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Introduction to G-PST GPST Pillars 1 and 4



The Global Power System Transformation
Consortium (G-PST)

Break down siloes, enable collaboration, and set a
dynamic research agenda for renewables integration.

W aﬁi;___
= "mmo © /
As a global network, G-PST shifts the power sector from efforts to

collaboration to solve common challenges.  https://globalpst.org/
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G-PST Pillars Overview

\©,
ESIG

Imperial College
London

Perform cutting-edge
appliedresearch to
create novel system
operator solutions and
globally disseminate
and infuse new insights
through peerlearning

iiNREL

Provide implementation
support o scale
established best practice
engineering and
operationalsolutionsfor
developing countries

3. Foundational
Workforce
Development

Imperial College
London

Build the inclusive and
diverse workforce of
tomorrowthrough
enhanced university
curriculum andtechnical
upskilling for utility and
system operatorstaff

4. Global Technology
Standardization and
Regional Adoption
EPRI|i %
JIEEE

Adapt modern power
system technologies to
individual country contexts
through global standards
developmentand regional
adoption activities testing,
and conformity
assessment programs

V

5. Open Data
and Tools

VIT

iiNREL

Support rigorous
planning, operational
analysis and enhanced
real-time system
monitoring through open
data andtools

|

» Pillar 4. Global Technology Standardization and Regional Adoption }




Updated G-PST Pillar 4 Website

" GLOBALPST About G-PST v WhatWeDo v  Where We Work v OurImpact News & Events  Resources v
CONSORTIUM

About G-PST v WhatWeDo v Where We Work v Ourlimpact News & Events  Resources v

Key Action Pillars

The G-PST Consortium engages in activities across five key pillars with the goal of ensuring global coordination of our efforts toward the achievement of cost-
efficient, clean, and reliable power systems.

PILLAR 1

System Operator Research & Peer Learning
Perform and globally disseminate cutting edge applied
research to solve pressing challenges for the world's
leading system operators.

PILLAR 2

System Operator Technical Support

Provide implementation support to scale established best
practice engineering and operational solutions for
developing country system operators.

PILLAR 3 PILLAR 4

Foundational Workforce Development
Build the inclusive and diverse workforce of tomorrow
through enhanced university curriculum and technical
upskilling for utility and system operator staff.

Global Technology Standardization &
Regional Adoption

Adapt modern power system technologies to individual
country contexts through standards development activities
and testing programs.

Global Téc

Pillar 4 - Global Technology Standardization & Regional Adoption

The Electric Power Research Institute (EPRI), as the Pillar 4 coordinator, supports the
development of key technology standards at the national, regional, and global level, to advance
power system transformation. In addition, EPRI, Institute of Electrical and Electronics Engineers
(IEEE), and the Pillar 4 team support countries with applying these technologies and standards at
the local level.

Pillar 4 has been deeply involved in standards for development and interconnection of large-scale
inverter-based resources. The team is working with a broad group of partners on standards
related to grid-forming technologies. It has also supported more widespread utilization of
distributed energy resources through implementation support for relevant standards in
jurisdictions around the world.

This work translates into infrastructure projects on the ground when G-PST's partner countries
adopt or modify the standards for their contexts. G-PST has worked or is working to support the
development and implementation of standards in the United States, Panama, India, Chile,
Colombia and Brazil. Regional or global standards streamline the process for technology
manufacturers, power system and regul and I the depl: of new
technologies critical for advancing power system transformation.

|EEE, part of G-PST’s Core Team and a key player in Pillar 4, completed a white paper in 2020
providing an overview of power system technical standards, testing and certification most
applicable to G-PST activities.

VIEW PILLAR 4 RESOURCES
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Update on IEEE P2800.2 publication



IEEE standards for transmission-connected IBRs

2022 Today Future

IEEE P2800.1,

IEEE 2800 IEEE P2800.2 P2800a, P2800 R1

« Interconnection e Recommended e P2800a: Amendment to
requirements for IBRs conformity assessment reduce barriers to grid-
on transmission and procedures for 2800 forming (GFM)

e |EEE-SA balloting
completed in late 2025.
96% approvalamong 231

e P2800.1:
Recommended practice
for GFM equipment

subtransmission
o 2800 (mostly) applies at
the plant level

balloters
« Adopted by >20 utilities e Up for IEEE RevCom requirements and tests
and ISOs and counting approvallan 28 e P2800: Full revision
o Ride-through aspects e Expected to publish °
incorporated into NERC around March/April 2026

PRC-029-1
Source: Andy Hoke (NLR, formerly known as NREL)

© 2026 Electric Power Research Institute, Inc. All rights reserved. =2l



Verification: |IEEE 2800 and P2800.2 Conformity Framework

Type Tests

Lab or field
tests of
individual
IBR unit for
model
validation

IBR Unit
Model

Validation

Based on
type test
data

IBR Plant
Model
Development

Based on
validated IBR
unit model(s)

and balance of

plant

IBR Plant

Design
Evaluation

Simulations
to assess
plant

conformity to
IEEE 2800

Y

As-built
Installation
Evaluation

Verification of
installed plant

Commissioning

Test s .. o
~ €588 Post-commissioning Monitorin

Partial field
assessment of
plant
performance

Monitoring of plant performance
during grid events

Post-Commissioning

M | Validation
Model Validation Periodic Tests and

L Verifications
Based on commissioning

test data

Plant
construction
complete

Design Evaluation

More information at https://sagroups.ieee.orq/2800-2/ and expression
of interest to participate here.

IEEE P2800.2 is expected for publication in early 2026.

© 2026 Electric Power Research Institute, Inc. All rights reserved.
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IEEE P2800.2 Conformity Assessment of generic GFL
and GFM models



Conformity Assessment of Generic IBR EMT Models

Research Questions

1. Are the modeling-based IBR plant design evaluation .
tests specified in IEEE P2800.2, Clause 7, practical and Source: 3002034299
reasonable?

2. Fora given short-circuit ratio (SCR) at an IBR plant’s A .
point of measurement (POM), can a generic IBR model Conformity Assessment of Generic
be configured with a single set of control parameter IBR' EMT Models with Requirements
values such that its performance falls within the in |EEE Std 2800-2022
conformity ranges specified in IEEE 2800-2022 for the
selected P2800.2 tests?

Project Manager

3. Can a single IBR plant configuration and parameter set 0. Romasubramaniar

be identified that produces a stable response for a 3002034299

range of SCR values? November 2025

in x f

www.epri.com

4. How do the answers to the questions above differ
between grid-forming (GFM) and non-GFM inverter- T T e L
based resources? NORHR R IR

© 2026 Electric Power Research Institute, Inc. All rights reserved. EPE'
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Conformity Assessment of Generic IBR EMT and PDT Models with Requirements in IEEE Std

2800-2022/IEEE 2800.2 (draft 4.0)

External Grid (Controllable AC source)
* External grid represented within EPRI’s IBR-ID/CA Tool

* Runs IEEE P2800.2 tests and visualizes results
automatically

* Flexibility to test both generic and user defined models

* Adjustable impedance to simulate different grid strength,
e.g., SCR=2.5and 20

IBR Plant

All'IBR plant measurements and controls are at the

POM (Default RPA per IEEE 2800)

EMT and PDT models

PSCAD: PV-MOD PPC EMT model

PSS®E: REPCA1

Generic PPC Model I

l | Generic

Generic Grid-following Inverter Unit (PV-MOD Milestone 2.7.3)

No local voltage control or frequency response: following PPC’s P

and Q set-points (FFR and local V-control disabled)

PSCAD: PV-MOD unit EMT model

PSS®E : REECA1 and REGCCU (EPRI) models

Generic Inverter Unit with AGS (Model specifications)

IBR unit with Advanced Grid Support (AGS) functions holds internal
voltage and frequency reference (effectively providing FFR and local V-

control)

