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Antitrust Policy

▪ All WECC meetings are conducted in accordance with the WECC 

Antitrust Policy and the NERC Antitrust Compliance Guidelines 

▪ All participants must comply with the policy and guidelines

▪ This meeting is public—confidential or proprietary information 

should not be discussed in open session 
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Antitrust Policy

▪ This webinar is being recorded and will be posted publicly 

▪ By participating, you give your consent for your name, voice, 

image, and likeness to be included in that recording 

▪ WECC strives to ensure the information presented today is 

accurate and reflects the views of WECC

▪ However, all interpretations and positions are subject to change 

▪ If you have any questions, please contact WECC’s legal counsel 
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Agenda
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1. Welcome and Review WECC Antitrust Policy 

▪ Travis English, WECC—Training and Outreach Specialist 

2. Introduction to Workshop

▪ Steve Ashbaker, WECC—Reliability Initiatives Director

▪ Dr. Debbie Lew, ESIG—Associate Director

3. Advantages and Challenges of High Penetrations 

of IBR and Introduction to Grid-Forming IBR

▪ Jason MacDowell, GE Energy Consulting—Senior Technical 

Director

4. Applications of Grid-Forming IBR  

▪ Dr. Julia Matevosyan, ERCOT—Lead Planning Engineer 

5. Break 

6. Weak Grid Experiences in ERCOT   

▪ Dr. Julia Matevosyan, ERCOT—Lead Planning Engineer 

7. Export Stability Study Comparing Grid-Following 

IBR, Grid-Forming IBR, and Synchronous Machines  

▪ Nick Miller, HickoryLedge—Principal 

8. Break

9. Modeling of Grid-Forming IBR and Frequency 

Response in a 100% IBR

▪ Dr. Deepak Ramasubramanian, EPRI—Technical Leader  

10. Grid-Forming IBR in Wind, Solar, Battery Plants   

▪ Sebastian Achilles, GE Energy Consulting—Managing 

Director

11. Questions and Answers

12. Adjourn
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ESIG—Associate Director

Introduction to Workshop



Grid-Forming

Inverter-Based Resources Workshop

▪ WECC’s Reliability Risk Priorities

▪ Work of the Energy Storage Task Force and subgroups

▪ Activities of the Operating Committee Three-year Work Plan 

associated with energy storage and inverter-based resources

▪ Appreciation to ESIG, Debbie Lew, and colleagues
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• ESIG addresses the technical challenges for 

transforming energy systems through collaboration, 

education and knowledge sharing. Workshops, 

webinars, reports available freely at energy.esig

• 175 members worldwide broadly focused on 

decarbonization and integration of energy systems

• ESIG is part of the Global Power System 

Transformation Consortium and leads their System 

Operator Research and Peer Learning pillar

What is ESIG?

http://www.esig.energy/
https://globalpst.org/
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Moderate annual averages of wind/PV can 
cause high instantaneous penetrations

Source: Drake Bartlett, Xcel 2018

Source: GE, NSPI Renewable Integration Study
http://www.nspower.ca/site-nsp/media/nspower/CA%20DR-

14%20SUPPLEMENTAL%20REIS%20Final%20Report%20REDACTED.pdf

http://www.nspower.ca/site-nsp/media/nspower/CA%20DR-14%20SUPPLEMENTAL%20REIS%20Final%20Report%20REDACTED.pdf
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IBRs interact with the grid differently from 
synchronous generators

IBRs: Wind, PV, and 
batteries (and others)
• Highly controllable and 

configurable power electronics

• Can provide very fast 
responses, or ride through 
long transmission faults that 
would trip a synchronous 
generator

• Today’s grid-following IBRs 
don’t provide inertia or system 
strength

Synchronous generators: 
steam, gas, hydro 

• Grid was designed around this 
behavior

• Provides inertia and system 
strength

• Dynamics and capabilities 
based on physics
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Jason MacDowell, GE
Jason MacDowell is Senior Director of Technology, 

Strategy & Policy at GE Energy Consulting in 

Schenectady, NY. He has 20 years of energy 

industry experience in power system planning, 

operation and engineering analysis, grid integration 

of multiple technologies, grid stability, and economic modeling, 

as well as development of regulatory policy, grid codes, and 

technical standards.
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Julia Matevosyan, ERCOT
Julia Matevosyan is Lead Planning Engineer at the Electric Reliability Council of 

Texas (ERCOT), Resource Adequacy Group, primarily working on adequacy of 

system inertial response, system flexibility, frequency control and performance issues 

related to high penetration levels of inverter-based generation. Her other interests are 

integration of storage and distributed generation. Julia is a member of CIGRE Working

Group C2/C4.41 “Impact of High Penetration of Inverter-based Generation on System 

Inertia of Networks” and serves on a number of the technical advisory committees for 

projects related to high penetration of inverter-based generation carried out by NREL, EPRI, 

NERC, Hawaiian Electric, Xcel Energy and the EU-SysFlex project consortium. Julia received 

her BSc from Riga Technical University in Latvia, and her MSc and PhD from the Royal 

Institute of Technology (KTH) in Sweden. Prior to joining ERCOT she was with the consulting 

firms Parsons Brinkerhoff (now WSP) and Sinclair Knight Merz (now Jacobs), working primarily 

on system planning studies, grid interconnection and grid code compliance studies for wind 

power plants around the world.
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Nick Miller, HickoryLedge
Nick Miller recently retired from GE after 3/8 century 

of experience and research on bulk power systems. 

He has lectured on wind and solar power integration

to governments and institutions in more than three 

dozen countries. He currently provides consulting 

expertise to a variety of private and public institutions on topics of grid 

integration of renewable resources. He holds 20 U.S. patents for 

wind, solar, and grid technologies, is a Fellow of IEEE, a NY PE, 

active in CIGRE and IEC, has authored over 150 technical papers 

and articles, and is the recipient of several power industry awards.
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Deepak Ramasubramanian, EPRI
Deepak Ramasubramanian is a Technical Leader 

at the Electric Power Research Institute (EPRI). 

His research is in the area of modeling, control, 

and stability of future power systems focusing on 

both transmission and distribution connected 

generation sources. He joined EPRI in 2017.
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Sebastian Achilles, GE
Sebastian Achilles is Managing Director, Power 

Systems Operation and Planning at GE Energy 

Consulting. His responsibilities include integration and 

interconnection of onshore wind, offshore wind, PV 

solar, battery and FACTS technologies globally. His 

team provides support to product design related to grid 

behavior of these IBRs. The team also provides 

consulting support to developers and transmission 

entities related to the same area of expertise.



Contact:

Steve Ashbaker
WECC—Reliability 
Initiatives Director

sashbaker@wecc.org

Dr. Debbie Lew
ESIG—Associate Director

debbie@esig.energy

(303) 819-3470
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Moving to system dominated by IBRs

Inertia,

Grid Strength

24

Conventional 

Synchronous Resources

Inverter-Based

Resources
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Key points
• Grid strength is a more urgent problem than low inertia

• Export stability is a more urgent problem than low inertia

• Performance of IBRs is critical: Consider adopting IEEE P2800 interconnection 
requirements when it is finalized and consider project-specific needs based on OEM 
input

• The sky is not falling; we have available solutions and are adding to those

• IBRs are different from synchronous generators, and that’s important for the future

• We are in the middle of a transition from synchronous generator-centric to IBR-centric 
systems. It is important to improve stability in our existing framework (regulators can 
help) and to determine the shift to IBR-centric systems (operators, OEMs and 
researchers role)
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Grid-Following (GFL) vs Grid-Forming (GFM) Inverters
Grid Following (Inverter follows): Inverters measure the grid voltage and 
frequency, and then try to inject the correct real and reactive power to “follow” the 
voltage.  

• Requires voltage reference

• Current regulators drive performance

• Most resources today are grid-following but vary widely in capability

Grid Forming (Inverter leads): Create a local voltage and frequency, then try to 
move that voltage to cause the correct real and reactive power to flow into the grid.

• No reliance on external grid voltage to generate power

• Stabilizes grid by quickly adjusting power to reduce voltage angle & frequency 
changes

• Many different types/implementations being deployed

• Can operate without, or with very few, synchronous machines electrically  
nearby

A bit oversimplified, but close enough—this behavior is fundamentally different and 
fails differently
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How do GFL, GFM, and SM resources compare?

GFL: Grid Following

GFM: Grid Forming

SM: Synchronous Machine

Source: J. Matevosyan, et al. Future with Inverter-Based Resources, IEEE PES Power and Energy, Nov/Dec 2021 
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Technology Transitions for IBR Stability

IBR Instantaneous Penetration0% 100%

eSCR 0>10 5 3 2 1
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• Control Interaction 
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Courtesy: N. Miller, Hickory Ledge
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Frequency Response—What’s different with IBR?

