

IEEE

https://www.esig.energy/wp-content/uploads/2024/07/SHATTUCK-2_IEEE-P2800.2-Slides-for-i2X-FIRST.pdf


Design Evaluation: Scope and Procedures

13
Source: 

IEEE

https://www.esig.energy/wp-content/uploads/2024/07/SHATTUCK-2_IEEE-P2800.2-Slides-for-i2X-FIRST.pdf


Design Evaluation: Scope and Procedures

14
Source: 

IEEE

https://www.esig.energy/wp-content/uploads/2024/07/SHATTUCK-2_IEEE-P2800.2-Slides-for-i2X-FIRST.pdf


Design Evaluation: Scope and Procedures

15
Source: 

IEEE

https://www.esig.energy/wp-content/uploads/2024/07/SHATTUCK-2_IEEE-P2800.2-Slides-for-i2X-FIRST.pdf


Verified Plant Models: EMT Reality

16
Source: 

IEEE

https://www.esig.energy/wp-content/uploads/2024/07/SHATTUCK-2_IEEE-P2800.2-Slides-for-i2X-FIRST.pdf


Verified Plant Models: EMT Reality

17
Source: 

IEEE

https://www.esig.energy/wp-content/uploads/2024/07/SHATTUCK-2_IEEE-P2800.2-Slides-for-i2X-FIRST.pdf


Putting It All Together

18
Source: 

IEEE

https://www.esig.energy/wp-content/uploads/2024/07/SHATTUCK-2_IEEE-P2800.2-Slides-for-i2X-FIRST.pdf


IBR Controls Review



IBR Controls?

• Understanding IBR controls is important to:
• Understand how device will act on the system

• Understand what “expected behaviour” may be

• Understanding nature of inverter-related instability

• Diagnose / debug EMT model issues

• Facilitate constructive conversations with OEMs / 
developers

• Understand difference in types of controls for wind / PV / 
BESS / GFM

Slide 2



Wind Turbine – Type 3
• Type 3:  Doubly Fed Asynchronous Generator

• Wound rotor connected through a converter to the grid.

• Converters rated to approximately 30% of machine rating

• Rotor speed can vary +/- 30% of synchronous speed
• Much improved energy harvesting compared to older fixed-speed designs

• Independent P/Q control

3



Full Converter
• Type 4 WTG:  Generator connected through fully rated converters

• Can use induction or synchronous generators
• Generator speed is decoupled from grid frequency
• Gearbox optional

• PV Inverter:
• Interface similar to Type 4 (full converter), with fewer mechanical constraints (e.g. can reduce power 

from PV immediately, no crowbar needed)

• BESS Inverter:
• Similar to PV, plus fast bi-directional power flow

4



Outer and Inner Controls

5

Inner current controlsOuter P, Q controls

Id control

Iq control

P control

Q control

PPC Inputs



PLL and firing controls

• Simplified voltage source approximation of IGBT 
bridge (average source model): 

• Id, Iq measurements also based on PLL angle:

6
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PLL and firing controls

• Full IGBT
representation:

7

GA_1

GA_2

GA_3

GA_4

GA_5

GA_6

2

1

2

3

2

5

2

4

2

6

2

2

A Converter 1 +ve pole

(Inverter)

IDCA_c

4
0
0
0
0
 [u

F
]

VDCA
1
E
6
 [o

h
m

]

+

RlineDC

Ic
a
p

1

DCOV

+ R
C
h
o
p

 R
=

0

V

K
B

VDCRated

VDCphaseA



PLL and firing controls

Full IGBT
representation:
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EMT Model Testing & Intake



EMT Model Intake

• Why collect and check EMT models?

• High quality, well verified models needed for EMT studies

• Lack of usability - > challenging or impossible to use in study

• Lack of accuracy -> inaccurate studies (limited value)

• Lack of basic performance -> likely won’t work well in a system study

• Should you collect models for all plants, even if not under study?

• Yes! insurance for when you need to include that plant in a future study

• difficult to get accurate models for plants after COD



EMT Model Intake – Model Requirements

• Process that must include:
• EMT model requirements

• Accuracy:  Is it detailed and correct? Validated?
• Usability:  Does it function within a study context?
• Site-specific:  Does it represent the equipment being used?
• Documentation

• Performance Testing:  Is the plant likely to conform with basic performance needs 
for the system?  (Note that usually a full study is the final arbiter of “acceptable 
performance”)

• Documentation

• May include:
• Benchmarking between EMT and RMS models
• Testing of specific capability (e.g. GFM)



EMT Model Intake – Performance Testing
• Tests may include:

• Fault ride-through and recovery
• Voltage / Frequency, Phase-jump, 

and RoCoF ride-through
• Voltage / Frequency support 

verification
• Weak-system performance testing
• Specific capability testing (e.g. 

GFM)

SCR from 3 to 
2.5

IBR plant



Terminology & timelines note
• Late 2000’s – present: Electranix Model Requirements (EMR)

• Earlier versions emphasis on model accuracy & usability, with basic performance tests 
(i.e. check 3LG FRT at SCR 3) added later

• Rev 13 (2025) performance tests roughly match proposed 2800.2 SG3 (~50 tests) 

• 2020: ERCOT MQT (Model Quality Testing)
• Accuracy emphasis plus some ERCOT-specific performance requirements

• 2022: IEEE 2800-2022 Appendix G EMT Dynamic Modelling Requirements
• Draft IEEE 2800.2 Terminology:

• Design Evaluation: Tests plant model against many IEEE 2800 performance requirements. 
Should not replace EMT interconnection study (if warranted), but likely the only EMT 
study that most plants get

• MQT: Preliminary check on model accuracy and basic performance

• Many others along the way
• Today’s Landscape?