EPRI's , : I 120 kv 33 kv - DROOP or VSM CONTROL MODE
IBR-ID/CA | | | BR Unit | - __PSCAD: GFM unit EMT model
Tool ' ' POM‘l Model
D vl POl m
Controllable AC source — 150 =
s! g
Z 100 = l |
Step 1 Step 2 Step 3 & i { ’ 5 o — L

e o Configure the Apply EPRI IBR Manual/visual — o oumpsme | o0

D4.0 : IBR plant and Performance inspection E: Jo D N

ulesg., . . r- . ime (s ime (s
ol agnd equipment Identification of
frequency ride- models with a Tool (IBR-ID) “conformity” S10 3
through, voltage parameter set v1.0 to run all based on plots r <,
control, phase- and a specific selected tests produced by fos g
angle jump, etc.) grid condition the IBR-ID tool i I
(SCR) 0‘08 9 10 11 12 8 9 10 11 12
Time (s) Time (s)
Scenarios i
2.5 3.0 5. 20
PSSE

Balanced low-voltage disturbance ride-thro
BLVRT#1

ugh tests (EMT and PDT) for IBR plants wit

out active power absorption capability - Table 43/D4.1

© 2026 Electric Power Research Institute, Inc. All rights reserved.
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CONFORMITY TO IEEE P2800.2 TESTS
GENERIC GRID-FOLLOWING IBR MODEL



Test Scenarios and Cases (Subset of IEEE P2800.2 D4.0)

: __ available
IBR Unit’s Number of dpparen active power IBR m.lmmum active power ) actual active
power . ) active power Dispatch / Measure-
nameplate IBRs . installed continuous - (Pavl) . power
. installed . , capability Curtailment ments
rating connected to capacit capacity rating (ICR) (pmin) [(MwW] [pu@Sage] (Pact, p) [pu@Sage]
[KVA] MITS pactty (Pagg) [MW] [MW] P Note: may be at P g8 [MW] P g8
(Sagg) [MVA] [pu@ICR] the DCside of the
IBR units
P2800.2 0.95 pu 1.0 * ICR P_IBR =0.95
1 MVA 211 211 MVA 200 MW 200 MW 0.01 *ICR 1.0 * ICR -
Pact=ICR (200 MW) (200 MW) pu

oltage or reactive power control tests (EMT and PDT) for IBR plants without active power absorption capability - Table 41/D4.1

Test number

Event

IBR plant active power

IBR plant reactive power

VC#1 — Negative step

RPA voltage step change as per Figure 41 (D4.0)

ICR

0

VC#1 — Positive step

RPA voltage step change as per Figure 41 (D4.0)

ICR

0

Balanced low-voltage disturbance ride-through tests (EMT and PDT) for IBR plants without active power absorption capability - Table 43/D4.1

Test Number Fault type Residual voltage (pu) Dur(c;;lon IBR plant active power IBR plant reactive power
BLVRT#1 3PHG 0.00 0.32 ICR 0
Balanced high-voltage disturbance ride-through tests (EMT and PDT) for IBR plants without active power absorption capability - Table 44/D4.1
Test Number Balanced voltage at RPA (pu) Duration (s) IBR plant active power IBR plant reactive power
BHVRT#1 1.20 1.00 ICR 0

Frequency response capability and performance tests (EMT and PDT) for IBR plants without active power absorption capability - Table 49/D4.1

Test Number

Event

IBR plant active power

IBR plant reactive power

FT#1

Overfrequency Change as per Figure 45 (D4.0)

ICR

0

FT#4 Underfrequency Change as per Figure 46 (D4.0) ICR 0

Positive-sequence voltage phase angle change ride-through tests (EMT) for IBR plants without active power absorption capability - Table 41/D4.1

Test Number Event IBR plant active power IBR plant reactive power
PAJHL RPA p05|t|v§-sequence voltage a.mgle change equal to +25 ICR 0
(i.e., all three phases jump together/)
PAJ#2 RPA positive-sequence voltage angle change equal to -25° ICR 0

Benchmarking of IBR models between EMT and PDT domains limited to tests with balanced events.

14
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Test Scenarios and Cases (Subset of IEEE P2800.2 D4.0)

IBR Unit . i minimum available ———
nit's Number of IBRs appc_zren ac.lve s IBR continuous active power active power Dispatch / actuat active Measure-
nameplate power installed installed . bili (Pavl) . power
rating connected to Capa atyllS gl Capas oyl PAgs) rating (ICR) capability ot Curtailment (Pact, p) ments
MITS MW min u@Sa ! u@Sa
[kVA] [MVA] [MW] [ ] (p ) Note: may be at the DC [p @ gg] [MW] [p @ gg]
[pu@ICR] side of the IBR units
P2800.2 0.95 pu 1.0 *ICR
1 MVA 211 211 MVA 200 MW 200 MW .01 *ICR 1.0 *ICR P_IBR =0.
Pact = ICR 00 00 0.0 0 (200 MW) (200 MW) —IBR =0.95 pu
Frequency response capability and performance tests (EMT and PDT) for IBR plants without active power absorption capability - Table 49/D4.1
Test Number Event IBR plant active power IBR plant reactive power
FT#1 Overfrequency Change as per Figure 45 (D4.0) ICR 0
FT#4 Underfrequency Change as per Figure 46 (D4.0) ICR 0
&
Grid Frequency Change - UF S Grid Frequency Change - UF @
(%]
1.01 7] 1.001 c
R} £
1 : : 2
o 0.999 s
0.99 = 0.998 =
3 ©
0.98 o 0.997 Q
2 Srels S kinfs 2 2 0.9 =
E 3\ = -5 Hz/s @f,,,,,, = 60 Hz €]
097 © 0.995 S
~ )
0.96 < 0.994 o
-~ [N N]
L 0o 59.5 Hz @f,,,, = 60 H =
0.95 .5 Hz @f,,,,, = 60 Hz
=S 0.992 ©
0.94 @ 0.991 §
0 10 15 20 25 30 ol 0 5 10 15 20 25 30 S
t(s) 5 t(s) 3
3 S
N

DRAFT 3.0 Figure 47— Under-frequency performance test (frequency < nominal system frequency)

(frequency < nominal system frequency)

DRAFT 4.1 Figure 48 —Example under-frequency response performance test signal and minimum simulation duration

Assessment of GFL-IBR response to large frequency disturbances in weak grid.

© 2026 Electric Power Research Institute, Inc. All rights reserved.
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Example results for former IEEE P2800.2 D3.0 frequency step tests

FT#4 — Underfrequency Change
Preliminary results from tests based on IEEE P2800.2
D3.0 showed that the plant model response to -
frequency ride-through presented some difficulties in - r\
showing conforming performance. '

|
2 0
-25
= SCR - 25 190 |~ CONFORMING_test9_EPRI_IBR_ID_FRT3-PSSE
CONFORMING_test9_EPRI_IBR_ID_FRT3-PSCAD —-50

10 20 30 10 20 30
Time (s) Time (s)

Qr (Mvar)

- Tests FT#1 and FT#4 applied a very large L
frequency step change of 0.03 pu (1.8 Hz) r\

= S 1.1
%1.0 DEEEEREE E;
» Simulations showed the IBR plant enters LVRT §09L/ €10
mode in response to the large disturbance, '
possibly due to synchronization issues with the 10 BEE N 30 10 N 30
phase-locked loops (PLLS)

> Tests signals in P2800.2 Draft 4.0 should focus on small frequency response.

16 © 2026 Electric Power Research Institute, Inc. All rights reserved. =] r=d|



Example resulis for revised IEEE P2800.2 D4.0 frequency step tests

Tests were revised in IEEE P2800.2 D4.0 to focus on

small frequency disturbance response. Verification of 30
frequency ride-through capability was moved into IBR =~ 40
plant design and OEM documentation review. £ 101
§ 0
[ SCR = 2 5 — CONFORMING_testQa_EPRI_IBR_ID_FRT3-PSSE. =10
- 20 CONFORMING_test9a_EPRI_IBR_ID_FRT3-PSCAD
10 20 30
. Time (s)
= Tests were revised and a frequency step change of 1.050 \
0.008 pu (0.5 Hz) was applied. 1025 { \ | _ 110

> Plant does not enter LVRT.