Courtesy J. Eto, J. Undrill, M. O’Malley et al, “Use of 

Frequency Response Metrics to Assess the Planning 

and Operating Requirements for Reliable Integration of 

Variable Renewable Generation”, 2010

Annotations by M. Ahlstrom, Nextera

https://www.ferc.gov/industries/electric/indus-

act/reliability/frequencyresponsemetrics-report.pdf

Disturbance – (e.g., loss 

of large generator)

Synchronous Inertial 

Response (SM) and Fast 

Frequency Response (GFL 

IBR) sets initial slope

Fast frequency response and 

initial primary frequency 

response establish the minimum 

frequency point (“nadir”)

Primary frequency 

response stabilizes 

the frequency

Additional power from regulation and 

dispatch compensates for lost resources to 

bring the system frequency back to nominal

Design/operational 

considerations: 

• MW Contribution

• Speed

• Controllability

• Tunability

• Timing

• Headroom

• Interoperability

The grid needs frequency responsive controls from ALL resources over various timeframes to stably and 
reliably recover from loss of large power plants or smaller grid segments

https://www.ferc.gov/industries/electric/indus-act/reliability/frequencyresponsemetrics-report.pdf
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Grid Inertia & Fast Frequency Response

Number Resource
Type of Inertial 

response

Can it support 
like sync 

machines? Required/paid in 2021
Expected to be 

required in 2025 Lifecycle

1
Synchronous machine 

(GT, Steam, most Hydro)
Inherent/physical - - -

2 Standard IBR no response NO Default Default
Frequency support 

will be required

3
Grid following IBR with Fast 
Frequency Response (FFR) 

FFR controlled response NO*
Brazil, Canada, Australia, 

Ireland, GB, Texas
+NAM (P2800)

Applied to GFL 
technology, depends 
on adoption of GFM

4
IBR with grid forming 

features (several levels of 
performance)

controlled, intended to 
replicate sync machines*

YES
No market mechanism.  Few 

special BESS application.  Draft 
voluntary requirement in GB.

GB, ENTSO-E, 
Australia, Germany, 

Texas(?)

Observations:

A A system with resources 1,2 and 3 will have a limit of IBR penetration due to large system stability.  These are now applied based on a minimum system inertia 
level required from synchronous machines or similar wide-system metrics.  The manifestation of this requirement is commitment of synchronous generation 
"outside of economic merit" (Wind and solar assumed with no production cost)

B Item 4 is the result of the industry reacting to A
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System Characteristics and IBR Impacts: Frequency Stability Risks
Frequency Stability Risks

Occasional Acute Chronic

• Under intact system 

conditions, the system is 

relatively immune to fast and 

severe frequency events 

• Challenges tend to be 

weighted toward congestion 

management

• Frequency control 

concerns can limit 

operation 

• Periods of poor frequency 

containment during credible 

events

• Control of frequency 

following possible or 

planned system splits is 

difficult

• System often has risk of 

substantial frequency 

control problems and high 

RoCoF

CE- Central Europe, TX-Texas, GB-Great Britain, AU-Australia, IR-Ireland, HI-Hawaii

Grid forming can provide quick, inertia-like response to support frequency within equipment limitations

Source: J. Matevosyan, et al. Future with Inverter-Based Resources, IEEE PES Power and Energy, Nov/Dec 2021 
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Strong Grids are relatively stable and are influenced less by individual plants

Weak Grids are very sensitive – system voltage, frequency and angle are highly influenced by plant behavior

Is the bulk grid relatively weak or strong?

Source: Miller, NREL/GE WWSIS III 

Strong Grid Weak Grid

Individual 

Plant

Many Plants

Strong grid controls can 
be fast and stable

Designing controls for weak grids is like 
running on ice – SLOW DOWN!

Ways to resolve weak grids:

• New controls from IBRs (Grid 

Forming Controls*)

• Reinforcements from SMs

(including synchronous 

condensers, gas, hydro, 

nuclear, etc.)

• Reinforcements from 

Transmission

• Interoperability between 

resources to maintain stability
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Failure to ride through disturbances

Weak systems make ride-through more difficult, especially 

following a network disturbance, leading to wider system 

issues, such as under-frequency or loss of voltage support.  

Phase-Lock-Loop (PLL) stability

Converter control interactions

The weaker the interconnection, the more likely controls will 

influence and interact negatively with each other

Converter control instability

If the network is weak enough, controls may enter unstable 

region with no external influence needed (small signal 

instability)

Cycling between converter control modes

If system is weak, various turbine control modes may cycle 

multiple times as turbine attempts recovery, introducing 

severe transients into the system

Steady-State Voltage Collapse and Power Transfer

Voltage collapses more sensitively as real and reactive 

power flows through weak grid (mostly non-source 

dependent)

Stability Issues in Weak Grids
Failure to ride through

Voltage instability due to cycling

Strong grid Weak grid
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Power flow across grid Power flow across grid

Unstable recovery due to 

network transfer limits

Quasi-Steady State Voltage Collapse

Control Interactions

Control Instability
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System Characteristics and IBR Impacts: 
Voltage and Angle Stability Risks

Voltage and Angle Stability Risks

Local Regional System-wide

• Electrical distances are limited 

• Interface collapse and system 

separations a remote concern 

• Local voltage support issues

possible

• Significant power imports 

and exports with dynamic 

constraints being an 

occasional factor 

• Separation tends to be a 

high-impact, low-frequency 

event

• System has high power 

transfer over AC 

transmission interfaces, for 

which voltage instability and 

angular separation are 

primary concerns and often 

impose operating constraints

CE- Central Europe, TX-Texas, GB-Great Britain, AU-Australia, IR-Ireland, HI-Hawaii

Source: J. Matevosyan, et al. Future with Inverter-Based Resources, IEEE PES Power and Energy, Nov/Dec 2021 

Properly configured Grid Forming or Grid Following can 

Mitigate SOME voltage & angle stability risks Properly configured Grid Forming or Grid Following can mitigate SOME voltage & angle stability risks 
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System Characteristics and IBR Impacts: 
Control Stability Risks

Control Stability Risks

Local Regional System-wide

• Some specific locations (e.g., 

individual nodes or small 

areas) with low system 

strength and risk of control 

interactions 

• Entire regions of very high 

IBR and little or no 

synchronous generation with 

AC transmission to other 

stronger areas

• Entire system has extended 

periods of very low or zero 

synchronous short circuit 

contribution

CE-Central Europe, TX-Texas, GB-Great Britain, AU-Australia, IR-Ireland, HI-Hawaii

Properly configured Grid Forming or Grid Following can mitigate MOST control stability risks

Source: J. Matevosyan, et al. Future with Inverter-Based Resources, IEEE PES Power and Energy, Nov/Dec 2021 
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Acronyms/definitions

• AGC – automatic generation control (utility sends 4-6 sec control signals to secondary reserves)

• BA – balancing authority

• IBR – inverter-based resources (e.g., wind, PV, batteries and other resources connected to grid through inverter)

• FFR – fast frequency response is a faster version of PFR; autonomous response to frequency deviations

• FRO – frequency response obligation is how much frequency responsive reserves each BA needs to hold

• GFL – grid-following

• GFM – grid-forming

• Inertia – synchronous inertia is an inherent response from synchronous machines including motors

• PFR – primary frequency response (a.k.a. governor response) is an autonomous response of a generator to 
frequency deviations

• ROCOF – rate of change of frequency (how fast frequency falls when a generator trips)

• UFLS – underfrequency load shedding is an autonomous response to drop blocks of load; emergency response to 
save frequency

36
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References
• J. Matevosyan, et al. Future with Inverter-Based Resources, IEEE PES Power and Energy, Nov/Dec 2021

• NERC Reliability Guideline - Integrating IBR into weak grids: 
https://www.nerc.com/comm/PC_Reliability_Guidelines_DL/Item_4a._Integrating%20_Inverter-
Based_Resources_into_Low_Short_Circuit_Strength_Systems_-_2017-11-08-FINAL.pdf

• Impacts of inverters on fault-ride through NERC reference: 
https://www.nerc.com/comm/OC_Reliability_Guidelines_DL/Inverter-
Based_Resource_Performance_Guideline.pdf

• NERC reports on three loss-of-solar events: 
https://www.nerc.com/pa/rrm/ea/October%209%202017%20Canyon%202%20Fire%20Disturbance%20Report/90
0%20MW%20Solar%20Photovoltaic%20Resource%20Interruption%20Disturbance%20Report.pdf ; 
https://www.nerc.com/pa/rrm/ea/1200_MW_Fault_Induced_Solar_Photovoltaic_Resource_/1200_MW_Fault_In
duced_Solar_Photovoltaic_Resource_Interruption_Final.pdf ; 
https://www.nerc.com/pa/rrm/ea/April_May_2018_Fault_Induced_Solar_PV_Resource_Int/April_May_2018_Sola
r_PV_Disturbance_Report.pdf