Slide 5



Electranix Model Requirements Walkthrough
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Electranix Model Requirements Walkthrough
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Electranix Model Requirements Walkthrough
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Electranix Model Requirements Walkthrough

Slide 9



EMR Performance Tests

• Based on IEEE 2800 requirements

• Recommend using a moderately weak SCR (e.g. 2.5) for most tests

Slide 10



Performance Tests

• Initialization (flat run)
• Check that plant can 

initialize correctly for all 
considered initial conditions

• Check Pmax, Pmin, possibly 
Qmax, Qmin

Slide 11

EMR



Performance Tests
Low-voltage ride through (fault tests)
• Option 1: zero-impedance infinite bus, 

play in ride-through curve
• Tests exact limits, but grid model unrealistic

• Option 2: use source impedance and 
fault impedance as voltage divider
• Less precise POI voltage, allows for testing 

with non infinite source

Slide 12

IEEE 2800:

V_IBR ~ = 0.5 when Zsource = Zfault

EMR



Performance Tests
Low-voltage ride through (fault tests)

• Response during low-voltage:

Slide 13

IEEE 2800:



Performance Tests
High-voltage ride through

• Infinite bus play-in ride-through curve

• Alternatives?

Slide 14

IEEE 2800:

EMR



Performance Tests
Steady-State Voltage Response Test

Slide 15

IEEE 2800:
EMR



Performance Tests
Power Reference Step Test

No time requirement in IEEE 2800

Slide 16

EMR



Performance Tests
Grid Frequency Response Test

Slide 17

EMR

IEEE 2800:



Performance Tests
Grid Phase Angle Step Tests
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EMR

IEEE 2800:



Performance Tests
SCR Change Test (informational, to a degree)
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EMR

No such 
requirement in 
IEEE 2800



Protection Inclusion Test

Slide 20

EMR

No such 
requirement in 
IEEE 2800



Basic Test Component
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Basic Test Component
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Basic Test Component
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Basic Test Component – Add More Detail?

Slide 24

• Initialization
• Back calculate voltage source V, angle based on P, Q, V at POI

• Calculate Vref needed for a given POI V, Q

• Use fast tap-changer to properly initial tap (if no load-flow solution available)

• Standardized and detailed plotting
• Terminal and POI quantities

• Various sequence components, harmonic components, etc.

• Dedicated external automation. May include automated post-
processing for success criteria (reporting), automated benchmarking 
with other simulation platforms, etc.



Workshop – IBR Performance Issues
Example #1 Main : Graphs
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• Root Cause?

• Fix?



Workshop – IBR Performance Issues
Example #2
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Main : Graphs
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Workshop – IBR Performance Issues
Example #3
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Main : Graphs
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EMT System Modelling



System Model Construction and Quality 
Assurance

https://www.iso-ne.com/static-assets/documents/2020/04/new-england-geographic-diagram-transmission-planning.pdf

Consider:

1. How big?

2. What detailed models to include?

3. How to construct the model?

4. Can we validate it?

Keep in mind:

▪ Practical vs Accurate (assumptions!)

▪ Data availability, timelines, budgets

?



Kept System Selection

• Not feasible to include full interconnect

• What are you looking for? Fast phenomena -> small system, slow 
phenomena -> larger system

• Selecting is part science, part art!  Mix and match as appropriate…

Too Small                                                                                                                 Too Big

-Missing key device 

dynamics (machines, HVDC, 

etc.)

-Network Equivalents having 

outsized impact on dynamics

-System capacitance 

cancelled-out in equivalent

-Slow simulation

-Modelling burden

-less “usable” model

-Dynamics de-coupled by strong 

bus? (“boundary of strength”)

-Frequency response?

-Keep distribution?

Engineering judgement & 

experience!



Kept System Selection:
Frequency Response 

• Ideally, model a large enough 
system to get a valid electro-
magnetic response from system

• Shunt capacitors and long 
transmission lines dominate the 
electrical frequency response 
(remainder is inductive)

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Z

Hz

5 Buses Away

7 Buses Away

9 Buses Away

(187 buses)

(332 buses)

(691 buses)



Detailed Models to Include:
Nearby IBRs

Impact of Nearby Inverter-Based Resources

▪ Wind plants, solar plants, STATCOMs, SVCs, HVDC

▪ Interaction risk is strongly dependent on controls & tuning

▪ Screening methods are limited, but coupling between 

inverters (and risk of interaction) is stronger on weak grids

▪ Unable to assess interactions without EMT models

Technical References
▪ CIGRE “Connection of Wind Farms to Weak AC Networks” B4.62, 

Technical Brochure 671

▪ ERCOT Panhandle Renewable Energy Zone Study Report

Grid

PV

Wind

POI

Reduced Coupling

Grid

PV

Wind

POI

Increased Coupling

http://www.ercot.com/content/news/presentations/2014/Panhandle Renewable Energy Zone Study Report.pdf


Detailed Models to Include:
Transmission Lines

▪ “Detailed” relative to loadflow-derived data

▪ Where does it matter?

▪ “focus area” vs boundary region

▪ Transmission lines: Pi-section vs Bergeron vs frequency dependent, mutual coupling

▪ Transformers: Winding Configuration, Saturation, multi-limb vs 3-phase bank

▪ Loads: ZIP vs CLOD / CMLD style vs non-generic

▪ non-IBR generation: standard library models



Detailed Models to Include:
Transmission Lines

• Load-flow derived models
• select based on simulation timestep 

and travel time

• Travel time > Time Step: Bergeron 
Traveling Wave Model

• Travel time < Time Step: Coupled PI 
Model

• Detailed T-lines:
• More modelling detail needed

• Conductor type, tower geometry, sag, 
grounding, bundling, etc.

7



Detailed Models to Include:
Transmission Lines
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Full System Model Construction
Generator Model Example

TE

Ef

Ef0

If

E

TM0

This circuit is translated from the PSS/E .dyr and .raw files

and automatically generated by E-TRAN...
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Can construct using PSPD 
machine dynamic data:



EMT Studies – Building System Model

• EMT type study normally deals with relatively small or medium size 
power systems

• Main challenges of building system models for large systems:

• Large amount of data entry (model building) is a challenge and 
time-consuming

• Easy to make errors

• Difficult to select appropriate kept and equivalent subsystems

• Difficult to use available load flow type data (PSS/E, PSLF and etc) 
maintained by most power utilities

Slide 10



System Model Construction 
(Electranix Approach)

Slide 11

Many PDT runs can 
be done to identify 
worst cases, 
understand wide 
area dynamics



Full System Model Construction
External System Modelling
• External network typically modelled 

as NxN admittance matrix with 
voltage sources behind impedance at 
N boundary points

• Voltage source can be passive, (fixed 
magnitude and angle), or dynamic 
(co-simulation)

• Custom network equivalents which 
imitate machine dynamics of external 
system also possible, but not easy 

Net

Equiv

Page



Full System Model Construction
Checking Accuracy
• How do we know the model is right?

