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Solar energy 1echnologies Office (SET0)

——Overview
MISSION

We accelerate the advancement and deployment of solar technology in support of an equitable
transition to a decarbonized economy no later than 2050, starting with a decarbonized power sector

by 2035.

WHAT WE DO

Drive innovation in technology
and soft cost reduction to make
solar affordable and
accessible for all Americans

Enable solar to support the Support job growth,

reliability, resilience, and manufacturing, and the circular

security of the grid economy in a wide range of
applications

|
"\:
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SETO Research Areas

PHOTOVOLTAICS CONCENTRATING SOLAR-THERMAL POWER

Systems Design And Energy Yield CSP Systems - performance & reliability
Reliability And Durability CSP high-temp components and char.
Emerging Cell And Module Technology Power cycles
Evolutions of Existing Commercial Solar collectors - low cost, autonomous
Technology heliostats

Solar-heated industrial processes

BALANCE OF SYSTEMS/ SYSTEMS INTEGRATION MANUFACTURING AND

SOFT COST REDUCTION COMPETITIVENESS

Data, Analysis, and Tools Power Electronics & Enabling Support domestic manufacturing

Permitting, Inspection, and Tech. of emerging materials

Interconnection PV for Resilience & Cybersecurity Support & accelerate transition

Solar Access System Operation Reliability of new solar tech. into the market

Solar Siting and the Environment System Planning Models & Sim. Support entrepreneurs and

Workforce Accelerate grid codes and entrepreneurial ecosystem
standards development
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Research Areas: Systems Integration

The goal for SETO’s system integration research is to achieve high-solar grid integration by
supporting the reliability of the power system, enhancing resilience and security,
and increasing system flexibility to reduce grid integration costs.

Where we are now: |

* Inverter-based solar and wind resources pose challenges to system
reliability and stability

* Solar generation variability and uncertainties

* System operators have no visibility or control over most distributed solar

Priority R&D Topics:
* Develop long-term planning models and tools for solar integration
* Develop advanced control capabilities for power electronics
* Enhance grid services to operate high-solar grids
* Advance communications and sensing for situation awareness
* Improve solar forecasting
* Integrate storage to add flexibility
* Enhance resilience and security in system design
* Accelerate grid codes and standards development
U.S. DEPARTMENT OF ENERGY  SOLAR ENERGY TECHNOLOGIES OFFICE




Some Emerging Challenges Related to EMT
Simulations of Solar Energy Technologies
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cmerging Challenges witn eivil

s m Fi'é!m gglgrlaléurbances may have been avoided with more thorough

modeling/simulation during commissioning/interconnection, including EMT
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Source: NERC, 2022 Odessa Dlsturbance Report, December 2022.

Table 3.1: Solar PV Tripping and Modeling Capabilities and Practices

Cause of Reduction Can Be Accurately Modeled in Can Be Accurately Modeled in
Positive Sequence Simulations? | EMT Simulations?
Inverter Instantaneous AC Overcurrent No Yes
Passive Anti-Islanding (Phase Jump) Yes® Yes
Inverter Instantaneous AC Overvoltage No Yes
Inverter DC Bus Voltage Unbalance No Yes
Feeder Underfrequency No® No*©
Incorrect Ride-Through Configuration Yes Yes
Plant Controller Interactions Yes® Yes®
Momentary Cessation Yes Yes
Inverter Overfrequency No® Yes
PLL Loss of Synchronism No Yes
Feeder AC Overvoltage Yesf Yes
I Inverter Underfrequency No® Yes

Challenge: More EMT simulations needed in interconnection studies
could add strain to the interconnection queue and utility resources.

