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Why do we need Grid-forming (GFM) 
Inverters in the Bulk Power System?
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There is a rapid increase in the amount of 
inverter-based resources (IBRs) on the grid 
from Solar PV, Wind, and Batteries.

Wind

Solar

All of these technologies 
are Inverter-based 
Resources (IBRs).

Photo: NREL

Photo: NREL
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3Solar, Wind, and Batteries is expected to make up 94% 
of new U.S. electric-generating capacity in 2024
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Source: Lazard’s Levelized Cost of Energy Analysis, 2023

What is driving the rapid deployment of 
utility-scale wind and solar?

 They are the most cost-competitive forms of new electricity
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5Difference between Synchronous Generators and 
Inverter-based Resources (IBRs)

Conventional power plants use 
large rotating synchronous 

generators to produce electricity

Variable Renewables and Batteries 
use inverters to produce 

electricity

Coal, Natural Gas, Nuclear, and Hydro Wind, Solar PV, and Batteries

DC AC

Learn more about invertersLearn more about generator inertia 

Figure: NREL
Figure: NREL

https://www.youtube.com/watch?v=Xlt9HjuPXL4
https://www.youtube.com/watch?v=b9JN7kj1tso


Grid Following (GFL)
vs.

Grid Forming (GFM)

Source: Lin, Yashen, Joseph H. Eto, Brian B. Johnson, Jack 
D. Flicker, Robert H. Lasseter, Hugo N. Villegas Pico, Gab-Su 
Seo, Brian J. Pierre, and Abraham Ellis. 2020. Research 
Roadmap on Grid-Forming Inverters. Golden, CO: National 
Renewable Energy Laboratory. NREL/TP-5D00-73476. 
https://www.nrel.gov/docs/fy21osti/73476.pdf.

Inverter Output

GFL GFM

• GFL IBR controls 
output Current

• Is dependent on 
another source to 
synchronize to

• GFM IBR controls 
output Voltage

• Can make its own 
voltage waveform

Leader

Follower

Types of Inverters 6

https://www.nrel.gov/docs/fy21osti/73476.pdf


GFL vs. GFM – is is just software or is there a hardware difference?
For the most part, the control algorithms are just software changes. Some current 
inverters can already be programmed to switch modes on the fly.
Some capabilities (e.g. blackstart) may require hardware changes.

How easy is it to retrofit older inverters?
It is usually difficult to retrofit older GFL with new control software.

How much GFM do I need in the system?
Each system is different and response to abnormal conditions vary, but it is good to 
have at least 25-30% grid forming resources in the system. Best place to put GFM is 
in the weakest parts of the grid. (See references)

Do I need energy storage?
GFM paired with energy storage offers the full capabilities of GFM response. 

Grid Forming 101 - Quick Questions 7



What we know today…
Operating Power Grids with High Levels of IBR

Ultra-high 
levels of IBR 
are enabled by:
1) Responsive IBR
2) GFM
3) Energy Storage

75%
(March 2024)
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Why GFM? - Let’s take a closer look at Grid Stability 

Source: Frequency Response in High IBR Scenario Illustration Studies, WECC Modeling and Validation Subcommittee 
September 2022, D. Kosterev, M. Ayala Zelaya, E. Mitchell-Colgan, BPA Transmission Planning

2,800MW

(GFM)

(GFL)

(GFL)

WECC

9



N-1  Contingency  
Event of 2800MW 
dropping offline. 

System load > 
system 
generation and 
this causes the 
frequency to 
decline.

59.5 is set as an under frequency load shedding (UFLS) 
point. When the frequency reached 59.5, some of the load is 
dropped (localized black out). If the amount of load that is 
remaining can be supplied by the remaining generation, 
then the system will recover.

GFL IBRs = 73% of total generation

Source: Frequency Response in High IBR Scenario Illustration Studies, WECC Modeling and Validation Subcommittee September 2022, D. Kosterev, M. Ayala Zelaya, E. Mitchell-Colgan, BPA Transmission Planning
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All IBRs are Grid Following with typical response

Why GFM? – Here is the response with just Grid-following (GFL)



GFM IBRs = 73% of total generation

Source: Frequency Response in High IBR Scenario Illustration Studies, WECC Modeling and Validation Subcommittee September 2022, D. Kosterev, M. Ayala Zelaya, E. Mitchell-Colgan, BPA Transmission Planning
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All IBRs are Grid Forming

Why GFM? – Switching to Grid-forming (GFM)



GFM Value Proposition

• Essential 
Reliability 
Services 
(improved 
stability)

• Black-start 
Capabilities

• Improved Power 
Grid Reliability 
and Resilience

GFM Value Proposition
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https://unificonsortium.org/wp-content/uploads/UNIFI_GFM-Value-Proposition.pdf


