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PV-MOD Project Overview https://www.epri.com/pvmod 

This deliverable is, in part, supported by the U.S. Department of Energy, 
Solar Energy Technologies Office under Award Number DE-EE0009019 
Adaptive Protection and Validated MODels to Enable Deployment of High 
Penetrations of Solar PV (PV-MOD).

This deliverable is, in part, supported by the North American Electric 
Reliability Corporation (NERC) under EPRI contract 20011165 Inverter-
Based Resources Dynamic Response Characterization for Bulk Power 
System Protection, Planning, and Power Quality.
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Need for EMT models of IBRs

"IEEE Standard for Interconnection and Interoperability of 
Inverter-Based Resources (IBRs) Interconnecting with 
Associated Transmission Electric Power Systems," in IEEE Std 
2800-2022 , vol., no., pp.1-180, 22 April 2022, doi: 
10.1109/IEEESTD.2022.9762253.

"Stability definitions and characterization of dynamic 
behavior in systems with high penetration of power 
electronic interfaced technologies," Technical Report 
April, 2020. [Online]. Available: 
https://resourcecenter.ieee-
pes.org/publications/technical-
reports/PES_TP_TR77_PSDP_stability_051320.html  

https://www.nerc.com/pa/rrm/ea/Pages/Major-Event-Reports.aspx

https://www.nerc.com/pa/Stand/Pages/Project-2020_06-Verifications-of-Models-
and-Data-for-Generators.aspx

https://www.nerc.com/pa/Stand/Pages/Project2022-04EMTModeling.aspx 

https://resourcecenter.ieee-pes.org/publications/technical-reports/PES_TP_TR77_PSDP_stability_051320.html
https://resourcecenter.ieee-pes.org/publications/technical-reports/PES_TP_TR77_PSDP_stability_051320.html
https://resourcecenter.ieee-pes.org/publications/technical-reports/PES_TP_TR77_PSDP_stability_051320.html
https://www.nerc.com/pa/Stand/Pages/Project2022-04EMTModeling.aspx
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Need for Generic Models
Transmission planning perspective

• Futuristic studies

• Development and communication of grid-specific 
performance requirements

• Investigation of site-specific requirements

• Existing facilities where EMT models are not available

• Education

But … the model should be reasonable
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Generic EMT Model for PV and Storage
Based on IEEE Std 2800-2022 performance requirements

• Include control that allows the IBR to meet the IEEE Std 2800-
2022 performance requirements

• Include varying levels of modeling simplifications
– DC dynamics
– Converter model

• Ensure the model is reasonable
– Comparisons to commercial inverter responses

Ref: Generic Photovoltaic Inverter Model in an Electromagnetic Transients Simulator for Transmission Connected Plants: PV-MOD Milestone 2.7.3. EPRI, Palo Alto, CA: 2022 
https://publicdownload.epri.com/PublicAttachmentDownload.svc/AttachmentId=82135

https://publicdownload.epri.com/PublicAttachmentDownload.svc/AttachmentId=82135
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Generic EMT model
PV or storage inverter model

Generic inverter model
à Current-controlled, PWM VSC
à Control implemented in dual dq 

frames: positive and negative 
sequences

à Controllers developed based on 
IEEE 2800-2022 FRT response 
requirements

à Setpoint controllers: Vdc, P, Vac, 
and Q
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Ref: Generic Photovoltaic Inverter Model in an Electromagnetic Transients Simulator for Transmission Connected Plants: PV-MOD Milestone 2.7.3. EPRI, Palo Alto, CA: 2022 
https://publicdownload.epri.com/PublicAttachmentDownload.svc/AttachmentId=82135

https://publicdownload.epri.com/PublicAttachmentDownload.svc/AttachmentId=82135
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Generic EMT model
Implemented in PSCAD™

Ref: PRE-SW: Generic Photovoltaic Inverter Model in an Electromagnetic Transients Simulator for Transmission Connected Plants (PVMOD-EMT-IBR) v1.0 Beta. EPRI, Palo Alto, CA: 
2023. 3002025889 Online: https://www.epri.com/research/products/000000003002025889
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Generic EMT model
FRT response tests: B-C fault at POI example

Instantaneous voltage, current, active power, and reactive power
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Ref: W. Baker, M. Patel, A. Haddadi, E. Farantatos, J. Boemer, “Inverter Current Limit Logic based on the IEEE 2800-2022 Unbalanced Fault Response Requirements”, 2023 IEEE Power 
Engineering Society General Meeting

B-C fault: Fundamental Freq. Symmetrical Components
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Validation example
Laboratory testing of a 2.2 MVA commercial battery 
inverter

7 MVA Controllable Grid Interface

Inverter Step-Up
Transformer

i

400V 13.2kV

Y-D
virtual impedance

3.3kV

420 kVAr
filter

v
1MW/1MWh

Battery

Inverter 
Under Test

AC

DC

DC

AC utility

2.2 MVA

LLLG LL

Varying residual voltage in faulted phases at the 13.2 kV bus
Fault type Faulted Phase(s) Residual 13.2 kV Voltage [pu]

LLLG 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9

LL (B-C) 0.0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9

Voltage vectors based 
on IEEE Std 1668-2017

Laboratory test circuit

1. NREL test facility: https://www.nrel.gov/docs/fy19osti/72886.pdf
2. Draft Test Plan and Candidate Inverter List: Adaptive Protection and Validated MODels to Enable Deployment of High Penetrations of Solar PV (PV-MOD). EPRI, Palo Alto, CA: 2023. Milestones 1.3.2 and 1.3.3 

report for DOE. Online: https://publicdownload.epri.com/PublicAttachmentDownload.svc/AttachmentId=82091 and https://www.epri.com/pvmod 
3. W. Baker, D. Ramasubramanian, A. Huque, J. Boemer, V. Gevorgian, P. Koralewicz, E. Mendiola, “Validation of the Fault Ride-Through Response of a Generic EMT Inverter Model by Laboratory Testing”, 2023 

