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Why do we need Grid-forming (GFM)
Inverters in the Bulk Power System?

U.S. electricity generation from renewable energy sources, 1950-2022 There 1S a rapld Increase In the amount Of
bilion Kilowatthours inverter-based resources (IBRs) on the grid
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All of these technologies
are Inverter-based
Resources (IBRs).
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~ solar @ wind @ geothermal @ biomass @ hydroelectric

Data source: U.S. Energy Information Administration, Monthly Energy Review and Electric Power Monthly ,
February 2023, preliminary data for 2022

ﬂ Note: Includes generation from power plants with at least 1 megawatt electric generation capacity.

ela Hydroelectric is conventional hydropower,
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Solar, Wind, and Batteries is expected to make up 94%
of new U.S. electric-generating capacity in 2024

U.S. planned utility-scale electric-generating capacity additions (2024) /ﬂ
gigawatts (GW) eia
15

nuclear
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wind

8.2 GW all other
natural 0.2 GW
10 gas
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62.8 GW

5 2024 total
battery‘
0 storage solar
14.3 GW 36.4 GW
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Data source: U.S. Energy Information Administration, Preliminary Monthly Electric Generator Inventory, December 2023
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What is driving the rapid deployment of
utility-scale wind and solar?
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\ They are the most cost-competitive forms of new electricity
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Source: Lazard’s Levelized Cost of Energy Analysis, 2023



Difference between Synchronous Generators and
Inverter-based Resources (IBRs)

Variable Renewables and Batteries
use inverters to produce
electricity

.

Figure: NREL

Figure: NREL

Learn more about generator inertia Learn more about inverters



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

Types of Inverters

Grid Following (GFL)
VS.
Grid Forming (GFM)

Inverter Output

Instantaneous Volts

Time (mMs)

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/fy210sti/73476.pdf.
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GFL IBR controls
output Current
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GFM IBR controls
output Voltage

Can make its own
voltage waveform
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https://www.nrel.gov/docs/fy21osti/73476.pdf

Grid Forming 101 - Quick Questions

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



% Wind and Solar

What we know today... 0
Operating Power Grids with High Levels of IBR
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Why GFM? - Let’s take a closer look at Grid Stability K

microWECC model

Hydro — Responsive, 15% headroom

IBR1— Non-Responsive (G FL)

. IBR2 — Responsive, Grid-Following (G FL)

IBR3 - Responsive, Grid-Forming (GFM)

WECC Load
(75 GW)

S _4@—0 Steam (non-responsive)
Load is Frequency

Dependent, D=1
1 ] 4@_@ Resource Contingency 2 800MW

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



Why GFM? — Hereiis the response with just Grid-following (GFL)

60,00

59,80

59,60

59.5 1

59.40

fa.z0

N-1 Contingency
Event of 2800MW
dropping offline.

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

All IBRs|are Grid

Following with typical res

onse

Case A: System with today’s resource mix

Case D1: None of IBRs has frequency response

59.00

GFL IBRs =73% of total generation

0.

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.

Case D2: All IBRs are grid following with frequency response (typical) |

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

60.



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

e0.00_

All IBRs are Grid Forming

\[
\

59.5 mesmscssse——- -i\:/-------------------------_-..------..----_-.

59.40
\) Case A: System with today’s resource mix —
Case D2: All IBRs are grid following with frequency response (typical) |

L49.z20
Case D3: All IBRs are grid forming with frequency response
GFM IBRs = 73% of total generation
5900 4.0 36.0 45.0 60.0

0.0 lz.0

WECC_TEMW_Cazeid. chf: flm
WECC 7EMW Caseld chf: fbu
ECC_T5MW_CaselZ. chi: fbu

2
Time | sec |
WECC 230.0 fmeta 1 1
WECC zZ20.0 fmeta 1 1
WECC 220.0 fmeta 1 1

e

IBR Fast frequency response from grid-forming inverters can be effective in
maintaining system frequency (inverter-level, droop control, headroom)

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



FM Value Proposition

e Essential
Reliability
Services
(improved
stability)

e Black-start
Capabilities

* Improved Power
Grid Reliability
and Resilience

GFM Value Proposition

Value Proposition for
Grid-Forming (GFM) Inverters

What's Inside?

wnifi

consortium

universal interoperability
f rming inverters

Grid-forming (GFM)
Inverters Overview

The future power grid will include mare nverter
based resourcos (IBRs) interfacing wind. solar, and
bamenes due 1o their cost-compatitive nature and
e fulfill societal sysiem decarbonization goals. Our
current power systems, which were onginally
designed around synchranous genaratars, noed 1o
adapt 1o assimilate higher porcentages of IBRs
Gridg with high levels of IBRs currently exist in gmall
itlanded systems but are quickly becoming
reality in larger systems. In these future gri
rvarters will need to take on a more engaged role
in gnsuring system stabslity, frequ
reg
capabi
seamlessly by grid-forming [GFM) controls. In
contrast, inverters deployed in grids woday are
dominantly offered with grd-following [GFL)
controls which do not offer the full suite of these
contrel capabilities readily.