• ERCOT’s Dynamic Stability Assessment: 
http://www.ercot.com/content/wcm/lists/144927/Dynamic_Stability_Assessment_of_High_Penetration_of_Rene
wable_Generation_in_the_ERCOT_Grid.pdf
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Outline
• Number of BESS for microgrids and blackstart of simple-cycle gas turbines (GE)

• BESS on St. Eustatius Island (SMA)

• Dersalloch wind farm in Scotland (Siemens Gamesa)

• Mackinac back-to-back VSC HVDC Flow Control Project (Hitachi ABB)

• Dalrymple BESS in South Australia (Hitachi ABB)

• Hornsdale BESS in South Australia (Tesla)

• More GFM BESS underway in Australia 

• Drivers behind GFM Projects

• Conclusions
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GE Grid Forming BESS for Blackstart
Key GFM BESS Projects:
• Metlakatla Power & Light 1MW/1.4MWh-1995
• Vernon CA 5MW/2.5MWh- 1996
• Battery Energy Storage System of  30MW/22MWh- IID 

for GT blackstart, 2017
• Blackstart of simple cycle HDGT with 7.5 MW x 7.5 

MWh BESS, 2019
• Blackstart of combined cycle HDGT with 13 MW x 13 

MWh BESS, 2020
• DOE SETO project—Advanced Grid Forming Inverter 

Controls, Modeling and System Impact Study for 
inverter dominated grids, started 2020 Imperial Irrigation District (IID) 

30MW, 20MWh BESS project -2017

30 x 
1.25MVA

92kV

Industrial 
Load

Source: Shruti D Rao, Sudipta Dutta, Min Lwin, Dustin Howard, Ryan Konopinski, Sebastian Achilles, Jason MacDowell, “Grid-
forming Inverters –Real-life Implementation Experience And Lessons Learned”, IET RPG 2021
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Microgrid Example: St. Eustatius
Commercial Pilot deployed in November 2017
• 2.3 MW peak load, 14 GWh yearly energy consumption
• 9 diesel gensets 4 MVA, 4.15 MW PV, 5.9 MWh Li-Ion BESS 2/3 with 

GFM
• Plant controller sends start/stop signals to gensets, does frequency and 

voltage control during genset-free operation, transfers frequency and 
voltage control to the genset controller while the gensets are running 

• Load distribution between several parallel GFM units (no 
communication)

• Diesel-off mode (100% Storage + Solar)
• Seamless immediate load transfer after generation contingency 

(simultaneous loss of all gensets at peak load), 0.6 Hz frequency dip, 
restored within 3s, no load shedding

• Voltage ride-though for various faults and operating modes 

Source: https://www.smainverted.com/st-eustatius-100-solar-power-in-the-caribbean/ 
O. Schömann, T. Bülo, C. Hardt, A. Falk, P. R. Stankat “Experiences with Large Grid Forming Inverters on the Island of St. 
Eustatius, Portability to Public Power Grids,” 8th Solar Integration Workshop, 2018
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Testing Existing Siemens-Gamesa Wind Turbines in 
GFM Mode: Grid-Connected Operation
23 direct-drive full converter wind turbines, 69 MW, operated in GFM mode for 6 weeks (May–June 
2019) in Dersalloch, Scotland. 
• Virtual Synchronous Machine control method used.
• Various inertia constants tested during the trail H=0.2s, 4s and 8s.
• Six large underfrequency events with RoCoF up to 0.11 Hz/s and frequency drop up to -0.5 Hz. 
• Additionally, large frequency event was induced with RoCoF=-1 Hz/s, f=-3 Hz, H=8 s.
• No significant grid voltage phase steps occurred but small steps were induced (up 0.2).
• The wind power plant was able to respond to the events autonomously and immediately with 

power injections as expected with the inertia levels configured. 
• No turbine trips due to stalling, over-power, over-current etc. during the grid events.
Limitations:
• Turbine’s ability to respond may be affected if wind speed is declining during the response.
• Turbine’s ability to respond at low or zero power output is extremely low.  

Source: A. Roscoe, et.al. “Practical Experience of Operating a Grid Forming Wind Park and its Response to System Events, 18th

Wind Integration Workshop, 2019
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Testing Existing Siemens-Gamesa Wind Turbines in 
GFM Mode: Island Operation and Blackstart

In August–October 2020 it was successfully 
demonstrated that Dersalloch wind farm—
• Can operate autonomously in islanded mode 

with small number of wind turbines operating 
in GFM mode;

• Can re-synchronize from islanded to grid-
connected mode of operation; and

• Can blackstart the wind farm from a few 
blackstart-capable wind turbines, extending 
energization to the transmission network up to 
132kV/275kV transformer and re-
synchronization with the grid. 

Source: A. Roscoe, et.al. “Practical Experience of Providing Enhanced Grid Forming Services from an Onshore Wind Park”, 
19th Wind Integration Workshop, 2020
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Mackinac back-to-back VSC HVDC for 
power flow 

• Hitachi ABB 200 MW bi-directional, back-to-back HVDC light converter station, 
commissioned in 2014, to help control power flow, enhance grid stability, and 
support integration of additional IBRs 

• The station is on Michigan's Upper Peninsula, near the Straits Substation and in 
line with an existing 138 kV AC cable double-circuit across the Straits of Mackinac

• Voltage source converter (VSC) technology was selected over classic HVDC 
technology—provides better voltage/reactive control, provides stability in weak 
grid conditions, power oscillation damping, governor-like frequency control, 
supports islanded operation, has blackstart capability (using south-side as energy 
buffer).

• South-side converter (connecting to strong side of the grid) is current-controlled, 

• North-side converter connects into extremely week grid, so a “phasor voltage 
control” was developed based on direct control of the converter’s internal AC 
voltage amplitude and phase.

Source: https://www.cce.umn.edu/documents/CPE-Conferences/MIPSYCON-
Papers/2014/MackinacHVDCConstructionandTesting.pdf
https://library.e.abb.com/public/181cbb7702cd43d0c1257d650024a088/Mackinac%20HVDC%20Converter%20Automatic%20runb
ack%20utilizing%20locally%20measured%20quantities.pdf

https://www.cce.umn.edu/documents/CPE-Conferences/MIPSYCON-Papers/2014/MackinacHVDCConstructionandTesting.pdf
https://library.e.abb.com/public/181cbb7702cd43d0c1257d650024a088/Mackinac%20HVDC%20Converter%20Automatic%20runback%20utilizing%20locally%20measured%20quantities.pdf
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Hitachi ABB Energy Storage for Commercial 
Renewable Integration (ESCRI) in GFM mode

• Dalrymple BESS in South Australia is the largest grid-connected 

GFM BESS in the world, at 30 MVA and 8 MWh 

• Virtual synchronous machine control method is used

• First large scale, grid-forming BESS connected to Australian 

transmission system

• Commissioned in 2018, near the end of a long 132 kV single-circuit 

radial feeder close to 91 MW wind farm, local load up to 8 MW and 

2 MW of local rooftop PV

• In the first six months of operation, reduced the loss of supply in 

the area from 8 hours to 30 minutes

Source: “Grid Forming Energy Storage: Provides Virtual Inertia, Interconnects Renewables and Unlocks Revenue”, 
https://go.hitachi-powergrids.com/grid-forming-webinar-2020
Contribution to the ESIG White Paper by Luke Robinson, AEMO
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Hitachi ABB Energy Storage for Commercial 
Renewable Integration (ESCRI) in GFM mode
The services provided by the project include:

• Inertia –can provide virtual inertial response of 200 MW with configurable magnitude and slope, reducing 
RoCoF after a sudden loss of load or generation. This is different from fast frequency response (FFR).

• System Strength –can operate at very low short circuit ratios (<<1.5). It is also able to provide system 
strength support via short-term fault current overload (up to 2 pu for 2 seconds).

• Islanded operation – regulates the frequency in the microgrid by utilizing virtual inertia, primary and 
secondary frequency control. Additionally, can adjust the system frequency to invoke curtailment of behind-
the-meter DER to avoid overgeneration conditions due to rooftop PVs.

• Blackstart capability – can blackstart the local 33 kV distribution network with 8 MW demand. Voltage is 
ramped up slowly to prevent high inrush current (soft transformer energization).

• System Integrity Protection Scheme (SIPS) – providing fast active power injection into the grid following a 
significant loss of generation. The GFM BESS can be operating at full capacity within 250 ms if a network 
event is detected at the interstate AC interconnector, 400 km away in the southeast of South Australia.