• Steady state benchmark against loadflow solution
• Should be very close. Precise alignment is possible

• Short-circuit benchmark
• Beware of differences in IBR current contributions

• Dynamic benchmark against transient stability
• Best used to check local electro-mechanical response (inter-area modes may be missing in 

EMT)
• Won’t match if individual models (especially IBR) are not well benchmarked
• Consider inherent differences between tools

• Frequency Response Comparisons

• Field validation
• High speed recordings needed



Special Studies – SSO/SSCI



Type of SSO
Distinguish between terms…

• “SSR”: Sub-Synchronous Resonance
• Interaction between the mechanical/torsional masses in a 

generator (or wind turbine) and the electrical resonance from a 
series capacitor.

• “SSTA”: Torque Amplification: Increase in peak shaft torques 
leading to higher fatigue.

• “SSTI”: Sub-Synchronous Torsional Interaction
• Interactions between the mechanical/torsional masses in a 

generator (or wind turbine) and a power electronic device (such 
as an HVDC link, SVC, IBR etc…).

• “SSCI”: Sub-Synchronous Control Instability
• Interactions between a power electronic device (such as an HVDC 

link, SVC, IBR etc…) and a series compensated system.

• “SSFR”: Sub-Synchronous Ferro Resonance
• Interactions between a saturated transformer and a series 

compensated system.

Series Cap
Power 

Electronics
Gas Turbine Transformer

Series Cap -- SSCI SSR SSFR

Power 

Electronics
SSCI

Control 

Interaction
SSTI --

Gas Turbine SSR SSTI -- --

Transformer SSFR -- -- --



Real World SSCI Events
(IEEE transaction on power systems: Yunzhi Cheng et all :Real-World Subsynchronous Oscillation Events in Power Grids with High Penetrations of Inverter-Based Resources)

1. (2007) A SSO event occurred in south central Minnesota when a 100-MW type-3 wind power plant (WPP) was inadvertently left radially connected to a 
345-kV series compensated transmission line.

2. (2009) Tripping of a transmission line left multiple type-3 WPPs radially connected to a series compensated 345-kV transmission line in South Texas. 
Large 20-30 Hz overcurrent appeared within 150 ms, causing severe damage to the series capacitor and WPPs. Wind controller was modified.

3. (2010) Oklahoma Gas & Electric (OG&E) observed 13-Hz oscillations at two nearby WPPs. The oscillations occurred when wind farm output was above 
80 percent of its rated level and the magnitude of oscillation reached 5% of the 138-kV voltage.: Wind controller was modified.

4. (2011) 4-Hz oscillations were observed at a type-4 WPP in Texas region after a transmission line tripped.

5. (2011-2014) Since 2011, oscillations were observed by BPA during high wind generation conditions. A 450MW type-4 WPP located in Oregon was 
identified as the source. Voltage controller was modified.

6. (2011-2012) OG&E reported two wind oscillation events, one in December 2011 and another one in December 2012. Both were triggered due to line 
outage. For the 2012 event, 3-Hz oscillations appeared at a 60-MW WPP after a line outage. Wind controller was modified.

7. (2012-2013) During the one-year period, more than 58 oscillation events were reported in North China with oscillation frequency of 6-9 Hz. The 
oscillations ocurred due to interaction between tye-3 WPPs and 500-kV double circuit series compensated transmission lines connecting Guyuan
station with Inner Mongolia and North China grids.  SSCI

8. (2014-2015) 30-Hz oscillations appeared when type-4 WPPs located in Xinjiang China with connection to a 750 kV system started to export power. The 
oscillations spread to the main grid and caused the subsynchronous resonance (SSR) protection relay of a 600-MW thermal power plant located 48 km 
away to trip the power plant. Initial research indicated that such oscillations are triggered due to interaction between WPPs with weak grid 
interconnection. SSR, SSTI and SSCI

9. (2015) Poorly damped 20-Hz oscillations were observed in root mean square (RMS) voltage of a 44-kV distribution feeder in Hydro One, Canada after 
the energizing of a 30 MVAr shunt capacitor at the substation. Weak system 
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10.(2016) In November 2016, PMUs captured oscillations for multiple days at a solar farm in AEP.

11.(2017) 37-Hz and 63-Hz oscillations were observed in instantaneous voltages and currents at a 600-MW type-3 WPP (300 turbines, each 2 
MW) connected to a 220 kV grid in northwest China.

12.(2017) 7-Hz oscillations in real power, reactive power, and RMS voltage appeared in a First Solar’s solar farm in California. Weak system and 
PV controller was modified.

13.(2017) Three separate SSO events occurred in South Texas. The frequency range is 22-26 Hz in instantaneous currents. Wind controller was 
modified.

14.(2015-2019) 7-Hz voltage oscillations were observed in Australia’s West Murray zone under low system strength and high penetrations of 
IBRs. Weak system 

15.(2018-2019) 3.5-Hz oscillations were observed in real power and reactive power measurement for two 230 kV type-4 WPPs in Hydro One 
after a planned 230-kV bus outage. The outage caused a significant reduction in system strength viewed from the WPPs. A nearby 150 kV 
solar PV also reported undamped reactive power oscillations. Weak system 

16.(2019): 9-Hz oscillations were observed 10 minutes before the August 2019 Great Britain (GB) power system disruption . Weak grid 
oscillations were later identified as the reason why an 800-MW offshore WPP went to the de-loading stage. The WPP vendor upgraded the 
control software afterwards. Weak system and wind  controller was modified

17.(2020) 7-Hz oscillations, 17-19 Hz voltage oscillations were reported for the Southeast Australia region including Victoria, New South Wales, 
etc. Weak system 

18.(2021) 22-Hz oscillations in RMS voltage related to a solar PV farm were reported by Dominion Energy in eastern U.S.. In instantaneous 
currents and voltages, 38-Hz and 82-Hz components were observed.