GFM  con offer  several  wehnological
advantages over GFL contrals, incheding improved
and stable operation in low system-sirength
regions, improved primary-frequency response
(PFR] and fast-frequency response (FFR]L and
black-start  capabilit among  others. These
benefits can be tra d into economic value,

participation in essential raliability service markets
compensation for black-start capab
mproved system ity and resilienca. (See
Figure 1.) Notably, these attributes span from unit-
level owner benefits 1o systemwide operational
benefits, We overview different aspects of these
walue streams in what follows. -

Grid-following (GFL) Controls

Essential Grid Service
Markets

particularly  batteries, can participste in
| reliabilityservice markets that include
products for FFR FR Both GFL and GFM IBRs
can participate in these markets, but a benefit of
GFM IBRs is that they include primary contrals that
ly frequency sensitive. Therefore, they
are naturally suitsble 1o regulate and restore grid
froquency. A market for frequency response
fincdluding FFR and FFR) that encourages 1BR
panticipation only exists in ERCOT today, but may
expand to o SOWATOS in the future

are mnat

Grid-forming [GFM) Controls

synchronous generaton,



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

Global Landscape and Timeline for GFM Specifications

NREL  ENSTO-E NERC NGESO AEMO GPST ESIG UNIFI AEMO  NERC BESS UNIFI V2

Grid Farming Tachnslogy R e

Grid Faeming Technalogy

_‘?—- - fortcoson it Aseomca - g & o kb __r“—-

R — * 6$1r i

2001 2003 2014 2018 2020 2021 2022 2023
I I I * UNIFI GFM Specs Version 1
— Published in December
UL 1741 & IEEE 519 IEEE 1547 IEEE 1547A IEEE 1547-2018 IEEE 2800 published 2022
synchronize for IBRs published Amendment published
at distribution level Extended & Improved
IBRs shall: IBRs may: IBRs shall be capable specs for IBR at: * UNIFI GFM specs were
* Not regulate * regulate voltage of: * Sub-transmission used as the basis for the
voltage * Ride-through * regulating voltage level
* Trip under abnormal voltage * Ride-through * Transmission Level new NERC GFM Specs for
abnormal and frequency abnormal voltage Battery Systems (Sept
voltage and * Provide frequency and frequency 2023)
frequency response * Provide frequency
(anti-islanding) response
\ Y ] \ Y J - UNIFI GFM Specs Version 2

grid-following behavior suggesting grid-forming behavior — Published in March 2024



universal interoperability
for grid-forming inverters
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c o n s o r t I u m Co-led by NREL, University of Texas-Austin, and EPRI

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

wpY

research &
development

v

demonstration &
commercialization

stakeholders: academia, industry, labs,
utilities, operators

.od
000
[

outreach &
training




UNIFI - Working to Build Better Models

WECC

droop-based GFM model
specification (REGFM_A1)
has been adopted by WECC »
this model is available in the
model libraries of 4
commercial positive-
sequence tools (PSS/E, PSLF,
PowerWorld, and TSAT) »

PowerWorld

control blocks of REGFM_A1

PSCAD

EMT models of PV inverter
based resource in GFL and
GFM mode ¢ model includes
an interoperable primary
control grid forming system
architecture that is designed
for use with both individual
IBRs and aggregations e the
design is intended to coexist
with vendor specific
proprietary controls that
exchange standardized
signals with the system
operator to regulate
frequency and voltages, or to

manage black start e

EMTP

generic EMTP model for a
three-phase aggregated grid-
forming inverter (GFM
inverter) » applications
include stability, fault,
harmonic, dynamic, and
interconnection studies e the
GFM inverter can be modeled
as: droop- based, virtual
synchronous machine (VSM)-
based, dispatchable virtual
oscillator (dVOC)-based, or a
PLL-based

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.



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

Photo: AES

Kauai (80MW ) 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.

o0 L ) , —(ii) Nov. 21, 2021

; : : : : —(i) Apr. 2, 2023

| DataSource: KIUCand NREL : : i
0 2 4 6 8 10 12 14

Time [s]

1 GFM operating 2 GFM operating

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



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

ERCOT — Current IBR Situation

FAR WEST

SOUTH

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.

Currently there is a lot of existing invert-based
resources (IBR) in the ERCOT system.

2024 Generating Capacity 0.4% Hydro

. . . 0.9% Other*
Reflects operational installed capacity based on 2.7% Storage
December 2023 CDR report for Summer 2024. 3.5% Nuclear

Natural Gas Coal Solar

44.3% 9.8% 13.2%

The sum of the percentages may not equal 100% due to rounding.
*Other includes biomass and DC Tie capacity.

