////\=

I n te r O p e r ab i I i ty = MODERNIZATION INITIATIVE

GMLC Founadational Project 1.2.2 W= U pepsriment of Enray

Partner Involvement Declaration of

Advancing interoperability requires Intero pera blllty

Key ObjECtiVESI stakeholder alignment; it’s a shared About 50 people from a cross section of

challenge. To achieve alignment, the industry met to create a “declaration of
project regularly meets with 16 industry interoperability” that lays out a common
m partnersand holds events with industry m = definition of interoperability, problems

to provide critical review of ideas and caused by poor interoperability, and a
incentivize industry involvement to commitment to advance interoperability.
simplify integration. e 4 e This involves
changes to
Integration
meron ES ot technologies and

business processes
within sectors

Industry Tech Meetings across them.

Held meetings in Chicago, Ill (Sep '16) and
Columbus, OH (May ‘17) with industry e
participants that advanced criteria for

interoperability, enhanced integration vision

B r stories, and affirmed project directions.
Columbus, O T

Participants offered diverse perspectives on
challenges and goals that tested universal

» | concepts and principles. Tnal ROadma pS
' The project is engaging 2 ecosystems
I integrating DER to use the strategic vision,
interoperability measurement and

PrOjECt Outreach roadmap methodology to test and refine

these tools
Engagements held at GWAC., * |EEE 2030.5 Ecosystem Steering  &|EEE
IEEE ISGT, IEEE PES, SEPA Grid *

: : Committee formed. June ‘18
Evolution Summit, I[EEE T&D,

— meeting in Los Angeles
- Interoperability Roadmap
Transactive Energy Systemes, Methodology, V1 EC Joint Research Centre (JRC) m

. . rabil = teroper, Mode) ¢y 5 remen : Joint Research Cent
.and AHR.Expo events. Project o fons ecosystem on EV charging ; jsﬁc =
information has been " |

circulated in the SEPA, NIST, Procurement Language

and LonMark newsletters. The interoperability measurement criteria
Public Utilities Fortnightly in the IMM inspire performance

(Apr ‘17) and Smart Grid statements that can be a model for the
Newsletter (Jun ‘18) featured procurement of smart technology. We are Inte rOp Cha"enge
articles about this project. working with SEPA and other partners to
create tools that incentivize industry

Context

Too many devices and systems
today cannot interoperate or
require difficult and time-
consuming integration

 Advance adoption of interoperable
products and services in the energy sector.

e Align stakeholders on a strategic vision.

 Develop measures and tools to support
interoperability.

processes. This results in fewer
deployed new technologies

E5:°° Smart Electric
===" Power Alliance

.................

INTERHATIIMAL. ° CONSORTIUM

e et

BEN BEN NN B Chicago, IL ‘ _e T

Expected
Outcomes

e Establish an interoperability
strategic vision.

 Describe the state,
challenges, and path

forward to advance

| == 1

PLUG & PLAY

CHALLE

Engage industry to propose and

y - Ln_:igapls)s Deliverables to Date olvement. leelranhonst;a.te new |:Ietahs ’Eco .ad\./?ncetllnt.eroperab|I|ty
N This project provides leadership visibility dse l:concepts that significantly Improve

to DOE as a champion for grid B e s interoperability for DER Integration — Launched July,
modernization interoperability with a presentations at Solar Power International Sep “18.
Phase 2: demonstrate accepted concepts, mid ‘19

number of deliverables, including: _
» Strategic Vision Whitepaper Set course for standards convergence with partners

* Roadmap Methodology _
* Interoperability Maturity Model (IMM) iz Q) BE355 Power Alliance

iy } - =
. Efes OIEEE aam o ENERGY, MONEY, POW,
SRS W e ] o s
vt cgewy o it = . N

\RPOWER

—— INTERNATIONAL —

EEEEEEEEEEEEE
NNNNNNNNNNNNN

~ Los Angeles !‘ /

Devices and Integrated Systems 5 Sep 2018

PNNL-SA-137563



GMLC 1.2.3:
Testing Network and Ope

Pl: Matthew Lave (Sandia), +1: Rob Hovsapian (INL)

Project Team: Sandia, INL, LBNL, NREL, ORNL

Project Description

Access to testing resources and models at National
Labs and beyond is vital to grid modernization.

We are improving access to testing infrastructure for grid
devices and systems, and related models and tools:

= Testing Network (GMLC-TN): a federated, lab-based

resource for testing and performance validation of grid
devices and systems

= QOpen Library (GMLC-OL): a public repository for
validated models, simulation tools, testing resources

Project Team

Sandia ST =2 OAK /\I :
() daora. INL INREL ¥Rrice [l
Laboratories Idaho National Laboratory nal Laboratory N

Project lead,
Lead for TN task

Co-PI,
Lead for OL task

Support TN and OL: outreach; sustainability;
collect models, tools, and testing resources

—

/="
n L I b rary /{/{< MODERNIZATION INITIATIVE
— U.S. Department of Energy

Project Progression/Milestones

PY1 — Establish Foundations

» Held stakeholder workshop to solicit feedback
* Performed Initial identification of Lab capabillities
» Studied and engaged existing consortia