U.S. DEPARTMENT OF ENERGY
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cmerging cnailienges witn civil
2023 UNIFI Consortium General Meeting

DOE was provided feedback on several E—
funding efforts related to EMT simulations: e —— -

* UNIFI external advisory board
« NREL ARIES/PEGI Workshop

* Other conferences/workshops

Challenge: Lack of standardized
inverter models and reluctance of
vendors to provide EMT models

* Uncertainty of operations

* |nability to validate interconnections

/ s A e
Source: UNIFI, https://sites.google.com/view/unifi-consortium/blog
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cmerging Challenges witn eivil

—Simutations

* Recent projects found that EMT-level NREL SAPPHIRE Project —
models of IBR, as well as the power grid
itself, were needed to replicate unstable

Analysis of Event on KIUC System

IBR controller interactions TABLE I
v . L. Pacific Ocean KIUC GENERATION MIX
* Positive-sequence models are insufficient BEFORE AND AFTER EVENT
for studying IBR response to unbalanced - BRI | a1% | 140%1
A IBR2 4.6% 21.0%
faults and black start sequences \ /;j BR3 | 00% | 140%1
YrTem ,,,;m,,\\ IBR4 41% | 23.0%1
e e fionass | 180 | 0T
Challenge: Lack of comprehensive EMT-level SR
61 i) Si i g 09 = (i) Simulation
power system network models and IBR plants = (@ Roonding | 5 921 Z(3) Recording
T 60 2 0.6
o B o o 0.5 (i)
Challenge: Insufficient data to develop = . 04
. . . ~ 5
machine-learning-based protection and 3 85 e =i
. . 58 : . 2 : . g . 0 .
disturbance detection tools: D g g 112 de W B o
° EMT SImUIatlon may be SUffICIent Source: S. Dong, Analysis of November 21, 2021, Kaua'i Power System 19.5 Hz Oscillatio
U.S. DEPARTMENT OF ENERGY  SOLAR ENERGY TECHNOLOGIES OFFICE 10
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—Simutations

Advanced power electronics applications
could benefit the integration of solar
energy:

Challenge: Various novel power electronic
solutions that could benefit solar integration

cmerging Challenges witn eivil

Faster control responses through wide-
bandgap devices (e.g., SiC, GaN)
Leveraging HVDC for improved grid Source: ORNL, S. Debnath, Multi-port Autonomous Recom:igurable
stabil ity Solar Power Plant (MARS), Final Report

Ultra-fast power electronic circuit breakers p=s=
Solid state transformers and power
routers

.lv

Source: UT-Austin, A. Huang, M4 Inverter: Modular,

wou Id req u I re EMT SI mu |at|0nS to va I |date Multifunction, Multiport and Medium Voltage Utility Source: Univ. Washington, B. Johnson,

U.S. DEPARTMENT OF ENERGY

Scale SiC PV Inverter, Final Report Modular Wide-bandgap String Inverters for
Low-cost Medium-voltage Transformer-less
PV Systems, Final Report

SOLAR ENERGY TECHNOLOGIES OFFICE 11




Some Recent Funding Efforts from SETO
Addressing Emerging EMT Challenges
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Advanced Power Electronics Design for Solar
Annlicati

POWER ELECTRONICS:
Making the Pieces Fit Together

() SMART INVERTERS

GRID
INTEGRATION
PV MODULE
INTEGRATION & ADVANCED

FUNCTIONS
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Grid-Forming Consortium: UNIFI at NREL

« $25M over 5 years to establish a framework

for continued industry collaboration EEEE %S.\
e Currently 14 Research/Outreach Areas ﬁ dreefe% &
 Modeling and Simulation Area:

A

— Study applicability/limits of EMT vs. phasor

— Accelerate simulation time of EMT-phasor co- %?ﬁ '@ %?% . _="‘.“_ .
m emonstration

simulation platforms commercialization

— Validate black box EMT GFM models and future grids with GFM 1BRs (E4. B4 )
developed reduced-order generic models o 0060 00

od
— Develop and maintain software testbed system 0:g=
and GFM model libra ry stakeholders: national labs, universities, outreach &

industry, utilities, system operators training

(¥ .I B ® New & Old (GFM+other IBRs, machines)
m'f' e Local & Global (controls)
® Slow & Fast (timescales of operation)
Wi ” un Ify ® Big & Small (inverters & aggregations)

e Register at the following link:
https://sites.google.com/view/unifi-
consortium/home