43% of installed capacity is IBRs

2023 Energy Use

*Other includes solar, hydro, petroleum coke (pet coke), biomass,

landfill gas, distillate fuel oil, net DC-tie and Block Load Transfer 7.6% Other*
imports/exports and an adjustment for wholesale storage load. 9.2% Nuclear

Natural Gas

45.1%

ERCOT May 2024 Fact Sheet



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 - cu rre nt Ope rations Operations on a Sunny, Windy Day - February 21, 2024 -

Fuel Mix £
Last Updated: Feb 21, 2024 16:54 CT
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63% wind

Wind
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Nuclear
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@ Solar ® Wind @ Hydo @  Power Slorage ® Other @  Natural Gas @  Coal and Lignite MNuclear
Current Day
Combined Wind and Solar =
In 2035, both projected wind and solar capacity and curtailments rise in ERCOT o) Last Updated: Feb 21, 2024 16:55 CT
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2022 2035 2022 2035
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Data source: LS. Energy Information Administration, UPLAN model simulation of ERCOT power market, and Potomac Economics, Stale of the
Markat Report for the ERCOT Electricity Markst, May 2023 . . . .
https://www.eia.gov/todayinenergy/detail.php?id=57100

Current Day https://www.ercot.com



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

‘Enﬂb!
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https://unificonsortium.org/

Additional Material
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Frequency Stability (Lower ,

System Inertia)

Voltage Stability and Regulation

System Protection

Grid Forming capability

Black Start capability

Control system interactions and

resonances

Cybersecurity

Control system interactions
and resonances

ehsctrieal centrol = Y [oeference

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/

T e Power System Oscillations

Source: Blackstart of Power Grids with Inverter- Based Resources, H. Jain, G. Battery/ Bastery/ Battery/
Seo, E. Lockhart, V. Gevorgian, B. Kroposki, 2020 IEEE Power and Energy l P + Battery ” W‘ﬂ-“‘l:\_'_J PV + Baltery

. . Black $tart Revoorces
General Meeting: https://www.nrel.gov/docs/fy200sti/75327.pdf



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

UNIFI Specifications for GFM Technologies — V2
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UNIFI - GFM Definition

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

Category 1

Inject active
— power at unity
power factor

Does not
—  provide grid
services

Category 2

Frequency and
voltage response
over seconds

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 3

Category 2
response
capabilities
4 N
Fast voltage/
frequency
response within
1 second
\ J

[ As a group, help |
a network ride
through grid

Category 4

\

Category 3
response
capabilities

J

7

\.

Individual IBR
are capable of
surviving/ride
through grid
disturbance

N\

J

disturbances

Capable of
providing
blackstart




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

. II’IIIIIIIIIIIIIIIIIII |II| IIIIIIIIIIIIIIIIIIII Ill Ill WI|||I|||||I|||I|I|II| Ill 'I'I'I'I'I'I' IIIIIhI Ill WPII ! Ill Il II| IIIIII I IIII Il Ill Il Ill Il |I| Il IIII| Il Ill Il Ill I II Il Ill I III I Ill Il

o o e Inverter

“ HHII||I| HHII||||| HHII|||| HIIHIIIIIII HHH"" HHII|||||| HHII|||| HHIIH”"” HHIIIIII|||| HHIIIIII||| HHIIIIII|||| HHIIIIII| HHIIIIII||I| HHIIIIII|| HHIIIIII|||| HHIIII|| G t
B 1 I N e enerator

=2 ([ (IR I [
V03C] O R O Unsta b | e
Droop Sta b I e

50 100 150 200 250
Case

Stable and unstable configurations evaluate with an exhaustive combination of:

®/<§f.f- ° synchronous generators

machine GFL  droop Voo

* droop-controlled grid-forming (GFM) inverters
IEEE 39-bus test SyStem * virtual oscillator control (VOC) grid-forming (GFM) inverters
* grid-following (GFL) inverters

GFM controls ~ KevResuls

Stability depends on system characteristics, types of disturbances,

Sh()wed no nom.lr-1al _V/f ranges o
¢ Stability issues increase as GFL IBR penetration increases —

e oo . o

|nStab|||ty . especially above 60% instantaneous

Systems can have corner cases at low IBR penetrations —
especially in weak parts of the system

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



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

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

Similar Results on the Australian NEM Power System
» Stability issues increase as GFL IBR

\ penetration increases — especially
NORTHERY, above 60% - 70% instantaneous
] levels

 GFM can increase stability levels
dramatically

SOUTH AUSTRALIA

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

VICTORIA

TASMANIA

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



UNIFI - 1MW Multi-Vendor Experiment
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*  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
*  Asystem controller dispatches all the elements
*  Evaluating single and multiple vendor GFM
performance against UNIFI GFM specs

Photo: NREL




NERC GFM Whitepaper

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

White Paper: Grid Forming * GFM technology is commercially available and

Functional Specifications . .
for BPS-Connected Battery field-proven - particularly for BESS

Energy Storage Systems * All newly interconnecting BPS-connected BESS

should be designed and commissioned with GFM
controls

September 2023

RELIABILITY | RESILIENCE | SECURITY

e * Transmission Operators should begin the process

of establishing GFM functional specifications for
BESS

326

404-446-2560 | www.nerc.com

e 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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