Vrms,:gg(
o ¥
O o
~l o
v o

W
Irmsgr (pu)

o
o
(9]

1.00— ;
==

10 20 30 10 20
Time (s) Time (s)

Plant reacts as expected, increasing active power to counteract UF conditions

17 © 2026 Electric Power Research Institute, Inc. All rights reserved. =] r=d|
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CONFORMING PARAMETERS
P2800.2 D4.0

pscAD | kp_cur | kicur |[TROvVL TD| HV3_PU | HV3_TD | v trip [V2-TidP Qinit Fixed
tep_flg (plant)

Parameter,

. PSSE KPP =KPQ KIP=KIQ n/a n/a n/a RCURR
Summary of tests — GFL IBR Unit
Value 3 300 99 1.2 99 Disabled 0 0.1 1.0 0.2 9999
. | SCR |
Scenarios [ 25 3.0 50 20 |
PSSE PSCAD : PSCAD

PSCAD

| PSCAD | PSSE

oltage or reactive power control tests (EMT and PDT) for IBR plants without active power absorption capability - Table 41/D4.1 Sta ble performance for
VCH#1 — Negative Step specified parameters

VC#1 — Positive Step a
levels.

Balanced low-voltage disturbance ride-through tests (EMT and PIIT) for IBR plants without active power absorption capability - Table 43/D4

BLVRT#1
.
Balanced high-voltag:: disturbance ride-through tests (EMT and P DT Similar trends and ion capability - Table 44/D4.1
BHVRT#1*

EMT and PDT models.

Frequency response capability and performance tests (EMT and PDT ion capability - Table 49/D4.1

FT#1 - OF

FT#4 — UF
Positive-sequence vo tage phase angle change ride-through tests (EMT) for IBR plants without active power absorption capability - Table 41/D4.1
PAJ#1

PAJ#2

© 2026 Electric Power Research Institute, Inc. All rights reserved. (e d 1=
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CONFORMING PARAMETERS

P2800.2 D4.0

Summary of tests — GFL IBR Unit

Value 3

Disabled 0

Parameter, TROV1_TD| HV3_PU | HV3_TD Vi_fr_db 2
2 3 0 step_flg (plant)
300 99 1.2 99 0.1 1.0 0.2 1.0

i.e., IBR response is stable and conforms with IEEE 2800

SCR I — —T
25 3.0 . g 10 | < 100 r
Scenarios Active power recovery 2 Loo s -
PSCAD PSCAD to pre-disturbance level < 0 § % o~
Unbalanced low-voltage disturbance ride-through tests (EMT a 8 5 1:107(7) T % s 10 “ 1 12
power absorption capability - Table 45/D4.1 R'me ° ] me
UBLVRT#1 — LL oK oK _1 ST T
0.00 pu@0.32's Current recovery to no S1of ey e eoe
o . 5 0.6 i
UBLVRT#2 — LLG oK oK less than 90% pre- §°° N £,
0.8 fesct : b/
SRDEER disturbance level | 02 /
° ° ﬂ-—:r(\)e (s) " 2 ¢ ° ﬂ-—:ge (s) H 2
UBLVRT#3 - SLG
UBLVRT#7 — LL ft ] Ival
0.5pu@30s i 0 c . :
IBR injects negative-sequence RS
UgstsuTg;oLsLG OK current dependent on IBR unit el - - -
terminal (POC) negative | ' T
UBLVRT#9 - SLG oK
0.5pu@30s sequence voltage
e OK (green shade) = results are acceptable, [next action] (red shade) = results need more work, i.e., IBR response is

unstable or non-conforming with 2800

© 2026 Electric Power Research Institute, Inc. All rights reserved.
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CONFORMITY TO IEEE P2800.2 TESTS
GENERIC IBR WITH ADVANCED GRID SUPPORT (GFM) MODEL



Conformity with IEEE 2800-2022 Assessed Based on
Additional Tests to IEEE P2800.2 D4.0 (10%//50% headroom)

Voltage or reactive power control tests (EMT and PDT) for IBR plants without active power absorption capability - Table 41/D4.1 and PDT) fof IBR plants without active ppwer absorption capability -
Table 41/D4.1
Test number Event IBR plant active power IBR plant reactive power
VC#1 — negative step RPA voltage step change as per Figure 44 (D4.0) ICR // 0.55*ICR 0
VC#1 — positive step RPA voltage step change as per Figure 44 (D4.0) ICR // 0.55*ICR 0
Balanced low-voltage disturbance ride-through tests (EMT and PDT) for IBR plants without active power absorption capability - Table 43/D4.{L
Test Number Fault type Residual voltage (pu) Dur{c;j/on IBR plant active power IBR plant reactive power
BLVRT#1 3PHG 0.00 0.32 ICR // 0.55*ICR 0
BLVRT#3 3PHG 0.50 3.00 ICR // 0.55*ICR 0
Unbalanced low-voltage disturbance ride-through tests (EMT and PDT ) for IBR plants without active power absorption capability - Table 45/p4.1
Test Number Fault type Residual voltage (pu) Dur(z';lon IBR plant active power IBR plant reactive power
UBLVRT#1 LL 0.00 0.32 ICR // 0.55*ICR 0
UBLVRT#2 LLG 0.00 0.32 ICR // 0.55*ICR 0
UBLVRT#3 SLG 0.00 0.32 ICR // 0.55*ICR 0
UBLVRT#7 LL 0.50 3.00 ICR // 0.55*ICR 0
UBLVRT#8 LLG 0.50 3.00 ICR // 0.55*ICR 0
UBLVRT#9 SLG 0.50 3.00 ICR // 0.55*ICR 0

Balanced high-voltage disturbance ride-through tests (EMT and PDT) for IBR plants without active

power absorption capability - Table 44/D4

Test Number Balanced voltage at RPA (pu) Duration (s) IBR plant active power IBR plant reactive power
BHVRT#1 1.20 1.00 ICR // 0.55*ICR 0
Frequency response capability and performance tests (EMT and PDT) for IBR plants without active power absorption capability - Table 49/D4{1
Test Number Event IBR plant active power IBR plant reactive power
FT#1 Overfrequency Change as per Figure 45 (D4.0) ICR // 0.55*ICR 0
FT#4 Underfrequency Change as per Figure 46 (D4.0) ICR // 0.55*ICR 0

Positive-sequence voltage phase angle change ride-through tests (EMT) for IBR plants without active power absorption capability - Table 41/

D4.1

Test Number Event IBR plant active power IBR plant reactive power
PAJH#L RPA p05|t|v§-sequence voltage a?ngle change equal to +25 ICR // 0.55*ICR 0
(i.e., all three phases jump together/)
PAJ#2 RPA positive-sequence voltage angle change equal to -25° ICR // 0.55*ICR 0

© 2026 Electric Power Research Institute, Inc. All rights reserved.
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Summary of Test Results

Control
DROOP
Conformity Assessment Example
PPC added No
. SCR
Scenarios
2.5 3.0 5 20
1 0% 50% 10% 50% 10% 50% 10% 50% . P_POM (PVFarm_GFL_GFM_2) Q_POM (PVFarm_GFL_GFM_2)
headroom headroom headroom headroom headroom headroom headroom headroom e
Pavl = ISR Pavl = ISR Pavl = ISR Pavl = ISR Pavl = ISR Pavl = ISR Pavl = ISR Pavl = ISR g
Voltage or reactive power control tests (EMT and PDT) for IBR plants without active power absorption capability- Table 41/D4.1 ;:: T
VCHL — T -
negative Step 110 —— Q_POM (PVFarm_GFL_GFM_2}- GFM
chan ge Vrms POM (PVFarm GFL GFM 2) N Irms_POM (TT.:EE:::“ .
VCH#1 — positive I:M 070
step change E goes
Balanced low-voltage disturbance ride-through tests (EMT and PDT) for IBR plants without active power absorption capability - Table 43/D4.1 5 s 5:::
BLVRT#1 ” — s pom Piram LGP 2 G :::
S VRT3 GFM-IBR plant conforms

to UF events when

22

BHVRT#1

FT#1 - OF

FT#4 — UF

Balanced high-voltage disturbance ride-through t

Frequency response capability and performance 1

operating at 50%
headroom

ower absorption capability- Table 44/D4.1

iower absorption capability - Table 49/D4.1

FUSILIVE-DEYUCIILE VUILAEE PIIddTE dIIgIc LIalge 1Tue-LimmuUugil LeEdDLd (CIVIT ] TUl IDN PIAlil WILTIIUUL dLLIVE PUVWET didUI PLIVIT Lapdulilily - 1Tavie

Legend

© 2026 Electric Power Research Institute, Inc. All rights reserved.