Source: Grid Forming Energy Storage System addresses challenges of grids with high penetration of renewables (A case study) 
(electranet.com.au)

https://www.electranet.com.au/wp-content/uploads/2021/02/CIGRE48-Grid-Forming-BESS-Case-Study-August-2020.pdf
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Tesla Hornsdale BESS 
• BESS co-located with the Hornsdale wind farm in South Australia

• Installed in 2017, 100 MW/129 MWh provided energy and FCAS

• In 2020 expanded to 150 MW/194 MWh

• Two inverters currently operate in Virtual Machine Mode (VMM)

• The VMM runs in parallel with the conventional GFL component 

• During grid disturbances, VMM produces an active power proportional to 
RoCoF and produces reactive current in response to changes in voltage

• Under stable system conditions, the inverter’s behavior is driven by the 
current source component 

• “Real life”—tested in a frequency event created by a coal plant explosion 
and subsequent trip of neighboring units on 5/25/2021

• “Virtual machine mode” to the rest of that battery is expected by the end 
of the year once extensive modelling and testing is complete

Source: https://reneweconomy.com.au/virtual-machine-hornsdale-battery-steps-in-to-protect-grid-after-callide-explosion/
https://arena.gov.au/assets/2021/06/arena-insights-webinar-advanced-inverters-presentations.pdf
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More GFM BESS underway in Australia 

• Torrens Island Power Station (currently gas-fired), north of Adelaide in South Australia, the 

world’s largest “grid forming” battery 250 MW/250 MWh Wärtsilä battery with SMA inverters 

(construction to begin fall 2021). The battery will initially operate in grid-following mode before 

switching over to become grid-forming, awaiting regulatory framework and market incentives 

for grid-forming technologies. 

• The new 50MW/75MWh Wallgrove battery in western Sydney being built by Transgrid will also 

deploy similar capabilities. Expected to be ready for operation in Q4 of 2021. The battery will 

provide fast frequency response and inertia services to the New South Wales transmission 

network via Tesla’s inertia product known as “Virtual Machine Mode.” 

Source: https://www.pv-magazine.com/2021/08/10/worlds-largest-grid-forming-battery-to-begin-construction-in-australia/
https://reneweconomy.com.au/transgrid-to-build-australias-first-tesla-megapack-big-battery-in-western-sydney-55391/
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Drivers for GFM Projects
Great Britain (NGESO):

• Stability Pathfinder Phases 2 & 3

• Minimum Specification Required for Provision of GB Grid Forming Capability (GC0137)

• Pathfinder Phase 3 will use GC0137 as of Nov 2021 (further changes will not be required from Phase 3 
awardees)

• NGESO will maintain Best Practice Guide, documenting examples of successful projects in compliance with 
required GFM specifications

Australia (AEMO):

• AEMO requirement for inertia and system strength

• AEMO Advanced Inverter white paper, gradual approach

Hawaii:

• Hawaiian Electric Island—Wide PSCAD studies report, recommends requiring GFM in new BESS for future 
projects. Clarity on GFM technical requirements should be improved
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Conclusions
• There is a handful of applications of Grid Forming Inverters around the world

• The applications today are primarily small island/microgrid applications

• More grid-connected GFM batteries are under way in Australia 

• Stability Pathfinder Phases 2 and 3 will encourage more grid-connected, utility-
scale GFM projects in Great Britain

• Batteries are a low hanging fruit for GFM application

• There are large amounts of batteries in the interconnection queues in some 
systems around the world. This window of opportunity should be seized to 
future-proof the path toward higher shares of IBRs
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The ERCOT Region

57

The interconnected 
electrical system 
serving most of Texas, 
with limited external 
connections

• 90% of Texas electric 
load; 75% of Texas land 

• 74,820 MW peak, 
Aug. 12, 2019

• More than 46,500 miles of 
transmission lines

• 710+ generation units 
(excluding PUNs)

ERCOT connections to other grids 
are limited to ~1,220 MW of direct 
current (DC) ties, which allow 
control over the flow of electricity

Western 

Interconnection

Includes El Paso and 

Far West Texas

Eastern 

Interconnection

Includes portions of 

East Texas and the 

Panhandle region

600 MW with SPP

100 MW with CENACE

at Laredo 300 MW with CENACE at McAllen

220 MW with SPP

ERCOT Interconnection
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ERCOT Facts
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Inverter-Based Resource Capacity – September 2021
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Inverter-Based Resources in ERCOT

60

• > 45 GW IBRs are expected to be 

connected to the ERCOT transmission 

grid by the end of 2021

• Most wind and solar generation are in 

West Texas:

– Long distance transfer to load centers

– Limited/no online synchronous generators in 

West Texas during high IBR output periods

2021

• >34 GW Wind

• >10 GW Solar

• >1.4 GW Battery 

2023

• >39 GW Wind

• >30 GW Solar

• >4.5 GW Battery
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ERCOT Panhandle

• > 10 GW IBRs connect to Panhandle and nearby Panhandle

– IBRs are located at remote areas (high IBR penetration) 

– Limited/no on-line synchronous generators (low short circuit)

– Long distance large power transfer (high impedance)

• Indicators of weak grid

– High frequency oscillation or numerical instability in PSS/e

– High voltage overshoot or even high voltage collapse

– Low WSCR (weighted short circuit ratio)

• Improvement Options

– Two synchronous condensers were added to Panhandle: stability 

associated with condensers needs to be checked 

– Reduce impedance: Adding new circuits

– Control tuning and coordination
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What is System Strength?

• The ability of power system equipment to operate in a stable manner and for the 

system to recover from major disturbances, is influenced by the electrical 

‘strength’ of the system at the point where equipment connects. 

• ‘Stronger’ systems are more tolerant to variations and perturbations occurring 

within connected plant and recover more easily from major disturbances such as 

faults and the sudden loss of equipment. 

62

Source: Babak Badrzadeh et.al., “System strength”, CIGRE Science and Engineering, February 2021
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System Strength

• There is a limit of how many conventional (grid-following) Inverter Based 

Resources (IBR) can be accommodated (due to system strength and inertia 

issues).

• System operators may limit the output of IBRs and supply the remaining load 

with synchronous generators to ensure sufficient system strength and inertia 

(e.g., Australia, Ireland, Texas).

− Such operational constraints in the long run may impact further development 

of IBRs.

• Alternatively, synchronous condensers are installed to provide grid support, but 

the associated constraints (e.g., stability) must be assessed.
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Weak Grid: Operations Example

64

• Lessons Learned:

– Model and tool adequacy

– Impact on IBR control

– Mitigation options:

• IBR dispatch

• IBR control tuning

• System strength enhancement
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Weighted Short Circuit Ratio (WSCR)

• 2014 Panhandle study recognized limitations of a single plant short circuit ratio for characterizing 

system strength:

‒ Ignores the interactions between neighboring IBRs in a region

‒ May give an overly optimistic estimation of system strength

• ERCOT proposed the concept of WSCR:

‒ Recognizes interactions between neighboring IBRs 

‒ Assumes all interacting IBRs are connected at the same bus (!)

• 𝑊𝑆𝐶𝑅 =
σ𝑖
𝑁 𝑆𝑆𝐶𝑀𝑉𝐴𝑖∗𝑃𝑖

σ𝑖
𝑁 𝑃𝑖

2

• WSCR=1.5 was proposed as the minimum pre-contingency system strength for Panhandle 

(based on PSS/E study results)
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Example of WSCR Calculation

66

Wind 

Plant

Wind Power 

Production (MW)

Short Circuit 

Capacity (SSC_MVA)

Single

Plant SCR

A 1,200 6,500 5.42

B 1,000 8,000 8.00

C 800 8,500 10.63

D 2,000 7,000 3.5

𝑊𝑆𝐶𝑅 =
1200 ∗ 6500 + 1000 ∗ 8000 + 800 ∗ 8500 + 2000 ∗ 7000

1200 + 1000 + 800 + 2000 2
= 1.46
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Determination of WSCR

ERCOT re-evaluated Panhandle area in both phasor-domain stability studies and 

detailed electromagnetic transient studies (EMT) in 2016, 2018 and 2019: 

• WSCR of 1.5 for Panhandle region was found appropriate.

• WSCR concept was found applicable in the absence of local load and 

synchronous generation, as well as electrically close IBRs remotely connected 

to the main grid.

• The application of WSCR and its threshold are highly system-dependent and 

should be verified and regularly reviewed through detailed studies (e.g., EMT) 

as the system evolves. 
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Evaluation of Panhandle Export Limit in Real-Time

• For the past 6 years, WSCR≥1.5 was maintained in Panhandle by curtailing wind generation, if

WSCR was the most limiting constraint.