U.S. DEPARTMENT OF ENERGY

® Solar, Wind, & Storage (technologies)
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EPRI: Adaptive Protection and Validated Models to Enable Deployments of High
Penetrations of Solar PV (PV-MOD)

SETO FY19 Funding Opportunity

* Project goals (Modeling Thrust):

Develop high-fidelity IBR models

Validate against lab tests and field
measurements

Increase availability of generic models
in commercial software

Transfer knowledge of using generic
models to power systems engineers

* Models and analysis include:

U.S. DEPARTMENT OF ENERGY

Electromagnetic transients (EMT)
Power quality and harmonics
Short-circuit

Quasi-static Time Series (QSTS)
T&D Co-simulation

Model Development, Validation, and Commercialization

Performance
Requirements
Case Studies Interconnection standards .
e Unit Performance
Interconnection studies An -
- Utility Model (local) Events alys’s Interconnection requirements Chanderizatlon
Integration studies T — : ganésis‘s'on and Verification
’ i - Distribution .
System Model {regional) - Post-commissioning Standards
performance monitoring - |[EEE P2800.1/.2
Distributed energy resources - |EEE 1547.1
Laboratory Testing

Senatic Models N ...
Certification
Public specs (white box) -UL1741 | SA | SB
Available in all software

Configurable (plant specific)

Plant Performance Verification

- Modular control blocks Standards Settings & Design Evaluation
- Control parameters - IEEE P2800.1/.2 | P2882 - Functional settings config.

- IEEE 1547.1 - Plant level

- NERC MOD (revised) - May use (EMT) models

Scope of the PV-MOD project — Industry Collaboration & Technology Transfer

Pl: Jens Boemer, EPRI

Project website: https://www.epri.com/pvmod

SOLAR ENERGY TECHNOLOGIES OFFICE
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Recently Awarded Projects

Funding
OPPORTUNITY

T=a s ey Office of ENERGY EFFICIENCY
ENERGY ‘ & RENEWABLE ENERGY

Solar and Wind Grid Services
and Reliability Demonstration

U.S. DEPARTMENT OF ENERGY  SOLAR ENERGY TECHNOLOGIES OFFICE 16



UIC: Enabling 100% Renewable Energy Integration: Creativity-based Co-design and Demonstration of
Intelligent Modeling, Protection, and Grid-Edge Control of Bulk Power Systems

Notes of Interest
* Will provide open-source EMT models of IBR
based on new IEEE 2800 standard
* Based on vendor experimental data
* New fault ride-through control req’s
* Greatly improve simulation time with phasor-
equivalent modeling
* New machine-learning based protection for
power transformers against IBR-driven
harmonics
* Method for coordinating existing transmission
protection for any level of IBR
* Team includes 4 vendors, 3 utilities, and 1 1ISO

Demonstration Sites

* Equipment installed to evaluate new protection
schemes in transmission substations in Chicago,
IL (ComEd) and Indiana (AES) near IBR plants

U.S. DEPARTMENT OF ENERGY  SOLAR ENERGY TECHNOLOGIES OFFICE

Pl: Lena He, University of lllinois - Chicago

Intelligent modeling, protection, and grid-edge control framework of
BPS with 100% IBR integration

Task 2
// IBR equivalent phasor domain
model
‘ ’ Task 3

Task 4
Dist tecti dinati Intelligent transformer differential
istance protection coordination protection

Protection strategies of BPS

Task 1
F IBR EMT models and control
(IEEE 2800 standard)

Task 5 Use cases
Lab demonstration F ; ; ]
‘ and field tests Onshore wind & aggregated PV integration (ComEd)

= High-penetration of solar and wind IBRs in weak

transmission gr/d (LUMA Energy)
= Ultra-scale offshore wind integration (Eversource

energy&ISO-NE)

Various fault

scenarios
Different penetration
levels of IBRs

@COH'EECI

(=N 558 EVERSSURCE !so

LURE/
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ConEd: Reliable Protection for an Inverter-Based Resources Dominant Grid:
Technology Development and Field Demonstration