19.(2021-2022) South Africa

Slide 4



When SSO studies are Required
• SSO event occurs, leading to sustained oscillations or the tripping of multiple 

plants and potential equipment damage.

• High concentration of inverter-based resources (IBRs) located near series-
compensated lines.

• Installation of new series-compensated transmission lines in proximity to 
existing IBRs or synchronous generators.

• Adding non-series-compensated lines in proximity to existing series-
compensated infrastructure.

• Integration of IBRs or large loads close to synchronous generation.

• Adding SVCs, STATCOMs and HVDC near series compensation or 
synchronous generators.



1. Screening Studies

• SSR/SSCI: Harmonic Impedance Scans (dynamic and passive)

• SSTI: Unit Interaction Factor/ Radiality factor: based on short circuit calculations
2. Advanced Screening Studies

• System wide eigen-analysis which uses curve-fitting of frequency scans to 
represent state equations of black-box models

3. Perturbation Analysis/combined impedance analysis

• SSR/SSTI: Used to evaluate generator electrical damping vs frequency

• SSCI: Used to evaluate Effective Dynamic Impedance of a power electronic 
device

4. Full Detailed Time Domain Analysis

• SSR/SSTI/SSCI/SSFR/SSTA: Uses fully detailed models of all devices

Types of SSO Analysis



SSCI Risk : Screening
Network Scans

WT

1

2

3

4

5

25 = 32 combinations    

2n (where n is number of 
transmission elements which can 
be taken as outages)



SSCI Risk : Screening
Passive System scanning and identifying SSCI risk at 
each IBR location with and without upgrade

Check for

• Increase in resonant frequency
• Increase in percentage inductance dip 
• Whether inductance cross the X axis at resonance

System X vs. Frequency

Pre - upgrade Post - upgrade

Requires further detailed 
investigation
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SSCI Risk: Screening
Dynamic Frequency Scan

WT 1

HV

WT 2

LV
MV

PPC

Dynamic FS

V, I
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SSCI Risk: Screening 
Dynamic Frequency Scan Results

Type 3 with and without SS 
damping controller

Type 3 and Type 4
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SSCI Risk: Screening
Adding Dynamic and Passive Scan Results
• Dynamic impedance scans of the inverters and system impedances can be added together 

to estimate the overall damping and resonant frequencies for critical contingencies. 
(Caution is required, there are approximations built into this!).  It is important to note that 
these are screening techniques.  All final conclusions must be based on fully detailed time 
domain simulations of critical contingencies.



SSR Risk : Screening
Damping calculation of synchronous generators 
compared against mechanical damping

Pre - upgrade Post - upgrade

Requires further detailed 
investigation



SSR Risk:
Dynamic Frequency Scans (Perturbation)

Slide 13

• Force the speed to be 1 pu plus a small 
oscillation at 5-55 Hz

• Measure the relative magnitude and angle 
between the electrical torque and delta W

• The electrical damping is the real part of 
dTe/dW



SSTI Risk : Screening
Perturbation Analysis of synchronous generators with detailed 
IBR plants

• Installing IBRs near 
synchronous generators 
may lead to increased 
negative damping at 
the generator terminals 
and shift the negatively 
damped regions toward 
the torsional mode 
range

Synchronous generator 
Damping plots with IBR 

not in service

Synchronous generator 
Damping plots with IBR in 

service



SSFR Risk
• A saturated plant transformer can oscillate with a series capacitor, leading 

to undamped oscillations that may require either tripping the plant or 
bypassing the series capacitor to stop them. 

• The situation worsens when multiple plants are connected in close 
proximity to the series capacitors.

Field Measurement- Current EMT Simulation - Current



SSTA Risk : Detailed Study
• Fatigue curve / S-N Curve

• FLE : Fatigue Life Expenditure

• Generally, FLE = 1% for a fault is 
acceptable 

• Introducing series compensation 
can elevate the torque experienced 
by the generator shaft, potentially 
causing mechanical failure

• Depends on fault clearing time

shaft fails after 
10 occurrences 
of 1.1 per unit 
torque :  FLE = 

100%

FLE % 
sensitivity to 
fault clearing 

duration

Sample Cyclic 
Torque Event 

and Percentage 
of FLE Utilized - 

Cumulative



Data Requirement at Each Stage of SSO 
Studies

Study Stage

Screening Studies Detailed EMT Studies
High Level  

system 
Screening 
for SSCI 
and SSR

Detailed 
SSCI 

Screening 

Detailed 
SSR 

Screening 
SSFR SSTI SSTA

Power flow case and dynamic 
data records

Yes Yes Yes Yes Yes Yes

Detailed IBR EMT model Yes Yes Yes
Synchronous generator 
torsional model

Yes Yes Yes

Torsional mechanical damping Yes Yes Yes

Detailed system model Yes Yes Yes



Potential Mitigation and Protection Measures 
for SSO Issues

SSO Issue Mitigation and protection schemes

SSCI
IBR inverter 

and PPC  
tuning

Addition of 
GFM BESS 

with positive 
damping

RAS schemes SS relay

SSR RAS schemes
SSDCs on 
excitation 
systems

Passive damping 
Filters /Blocking 

Filters

Torsional 
Stress Relay 

(TSR)

SSFR RAS schemes
Switchable 
Arresters

SS relay

SSTI
IBR inverter 

and PPC  
tuning

Addition of 
GFM BESS 

with positive 
damping

RAS schemes
Passive damping 
Filters /Blocking 

Filters

Torsional 
Stress Relay 

(TSR)

SSTA RAS schemes
Passive damping 
Filters /Blocking 

Filters

Torsional 
Stress Relay 

(TSR)



Challenges in SSO Studies
• Detailed System Modeling: Includes accurate representations of series compensation and 

frequency-dependent transmission line models.