IEEE Power Engineering Society General Meeting

https://www.nrel.gov/docs/fy19osti/72886.pdf
https://publicdownload.epri.com/PublicAttachmentDownload.svc/AttachmentId=82091
https://www.epri.com/pvmod
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Validation example
Comparison of the EMT model’s response (‘model’) to the measured 
response of the IUT (‘lab’) to balanced and unbalanced faults

B-C fault with |V2|=0.3 puLLLG fault with |V1|=0.6 puLLLG fault with |V1|=0.4 pu B-C fault with |V2|=0.22 pu

Ref: W. Baker, D. Ramasubramanian, A. Huque, J. Boemer, V. Gevorgian, P. Koralewicz, E. Mendiola, “Validation of the Fault Ride-Through Response of a Generic EMT Inverter Model by Laboratory Testing”, 2023 IEEE Power Engineering 
Society General Meeting
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Validation example
Instantaneous line-line voltage and current at fault inception

B-C fault 30% retained voltage B-C fault 50% retained voltage
Ref: W. Baker, D. Ramasubramanian, A. Huque, J. Boemer, V. Gevorgian, P. Koralewicz, E. Mendiola, “Validation of the Fault Ride-Through Response of a Generic EMT Inverter Model by 
Laboratory Testing”, 2023 IEEE Power Engineering Society General Meeting



14

Validation example
Summary

- The generic EMT inverter model provides a reasonable prediction 
of the commercial inverter’s FRT response for various fault types, 
fault severity, and initial operating conditions. 

- Differences in the transient periods are observed as expected.
- Details of the commercial inverter’s design and control are unknown. 
- All details of the test circuit are not known.

- Expectation is that inverter models developed by the inverter OEMs 
should be much more accurate.
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Example Use Case
IBR Performance Requirements

• Example IBR response for a LL 
fault

• Helps the communication of 
performance requirements to the 
IBR developer

Ref: Southern Company Interconnection Requirements for Transmission Connected Inverter-Based Resources. 
Online: http://www.oasis.oati.com/woa/docs/SOCO/SOCOdocs/SOCO_IBR_Interconnection-Technical-Requirements_Effective_08-06-2023.pdf 

http://www.oasis.oati.com/woa/docs/SOCO/SOCOdocs/SOCO_IBR_Interconnection-Technical-Requirements_Effective_08-06-2023.pdf
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Example Use Case
Existing Interconnection Procedure as shaped by the FERC Large 
Generator Interconnection Process

Further Reading: 
J. Boemer, A. Shattuck, J. Matevosyan, “Need for North American Interconnection Process Review”, ESIG Blog Article, December 13, 2022.
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https://www.esig.energy/need-for-north-american-interconnection-process-review/


17

Example Use Case
Recommended Improvements to the Interconnection Process

But:
FERC Ruled with Order 2023 on July 28, 2023, and declined to incorporate IEEE 2800-2022 by 
reference (for now).
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• Iteration of Steps 4-8, 
as needed

Generic EMT Model conforming with 
IEEE 2800-2022 can help communicate 
expected performance to developers 
and screen for site specific challenges.

Verified IBR Plant EMT Model with Validated  
IBR Unit OEM Model(s) can be used to assess 
conformity with IEEE 2800-2022 and additional, 
grid or plant specific requirements.

https://www.ferc.gov/news-events/news/ferc-transmission-reform-paves-way-adding-new-energy-resources-grid
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§ Issued July 28, 2023 (link), EPRI is currently reviewing and plans to host a summary 
webinar soon

Scope per NOPR
§ Implement a first-ready, first-served study process

– Interconnection information access
– Cluster Study 
– Allocation of Cluster Study Costs 
– Allocation of Cluster Network Upgrade Costs
– Shared Network Upgrades
– Increased Financial Commitments and Readiness Requirements
– Transition Process 

§ Improve interconnection queue processing speed
– Elimination of the reasonable effort standard
– Affected Systems  
– Optional Resource Solicitation Study

§ Incorporate technological advancements
– Increasing Flexibility in the Generator Interconnection Process
– Incorporating Alternative Transmission Technologies into the Generator Interconnection Process

§ Update modeling and performance requirements for system reliability
– Modeling and Performance Requirements for Non-Synchronous Generating Facilities

Ø FERC declined to incorporate IEEE 2800-2022 by reference and to include plant 
conformity assessment into interconnection process.

FERC Order 2023 on Improvements to Generator 
Interconnection Procedures and Agreements (RM22-14)

https://www.ferc.gov/media/e-1-order-2023-rm22-14-000
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Related to Generic EMT Model Development

• Comprehensive validation and testing of EPRI’s 
proposed model against IEEE 2800-2022 
performance requirements is ongoing.

• Implementation and benchmarking of EPRI’s 
proposed model in other EMT modeling software 
like EMTP-RV, PowerFactory, OpenDSS, etc. is 
ongoing.

• Continuous improvement and alignment with 
IEEE 2800-2022 and future revisions of the 
standard is necessary.

Related to Generic EMT Model Application

• IEEE 2800-2022 not yet broadly adopted by 
many ISOs/RTOs.

• Potential value of IEEE 2800-2022 not fully 
recognized by FERC.

• Revision of NERC Reliability Standards may 
consider IEEE 2800-2022 but will likely take many 
years.

• Neither EPRI’s nor any other entity’s proposed 
generic, IEEE 2800 conforming EMT model is 
“officially recognized”.

Remaining Gaps & Challenges
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