Notes of Interest
* Develop electromagnetic transient (EMT) co-
simulation framework to analyze interaction between
IBR controls and transmission protection
» Accelerate computation time by 250%
* Includes grid stability analysis module
* Able to simulate up to 100% IBR
* Will coordinate w/ commercial software vendors
* Field tests of new synchrophasor-based transmission
protection system as more sensitive (but slower)
backup for existing protection
» Source-agnostic protection scheme

Demonstration Sites

* Equipment installed to evaluate new protection
schemes in transmission substations in Queens, NY
(ConEd) and Virginia (Dominion)

* Hardware lab demos at SCE and SDG&E to provide
both Eastern and Western interconnection examples

U.S. DEPARTMENT OF ENERGY  SOLAR ENERGY TECHNOLOGIES OFFICE

Pl: William Winters, Consolidated Edison of NY
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NREL: Protection of Inverter-dependent Transmission Systems (PROTECT-IT)

Notes of Interest
« New Machine Learning based protection scheme to adapt Pl: Jing Wang, NREL
to changing source types
* EMT simulations generate database of faults to train Demonstration Sites

protection regardless of source mix * Equipment installed to evaluate new protection
* New simplified rapid fault detection method based on schemes in Kauai Island, Hl.
EMT simulation of IBR * Demo site may operate near or at 100% IBR,
* Will speed up analysis of protection analysis including new GFM controls
* Framework for utility engineers to develop relay settings * PNM to provide non-island transmission system
quickly for various IBR levels, enabling adaptive protection models for HIL testing at NREL's ESIF
PROTECT-IT Solutions
- IBR vendor model « A new mathematical methodology « Fundamental issues in existing « Commercial protection device
« Relay model « Low-order model protection schemes « Real field-measured data
« Fault study - Validate against real inverter behavior - Fault response based on penetration level - Proposed protection schemes

: « High fidelity « Update existing
« Unpredictable : :
s - modelin rotection schemes /~ Implement the
Identify gaps inverter behavior Build a . Develop g ' str:ate iesin
between inverter | -Mis-coordination | simplifiedand | “A<vrate fault enhancedand  |""ovelprotection 4
response schemes commercial hardware

in relays highly accurate

+ Requirements on IBR model
1BR model

behaviors and relay
efficacy

new protection

i i and test via

lab and field

«IBR model
compatible with
existing software

« Inverter
control/settings
updates

Develop commercialization and implementation roadmap

U.S. DEPARTMENT OF ENERGY  SOLAR ENERGY TECHNOLOGIES OFFICE 19




FY23 SETO Systems Integration Open Funding Opportunity

Solar Funding
OPPORTUNITY

ENERGY | v cncaar ™"

Operation and

Planning Tools for

IBR Management and

Assurance in Future
& Power (OPTIMA)

https://www.energy.gov/eere/solar/articles/funding-notice-operation-and-planning-tools-inverter-based-
resource-management
U.S. DEPARTMENT OF ENERGY  SOLAR ENERGY TECHNOLOGIES OFFICE 20




Overview: OPTIMA (Operational and Planning Tools for IBR) FOA

« Expected: 9-13 awards across 3 Topic Areas, $30M federal funds total
« FOA released: 4/20/23, selections: December 2023, awards: April 2024
* Full Applications Due 9/14/2023

Utility/ISO Grid Management

|
[ 1

Grid Planning Grid Operations
A A
[ \ [ \
G q,xe“(\ \ ea\’f\ S|
2 0 <@V (0O \00 55° A0 00t W0 oD o (@0 0O e
p e <o® R 2 M
Topic 1 Topic 2 Topic 3
Timescale of Qutputs Timescale of Outputs
Years-ahead — Decades-ahead Real-time — Days-ahead

SETO.OPTIMA.FOA@ee.doe.gov
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Overview Open Energy Data Initiative for Solar

Systems Data Integration and Analytics
(OEDI-SI)

U.S. DEPARTMENT OF ENERGY  SOLAR ENERGY TECHNOLOGIES OFFICE 22




OEDI S Overview

» Leverage existing OEDI architecture
SETO Core LabCall Program

* National Labs collaboration (ANL, NREL, ORNL, PNNL)
« DOE|SETO FY22-24 Lab Call: 2021 Oct. to 2024 Sept.
@E DI * Open Energy Data Initiative (OEDI) (openei.org)

Open Energy Data Initiative
U.S. DEPARTMENT OF ENERGY

What is OEDI SI?