Global Landscape and Timeline for GFM Specifications

2001 2003 2014 2018 2020 2021 2022 2023

UL 1741 & IEEE 519 
synchronize for IBRs 
at distribution level

IEEE 1547 
published

IBRs shall:
• Not regulate 

voltage
• Trip under 

abnormal 
voltage and 
frequency 
(anti-islanding)

IEEE 1547A 
Amendment

IBRs may:
• regulate voltage
• Ride-through 

abnormal voltage 
and frequency

• Provide frequency 
response

IEEE 1547-2018 
published

IBRs shall be capable 
of:
• regulating voltage
• Ride-through 

abnormal voltage 
and frequency

• Provide frequency 
response

IEEE 2800 published

Extended & Improved 
specs for IBR at:
• Sub-transmission 

level
• Transmission Level

grid-following behavior suggesting grid-forming behavior

NREL ENSTO-E NERC NGESO AEMO AEMOESIG UNIFIGPST NERC BESS

13

UNIFI V2

March 2024

• UNIFI GFM Specs Version 1 
– Published in December 
2022

• UNIFI GFM specs were 
used as the basis for the 
new NERC GFM Specs for 
Battery Systems (Sept 
2023)

• UNIFI GFM Specs Version 2 
– Published in March 2024



The UNIFI Consortium addresses the 
challenges of integrating grid-forming (GFM) 
technologies into electric power systems

Three major focuses:
• Research & Development 
• Demonstration & Commercialization 
• Outreach & Training

Started in 2022 by DOE, UNIFI is focused on 
bringing the industry together to unify the 
integration and operation of inverter-based 
resources and synchronous machines

Co-led by NREL, University of Texas-Austin, and EPRI

14
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UNIFI - Working to Build Better Models

unifi modeling & 
simulation technical 
area members 
helped electrical 
system planners 
at ERCOT, AEP, and
WECC better 
understand benefits 
of GFM inverters – 
good first steps

Droop-based GFM model (REGFM_A1) and Virtual Synchronous Machine GFM 
model (REGFM_B1) are now available in commercial positive-sequence tools. 
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EMTPPSCADWECC

PowerWorld

https://www.ercot.com/files/docs/2023/08/11/GFM_ERCOT_IBRWG%2808112023%29.pdf
https://www.ercot.com/files/docs/2023/09/07/AEP_GFM_PreliminaryResults_Nishantha.pdf
https://www.wecc.org/Administrative/IBR%20Grid%20Forming%20vs%20Following%20Frequency%20Response.pdf


UNIFI – 20MW Field Demonstration
Kauai (80MWpeak) is the only place in 
the world with multiple 10MW+ GFM 
systems in operation paralleled to 
grid.

The grid operator (KIUC) is successfully 
operating the grid at 90% inverter-
based resources at times which 
translate to around 45% annually.
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2 GFM operating1 GFM operating

https://spectrum.ieee.org/electric-inverterPhoto: AES
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https://spectrum.ieee.org/electric-inverter


ERCOT – Current IBR Situation

Currently there is a lot of existing invert-based 
resources (IBR) in the ERCOT system.
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43% of installed capacity is IBRs

ERCOT May 2024 Fact Sheet

A new renewable penetration record of 75.67% was set 
March 29 at 2:13 p.m. Renewable generation at record 
penetration time was 34,958 MW. 

https://www.ercot.com/files/docs/2022/02/08/ERCOT_Fact_Sheet.pdf?utm_source=bod&utm_medium=monthly-report-apr2024
https://www.ercot.com/files/docs/2024/04/30/ERCOT-Monthly-April-2024.pdf


ERCOT – Current Operations Operations on a Sunny, Windy  Day - February 21, 2024
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63% wind 
and solar

https://www.ercot.com

Nuclear
Coal
Natural Gas

Wind

Solar

https://www.eia.gov/todayinenergy/detail.php?id=57100

https://www.ercot.com/
https://www.eia.gov/todayinenergy/detail.php?id=57100


ERCOT – Moving forward

To successfully integrate higher levels of inverter-based 
variable renewables (wind and solar):

• Need to make sure all new large IBRs are responsive 
and help support stability – GFL IBR need to follow 
IEEE 2800

• New battery IBRs should have GFM capability built in – 
this will be needed to get to higher IBR levels and 
maintain grid stability

• More storage will be required to turn off conventional 
generators currently running at minimum load

• Important to act soon before too much IBRs are 
deployed 
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Thank you

Visit the UNIFI website: 
unificonsortium.org

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, 
LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. The views expressed in the 
article do not necessarily represent the views of the DOE or the U.S. Government. The U.S. Government retains and 
the publisher, by accepting the article for publication, acknowledges that the U.S. Government retains a 
nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this work, or 
allow others to do so, for U.S. Government purposes.
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NREL/PR-5D00-90256

https://unificonsortium.org/


Additional Material

21



Technical 
Challenges with 
Higher Inverter-
based Resources
Challenges:
• Frequency Stability (Lower 