• Accurate IBR EMT Models: Must be consistent with the actual field firmware to accurately 
reflect dynamic behavior and requires OEM-provided models.

• Synchronous Generator Shaft Modeling: Requires torsional models with mechanical damping 
data, along with FLE/S-N curves. (Nearly impossible to get from OEMs)

• Multi-Stakeholder Coordination: Involves collaboration among OEMs, TOs, and ISOs :  and 
complex NDAs.

• Time-Intensive EMT Simulations: EMT studies are complex and require significant time, 
knowledge and computational resources.

• Mixed SSR and SSCI Interactions: Systems may exhibit a combination of SSR and SSCI, which can 
be difficult to isolate and analyze.

• Numerous Operating Scenarios: A large number of possible network conditions and concurrent 
transmission projects increase the scope and complexity of the study.



SSO/SSCI Example study

750 MW PV + 750MW GFM BESS Project

Heavily series compensated system



Network Topology

• 500 kV System

POI 
500 kV

PV BESS X 3

250 MW  + 250 MW

Presence of multiple series resonance modes 
within the 15 Hz to 48 Hz range



Detailed System and Plant EMT Model

• Three equivalent feeders with 250 MW each (750 MW)

• Equivalent collector systems

• Detailed custom tuned OEM PV inverter and GFM BESS Inverter

• Detailed custom tuned OEM PPC to site conditions

• Transformer Neutral Grounding Reactors (NGR)

• Plant HV and MV arresters

• Transformer Saturation 

• Series Capacitors with MOV and protection

• Detailed transmission line models



Screening: Passive Frequency Scan
System side

• The passive frequency scanning method 
looks for electrical resonances in the system 
in the range of 2 Hz to 55 Hz.

• Series system resonances can be observed 
when a series compensated line is radially or 
near radially connected to a generator. 

• If a generator is radial to a series 
compensated line then the system 
inductance is negative at lower frequencies 
and turns positive above the series 
resonance frequency.

• If a generator is connected to a series 
compensated line parallel with other lines 
(or shunt devices), then a dip in the 
reactance can be observed. 

Radial 
Case to 
series 

capacitor

Near 
Radial 
Case to 
series 
capacitor



Screening : Dynamic Frequency Scan

• Small magnitude voltage harmonics 
are injected to the fundamental 
waveform at the POI of an IBR plant 
at a range of sub-synchronous 
frequencies.

• R and X values are calculated at the 
IBR plant terminal for each sub-
synchronous frequency.

IBR Side



Dynamic Frequency Scan Results

• Dynamic Frequency Scan Results

750 MW PV 750 MW GFM BESS

750 MW PV + 750 MW GFM BESS
R becomes 
negative at 

32 HZ

R becomes 
negative at 

48 HZ

R 
becomes 
negative 
at  45 Hz



Contingency Selection
Adding Dynamic and Passive Scan Results
• Dynamic impedance scans of the inverters and system impedances can be added together to 

estimate the overall damping and resonant frequencies for critical contingencies. (Caution is 
required, there are approximations built into this!).  

• It is important to note that these are screening techniques.  All final conclusions must be based 
on fully detailed time domain simulations of critical contingencies.

Unstable SSCI Unstable SSCI



What are the Worst-Case Contingencies ?

Resonant Frequency 
L : Total inductance
C : Total Capacitance

L f
• Adding more generation
• Additional network 

expansion

• Unstable SSCI Frequency 
range

C f• Adding more series 
Compensation in Series

• Unstable SSCI Frequency 
range

C f• Adding more series 
Compensation in Parallel

• ?



Screening Analysis Results

• Having all series capacitors in service does not represent the worst-
case scenario for SSCI – Location and topology specific

• The most severe resonance and highest negative damping occur 
when the system is radial to a single series capacitor – Location and 
topology specific



Detailed Time-Domain Results
750 MW PV Only in-service
• Post fault SSCI and subsequent ride-

through failure under N-3 conditions 
caused by phase overvoltage

• SSFR concerns under N-3 conditions: 
It was recommended to install and 
properly tune a sub-synchronous 
detection relay to disconnect the 
plant during SSFR events.

• The plant's inability to ride through 
faults masks underlying SSCI issues 
associated with the PV system.

Post fault SSCI and subsequent ride through failure and SSFR Oscillations
Unacceptable

SSCI FRT 
Failure

SSFR



• Post fault ride-through failure under N-3 
conditions caused by phase overvoltage : 
Acceptable under IEEE - P2800

• SSFR concerns under N-3 conditions: It 
was recommended to install and properly 
tune a sub-synchronous detection relay to 
disconnect the plant during SSFR events.

• No SSCI Oscillations

Acceptable

Detailed Time-Domain Results
750 MW BESS Only in-service



• Post fault SSCI and subsequent ride-
through failure under N-3 
conditions caused by phase 
overvoltage

• SSFR concerns under N-3 
conditions: It was recommended to 
install and properly tune a sub-
synchronous detection relay to 
disconnect the plant during SSFR 
events.

• The plant's inability to ride through 
faults masks underlying SSCI issues 
associated with the PV system.

Unacceptable
Post fault SSCI and subsequent ride through failure and SSFR Oscillations

Detailed Time-Domain Results
750 MW PV + 187 MW GFM BESS (25% units) in service



Acceptable

• Successful plant Ride 
Through for all selected 
contingencies

• No SSFR Oscillations

• No SSCI oscillations

Detailed Time-Domain Results
750 MW PV + 375 MW GFM BESS (50% units) in service



Recommendations

• To ensure SSCI stability under current system conditions, at least 50% of 
the BESS GFM inverters must remain in operation.

• It is recommended to install and accurately tune a sub-synchronous 
detection relay to trip the plant during SSFR events.

• Enhance the SSCI performance of the PV inverter through additional 
tuning .

• It is strongly recommended to update the inverter firmware to reflect the 
parameters of the tuned EMT model.

• Perform a cluster-based SSCI EMT study that includes other nearby plants 
in the interconnection queue.



Large Data Center Load 
Study Considerations



Types of Large Loads: Hyperscale Cloud

• Purpose:  IT resources for shared use across the internet.