OEDI Solar Systems Integration Data and Analytics (OEDI Sl) is a collection of use-cases that provide public domain data sets, their curation and
mapping into single integrated input data for power system analysis of distribution and transmission networks with high solar generation resources.

Q search energy data Search

Featured Data The main goals of OEDI Sl are to:

o = Provide access to public data, data integration and mapping into a single consistent data set in some of the widely accepted I/O formats
@ T = Provide at least one physics and network, or data and ML based power system analysis algorithm(s)
Machine = Enable reproducible, robust, replicable and generalizable R&D in simulations and emulation of solar system integration
Learning  Analytics E DI S | = Encourage and enforce open-source algorithms and publicly available multiple data sets in standard I/O formats

3 Currently, OEDI Sl is still being developed by a subject matter experts with collaboration of four National Laboratories: Argonne National Laboratory

Data Lake Cle (ANL), National Renewable Energy Laboratory (NREL), Oak Ridge National Laboratory (ORNL), and Pacific Northwest National Laboratory (PNNL). It

22 Data Lakes Data)

Data Lakas p— is being funded through a 2022 Lab Call Program by DOE/SETO Systems Integration.
A data lake is a collection of curated and OEDI Solar Systems Integration Data &

diverse datasets built to accelerate Analytics. Tools to develop reproducible and O E D I S | Data

accessibility and collaboration. The lake generalizable power systems simulations.

LSS Browse OEDI Sl Use-cases | View the OEDI SIWiki [ DN

U.S. DEPARTMENT OF ENERGY  SOLAR ENERGY TECHNOLOGIES OFFICE
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OEDI S| Program Goals

 Make generic test data for solar generation integration to power systems
analysis publicly available for testing and verification of new analytics

* Provide data anonymization, imputation, synchronization and bad data
pre-processing to consistently map and integrate the individual data
coming from different OT/IT systems

= Data pre-processing scripts for preparing different scenarios off from pre-
canned use-cases

* Provide open-source algorithms to enable using the integrated data for
different power systems algorithms
= Physics-/network- & data-/ML-based solar analytics
= Make their verified results and metrics available to researchers for
comparing their algorithms

24
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OEDI S! Overview

New Technologies Data Stack
—> <4+ —

— —— — —— —

/ N\
I l SCADA & Monitoring
l Point on Wave I
I I
| n-PMUs |
I Line Monitoring: Fault Location I
\ /
——————————————— —
Smart Grid Data Stack
—_——_—— = 44— — — —
/ )
Imputation
AMI/MDM/Smart Meters >
‘ Data Integration
& Curation
Mapping Optimal Power Flow
Unit Commitment
Bad Data
Filtering

)
I
'
A/
N
—

DMS: SCADA & RTUs & Load Forecasts

OMS & CIS & IVR: Outages

Data Compilation & Scenario

GIS: Equipment & Network Connectivity Setu p




OEDI

Overview

U.S. DEPARTMENT OF ENERGY

Public Data

Network models
= 123 |EEE network
= SmartDS networks

* Complementary data
Load/solar PV profiles
AMI/Smart meters
Smart inverters

PMUs

Smart sensers

Private Data

Network models
=  Confidential network
data

Confidential

complementary data
= Confidential load/solar
PV profiles
= Confidential smart
meter data, etc.

Public Algorithms

» \Verified algorithms using
= 123 |EEE network
=  SmartDS networks

» Steady-state & Transients
= Distribution State Estimation
= Volt/VAR optimization
=  Fault location, etc.