System Inertia)
• Voltage Stability and Regulation
• System Protection
• Grid Forming capability
• Black Start capability
• Control system interactions and 

resonances
• Cybersecurity

Source: B. Kroposki et al., “Achieving a 100% Renewable Grid – Operating 
Electric Power Systems with Extremely High Levels of Variable Renewable 
Energy,” http://ieeexplore.ieee.org/document/7866938/

ProtectionStability

Source: Blackstart of Power Grids with Inverter- Based Resources, H. Jain, G. 
Seo, E. Lockhart, V. Gevorgian, B. Kroposki, 2020 IEEE Power and Energy 
General Meeting: https://www.nrel.gov/docs/fy20osti/75327.pdf

Grid-forming/Blackstart Control system interactions 
and resonances

Power System Oscillations

22

http://ieeexplore.ieee.org/document/7866938/
https://www.nrel.gov/docs/fy20osti/75327.pdf


UNIFI Specifications for GFM Technologies – V2 23



UNIFI  - GFM Definition 24

The UNIFI Consortium defines GFM IBR controls as follows in accordance with the 
North American Electric Reliability Corporation (NERC) definition:

“GFM IBR controls maintain an internal voltage phasor that is constant or nearly 
constant in the sub-transient to transient time frame.”

This definition means that the GFM IBR will nearly immediately respond to changes 
in the external system and attempt to maintain IBR control during challenging 
network conditions to maintain grid stability. In GFM IBR, the voltage phasor is 
controlled to maintain synchronism with other devices in the grid while regulating 
the active and reactive power appropriately to support the grid.



UNIFI  - IBR Categories 25

This categorization does not correspond to a particular IBR 
control structure, and IBRs using different technologies may be 
categorized in the same category if they provide similar services.

Category 1 

Inject active 
power at unity 
power factor

Does not 
provide grid 

services

Category 2

Frequency and 
voltage response 

over seconds

Category 3

Category 2 
response 

capabilities

Fast voltage/ 
frequency 

response within 
1 second

As a group, help 
a network ride 
through grid 
disturbances

Category 4

Category 3 
response 

capabilities

Individual IBR 
are capable of 
surviving/ride 
through grid 
disturbance

Capable of 
providing 
blackstart



When do we need GFM and How much do we need? 26

Source: Lin, Seo, Vijayshankar, Johnson, Dhople, “Impact of Increased Inverter-based Resources on Power System Small-signal Stability,” IEEE PESGM, 2021

Stable and unstable configurations evaluate with an exhaustive combination of:
• synchronous generators
• droop-controlled grid-forming (GFM) inverters 
• virtual oscillator control (VOC) grid-forming (GFM) inverters
• grid-following (GFL) inverters 

Inverter
Generator
Unstable
Stable

G9

IEEE 39-bus test system

VOC
Droop

GFL

GFM controls 
showed no 
instability

Key Results
• Stability depends on system characteristics, types of disturbances, 

nominal V/f ranges
• Stability issues increase as GFL IBR penetration increases – 

especially above 60% instantaneous
• Systems can have corner cases at low IBR penetrations – 

especially in weak parts of the system

https://ieeexplore.ieee.org/document/9638094


When do we need GFM and How much do we need? 27

• Stability issues increase as GFL IBR 
penetration increases – especially 
above 60% - 70% instantaneous 
levels

• GFM can increase stability levels 
dramatically

• Location of GFM in systems is a 
significant contributor to system 
stability – GFM should be placed 
at weak points in grid

Source: U. Markovic, et al., “Understanding Small-Signal Stability of Low-Inertia Systems,” IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 36, NO. 5, SEPTEMBER 2021

Similar Results on the Australian NEM Power System



UNIFI – 1MW Multi-Vendor Experiment 28

• Evaluating multi-vendor GFM IBR in controllable 
environment

• Using the same testing circuit for easy configuration 
and testing

• Using the same testing protocol for fair comparison 
between vendors

• Power quality
• Overloading capability
• Transient stability

• A system controller dispatches all the elements
• Evaluating single and multiple vendor GFM 

performance against UNIFI GFM specs
Photo: NREL



NERC GFM Whitepaper 29

• GFM technology has been shown to operate 
reliably and provide stabilizing characteristics in 
transmission in areas of high IBR penetrations

• GFM technology is commercially available and 
field-proven - particularly for BESS

• All newly interconnecting BPS-connected BESS 
should be designed and commissioned with GFM 
controls

• Transmission Operators should begin the process 
of establishing GFM functional specifications for 
BESS

• Testing and validation of GFM performance is still 
needed

https://www.nerc.com/comm/RSTC_Reliability_Guidelines/White_Paper_GFM_Functional_Specification.pdf

https://www.nerc.com/comm/RSTC_Reliability_Guidelines/White_Paper_GFM_Functional_Specification.pdf
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