P_POM (PVFarm_GFL_GFM_2)

Q_POM (PVFarm_GFL_GFM_2)

— P_POM (PVFarm_GFL GFM_2). GFM

—— Q_POM (PVFarm_GFL_GFM_2)- GFM

Vrms _POM (PVFarm GFL GFM 2)
e —

Irms_POM (PVFarm_GFL_GFM_2)

Veltage (pu)

—— Vems_POM (PVFarm_GFL GFM_2)-GFM | o 50

— Imms_POM (PVFarm_GFL_GFM_2)- GFM

10 15 20 25 30 35 a0 as

Time (s)




Summary of Test Results S e ey

Control
DROOP
Conformity Assessment Example
PPC added Yes
SCR
Scenarios
2.5 3.0 5 20
10% 50% 10% 50% 10% 50% 10% 50% e E A S
headroom headroom headroom headroom headroom headroom headroom headroom -
Pavl = ISR Pavl=ISR [ Pavl =ISR Pavl=ISR [ Pavl =ISR Pavl=ISR | Pavl=ISR Pavl = ISR o

8

Voltage or reactive power control tests (EMT and PDT) for IBR plants without active power absorption capability- Table 41/D4.1
VCH1 -
negative step
change
VC#1 - positive
step change
Balanced low-voltage disturbance ride-through tests (EMT and PDT) for IBR plants without active power absorption capability - Table 43/D4.1

Active Power (MW}
2 oE e
s 3

100
%0 L - —— Q_POM [PVFarm_GFL_GFM_2)- GFM

Vims_POM (PVFarm_GFL_GFM_2) Irms_POM (PVFarm_GFL_GFM_2)
106 075 —— Irms_POM (PVFarm_GFL_GFM_2)- GFM

L- ]

8

Voltage (pu)
g

BLVRT#1

—— Vrms_POM (PVFarm_GFL GFM_2)- GFM,

10 15 20 25 30 35 40 a5 10 15 20 25 30 35 a0 as

Suggests a power plant

controller (PPC) Improves s without active power absorption capability- Table 44/D4.1
t h e u n d e rfreq u e n cy - P_POM (%niu:;f::f_)mpﬂ_ﬂm_m_Gm Q_POM (PVFarm_GFL_GFM_2)

Time (s)

BLVRT#3

Balanced high-voltage disturbal

BHVRT#1 o
response - i,
Frequency response capability ts without active power absorption capability - Table 49/D4.1 5, g
&

FT#1 — OF foo ;i )

FT#4 _ UF " Vrms_POM (P¥Farm_GFL_GFM_2) \rms_PoM(wr:nn;-::xj:-mﬁm-uGFM
Positive-sequence voltage phase angle change ride-through tests (EMT) for IBR plants without active power absorption capability - Table - e
41/D4.1 sl goms

AL Angle phase jump tests Jom
showed instabilities at - N S [

PAIH2 high SCR
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|EEE P2800.2 Conformity Assessment
—Summary—
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IEEE P2800.2 Conformity Assessment—Summary

» This research demonstrates a qualitative model-based IBR plant-level conforming assessment (CA) by applying
a subset of tests selected from IEEE P2800.2 Draft 4.0 to a generic Non-GFM plant model in both EMT and PDT

domains.
> The identified set of control parameters produces IBR plant performance that conforms with minimum requirements of IEEE 2800-2022.

> The phasor-domain transient (PDT) IBR models configured with the identified parameters create the basis for a
system-wide stability study to assess the sufficiency of IEEE 2800-2022 functional capabilities and
performance specifications,

o3 in a bulk power system (BPS) with high IBR-to-load penetration and

«z in which IBR plants are connected to locations where grid strength ranges from SCR values of 2.5 to 20.

> This research also demonstrates a qualitative model-based IBR plant-level CA for a generic GFM-IBR plant
model in EMT domain.

> Results show the importance of operating GFM-IBR plants with sufficient headroom to respond to disturbances with the desired
performance.

» With an adequately parameterized power plant controller (PPC), operating the generic GFM-IBR plant with 10% headroom may suffice
to conform with IEEE 2800-2022 frequency response requirements.

> However, for balanced and unbalanced faults non-conformity was observed for the generic GFM-IBR plant model when operating with
only 10% headroom because its active power response becomes negative during these faults.

© 2026 Electric Power Research Institute, Inc. All rights reserved. (e =d r={]
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Evolving IBR Capabilities & Grid Needs

Ongoing research and learnings will have to show ...
... e.g., how close IEEE 2800-2022 requirements are to "GFM”

¢ Injects active power at unity power factor Most power networks are at this

* Provides no grid support services position _|
IEEE SA ?ﬂ
_______ | EEE for d
. . H A Interoperability of Inverter-Based
* Has capability to provide both frequency and voltage response | | Few power networks use this Resources (BRS) ntrconnecting with
HH 1SSOCIa ransmission Electric
« Typically, full delivery of response over multiple seconds capability Power Systems

J

ISTANDARDS

e Enhanced IBR 2 pewec et g Sy

Very few power networks ask and

_______ ¢ Delivers full frequency and voltage response within 1s of event . L hi bili - |
_______ e As a group, could survive loss of last synchronous machine - use this capability v\  S— New IEEE
) < P2800.1 for
e Future IBR QIEEE =
qulgl GFM units

Not in use (apart from few small
islands); Area of active research

¢ |s capable of blackstart L
¢ Asingle IBR could ride through extreme load-gen mismatch

All grid services < < “grid_forming”
(optional—may)

«  While the 15t edition of IEEE 2800 is not perfect, it could be an important starting point for
codification of collaborative industry learning and harmonization related to grid-forming technology.

As industry learns together, Standards may be revised and new standards may be created.

27 © 2026 Electric Power Research Institute, Inc. All rights reserved. [ =]



3x New IEEE 2800/.x Projects Aligned
under one IBR-Interconnection WG

Request
Date

Approval
Date

Expected
Date of SA
Initial
Ballot

Mandatory
(Standard, “shall”)

Projected
Date
Submittal to
RevCom

L d
egen Optional

(Recommended

“should”- i
Practice, “should”)

reference

" Date by when
balloted draft
must go to
RevCom.
Typically, four
years from
request date.

Publication
Date

Expiration
Datel

P2800a

Individual

Standard
(individual)

Reduce barriers to
GFM

Sep 12, 2025

Dec 2025

Q4 2026

Q2 2027

September
2029

P2800.1

Individual

Rec. Pract.
(individual)

Framework for GFM-

IBR equipment

Sep 12, 2025

Dec 2025 #

Q4 2026

Q2 2027

September
2029

IEC & IEEE
GFM TF

P2800 R1

Individual

Standard
(individual)

Incorporation of
industry learnings

Sep 12, 2025

Dec 2025 ¢

Response to TS
abnormal conditions

December
2028

September
2029

Test & Verification

Type tests

Design evaluations

Next IBRI-WG Meeting tomorrow, Wednesday, January 21, 2026!
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Scope of Sub-Groups under the IBR Interconnection > | (ets | ©IEEE

PES
\\—/ iety®
Working Group (IBRI-WG)
Source: IBRI-WG | Last updated: 01/14/2026 IEEE/PES/EDPG/WSPPID-SC/IBRI-WG

Active 2800

Base Std

subgroups / . .
Revision

task forces

IBRI-SG6: Modeling, simulation, Clauses 10, 11,
& measurement — Miguel, Yunzhi, Li 12, G, H
IBRI-SG7: Frequency-domain applications — New Clause?
Wes, Shahil, Deepak Annex C

Legend: Requirements are...