* Network model (physics

based) algorithms
* Machine learning

algorithms

Public

Private Algorithms
To test proprietary
algorithms locally
= Using OEDI Sl data
pre-processing
= Using OEDI Sl public
data

a1eAld

|
Ready by 2023 Fall

SOLAR ENERGY TECHNOLOGIES OFFICE

|
Ready by 2024 Fall
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OEDI S Functional Overview

OEDI SI Input API OEDI SI Qutput API

f \

I |

—

' 1! 1 - | \ - i
| Model Conversion | } Data 1 Algorithms !':-. | Data Post- i | Model Conversion |
[} 1 = 2 | . 1 ; 1
BRI I J‘ Pre-processing | : “: J‘ processing i : (optional) 1
1 | |
- P I : 1 : I I : OpenDSs = CYMdist
Synergi =» OpenDSS : } H 1 : : 1 % ‘( 1
P - : Stzadv-;tate 1 : I i : OpenDSS = Synergi
CIM = OpenDSS P! 1y || - Snapshot 1y | [
! I | -& i, 1 L OpenDSS = CIM
- 1 ! I | | - MLbased L I
IEEE = OpenDSS i ! I ) o T i -
i 1 I 1 Physics-based T 1 I | 1 OpenDSS > IEEE
= en
GridLab-D & OpenDSS : } H : N\ : : : % E : i
P! 1 | THE I OpenDSs & GridLab-D
:IDocker Container1l.a i }‘ | : : : : 1‘ | { |
LOCKEEONEAINE T - I ! e e e
______ T - eeseoooonoW o | __Contajperia
— 1 % 5 % R L RS B LR 7] Mransients 7 77 EF FIR=FEEssssess FEtii e
OpenDSS = CIM = ATP : } H 1 - Fault identification :: 1 } % :
1 1 I : - Fault location 11 : I I I ATP = OpenDSS
CYMDist = OpenDSS = CIM <> ATP 11 I | - Zoneidentification I, I [
1 [ & DER aggregation I, [ ATP <> ePHASORSIM
Synergi & OpenDSS = CIM = ATP : } H : \ : : 1 % F : :
1
[ I THE o I
— I
GridLAB-D & OpenDSS = CIM = ATP : J‘ H i ATP*, PSCAD* “ i J‘ % : I________jl__i T
. 1 1 1 A I .
11 | ) 1, 1 | 1! 1
: I 1 I 1 Container3.xs ] : I ‘ : : Ditto ‘| : : CIMHub :
1 I 1 . I e | I . | 1 N 1 1 1
WRockerGontainerih _ _ I LOoercontainer2a Sooooooooooos) LDockerContainerab | goontainer 1_"-_-_---_-; - "=

ontainerl. Container1.b
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OEDI S| Model Converters

* Feeder Conversion
* Comprehensive Feeder Metric Computations
* Graph Theory Network Analysis
* Feeder Modification:
Modify loads
Add solar
Set controls of components
Add/remove electrical components

And more! (- ondabo |

e OpenDSS
« CYME

e Synergi
e DEW
e« CIM

Scenario Layers
Timeseries Layers

ne i ; ./‘ i R # / R
STYNE

Feeder Modifications

Input API )

Customized
Internal
Representation

DiTTo by NREL DiTTo examples - ditto (nrel.github.io)

U.S. DEPARTMENT OF ENERGY  SOLAR ENERGY TECHNOLOGIES OFFICE

Output AP

e Gridlab-D

e OpenDSS

e CYME

e Synergi

e CIM
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https://nrel.github.io/ditto/cli-examples/

Learn Apout upcoming Funding

q T

EERE Funding Opportunity SETO Newsletter

U pd ates Highlights the key activities, events, funding
opportunities, and publications that the solar

Promotes the Office of Energy Efficiency and program has funded.

Renewable Energy’s funding programs.

SIGN UP NOW: SIGN UP
NOM'E

energy.gov/solar-newsletter

energy.gov/eere/funding/
eere-funding-opportunities

Email: john.seuss@ee.doe.gov
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