• WSCR calculation is built into real-time VSAT*, from which Panhandle export limit is determined

every 10 minutes:

‒ 𝑊𝑆𝐶𝑅 =
σ𝑖
𝑁 𝑆𝑆𝐶𝑀𝑉𝐴𝑖∗𝑃𝑖

σ𝑖
𝑁 𝑃𝑖

2

‒ σ𝑖
𝑁𝑃𝑖 is total Panhandle generation at the time of evaluation

‒ If WSCR <1.5, scale down all Pi proportionally so that WSCR = 1.5 under pre-contingency 

condition

‒ New σ𝑖
𝑁𝑃𝑖 determines Panhandle export limit based on WSCR 

68

*VSAT – Voltage Stability Assessment Tool by Powertech Labs 
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Real-Time Panhandle Export Limit
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Synchronous Condenser (SynCon) Characteristics

• Two Synchronous Condensers were installed in Panhandle in 2018, each with the following 

specifications:

‒ ~175/-125 MVAR, for +/- 10% voltage variation range

‒ ~1600 Amps short circuit capability on the high-voltage side

• Placed in locations that increase WSCR but also improve voltage support and transient 

response

• High availability design is required since SynCons’ outage directly translates into reduction of 

the maximum power export

‒ Redundancy in cooling system aux supply, control and protection systems 

‒ The wide range of the machine operating voltage 

‒ Brushless excitation system to reduce maintenance time
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Impact of SynCons on Panhandle Export Limit

• SynCons have enabled increase in Panhandle export limit by ~470 MW. 

• The benefit may diminish with additional IBRs and topology changes.
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Intra-Area Oscillations Observed with SynCons

2019 Panhandle dynamic studies identified oscillatory behavior (~1.8 Hz) between SynCons and 

rest of ERCOT’s synchronous generators. 
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Increasing Stability Constraints

• Much of the IBR growth is concentrated in West and South 

Texas, contributing to stability constraints associated with 

the long-distance transfer of power to urban load centers.

• These stability constraints can limit power transfers below 

the physical thermal ratings of the individual transmission 

lines.

• A generic transmission constraint (GTC) is 

a tool that ERCOT uses to manage stability limitations in 

real-time operations. 

• ERCOT has seen an increase in stability constraints in 

recent years, particularly in West Texas and South Texas, 

which has led to an overall increase in the number of 

GTCs.

• ERCOT needs better real-time tools to identify and 

manage stability constraints. 
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Stability Assessment and Tools 

• With more IBR

– Increasing stability challenges

– Require PSCAD studies: complex and 

time consuming

• Needs and improvements

– Model accuracy and usability

– Tool and simulation efficiency

– Better communication and coordination

74

* WSCR (weighted short circuit ratio) is used to identify the system strength 

of an area with multiple IBRs. Detailed PSCAD studies are required to 

validate the adequacy of WSCR application and its threshold for weak grid 

identification. 
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EMT (PSCAD) Studies

• Require regular PSCAD studies—

– To assess the instability that may not be identified in 

PSS/E.

– To confirm the adequacy of dynamic models and 

simulation tools.

– To identify the adequacy and threshold of WSCR 

application.
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Slave Case 
1

Rest of ERCOT 
Multiple Port 

Equivalent 
Network

Panhandle 
Network

TC
SC

AL
SC

Tesla
SVC x 2

Slave Case 
2

Slave Case 
3

Slave Case 
4

Slave Case 
5

Slave Case
42

Slave Case
41

Slave Case
40

Slave Case
39

Slave Case 
38

Master Case

TCP/IPTCP/IPTCP/IPTCP/IPTCP/IP

TCP/IP TCP/IPTCP/IPTCP/IPTCP/IP

Panhandle PSCAD Study

• >500 buses

• ~60 PSCAD models (10 GW)

• ~2.5 hours per contingency
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ERCOT Inertia 2013-2021(Jan-Jul)
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Date 2013 2014 2015 2016 2017 2018 2019 2020 2021

Min synch. Inertia 

(GW*s)
132 135 152 143 130 128.8 134.5 131.1 109

System load at min. 

synch. Inertia (GW)
24.7 24.6 27.2 27.8 28.4 28.4 29.9 30.7 32.6

Non-synch. Gen. in 

% of System Load
31 34 42 47 54 53 50 57 65

11GW 
13GW

16GW 
18GW 

21GW 
22GW 

24GW 
27GW 

32GW

Total wind generation capacity 

synchronized to ERCOT 

In
e

rt
ia

 (
M

W
s

)
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Inertia and Frequency Containment

• Defined critical inertia level as minimum level of system inertia that will ensure frequency 

containment reserve has enough time to respond before frequency reaches 59.3 Hz (UFLS 

threshold).

• Monitoring of inertia in real-time and forecasting several hours ahead.

• If inertia is getting close to critical level, operator will start additional synchronous generation to 

bring inertia back up.

• Above critical inertia, based on expected inertia conditions, needed amounts of frequency 

containment reserves are procured.

• Faster frequency response is more effective than traditional governor response in low inertia 

conditions.

• Fast Frequency Response has been introduced to ensure faster and earlier response. This 

allows reduction of critical inertia level and reduces overall amount of frequency containment 

reserves.
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Summary: ERCOT Practices and Experience

• Increasing stability and system strength challenges with more IBRs connected to the grid

– Complex, time consuming, model and tool adequacy

– Additional stability challenges (control instability, overvoltage/high voltage collapse)

– May require tight voltage control (may no longer be a local issue)

– Identification and management of stability constraints in planning and operations

– Early communication and coordination is always better

– Continue to explore ways to reliably operate under weak grid conditions or improve the 

system strength

• Diminishing inertia and faster rate of change of frequency with more IBRs 

– Can be addressed through inertia floor and adequate amounts of reserves

– Faster Frequency Response helps to reduce critical inertia and amounts of reserves needed. 
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Appendix References

• http://www.ercot.com/content/wcm/lists/168284/ERCOT_Model_Quality_Guideline.zip

• http://www.ercot.com/content/wcm/key_documents_lists/89026/2020_PanhandleStudy_public_final__004_.

pdf

• http://www.ercot.com/content/wcm/key_documents_lists/89026/The_Use_of_GTCs_in_ERCOT_July_2020.

pdf

• http://www.ercot.com/content/wcm/lists/144927/Panhandle_and_South_Texas_Stability_and_System_Stre

ngth_Assessment_March....pdf

• http://www.ercot.com/content/wcm/lists/144927/Dynamic_Stability_Assessment_of_High_Penetration_of_R

enewable_Generation_in_the_ERCOT_Grid.pdf

• http://www.ercot.com/content/wcm/lists/144927/Inertia_Basic_Concepts_Impacts_On_ERCOT_v0.pdf#:~:te

xt=This%20white%20paper%20describes%20ERCOT%20staff%E2%80%99s%20initiatives%20to,the%20f

uture.%20The%20paper%20is%20structured%20as%20follows%3A

• http://www.ercot.com/content/wcm/key_documents_lists/108744/05._RRS_Study_2017_Methodology_110

22017.docx

• https://www.youtube.com/watch?v=029gAj7xr30 (ESIG webinar on evolution of ERCOT’s frequency 

control)
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http://www.ercot.com/content/wcm/lists/168284/ERCOT_Model_Quality_Guideline.zip
http://www.ercot.com/content/wcm/key_documents_lists/89026/2020_PanhandleStudy_public_final__004_.pdf
http://www.ercot.com/content/wcm/key_documents_lists/89026/The_Use_of_GTCs_in_ERCOT_July_2020.pdf
http://www.ercot.com/content/wcm/lists/144927/Panhandle_and_South_Texas_Stability_and_System_Strength_Assessment_March....pdf
http://www.ercot.com/content/wcm/lists/144927/Dynamic_Stability_Assessment_of_High_Penetration_of_Renewable_Generation_in_the_ERCOT_Grid.pdf
http://www.ercot.com/content/wcm/lists/144927/Inertia_Basic_Concepts_Impacts_On_ERCOT_v0.pdf#:~:text=This%20white%20paper%20describes%20ERCOT%20staff%E2%80%99s%20initiatives%20to,the%20future.%20The%20paper%20is%20structured%20as%20follows%3A
http://www.ercot.com/content/wcm/key_documents_lists/108744/05._RRS_Study_2017_Methodology_11022017.docx
https://www.youtube.com/watch?v=029gAj7xr30
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Export from resource rich regions is critical

• Stability issues 
in the 1st line of 
challenges

• Transmission is 
and will be a 
critical 
resources

• We must use it 
to the utmost 
efficacy

Nick Miller



IBR plants can be more stable 
than conventional synchronous 
generators

Presentation Title 83

Primary Cleared Fault Delayed Clearing Fault

Source: GE Energy Consulting c.2005
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eSCR (effective short circuit ratio) and beyond: basics 

• All things being equal, the lower the 
short circuit ratio, the harder it is to 
stay stable.