• Owned by:  Cloud service providers (CSPs) 

• Size:  10’s to 100’s of MW

• Examples:
• Amazon Web Service (AWS), Google Cloud Platform, Microsoft Azure
• Netflix, Amazon shopping, Office 365, Google search, etc.

• Interface Hardware:  
• Cooling by Variable Speed Drive, sometimes with active filter
• IT infrastructure behind distributed power distribution, behind UPS
• Office lighting and admin computing
• Diesel generator backup

Slide 2



Types of Large Loads: Crypto Mining

• Purpose:  Calculation of Bitcoin, Ethereum, and other Cryptocurrency 
tokens.

• Owned by:  Private developers

• Interface Hardware:  
• Cooling by natural wind or forced air

• IT infrastructure behind small power supplies (no UPS)

• No generator backup

Slide 3



Types of Large Loads: AI Inference

• Purpose:  Distributed user requests to access trained models.

• Owned by:  Private developers or Hyperscale AI

• Size:  100’s MWs to >1GW

• Examples:
• Google gemini search, GPT user requests, etc.

• Interface Hardware:  
• Similar to hyperscale cloud computing, but potentially lower reliability 

requirement (eg. may use UPS)

Slide 4



Types of Large Loads: AI Training

• Purpose:  Training major AI models for use in inference.

• Owned by:  Private Developers or Hyperscale AI

• Size:  100’s MWs to >1 GW (in aggregate up to 5 GW)

• Examples:
• Microsoft, Oracle, xAI, Amazon, Meta

• Key Feature:  Variable active power output.

• Interface Hardware:  
• Same as AI Inference

Slide 5



Background: Large Load Characteristics

Slide 6

• AI training processes can 
exhibit fast variation in active 
power.

• Data center loads are not 
designed to ride through 
system events (UPS doesn’t 
count)

• Loads are a mix of types of 
converter based interfaces



Summary of reliability risk categories
• The following are categories of risk that may drive requirements and/or 

studies:
• Basic powerflow considerations
• Active power variation

• Synchronous generator damage
• Flicker
• Machine mode oscillations
• Interarea oscillations

• Ride-through failure
• Load rejection overvoltage
• VAR adequacy
• Resource adequacy

• Passive damping
• SSCI instability

Slide 7



Basic Powerflow Studies:

• Ensure the following:
• Sufficient generation exists (careful with “imports will handle it”)

• Can serve the full load under outage conditions

• VARs available to control the voltage for various transfer scenarios

• VARs available for fast changes in load

Slide 8



Reminder…  Synchronous Generator Shaft

Slide 9



Active Power Variation Studies:

• Synchronous generator damage risk evaluation:
• EMT simulation is required
• Model detail of synchronous machine shaft system
• Use various load profiles to force oscillations into the grid, including 

components of torsional frequencies
• Measure generator shaft torques and terminal active power variation
• Compare the torque and active power against machine long term capabilities
• Alternative:  compare load output power against variation criteria.
• Data Required:

• Synchronous machine shaft models
• Range of potential load profiles
• Detailed grid model
• Mechanical and electrical limit data for machines, or requirement criteria

Slide 10



Example (ERCOT study)

Slide 11

Loa
d

Synchronou
s Machine

Infinit
e Grid

Zm

Z
g

345 kV

18 
kV

34.5 
kV

34.5 
kV

0.48 
kV

Zc

Key Parameters:

• Machine Rating = 100 MW

• Synchronous machine key torsional mode:  
12 Hz 

• Load profiles: 
• Profile 1 (S1 – S8):  Fixed frequency square wave 

varying between 25 MW and 100 MW with a 
ramp rate of 10 MW/1ms

• Profile 2 (S9 – S16):  Proxy waveform mimicking 
measured AI training load profile

Scenario 
No.

Load Variation

Max Pk-Pk Active Power Variation* 
(Generator electrically close: Zm = 0)

Alternating Torque

At the Load At the Machine At the Grid Tau12
(pu)

Tau23
(pu)Hz MW MW MW

S1 Load profile 1 at 2 Hz 76.81 32.98 77.81 0.233 0.234

S5 Load profile 1 at 12 Hz 77.61 11.89 82.55 5.124 5.028

S9 Load profile 2 85.55 6.21 87.44 0.042 0.042

S13 Load profile 2 with 12 Hz oscillations 88.86 8.09 92.22 0.993 0.974

*Note:  Split of active power between machine and grid is initially determined by impedance split, and the final variation will 
depend on the frequency of the variation and other machine characteristics over time.  Ref. ERCOT LLWG October 24 meeting:



Load profile 2 with 12 Hz – Scenario S13 (similar to paper on 
slide 6)  1pu Torque…  strong Torque Amplification!

Slide 12

Torque 12

Torque 23

Per unit 12 Hz
Component

P Load

P Gen

P Grid



Some additional study challenges

• Data is very hard to get for load
• Limits on load variation

• Harmonic profiles

• Sufficiently detailed models to quantify damping

• Ride-through capability

• Data is very hard or impossible to get for synchronous machines
• Multi-mass data

• Physical design limits

• Studies require specialist skills (EMT experts with special training)

Slide 13



Active Power Variation Studies:
Flicker
• Flicker:

• EMT simulation may be required

• Flicker can be evaluated simply using powerflow tools (worst case)

• Flicker can be more precisely quantified using simulated flicker meters

• Data Required:
• Synchronous machine shaft models

• Range on load profiles, particularly ramp rates, magnitudes, and frequency content limits

• Measurements are useful

Slide 14



What about harmonics?

Slide 15

• Some events were 
recorded of large 
harmonics associated with 
data centers…

• What is needed is a 
frequency dependent 
Norton equivalent source

• Perturbation techniques 
can be used to derive 
impedances, and currents 
can be measured in strong 
testbeds (EMT and/or site 
measurement)

Study!