Not Mandatory
Recommended

Practice
= “should”

P2800.2 SGs [x{volyRIcy R i LR NS GFM Task Force
CRUUEIUARI P2800-2-5G3: Design evaluations 2800.2 Coordinated with IEC TC8 SC8A JWG5

now) P2800-2-SG4: Commissiong tests & as-built evaluations Recomme nd_ed Practice for Drafting Team for PWI 8A-26
lo-mm IBR Conformity Assessment

Mandatory

Standard
= “shall”

P2800-2-SG5: Monitoring and post-commissioning steps

Jens, Alex S., Steve, Alex B.




@ ES

Additional scope to cover all 3 PARs under the IBRI-WG~_  ~2=. PIEEE

Source: IBRI-WG | Last updated: 01/14/2026 IEEE/PES/EDPG/WSPPID-SC/IBRI-WG

2800 2800.1 2800a

Base Std New Recommended Practice Amendment to reduce
Revision for GFM IBR Equipment barriers to GFM

Active
subgroups /
task forces

IBRI-SG1: Additional GFM capabilities

and considerations

IBRI-SG2:

IBRI-SG3:

Response to abnormal voltage Clauses 7,9, D, F,
conditions — Aboutaleb, Sid, Mike L, M
IBRI-SG5:

Redlines to Review of
IEEE 2800 redlines

IBRI-SG6: Modeling, simulation, Clauses 10, 11,

. - Time-domain GFM tests il LB Review of
& measurement — Miguel, Yunzhi, Li 12,G, H

IEEE 2800 redlines

IBRI-SG7: Frequency-domain applications — New Clause?
Wes, Shahil, Deepak Annex C

~ L : Requi
P2800.2 SGs  [gz:lv R criu Y R -0 5 \ GFM Task Force /egend equirements are

dormant for 9.6G2: Dod : 2800.2 Not Mandatory
( now) P2800-2-SG3: Design evaluations Recommended

o Practice
S = “should”

Frequency-domain GFM tests

) Coordinated with IEC TC8 SC8A JWG5 Mandatory
P2800-2-5SG4: Commissiong tests & as-built evaluations Recommended Practice for Drafting Team for PWI 8A-26 Stk

i = “shall”
IBR Conformity Assessment et Al B, Siavie, Ao 2

P2800-2-SG5: Monitoring and post-commissioning steps
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Primary responsibilities for P2800.1 content
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HOW TO EXPRESS INTEREST IN IEEE MYPROJECT?

Group Name
Instructions
1. On the myProject Home Screen, click on “Menu” and == IEEE Power and Energy Society
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Update on related IEC standards activities



Why Coordinate with IEC?

—SWOT Analysis for a joint IEEE/IEC Project—

Strengths Weaknesses

e A broad set of stakeholders, including many e Additional administrative burden
original equipment manufacturers (OEMs) e More complicated consensus building

e Leveraging of subject matter experts (SMEs) from e Potential delays

regions with substantial practical technical and
regulatory experience

e More weight for potential adoption by entities

Opportunities Threats

e Precedence for successful joint standards like e |EC Technical Committee (TC)8 and other TCs have
|EC/IEEE 60802 Stds, including 802.11 Wi-Fi Stds or are moving ahead

e One step towards an International Standard (IS) e Lack of coordination could create diverging sets of

e One set of harmonized specifications specifications

e Reduction of technical barriers for products in a * If not coordinated properly, sub-par specifications

global market could impact bulk power system reliability



Scoping and Locating a Joint IEC/IEEE GFM Standard

Informed by system (grid) needs; specify performance-based capability requirements. Step 2 ’l

A

........

TECHNICAL
SPECIFICATION

|IEEE Standard for Interconnection and
Interoperability of Inverter-Based
Resources (IBRs) Interconnecting with
Associated Transmission Electric
Power Systems

Scope 1

IEEE Power and Energy Society

ISTANDARDS | .-H

o v Step 1 ’I ﬂ IBR'S

@ Scope 1: Define IEC plant-level requirements for Non-GFM IBRs at BPS
@ Scope 2: Specify GEM capability and performance for IBR equipment
{Scope 3: Expand IEC plant-level requirements to harmonize with IEEE

Scope 4: Specify plant-level capability to operate IBR equipment during
steady state conditions to maintain GFM performance during disturbances

NS a

Last updated: 06/06/2025 Global Power System Transformation Consortium | 36



How to Make It Happen?

—Established Liaison Relationships—

» IEC S M B Malia ZzIamEanE&Eec?:cAa\l Editor I E EE PES

v ¥ ¥
EDPG _
TCS SC 8A Energy Development WinV<Ya§:IFS)c|J:I:rI Ezw§PCIam Ret[red J

System aspects of Grid Integration of Renewable and Power Generation Interconnection and Desi
- ; : gn
electrical energy supply Energy Generation Committee Subcommittee (WSPPID-SC)

Mathieu CAUJOLLE Frank Martin, Bernie Ernst, M. Negnevitsky, R. Moren o |y S Ny S

National Committees & Christian Noce Yongning Chi & Zhankui ZHANG Q. 2{5???5255?" & & Tom Key (Past.Chair)

Renamed to IBdI-WG \/ 1 Retired\/

IEC Secretariat

Anson Chiah, Nor Shahidah Binte
Jamal & Esther Monnet

and
PWITR 8A-22 o stablished

rid-forming contro - 3 t ®
1 1 1 ¢ l"je:\ewablge enetrg)Il Ofdraft-ShaI'lng w 1
Jason MacDowell relationship

IEC TS IEC TS
63102 63605
ED2 ED1

IEEE Document Type: Rec. Practice
IEC Document Type: Technical Spec.
Scope: Framework for Grid-forming (GFM)-like
functional capabilities & performance at the
* working titles (not confirmed by IEC) equipment terminals for IBRs/CBRs of any scale

2aencd Retired WG or Project Published Document
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Update on UNIFI GFM Specifications V3 document
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UNIFI Specification for Grid-forming IBRs

= Consensus-based specification for GFM IBRs

= Version 2 published March 2024 along with public request for
comments

= 140 comments received from 24 commenters representing 15
organizations

= Additional comments received from UNIFI members during
drafting meetings

= Version 3 finalized November 2025. Currently awaiting DOE
approval for publication. Available to UNIFI members and IEEE
IBRI WG members.
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https://unificonsortium.org/resources/#toc_Specifications_v2
https://unificonsortium.org/resources/#toc_Specifications_v2
https://unificonsortium.org/resources/#toc_Specifications_v2
https://ieee-sa.imeetcentral.com/ibri-wg/folder/WzIwLDE5NDIxOTQzXQ/

Summary of Comments on Version 2

140 comments from 24 commenters representing 15 organizations:

GEVERNOVA WI '\MITSUBISI-II HITACHI ﬂ

bonsum ers Energy A
b ISO newengland E??

T E 8 L ™

ENERGY

CountonUs: —— Notable themes:
= Clarifying IBR categories
SILICON RANCH' = Frequency-domain characteristics
= System strength

= Modeling

y; w | EXAD = Test procedures

= Quantifying requirements
= Definitions

“O)- e =  Fault current
ESIG o HBE = Ride-through
INTEGRATION GROUP = Uniqueness of requirements to GFM

= Power sharing




Summary of changes in V3 relative to V2

" |ntroduced concept of GFM tiers Table of Contents
u Maln GFM reqUIrementS are Iargely unchanged and are _[F:;‘Ir'l;tul?résmmem.s....

still qua litative 1 Oé??nd Forming (G]:'“_b.{) Controls T
COPE e

* Added table of requirements and test methods 13 Purpose...