• All things are never equal.  

Nick Miller

X

Rating

Short Circuit Ratio is a convenient way to talk about the strength of the grid, it’s not about faults

Power

1. SCR Bigger X (more impedance) = weaker grid
2. Short circuit strength is the inverse of X
3. X gets bigger with distance
4. X gets smaller with more transmission; higher 

voltage ratings
5. “weak” is relative:
6. If the devices are big, i.e., “rating” is large, relative 

to the short circuit strength, the short circuit ratio 
is low, and grid is weak

7. There are several clever analytical techniques to 
calculate 
weighted/equivalent/composite/effective short 
circuit ratio



eSCR and beyond: Where is the power going? 

Nick Miller

X
Rating

All exported

Exported
Power

X
Rating

“Locally” 
consumed 
power

No exports

M
o

re
 S

ta
b

le

More Local/Less Export

• This isn’t getting much 
discussion (says Nick)

• Today’s Canaries are 
mostly exporting

• In future, some systems 
will have much more 
“local” consumption Note the absence of numbers: 

we (the industry) have not 
adequately explored this 

relationship.

SCR is the same 
for these two 

extremes

All 
export All 

local

This is the problem that we are focused on today



Paradoxically: Grids are both stronger but may be 
more brittle

With SOA grid-following inverters, 
stability limits tend to be higher –
that is good for reliability and 
economy

But, when the grid fails, it may fail 
faster and with less warning

We need better :

• Understanding
• WTG (and inverter) controls 
• Simulation tools
• Predictive tools and metrics

Source: Miller; NREL/GE WWSIS – Low Levels of Synchronous Generation” December 2015

• Condenser conversion “fixed” this; 
be careful of transient stability

• Weak grid WTG controls fixed this problem



Pushing the limits out with Grid-Following 
Inverters:  Today’s toolbox

Nick Miller

• Better inverter controls  (“more robust controls”)
• Grid-following inverters have gotten spectacularly better for high penetration and 

weak grids in recent years. Tolerate lower eSCR

• This trend of improvement will continue, though a degree of diminishing returns is 
expected: The network “entitlement” can’t be exceeded

• Additional transmission (“more wires”)
• New AC or DC lines

• More power, additional circuits on existing right-of-way

• Synchronous condensers (“stiffer grid”)
• Improve all aspects of eSCR. Watch for new stability problems

• Grid Enhancing Technologies (“use the wires better”)
• Power flow control, dynamic line ratings, and topology optimization

• Series and advanced compensation



GFM & Export: Our Theory

Time (After a Disturbance)

Potential 
Advantages 

for 
“Stability”

Synchronous Machines

Grid-Following Inverters

Very short time frames (<~0.1 sec):
• GFL closed-loop controls are challenged 

to maintain stability margin
• Synchronous machines have an inherent 

“open-loop” behavior that is stable

Longer time frames (> ~0.1 sec):
• GFL have developed advanced control strategies that can provide 

voltage regulation, active power response, transient stability, and 
damping that are as good or better than synchronous machines

• Synchronous machines may be subject to first-swing instability and 
may lack damping, some of which can be mitigated (for instance, PSS)

Can GFM offer better performance for exporting power from IBR-rich resource areas?



Our Approach

Long AC T-Line Long AC T-Line

HV Transmission System Representation

IBR
GFM

eBoP Sync

Receiving EndSending End

Sync

eB
o

P

eB
o

P

STATCOM

Sync Condenser Load (Passive) STATCOM Shunt Caps

Sync eBoP

IBR
GFL

eBoP

Generation 
Technologies 

Compared

Mitigations Tested

Stimuli: 
Fault-and-Clear,

Line Clearing Only

Underlying assumption: 
The mid-point of transmission 
tends to be the “soft spot”—
reinforcements here yield the 

greatest benefit



Grid Strength Impact

95

GFL-IBR

Synchronous 
Generator

GFM-IBR

Soft Grid (SCR = 2.2) Marginal Grid (SCR =  1.4) Weak Grid (SCR =  1.1)

GFM current moderate



Technology Performance Comparison

Nick Miller / Matt Richwine

Grid-Forming GFM inverters show promise for 
being the “best of both worlds” for 

grid stability
…many questions remain, especially:

Is this observed GFM performance 
edge intrinsic or controls?

More severe events

St
ro

n
ge

r 
gr

id

Stable

Stable

Stable

Marginal

Marginal
Unstable Unstable Unstable

GFL Inverters Synchronous Machines GFM Inverters

Whoa! Power angle 
curve and nose curve 

maxima still apply.
(this calc of SCR based 
on MVA.  MW based 
would show higher 

values)



Dynamics Can Get Complicated

Two distinct modes observed → GFL is interacting with the synchronous condenser, resulting in complex dynamics

Voltage swings, dominated by the control of 
GFL

Power swings of the condenser, dominated 
by electro-mechanical swings of 

synchronous condenser

Consider the case: GFL + synchronous condenser
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Grid
HV TransmissionGFL
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Voltage nadir < 0.60pu: Intentionally 
selected as an extreme case for insight



Dynamics: SC + GFM

The simulation conditions were identical 
to those used for GFL + SC

Voltage swings are much smaller relative to 
the GFL + SC case

Power swings of the condenser are roughly 
half the magnitude as the GFL + SC case

Consider the case: GFM + synchronous condenser
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Simpler, sinusoidal dynamics → GFM is more decoupled from synchronous condenser (less interaction)



Summary of Key Findings
Characterizing Resource Performance

• Sync machines and GFL can have similar stability limits for power transfer.

• This GFM shows improved stability over both GFL and sync machines;  GFM swings benign.

• Sync machines are sensitive to fault duration; IBR are not → CCT may be a misleading stability metric for IBR.

• GFM shows similar step characteristics to synchronous machines, but behavior in-limit is different. High current 
rating not needed for good stability performance.

Characterizing Network Mitigations

• All technologies are sensitive to grid strength 

• The transmission network tends to be “soft” in the middle; and for the GFL, soft at the sending end, too.

• Sync condensers improve GFL stability, but location matters, and sync condensers introduce additional dynamics!

• Complex relationship between fault location, SC location, SC inertia, and IBR controls. SC at the IBR resource may 
not always best for stability!

More to Come

• Generalize findings for a variety of IBR and HV transmission systems (this analysis is a starting point; single IBR + 
simple topology; single snapshot of both GFL & GFM controls here).    

Control or Intrinsic?



Grid Forming Inverters Reality Check:

Nick Miller

• The elephant in the room relative to 100% inverters is “ever,” not “always”

• And yes, there are places that are getting close today.  

• Pockets or regions of 100% exporting power are real now, 

and will become commonplace.

• The reality is that this is NOT cooked.

• The BESS experience isn’t that big yet. And BESS isn’t PV or wind.

• It’s not that simple. OEMs and others are actively chipping away for wind and PV.

• There isn’t a (single) “GFM” available. 

• Yes, we need to get moving, faster, better.

• No, we don’t have all the technical issues resolved.   

• Yes, GFM can reasonably be expected to produce substantial benefits in some regards.

• Yes, GFM performance can be worse than grid-following, especially if you’re not careful.

• No, we can’t expect GFM to make all the grid problems go away.

• Many unintended consequences there are.

• Shouldn’t and can’t just replicate synchronous machines.  

• We can and must do better: There is every reason to expect good outcomes:

• Don’t panic and carry on.

• More studies, more demonstrations, more lab work, more investment!—are all happening



Thanks

nicholas.miller@hickoryledge.com

Nick Miller

Matt Richwine

Matthew.Richwine@telos.energy
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Few basics about various inverter mathematical models

All mathematical models have limitations.
When using mathematical models, few questions to be asked:
▪ Is this the appropriate type of model for the study that is to be done?
▪ Is the model being used in a correct manner?
▪ Are all relevant components/control loops, that matter for the study, modeled?
▪ Is the model appropriately parameterized?
▪ Are sufficient validation results of model behavior available?

Generic model Does not always imply Bad model

User defined model from 
manufacturer

Does not always imply Good model

RMS/Positive sequence 
model

Does not always imply Bad model

Electromagnetic transient 
(EMT) model

Does not always imply Good model

http://www.epri.com/
http://www.epri.com/
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What you may have heard regarding grid following (GFL) 

and grid forming (GFM) inverters

Grid following IBR is a 
current source … it has 

a PLL … a network 
with only current 
sources and PLLs 

cannot be stable … 
hence, grid forming.

Grid-following inverter Grid-forming inverter

Basic control objectives
Deliver a specified amount of 

power to an energized grid
Set up grid voltage and 

frequency

Output quantity 
controlled

ac current magnitude and 
phase angle

ac voltage magnitude and 
frequency

Require a stiff and stable 
voltage at the terminal?