• Frequency-dependent impedance 
characterization is done for the 
external system under many 
operating conditions

• Harmonic sources are added

• Multi-port harmonic “powerflow” 
is calculated to create a family of 
possible voltage amplifications, 
add existing measured 
background harmonic voltage 
distortion, and check harmonic 
voltage distortion, and harmonic 
current ratings of equipment



Active Power Variation Studies:

• Machine mode oscillations and interarea oscillations :
• Phasor domain (transient stability) tools are used to force the load at key 

machine or system modes

• Special data required:
• Transient stability models for load with flexible variation profiles

• Range on load profiles

• Detailed grid model

• Data on machine mode frequencies

• Data on interarea mode frequencies and drivers for oscillations (if interarea oscillations 
are being studied)

Slide 16



Ride-through background…

• Small voltage depressions may lead to load disconnections…

Slide 17



Ride-Through Impact Studies

• Need to ensure that bulk regional disconnection and reconnection (or 
not) of load will not:
• Cause load-rejection temporary overvoltage

• Results in IBR or STATCOM tripping

• Cause problems with VAR adequacy or dynamic voltage problems 
• Adversely impact frequency of the grid
• Impact generator resource commitment or create dispatching problems.
• Study tools may be a mix of Phasor Domain and EMT

• Special data required:
• Ride-through characteristics of the load
• Ride-through characteristics of nearby devices in the system

Slide 18



Thinking about dynamic VARs!

• Steady state voltage studies (powerflow) are usually used to 
determine VAR requirements.  Shunt caps are the preferred option to 
regulate load transfers because they are cheap, and traditionally load 
doesn’t move too fast.  Dynamic VARs are often used for load when 
voltage recovery is problematic (eg. induction motor loads).  But…

Slide 19



What is the problem with switched Caps?

1. Caps can be switched off, but not 
immediately switched on (without 
special designs).  Large, fast load 
changes will drive large, fast voltage 
changes!

2. Switching caps causes transients on 
the system, and wear and tear on 
breakers.

3. Caps weaken the power system by 
increasing effective 60 Hz 
impedance.

4. Caps increase the likelihood of 
problematic harmonic resonances in 
the system.

5. STATCOM solves all of the above, 
but requires money and time!

Slide 20
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Passive Damping Studies

• SSCI and SSTI are well known phenomena whereby power electronic 
controls add to or remove damping from the grid.  

• If damping becomes negative at an electrical resonance point (eg. Series 
caps) or at a mechanical resonance point (eg. Machine torsional), 
instability can occur.

• Study is performed in EMT
using very detailed models

Special data required:
• Dynamic impedance

characteristics of the load
• Dynamic model of the rest of 

the grid

Slide 21



What kind of models do you need?

• As always, it depends on what kind of study you’re doing…

• You need to collect the appropriate models for the type of concern 
you are evaluating!

Slide 22

EMT model ≠ EMT model
PDT model ≠ PDT model



Draft study/model matrix…

Slide 23

Concern

EMT Model 

with protection 

(OEM specific)

EMT Model 

including switching 

circuitry (OEM 

specific)

EMT Model including 

grid-facing control 

representation 

(OEM specific)

EMT Model with 

software cycling

(OEM agnostic)

OEM Specific 

Harmonic Model 

(Norton Source)

Powerflow 

Model

PDT Model 

with software 

cycling

PDT Model 

without software 

cycling

SSTI screening (eg. UIF) No No No No No Yes No No

SSTI due to software cycling No No No Yes No No No No

Torque impact due to fast changes in load No No No Maybe No Maybe Maybe No

SSTI due to control damping No No Yes No No No No No

SSCI due to control damping No No Yes No No No No No

Harmonic model creation No Yes* Yes* No No No No No

Harmonic evaluation Maybe Maybe Maybe Maybe Yes No No No

Flicker evaluation No No No Maybe No Yes No No

Ride-through sensitivity Yes* No Yes* No No No No No

Ride-through impact Maybe No Maybe No No No No Maybe

Frequency impact Maybe No No No No No No Maybe

IBR/FACTS interaction impact Maybe No Maybe Maybe No Maybe Maybe Maybe

Machine mode oscillations due to software cycling No No No Maybe No No Yes No

Interarea oscillations No No No No No No Yes No

Resource balancing due to ramping No No No No No Yes No No

Steady state constraints No No No No No Yes No No

Dynamic VAR margin No No No No No Yes No Yes

*Alternative to EMT modeling could be detailed laboratory testing on OEM specific equipment



Competing Philosophies for Requirements:

Slide 24

Load interconnection request

Special impact studies 
(variation, ride-through, 

damping, etc)

Set requirements for 
individual load based 

on study outcome

#1: Individual 
Requirement

No study 
required

Set requirements for 
individual load based 

on study outcome

#2: Blanket Requirement to avoid 
studies, Individual requirement 

based on studies

Screen against conservative 
requirement (use IF, load type, etc)

Special impact studies 
(variation, ride-through, 

damping, etc)

#3: Blanket 
Requirement

Apply conservative 
requirement to all 
loads.  No special 

studies.PASS FAIL



Requirement Philosophy Pros and Cons:

Slide 25

Pros: 
- Maximum load flexibility

Cons: 
- Very heavy study burden
- Re-study may be needed if 

grid or load changes
- You may find yourself with 

zero margin

#1: Individual 
Requirement

#3: Blanket 
Requirement

Pros: 
- Expedited time frames for remote 

projects over alternative #1

Cons: 
- Study burden still heavy
- Re-evaluation may be needed if 

grid or load changes
- Possibility to miss issues depending 

on screening approach
- You may find yourself with zero 

margin again

Pros: 
- No study required.
- Accommodates future changes 

to the grid

Cons: 
- Possibility to over-constrain 

loads, which costs money and 
may make theoretically good 
projects unfeasible.

- Possibility to miss issues if 
requirements are set 
incorrectly

#2: Blanket Requirement to avoid 
studies, Individual requirement based 

on studies



Framework alternatives – Active Power Variation

1. Limit harmonic/sub-harmonic content in load active power.
Pros:
- Can target frequency ranges and limit magnitudes according to equipment limits

- Allows varied load profiles provided key frequencies aren’t introduced

Cons:
- Requires very careful specification of frequency content measurement  

- Requires understanding of how frequencies interplay with each other

- Requires understanding of how duration of perturbations interacts with magnitude of 
perturbations.