14 L1m1tatlons

« Table states whether each requirement is unique to GFM , ;.gﬁo?,ggfmtggfr;;gvgfﬁgg; o
o o o 21 Performance Requirements for Operahon W1ﬂ:un Nc-m:lal Gﬂd Opﬁfattl_ﬂg Condm{ms
" Incorporated time-domain pass-fail tests 3 22 erormance Requirements for Operation Outside Norunal Conditions...cvece: 13
° Similar to tests in use by several grid operators S e e R
* Focused on GFM BESS b Eig“la‘mmmilﬁigﬁii;‘;ﬁ?mommmm
35 Secondary Voltage and Frequency Slgnal Response

° I nve rte r |eve I, E MT 4  Meodeling and Documentation...

. . . 5 GFM Conformity Assessment Pmcedures .||

= Develo ped freq ue ncy-do main tests and criteria 52 o mg R ZZIZZ::::Z::: T T
* New and hi g hi Y technical content - %ﬂmﬁﬁ%&ﬁ?cst ::::::::: -

* |Include criteria for each GFM tier iy mmemwcmgem T s

5.7 Phase Angle Tump Test e 26

* Inverter level, EMT 58 Small Voltage SIop Test ..o 2T
5.9 Loss of Gnid Connection Test SO PO.{
Frequency-Domain Spemf‘l{:atmns . |||

= Various other edits to address comments and clarify S i o o L
content 63 v“i‘f’“”‘tag;‘smmm e ——
SReferences...

* Added a few definitions Bibliography ...
. . . Appendix A. Frequen-::y Domaln Sp-emflcatlons R

e Separated requirements from informative content A1 Introduction... T T
A2 Dynamic Dﬂ:-op Coeﬂimems U X |

 Added reference to IEEE P2800.2 for model validation A3 Specifications B

A4 Data-Driven Conformlty Verification .. 1

O ol b b S
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1 GFM Performance Tiers

Key Function(s) Examples of Resource Types _
Tier

Voltage magnitude support GFM STATCOM

Tier 1 plus: GFM E-STATCOM, GFM wind  Active power contribution is
Voltage angle/frequency turbine (Type 3 and Type 4),  subject to complex

support GFM PV intermittency, asymmetry,

& headroom, and resonance (for
minimum islanding GFM IBRs with rotating
capability machines) aspects.

Tier 2 plus: GFM BESS

Extended islanding
capability

Tier 3 plus black start GFM BESS with black start




2 Performance Requirements for GFM IBRs

2.1 Performance Requirements Within Normal Grid Conditions

Could a
GFM has a unique quantitative pass-

Applicable test
. fail metric be (Where no test is specified, a regional
! apolied? requirement may apply)

AutonomousIY Support the No ) NA
Grid

Dispatchability of Power No ) NA
Output
Provide Positive Damping of Some GFL could Frequency scan tests in Section 6 and
Voltage and Frequency comply depending on Yes Appendix A. Also spot-checked in various
Oscillations oscillation frequency time-domain tests in Section 5.

Active and Reactive Power 5.9: Loss of Grid Connection Test
Sharing across Generation No -

Requirement

Resources
ioni i ith L 3:
Operation in Grids with Low Ve, ol e TR R Ves 5.3: System Strength Test
System Strength
Operation under System 5.4: Unbalance Step-Up Test

Some GFL comply Yes

Unbalance
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2 Performance Requirements for GFM IBRs

2.1 Performance Requirements Outside Normal Grid Conditions

Could a
GFM has a unique quantitative pass-

Applicable test
(Where no test is specified, a regional
requirement may apply)

Requirement . . .
- requirement? fail metric be

applied?

Voltage Ride-through NG Yes Refer to relevant interconnection standard,
Capability e.g. IEEE 2800 or IEEE 1547

Performance During 5.5: Fault Test
. Some GFL comply Yes _ ,
Symmetrical Faults (informative)
: 5.5: Fault Test
Performance During
Asymmetrical Faults SN (AL Commply 4 (informative)

. Refer to relevant interconnection standard,
Abnormal Frequency Ride-

through Capability No - e.g. IEEE 2800 or |IEEE 1547
Performance in Response to Yes, in subtransient Yes 5.6: Response to Frequency Change Test
Frequency Deviations timeframe.

Performance During Phase 5.7: Phase Angle Jump Test
Yes Yes
Jumps and Voltage Steps 5.8: Small Voltage Step Test

wnifi




3

Additional GFM Capabilities and Considerations

Coulda Applicable test
. GFM has a unique quantitative pass- pp_ or: .
Requirement . . . (Where no test is specified, a regional
requirement? fail metric be .
apolied? requirement may apply)

Intentional Islanding Yes Yes 5.9: Loss of Grid Connection Test

Black Start and System Requirements are application-specific; no
Restoration generic test provided here.
No consensus on quantitative GFM-specific
Yes requirement; no test provided here.
Relevant interconnection standard applies.

Yes Yes

Some GFL comply at

Regulating Volt Harmonic 0
egulating Voltage Harmonics least partially

Communications between

System Operator and IBR No - NA
Plant

Secondary Voltage and

Frequency Signal Response NE - NA




5 Time-domain conformity assessment procedures

* Focusing on GFM BESS (aka “Tier 3 GFM”) for now
« Some tests could be applied to other Tiers; may need maodification

« Tests rely on validated EMT model of IBR unit.
« Could also be run as hardware tests, but V3 does not require hardware testing
« Some tests may also need plant controller in model

* Inverter model and plant controller model should be validated against hardware tests
* For example, using IEEE P2800.2 procedures

« Most tests leverage existing test procedures from industry (HECO, NERC, AEMO, MISO,
ERCOT, ...)

- E.q.
https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Suppo
t%20ESR%20Test%20Requirement_.pdf
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https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf
https://www.ercot.com/files/docs/2024/09/16/ERCOT%20Advanced%20Grid%20Support%20ESR%20Test%20Requirement_.pdf

System strength test

(SCR step-down) @J% LI
VA < IBR

SCR=10; X/R=6 }
P=1pu; Q=0, initially =
e Step SCR down to each of the following values: 10, 5, 3, 1.5, 1.2

— Apply 3-phase bolted 4-cycle fault just before each SCR change. SCR transition
occurs at fault clearing time

— Repeat with two-phase-to-ground, <50% pos seq voltage, 6-cycle fault

e Criteria: Similar to

— P and Q well controlled ERCOT test

— Plant shall not trip nor reduce P or V below 0.95 p.u. (outside fault period) for
more than 1 second at any SCR level

NREL | 48
48 © 2026 Electric Power Researd h Institute, Inc. All rights reserve d. =] r=d|



Unbalance step-up test

VS VIBR
ligr
VA < IBR

e SCR=10; X/R=6 }
e P=1pu; Q=0, initially =
e Step negative-sequence voltage of source up from 0 to 0.01, 0.02, 0.03,

etc until IBR negative sequence current (12) stops changing.

— Allow system to reach steady state after each step

— Repeat at P=0.5 pu, -0.5 puy, -1 pu Not in other
* Criteria: industry tests

— When V., is non-zero, the negative sequence voltage the IBR bus,
Vlgr,, shall be less than V...

— Informative: Record Vg, and | gz, at each step.