Yes No

Control elements 
present

Compulsorily has a phase 
locked loop (PLL)

Compulsorily does not 
have a phase locked loop 

(PLL)

High level definition usually based on 
specific control design

There are many nuances within each statement above that may blur the line between 
grid following and grid forming

http://www.epri.com/
http://www.epri.com/
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But Kirchhoff’s Laws still apply in a 100% current source 

network

10% increase in constant power load

𝑗𝑋1

𝑖𝑑
𝑖𝑞

𝑖𝑑
𝑖𝑞

𝑖𝑑
𝑖𝑞

𝑃1, 𝑄1 𝑃2, 𝑄2

𝑣1

𝑣2 𝑣3

𝑗𝑋2 𝑗𝑋3

control

control

control

What does this have to do with grid forming behavior?

Voltage levels in network decided by 
current and impedance

Network will collapse if 𝑖𝑑 and 𝑖𝑞 do 
not change when load changes
But, from circuit theory, this 
network has a stable/viable solution

Values of injected current to be controlled 
in a timely manner for network to be stable

http://www.epri.com/
http://www.epri.com/
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Defining grid forming behavior from system planner 

perspective

▪ Continued operation of 100% current source network is possible

▪ System blackstart and restoration is a special operation scenario even today

▪ Today’s inverter may have issues operating in weak grid simply 
because the control is designed and tuned for strong grid operation

▪ PLL is just part of the control architecture to obtain synchronization

▪ It is not the sole cause of instability in weak grids

Inverter control with PLL can also be developed to work in weak or 
even 100% IBR grids

▪ Provided the required services are delivered in a timely manner

Can be beneficial to define grid forming using a performance-based approach

http://www.epri.com/
http://www.epri.com/
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Performance requirement for grid forming source

GFM inverter can be defined 
based on its capability and 
the grid services it provides.

These services should be 
provided while meeting 
standard acceptable metric
associated with reliability, 
security, and stability of the 
power system and within 
equipment limits.

Few GFM sources can also 
be designated as blackstart 
resources.

Grid 
forming 
source

Operate 
w/wo sync 
machines Operate 

with other 
inverters

+ve 
contribution 
to load/gen 
balancing

+ve 
contribution 

to voltage 
control

Robust fault 
ride-

through

+ve 
contribution 

to power 
quality

+ve 
contribution 

to system 
stability 
margin

http://www.epri.com/
http://www.epri.com/
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Similar GFM response in EMT domain for low short circuit 

conditions
Based on test specification in 
AEMO’s Dynamic Model 
Acceptance Test Guideline 
(link)
▪ Pre-fault SCR = 3.0

▪ Post-fault SCR = 1.0

▪ X/R ratio = 14

▪ 3PHG fault at POI, Zf = 0.0, 
duration 0.43s

Model controls not optimally 
tuned

How does this link to positive sequence models?

http://www.epri.com/
http://www.epri.com/
https://aemo.com.au/-/media/files/electricity/nem/network_connections/model-acceptance-test-guideline-feb-2021.pdf
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Positive sequence generic models (a.k.a. WECC generic 

models)

Generic models are vendor-agnostic models that do not 
necessarily represent the exact control algorithm of any 
particular IBR vendor. When appropriately parameterized, 
these models can subsequently provide the trend of 
dynamic behavior expected from IBR plants.

REGC_A

REGC_C

current source

voltage source

http://www.epri.com/
http://www.epri.com/
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The REGC_C generic model

• Approximate representation of dynamic 

behavior of

• inverter’s inner current control loop.

• Inverter’s phase locked loop

• Current commands are translated into voltage 

reference commands behind an impedance 

User defined positive sequence model from OEM 
was unable to show the oscillations

http://www.epri.com/
http://www.epri.com/
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Use of REGC_C model to represent grid forming behavior

Positive sequence response obtained using approved WECC generic 
models
▪ REGC_C + REEC_D + REPC_A

Models should be parameterized with diligence and thoroughness

http://www.epri.com/
http://www.epri.com/
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Comparing REGC_C response across different EMT 

domain GFM implementations

Different GFM implementations, without additional tuning, can have different transient behavior

Complete tuning of generic positive sequence model is yet to be completed
▪ But results are encouraging!

EMT domain GFM implementations include virtual oscillator based, droop based, PLL based, and unknown 
implementations

http://www.epri.com/
http://www.epri.com/
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Modeling system islanding with GFM IBR

A portion of bulk power 
system is to be islanded

System has mix of GFL, 
GFM, and synchronous 
machines

Islanded section has
▪ load of 46 MW

▪ IBRs of 125 MVA capacity

System simulated in EMT 
domain and positive 
sequence domain

http://www.epri.com/
http://www.epri.com/
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Frequency response upon island creation

Encouraging (not yet perfect!) results across both EMT domain and positive sequence domain
WECC generic models can be first step for planning study with GFM IBRs 

EMT domain resultEMT domain result Positive sequence domain resultPositive sequence domain result

Now, how to assess adequacy of frequency response in a 100% IBR network? Now, how to assess adequacy of frequency response in a 100% IBR network? 

http://www.epri.com/
http://www.epri.com/
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IBRs and frequency response…

Concerns 
with 

increase in 
IBR

Reduced 
inertial energy 

injection 
machines

Reduced time 
to react to 
frequency 

imbalances

Increased 
probability of 
activation of 

UFLS

Cascading 
outages due to 

activation of 
loss of mains 

protection

http://www.epri.com/
http://www.epri.com/
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Frequency response in the bulk power system

Sufficient spinning reserve is 
available on all sources

Response for a 5% load increase 
is discussed

What would happen if IBRs replace the 
generation sources?

IEEE 9 bus system

http://www.epri.com/
http://www.epri.com/


© 2021 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m120 © 2021 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m

Impact of replacing machines with IBR…

Replacing synchronous machines 
with IBRs:

▪ IBRs operate in constant P,Q mode 

▪ Similar RoCoF as with smaller 
synchronous machines

▪ UFLS triggered because of fewer 
number of resources providing 
frequency response

oOnly G2 provides response

Is this because of IBRs or because of reduced 
amount of response?

http://www.epri.com/
http://www.epri.com/
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Can it happen with synchronous machines too…?

With all synchronous machines, 
governors on G1 and G3 are switched 
off: 

▪ UFLS triggered because of fewer number 
of resources providing frequency 
response

oAgain, only G2 providing response

Number of resources providing response 
matters!

http://www.epri.com/
http://www.epri.com/
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Can conventional IBRs provide frequency response…?

Both IBRs at G1 and G3 have governor –
like capability enabled:
▪ 750ms time lag in IBR control

▪ Inherent fast primary response due to lack 
of mechanical components and low inertia

If IBR controls need a measure of 
electrical frequency, robust 
measurement techniques should be 
implemented

FERC Order 842 presently mandates this 
governor – like capability in IBRs

Provision of such a functionality can make 
an IBR grid forming?

http://www.epri.com/
http://www.epri.com/


© 2021 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m123 © 2021 Electric Power Research Institute, Inc. All rights reserved.w w w . e p r i . c o m

Inertial energy injection from synchronous machine 

compared to energy injection from IBR

But subsequent continued energy injection from IBR results in higher nadir

Electromagnetic 
response from 
machine

Machine governor 
response starts to 
dominate

Machine inertial 
energy injection

Delayed energy 
injection from IBR 
causes higher 
RoCoF

Sustained IBR  
energy injection 
causes higher nadir

▪ IBR energy injection delayed by around 500ms

http://www.epri.com/
http://www.epri.com/
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What does present draft IEEE P2800 standard say about 

primary frequency response?