- May be more difficult to monitor and enforce, and more difficult to conceptualize.

- Data center loads may not be able to avoid certain frequencies.
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Framework alternatives – Active Power Variation

2. Limit absolute variation magnitude.  
Pros:
- Conceptually simple to understand

- Addresses multiple concerns

- Allows any type of load variation within the 
magnitude limit.

Cons:
- Hard to choose a single value that protects equipment adequately and doesn’t over-constrain 

load shapes.
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Framework considerations – Ride through

• You can use a ride-through profile (similar to IBR FRT curves) but…
• Does that mean no-trip or no-temporary-reduction (eg. UPS pickup)?

• If temporary reduction is allowed, how fast should they return?  1s?  
• Note:  Consider frequency, load-rejection overvoltage, dynamic voltage control, and how 

many loads may trip together for a common event.

• Load rejection of multiple collocated loads could cause significant temporary 
overvoltage. How can we fix this?

• Consider that many or maybe most loads will not be able to initially 
meet this criteria, particularly if you don’t allow temporary reduction.
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Example requirement:  ATC

• Load Interconnection Guide, rev 15 – published August 22, 2025 (pages 32-35)

• ATC Planning Criteria, V25 – published August 28, 2025 (pages 34-37)

• Uses a blanket requirement, but allows studies to prove exceptions.

• Uses absolute variation magnitude limit:  
<25 MW over any 5 second period

Slide 29

#2: Blanket Requirement to avoid 
studies, Individual requirement 

based on studies

https://www.atcllc.com/wp-content/uploads/Load-Interconnection-Guide_Rev-15_Final_082225.pdf
https://www.atcllc.com/wp-content/uploads/Load-Interconnection-Guide_Rev-15_Final_082225.pdf
https://cdn.misoenergy.org/ATC TO Planning Criteria108210.pdf
https://cdn.misoenergy.org/ATC TO Planning Criteria108210.pdf


Example Criteria:  ATC
(Loads > 200 MW)
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Example Criteria:  ATC
(Loads > 200 MW)
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Variability Mitigation
• “Load floor”

• HV/MV energy storage
• E-STATCOM with or without GFM BESS

• DC level (power supply) 
storage (eg Nvidia GB300 or DC storage)

• Low voltage GFM BESS or GFM BESS behind series 
reactor (+ load-tracking?)

• Full conversion UPS with large energy storage or 
supercapacitors

• Thyristor switched resistor

• Software mitigation?

Slide 32



Special Studies - Classical Studies



Classical Studies

• “Traditional” EMT Studies:
• TOVs, Line Design and Insulation Coordination
• Energize lines, cables, transformers, shunt capacitors
• Faults and recovery TOVs
• Rating and Performance studies

• Lightning
• TRV
• & more..

Good resource (one of many): 
https://www.pscad.com/uploads/knowledge_base/application_20guide_20
2008_1.pdf

https://www.pscad.com/uploads/knowledge_base/application_20guide_202008_1.pdf
https://www.pscad.com/uploads/knowledge_base/application_20guide_202008_1.pdf


Study Techniques

• Steady State
• Long Duration Time Domain Analysis
• Transient Stability Dynamic Performance
• EMT Dynamic Performance
• TOV and Switching Transients
• TRV and Lightning

Time Step



Lightning Studies – fast front transients
• Study objective: Determine impact of lightning strikes, i.e. is shield wire / surge arrester / insulation design 

sufficient to avoid damage to equipment
• Very fast lightning current surges (50-100 uS duration) striking either conductors or ground wires / tower

• Direct strike on conductor: risk of exceeding arrestor / insulation levels, flashover risk
• Strike on tower: risk of voltage build-up on tower exceeding insulation level (back flash-over)

• Important modelling details and assumptions:
• Ultra small time-step (nsec)
• Surge shape
• Stray capacitance
• Lead inductance
• Grounding/shielding
• Tower modelling
• Steep front arrester models

• Mitigation: 
• More surge arrestors, more grounding, more shield wires

Example Resource: https://www.pscad.com/knowledge-base/article/286

https://www.pscad.com/knowledge-base/article/286
https://www.pscad.com/knowledge-base/article/286
https://www.pscad.com/knowledge-base/article/286


Transient Recovery Voltage 
(TRV) Studies

• Study objective: Simulate how quickly the voltage across a 
breaker builds up when clearing a fault

• If voltage builds up too quickly, re-strike is possible
• IEEE/IEC standards define withstand voltages

• Modelling considerations:
• Small time steps, relatively small models required (1 station in-detail + 

FD T-lines out of station)
• Stray capacitance
• Detailed buswork modelling

• Mitigation:
• Check with breaker manufacturer on actual TRV withstand capability! 

May be higher than what is in standards
• If still failing, higher-rated breaker may be needed, or additional devices 

(e.g. surge/grading capacitor)

• Example Resource: https://www.pscad.com/knowledge-
base/article/683

https://www.pscad.com/knowledge-base/article/683
https://www.pscad.com/knowledge-base/article/683
https://www.pscad.com/knowledge-base/article/683


Switching Studies
• Line / transformer energization, faults, capacitor / reactor switching, open-line resonance, and 

more..
• Study objectives: determine peak overvoltages, peak arrester energies, verify equipment 

overvoltage ratings not exceeded, check for problematic resonances

• Modelling considerations:
• Medium-sized model (2-3 buses away may be sufficient) required for the correct frequency response

• Timestep of few uS to 50 uS (depending on phenomena)
• Point-on-wave effect for faults/energization

• Statistical switching
• Non-linear models important (saturation, remanence, frequency dependant lines etc…)

• Mitigation: 
• Will vary based on specific issue.. Harmonic filters, pre-insertion resistors, point-on-wave breakers, 

• Reference: https://www.pscad.com/knowledge-base/article/684

https://www.pscad.com/knowledge-base/article/684
https://www.pscad.com/knowledge-base/article/684
https://www.pscad.com/knowledge-base/article/684
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