NREL | 49
© 2026 Electric Power Researc h Institute , Inc. All rights reserve d. =] r=d|



Fault test (informative)

yA < IBR

« SCR=10; X/R=6
- P pertable; Q=0, initially }
* Apply fault shown in table for 6 cycles. Allow transient to subside. -

— Repeat for each line in table ]
Not in other

* Criteria: .
industry tests

— No pass-fail criteria are provided

— Informative: For tests 1-4, record P, Q, and V. For tests 5-8, record IBR
pos and neg seq current magnitudes and angles as well as V gz, and V gg,.

m IBR Active Power Set Point Fault Type Fault Impedance

W 1.0 p.u. discharging

0.5 p.u. discharging
1.0 p.u. charging
0.5 p.u. charging
1.0 p.u. discharging
0.5 p.u. discharging
1.0 p.u. charging
0.5 p.u. charging _

50

IECLIIC FOWET RES

3 phase to ground
3 phase to ground
3 phase to ground
3 phase to ground
2 phase to ground
2 phase to ground
2 phase to ground
2 phase to ground

0.02 p.u., resistive
0.02 p.u., resistive
0.02 p.u., resistive
0.02 p.u., resistive
0

0
0
0

|=|—|E|



Frequency change and
inertial response test

e SCR=3; X/R=6
e P=0pu;, Q=0, initially
* Apply frequency profile at right
* Criteria:
— P and Q well controlled

— V and f do not deviate from steady state levels for

significant time

— V settles to stable point when f is not ramping

— Equivalent inertia constant, H > 2.5s. H =f *AE

— P settles according to its droop and deadband
settings when frequency is not ramping

— Any oscillation shall be damped

—_

on

Frequency deviat
from nominal (Hz

-1.0

-03 0 03
|

| | |

i }

|
Tests freq ue:ncy ride—thl:rough (same:e for GFL)

Tests inertial response

I I I I
4 10 15 20
Time (s)

25

Same as ERCOT test.

AE

Active power (p.u.)

|

[

|

|

Average :
pre-event |
|

power |

[

[

[

|

|

Frequency per-unitized

51 © 2026 Electric Power Research Institute, Inc. All rights reserved.

Time (s)
NREL | 51
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Phase angle jump test

JA < IBR

* SCR=3; X/R=6 }
e P=1pu Q=0,initially

e Step voltage source (positive sequence) phase angle down 10°, then up 10°, then up
25° then down 25°

— Wait a few seconds for transient to settle after each step
* Criteria:

— For each 10 step: Basically same as ERCOT

* 20.2 puchangein P (pos seq) in opposing direction test. Clarified V and P are
* Can be limited by current limit positive sequence.

* Response time <1 cycle to 90% of change in P

— Any oscillation shall be damped

NREL | 52

52 © 2026 Electric Power Research Institute, Inc. All rights reserved. =] r=d|



Small voltage step test

Vs Vigr
liBr
Z < IBR

« Zth=0 }
e P=1pu, Q=0,initially =
* Step voltage source magnitude down 3%, then up 3%, then up 3% more, then down

3%

— Wait a few seconds for transient to settle after each step
* Criteria:

— For each voltage step:

* Initial GFM response (first 6 cycles):
— >0.03 pu change in Qin opposing direction

Started from ERCOT test.
Clarified criteria.

» Response time <1 cycle to 90% of change in Q

— Qdoes not return to pre-disturbance level within 6 cycles
» Slower voltage control response (after 15t 6 cycles): Q should reach Qmax
— Any oscillation shall be damped

NREL | 53

53 © 2026 Electric Power Research Institute, Inc. All rights reserved. =] r=d|



54

Loss of grid connection

 Load pf =0.95

scenario | Project BESS Duplicate BESS Loac

1: discharging 0.3 pu discharging 0.1 pu discharging 1.3 pu
2: charging 0.6 pu charging 0.4 pu charging 0.7 pu
3: limit test 0 1 pu discharging 1.65 pu

Allow system to reach steady state, then disconnect voltage source
— Continue at least 10 seconds
Criteria summary — see details in full document:

— P and Q well controlled

* Response time to 90% of “load deficit” within one cycle
» Settle according to droop setting

Vi liBR1
< IBR1

IIBR2

<

Duplicate
IBR

Started from ERCOT test.

Clarified criteria.

— V and f settle within 5 seconds, don’t oscillate excessively, damped within 10 seconds,

and do not deviate from normal levels
— Voltage does not deviate outside [0.8 1.10] p.u. for more than 0.1 s

© 2026 Electric Power Research Institute, Inc. All rights reserved.

NREL | 54
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6 Frequency-domain tests

« Characterize IBR small-signal behavior across a range of perturbation frequencies
« Currently focused on frequencies below 40 Hz (subsynchronous)

« Many SMEs feel some requirement above nominal frequency should be required, but
No consensus on requirement, so no requirement included

« Harmonic requirements that apply to all IBRs also apply to GFM
« V3 proposes applying tests to EMT model

« P2800.2 says frequency scan of EMT model should closely match scan of hardware
* Frequency-domain specs are relatively new. Need broader industry input

« Attend IBRI WG meeting tomorrow to learn more



Transfer functions for frequency-domain specs

Specs leverage dynamic droop coefficients that capture the
IBR’s small-signal f-P and V-Q responses:

UNIFI Frequency Domain Specifications

st [nte) ol

A V(]wp) fp (]wp) mCI (]wp) A Q (]wp) Dominic Grof3'!, Deepak Ramasubramanian2, Dustin Howard?,
Phil Hart?
* m, and m, are frequency dependent droop coefficients 0.1 Hz 30 Hz
including magnitude and angle 10° B _ _—
* Cross-coupling terms ¢, &, assumed to be negligible. (May not z ot
be true at frequencies above 10-20 Hz) = 10!
2
g 10_2 E E 4
V3 also provides criteria based on other transfer functions that 10k B 160 IS . 102
leverage GFM’s voltage-source behavior: P/8, V/Q, V/I . 100 § | T
* https://www.esig.energy/gfm-performance-testing/ = 0
: : : : 3 I
V3 leaves readers to decide which of the various frequency-domain \;;1
requirements to use =100 | mEaEn HH | BN
1071 10° 10! 102

Perturbation Frequency f, (Hz)

GFM (5% droop) —e— GFL (5% droop)



https://www.esig.energy/gfm-performance-testing/

Frequency-domain requirements at lower frequencies (below a few Hz)

Input: P, Q
Output: @,V

Sometimes
called
“dynamic
droop” @

Table 5. Frequency-Domain Specifications for IBR Unit Capabilities Within the Continuous Operation Region Under Balanced

Conditions—Applicable to GFM IBRs With Active Power Capability as Indicated in Last Column

Capability Specifications Notes
and applicable frequency range Frequency Toltage
w/P V/Q
Steady state droop Upper bound on | w/P| increases? Upper bound on | V /| increases?
= [fp,min,,ﬁ,] from m,(0) + 0.01 pu. at f,, iy from m,(0) + 0.01 p.u. at f, iy
to mp at f), with corresponding to my, at f;, with corresponding -
Approximately 0.01 Hz to 0.1 Hz. specified based on grid needs. oo e Frequency bounds shift
symmetric lower bound. symmetric lower bound. towards lower values for
resources with large physical
Bound on | £ w/P| increase’ from Bound on | £ V/@Q| increase’ from  inertia, or VSM with large,
emulated inertia time

5° at f, i to 90° + £, = at f,
lew/P| < mp

5°at fp, minto 90° + £, * at f,

v/l Em; constants. and vice versa.

Rate-of-change support
helfufs

Approximately 0.1 Hz to 0.5 Hz, specified based on grid needs.

* tolerance £4to
accommodate
numerical/implementation
aspects of control and test
procedure

|2w/P| <90°+ g, * l2V/Q| <90° + £,*

|cu/ P| below an upper bound that
starts at mj at f,, and decreases ten

Low frequency oscillation damping
fo€lf 1]

vV/Q|<my
l2V/Q| <90° + &, *
times for a ten times increase of f,

(straight line in log-log plot)

§linear increase on log plot

Frr

Starting from approximately 0.5 Hz with upper limt [ that

depends on IBR. characteristics.
|2 w/P| < 90° + £,*

2 Grof. Dominic, Deepak Ramasubramanian, Benjamin Paz. December 2022. Universal input-output model of GFM functions and data-driven venification methods. UNIFI-2022-4-1.

Applicable

GFM Tiers

v/Q:All
GFM Tiers

w/P: Tier 3
and above

v/Q: Al
GFM Tiers

w/P: Tier 2
and above
V/Q:All
GFM Tiers

aw/P: Tier 2
and above

wnifi
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Frequency-domain requirements at higher frequencies (above a few Hz)

Input: F, Q
Output: w, V

Sometimes called
‘dynamic droop’

Input: 8,V
Output: P, J

Sometimes called
‘power-domain
scan’

&

Input: J
Output: ¥

Sometimes called
‘impedance scan’

Capability

and applicable frequency range

Power synchronization

Conditions—Applicable to All GFM IBRs

fp € [fp.mln' :|

Starting from approximately 0.01 Hz with uvpper limit

High-frequency voltage phasor
stiffness
fy €1, .40 He]

Lower limit

“Passive™

Typical range for i3
approximately 4 Hz to 10 Hz.