Figure 5(b) from Draft 5.1 of IEEE P2800 Draft Standard

Table 10 from Draft 5.1 of IEEE P2800 Draft Standard

• Table 10 specifies minimum capability to be met
• Change in IBR plant power output may not be 

required to be greater than maximum ramp rate of 
plant

• Should be as fast as technically feasible
• 15mHz - 36mHz deadband with 2% - 5% droop

Will this capability ever be sufficient for 100% IBR grids?

http://www.epri.com/
http://www.epri.com/
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Example: Two PV plants in an existing strong network

Each 200 MVA PV plant is a full switching model1

Frequency control with 17mHz dead band and 5% droop at inverter level

Comparison with 1pu/s and 10pu/s ramp rate on active power command

Both ramp rates meet requirements mentioned 
in IEEE P2800 Draft Standard

200 MVA

200 MVA

1https://www.pscad.com/knowledge-base/article/521

http://www.epri.com/
http://www.epri.com/
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Lower ramp rates may not work in a 100% IBR system

A low inertia power network 
needs fast injection of current 
to mitigate imbalances

Suitable choice of ramp rate 
limit can bring about a stable 
response

100% IBR network formed 10% load increase

▪ 100% IBR network created at t=2.0s

▪ Load increase at t=3.0s

Maximum ramp rate influenced by source behind 
the inverter

Batteries can tolerate higher ramp rates as opposed 
to wind turbines

http://www.epri.com/
http://www.epri.com/
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Lower ramp rate requires more responsive resources

Possible to obtain stable 
frequency control in a 100% 
IBR network, with lower 
ramp rates
Requires more resources to 
share the change in energy 
burden
Any form of IBR 
device/control can have 
inherent ramp rate limits

5pu/s – Two PV plants of 200 MVA each
2pu/s – Three PV plants of 100 MVA each

Important to recognize this if newer IBRs 
have to additionally support older IBRs

Load increase 
in 100% IBR 
network

Load decrease 
in 100% IBR 
network

http://www.epri.com/
http://www.epri.com/
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Summary

To conduct future planning studies, availability of adequate simulation models in software library 

is important

Any mathematical model, in any software domain, can be a bad model

New generic positive sequence models parameterized with due diligence show promise in 

representing behavior of 100% IBR network

▪ Not intended to completely replace other detailed studies

▪ Rather, adds more tools in a system planner’s toolkit to study high IBR systems

Important to continue to work with OEMs to validate model behavior

When evaluating frequency response of an IBR network, important to consider effect of ramp 

rate limit

More IBR resources that provide frequency response, the better it will be for the system

http://www.epri.com/
http://www.epri.com/
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Outline

• Low System Strength – Relevance to GFM

• How higher IBR penetration scenarios affect SCR index and fault behavior evaluation

• Key performance aspects of GFM

• Why is a GFM inverter not sufficient to have a GFM IBR

• GFM BESS Projects – what did we learn so far

• GFM Wind Turbine Generator experience
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Aspects of low-system-strength challenges

What problem are we trying to solve with GFM?

Long Transmission Bulk
System

Power Transfer Challenges High IBR Penetration Challenges

Bulk
System

Weak connection

Pre/existing  
Solar/Wind 

Plant

Non-
Predominant  
Synchronous 
Generation

• Remote IBR plant or clusters
• Main challenges related to fault behavior 

and recovery during N-1 or weaker
• Frequent challenge in current and past 

projects or systems
• Mature GFL IBR design processes and 

controls

• Relevant in the context of de-carbonization of electricity
• Less frequent in current and past projects
• Transferring power over long electrical distance is not
• necessarily the challenge
• Instability risks of GFL inner loops or interactions
• Larger ROCOF and Angle fluctuations
• System operation and restoration



Low-system-strength challenges and SCR

IBR

Power Transfer Challenges (PTC) High IBR Penetration Challenges
(HPC)

IBR

For example, if in both circuits SCR = 0.5, X = 2pu

• PTC equivalent does not have a feasible steady state operating condition

• HPC , if the load is 1pu, there is a feasible steady state operating condition. If the IBR controls are small signal stable, 
an IBR system may operate stably

Same SCR value has a different interpretation in these circuits

Simple conceptual equivalents considering power flow with respect to source of system strength
related mostly to steady state, fault and recovery performance

X X



System strength challenges and GFM/GFL performance expectations
Power Transfer Challenges (PTC) High IBR Penetration Challenges (HIPC)

Load Power
[pu] (1)

SCR (2) GFL (3) GFM Challenge

0 1.5+  

0 1.0 to 1.5 Could work Could work PTC

0 <1.0 


PTC

0.5 0.75+  

0.5 0.5 – 0.75 Could work Could work PTC and HIPC

0.5 <0.5   PTC and HIPC

1 <0.2 (4)  HIPC

IBR
IBR

(2) X = 1/SCR

IBR

(1) Load

(3) Advance commercially available GFL IBR technology
(4) May work in some conditions

Comparisons of apples with bananas are not recommended
This assessment does not evaluate all important HPC performance aspects



System strength challenges and GFM/GFL performance expectations

Noticeable GFM differentiation to GFL

Other performance associated with High IBR Penetration Challenges

• Voltage angle jump response expectations:

• Requirements related to tolerating voltage angle jumps without tripping – GFL and GFM

• Requirements to “oppose” voltage angle changes by injecting or absorbing active power very quickly after event.

•GFM is intended to do this-within the limitations of equipment

•GFL would be expected to have no significant response or potentially a delayed response if specifically designed for it

• Fast rate of change of frequency (ROCOF)

• Requirements related to tolerating ROCOF events without tripping – GFL and GFM

• Requirements to “oppose” ROCOF events by injecting or absorbing active power with a mitigating effect similar to synchronous machines.

•GFM is intended to do this-within the limitations of equipment

•GFL would be expected to have no significant response or potentially a delayed response if specifically designed for it

• Comments on Voltage Control

•Low system strength – Voltage Control usually more adequate than Reactive Power Control

• Voltage control at plant level

•GFL IBR terminal voltage control - superior performance in low system strength, but not widely used or required

•GFM IBR terminal voltage control – likely not to go through current control



• Resources designed for GFL operation need more than inverter control modifications to provide reliable GFM behavior

•Angle jump or ROCOF trigger different behavior from GFM than GFL

•Load/Generation balance is more complex in PV solar systems and wind turbines than with BESS

•Fast bidirectional active power fluctuations demanded by grid angle fluctuations

•Drive train has stored energy and constrains(wind)

•Additional hardware (energy buffer/storage) may be required depending on performance requirements

•Curtailment

• Current rating and fault contributions

GFM inverter vs GFM resource

Large P variation in
response to voltage
angle variation

P output in pu from IBR, GFM vs. GFL with and without inertia-like response

Source: Shruti D Rao, et al. “Grid-forming Inverters –Real-life Implementation
Experience And Lessons Learned”, IET RPG 2021



•BESS projects are usually not GFM

Key GFM BESS Projects:

• Metlakatla Power & Light 1MW/1.4MWh-1995 [1]

• Vernon CA 5MW/2.5MWh- 1996 [2]

• IID 30MW/22MWh- 2017. Blackstart of GT auxiliaries and other services

• Entergy Perryville—Blackstart of GT auxiliaries with 7.5 MW x 7.5 MWh BESS
– 2019

•Blackstart of GT auxiliaries with 13 MW x 13 MWh BESS - 2020

Projects demanded:

• Blackstart of industrial and complex load (SCR= 0)

• Blackstart field demonstration

• Modular solutions with distributed BESS

GFM BESS MW scale projects

IID (complete, COD: 2Q2017)

Entergy Perryville (complete, COD 4Q2019

Distributed BESS systems with GFM control approach compatible with 
interconnected grids



• Large drives fed from BESS

• Motor and transformer energizations/ Inverter rating optimizations

• Performance Requirement definition are key to design and not simple

•Current rating vs frequency and voltage sags for critical events

•Complexity of applications drives need for extensive study efforts

• Few control observations:
• Hierarchical control with plant-level supervisory controller which sends commands to inverters 

based on POI measurements (same as most sizable IBR plants)
• Co-ordinated control between multiple inverters without need for fast communications

• In islanded mode, plant controller controls voltage and keeps frequency close to nominal

GFM BESS MW scale projects
30 x 
1.25MVA

92kV

Industrial  
Load

Performance requirements definitions are complex
How much GFM is sufficient?

Direct start of large asynchronous machines
Source: Shruti D Rao, et al. “Grid-forming Inverters –Real-life
Implementation Experience And Lessons Learned”, IET RPG 2021
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GFM Wind turbine experience

From GFL to GFM…
• Converter, Turbine and plant controls coordination is different

• More Frequent and faster active power fluctuations has impact
on drive train

• Several GFM performance aspects benefit from overload
capabilities

Type 3 GFM WTG electrical system lab demonstrations 
well underway

Performance requirement definition

• Performance definitions are different from some of the BESS projects 
mentioned

• Likely to continue changing as more markets request features

• GFL vs GFM requirement approach may need to be different

• Consideration of equipment limitations

Plant Level  
Controller

Converter  
Controller

Turbine 
Controller



Final Comments

• Grid forming technology can support mitigation of several aspects of low system
strength…not all of them.

• GFM performance options are very broad. Performance requirement definition is not 
simple. Manufacturers require good level of performance definition to design 
products.

• Several BESS grid forming applications deployed.
• PV systems and Wind Turbine design/control based on maximum energy capture. Grid 

forming operation could lead to significantly reduced energy capture.
• GFM capabilities in wind and solar progressing.

• GFM performance requires more than controller code modifications.
• Market size associated to increased performance requirements.

• Likely increase in application complexity for stakeholders (Reliability entity, 
Transmission operator, plant developer, OEMs). Effect in project award/deployment 
cycles.
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