“Low gain™

Typical value for i3
approximately 10 Hz.

“Voltage source behind
impedance™ [7]

Typical range for [ consists
of any values smaller than
approximately 5 Hz, which
provides a property like a
voltage behind a reactor.

One realization example
recommends:

fi" = 4 He

|ea/ P| below an upper bound that is
equal to mp at ) and decreases ten
times for a ten times increase of f,
between f, yy, and (straight line
in log-log plot)

|£w/P|=<90° + £,*
|es/ P| below an upper bound that
increazes® ten times for ten times

increase of f;
(straight line in log-log plot)

|£w/P| = 90° + £ *
leaf/P| = myg,

1o |£ e/ P| phase specification

Frequency Voltage
w/P ¥/

All 0 functions from Table 5

IV/@] = 1puipu.

l2V/Ql =90° + £, *

V/ql = my,,

no |£ ¥/ Q| phase specification

Active power Reactive power Impedance
Pig oV Z=HWI
Magnitude response’ Eguivalent inductance
[B8] = [P/ e QW] = Q¥ i, estimated using positive-
sequence impedance,
Z
WAthin fue + (zuiden
frequency range, except for
within
Lmii‘f-wm
Phase response
estimated inductance
|2 P/8" — 1807 |£@/V" — 1807 LZLow
< E* < E;* -

Table 6. Frequency-Domain Specifications for IBR Unit Capabilities Within the Continuous Operation Region Under Balanced

Notes

Synchronization through feedback
from power to frequency without
requiring steady-state droop

* tolerance to accommodate
mmmerical‘implementation aspects
of control and test procedure

* tnlerance to accommodate
mmericalimplementation aspects
of control and test procedure

* starting from the gain at

T The magnitude response of P/&
and O/F should be almost constant
over the preseribed frequency
range. No index is given to check
this property.

* permissible magnitude of phase

angle error.

**wrapped angle within [0, 3607]

This is the
frequency

range where
GFM

differentiates
itself from
GFL




Visualizing frequency-domain criteria — Tier 3 (GFM BESS) — option 1

3 : I = I . T 1
: Steady-state ; Rate-of-change Low-frequency High-frequency 3
: droop : support cecillation damping voltage phasor stiffness
= 107 & 1
- E npper bound on .'n,--l_.'.."r_(l ) :
= : decreasing 10x ]
';' mh b _ for 10x increase of f, -
D mp(0) EIT soe Table 1 lmp(j20f,)] < mi - =
- F upper bound on Imp(j2nf,) 7
} inreasing 10x
10-3 L : 7 for 10x increase of f,
f g f .{,” ¥ I
f, |Hz
180 ~ I I -
'.” o 4 —
0 -
T—.' bound on |lmp(j2x f,)) 1 ‘ . \ z ‘ ;
o 0 o 120 : I/mp < _ implg2xf,)| S W 4«
;"- increases from 5 to W' + ¢ |émp(32m i)l < 907 + € Iimp(J2x f,)| < 07 + € |imp( )27 f)| 1
0}
~M-ey }
\
- 1810 l_ A A A A - . ; A l - — - A 4 ' : bbb deh A A =




Visualizing frequency-domain criteria — Tier 3 (GFM BESS) — option 2

e e - — —

S R e IR AL IR PR IIor It iaa P IRt IR 0N S L S T R L.
; Steadv-state Rate-of-change ‘ Low-frequency High-frequency 3
: droop support oscillation damping voltage phasor stiffness :
— 10 F _ 1
= : upper bound on (mp(f2nf,) 3
- : decreasing 10x ]
= m”. b for 10x increase of f, <
=i ; s 1) : 3
= mp(0 [ soe Table l lmp(j2nf,)| < mih Y :
S i b
} impli2nfi)l < my. ]
10 . —— —. - - e - deindbdd .
.'. 1) “ ,{“
f, Hz
80
i 1 T
‘“l + 0
U -
" bound on |lmp (327 [, )| : : A , no requirements
™~ 0 ‘ im w <0 4+« Iimpl)2x <O 4 ¢ »
~ increases from 5 to W + ¢, limp (32w fp)l < ' \émp()2x J,)| ' on imp(i2xf,)
ML
I.“ .
180 L ol | A -
) / Jo







Summary: Continuous Indusiry Collaboration

e For the time being, adopting IEEE 2800-2022 with an “hybrid integration” approach may be preferred
because it can account for known deficiencies and gaps in the 1% edition of the standard.

IEEE 2800-2022 » Future revisions should be informed by the adjustments entities made in their “hybrid integrations” —call to action for all stakeholders
(15 edition) to get engaged in the next revision (=2 starts in 2026)

e After the forthcoming revision, a “detailed reference & customization” approach may be preferred
because it allows for partial adoption via clause-by-clause references to the 2"d edition s
"

1342 0:hwlipse > Notall gaps identified during the adoption of the 15 edition may be sufficiently addressed in this revision. P2800.1
(2" edition) » A detailed reference to a new IEEE 2800.1 Recommended Practice for GFM equipment may be included. for GFM

e For subsequent editions, a “general reference” approach with the necessary specification of technical
minimum capability (where options are provided) and functional settings (where no default settings are
aprnpne  provided) may be preferred, because it provides the broadest possible harmonization.
(3™ edition) »Standards may be incrementally revised or amended as technology further matures.

Keep adopting IEEE 2800-2022 and attend tomorrow’s IBRI-WG Meeling!

62 © 2026 Electric Power Research Institute, Inc. All rights reserved. [ =dr={|




Related EPRI Offerings

(1) IBR CA Module - Inverter Based Resource Conformity

Assessment Module

63

Need

Ability to assess performance of IBR plants to verify conformity

against any standards/grid codes that may be present and
based on specified criteria.

Objective

Develop and deliver an IBR Conformity Assessment Module
that can be used to assess IBR plant response, either based on
verified plant-level models or by use of on-site disturbance
monitoring and field measurements.

Scope

1. Define list of tests, measurements, and criteria to be used
to assess IBR plant performance and verify conformity.

2. Develop software modules that can apply and carry out the
conformity assessment in automated ways.

3. Canuse responses from both generic and user defined IBR
models in both time and frequency domain simulations.

4. Canuse IBR measurements from on-site digital fault
recording (DFR) and dynamic disturbance recording (DDR).

5. Deliver (pre-)software

v1.0 (2025) forthcoming (PRE-SW, not for sale)

(o]}

O

(2) Application of IBR Standards — Collaborative

More information at: 3002032085
Need

New IBR interconnection and reliability standards apply to plant
owners/ developers and will shape design and operation of IBR
plants. Same standards are being adopted and enhanced by
transmission companies.

Objective

Provide a collaborative forum to exchange challenges and
learnings, considering new and existing plants. Improve
operational efficiency and mitigate compliance risks.

Scope

1. Support interpretation of various IBR standards (IEEE and
NERC) and provide conformity/compliance procedures

2. Provide generic IBR model parameters for existing grid-
following (GFL) and advanced grid-forming (GFM) IBRs that
conform with IEEE 2800, NERC Reliability Standards, etc.

3. Provide application examples:
* Use of conformity assessment tool
* QGuidelines for utilization of IBR capabilities

Confirmed
participating
funders: 6x as of
11/14/25

A2

“ imeren

«f~ DUKE
&’ ENERGY.

m RIVER
RIVER
ENERGY..

IS0 : newengland

NY Power
Authority

S fewyork
Eaally

4

4. Provide thought leadership and facilitate development of IBR standards

© 2026 Electric Power Research Institute, Inc. All rights reserved.
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TOGETHER...SHAPING THE FUTURE OF ENERGY®
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