PY2 — Deploy the TN and OL

» Published testing resources catalog

» Populated OL with models from National Labs/GMLC
 Established gridPULSE consortium (covers TN and

OL) through a membership agreement and website

PY3 — Ensure Future Sustainability

* Developing sustainability plan with value proposition
* Qutreach including conferences and webinars

* Expanding OL to Iincrease value, improve usabillity

Accomplishments to Date

Testing Resources Catalog

Open Library Impl

Open Library‘Prod)

e €=

}

megndPULSE

Pl

Courtesy of

vvvvvvvv c User Library for Systems Evaluatioy

Catalog of National Laboratory
Testing Resources for Grid
Devices

= (Go-to resource for validated models, tools, test procedures

Devices and Integrated Systems

Expected Outcomes

= (Greater understanding, awareness, access to Lab capabillities

Consortium and Website
http://gridmodtools.org

About Testing Resources Open Library  ContactUs

ementation

N~ gridPULSE

\~gridPULSE =
How to Use gridPULSE Resources

Testing Resources for Grid Devices and Systems

Public User Library for System T

Evaluation

gridPULSE accelerates grid modemization by improving access
to and visibility of National Lab testing infrastructure for grid

Download

Name / Acronym

devices and systems, and related models and tools.

RRRRRR

Ownership, Version
High-level Information

/ Testing Network (TIN)

GMLC
1.2.3

Detailed Information:
* Theoretical

» Specifications

* Interface possibility
 Validation

~a

M—gridPULSE

Public User Library for Systems Evaluation

[
N Open Library (OL) =™

[
[
[
project organization | project outcome

Improved collaboration among facilities
= Accelerated adoption of new grid devices

September 5, 2018




Fast Grid Frequency Support from DERs = G |
GMLC 1.3.29 — Hawalii Regional

Partnership

/<<<\_E MODERNIZATION INITIATIVE

— U.S. Department of Energy

Inverter dynamic  f.

PI'OjeCt Descri ption models calibrated ¢

to hardware tests

Reduced-order EMT-domain
distribution feeder model

Hawali leads the US in the portion of its electricity
produced from distributed PV, forcing it to confront
emerging grid reliability issues sooner than other “Gov;r::;;r;lyv; 5:;; power system
states. PV systems have displaced many of the

conventional generators whose inertia and governor
controls help to stabilize the grid. NREL and Sandia
partnered with the Hawaiian Electric Companies
(HECO) and key stakeholders to investigate,

y \
/ Damping

CCCCC
CCCCC

develop, and validate ways that DERs can Complete Oahu
support grid frequency stability on the fastest R
platform PHIL test validates stabilizing impact of

time scale (cycles to seconds).

frequency-Watt control

PV
inverters

Outcomes

 Enable distributed PV and storage inverters to support
grid frequency starting a few AC line cycles after the

appearance of a frequency event ;
 Validated DER frequency support via conventional
simulation (PSSE) and power hardware-in-the-loop Prggress to Date

(PHIL) testing — first ever system-wide transient time-

scale PHIL platform (figure at right)  Hawaii PUC approved revised interconnection standard (Rule 14H)

activating frequency-watt control system-wide (October 2017) using

* Forged a path for rgst of U.S. to fQHOW towards | settings recommended in project team’s technical report
fre_qugpcy-responswe DERS, helping ensure future grid « HECO and NREL addressed DER industry concerns through broad
reliability stakeholder process (AIFWG)

« HECO is first US utility to activate f-W control system-wide
 California to activate f-W control as well in February 2019
* Project findings justified modification of IEEE 1547 national standard

Significant Milestones

1.2 - Simulated Oahu frequency events Sept to allow very fast (sub-second) frequency support
show DER-based frequency support 2016  Nine publications so far, including:
avoids load shedding » New inverter control method for rapid active power control of PV
2.4 - Prototype inverter controls for March systems: Hoke et al, I[EEE Journal of Emerging and Selected Topics in
improved frequency support 2017 Power Electronics, Sept 2017
 |EEE PES General Meeting Best Paper: Nagarajan et al, "Network
demonstrated Reduction Algorithm for Developing Distribution Feeders for Real-time
3.6 — Island-wide PHIL model validates Dec Simulators”, IEEE PES GM, 2017
hardware inverter frequency response 2018  Detailed inverter model for PSSE simulations: Pierre et al, "PV
Inverter Fault Response Including Momentary Cessation, Frequency-
U.S. DEPARTMENT OF Watt, and Virtual Inertia,” IEEE PVSC, 2018
E N E RGY Devices and Integrated Systems Testing September 5, 2018




Standards & Test Procedures for =
Interconnection & Interoperability  “\=

Updating DER Integration Standards for the Modern Grid

Project Description

= Accelerate DER interconnection & interoperability standards
development & validation

= Ensure cross-technology compatibility & harmonization of
requirements for key grid services

= Minimize conflicting requirements across technology domains

Expected Outcomes

= |mprove modern energy generation & storage devices’
coordination with the grid

= Enable market expansion through improved interoperability
= Reduce barriers to deployment through improved standards

High-level view of coordinated grid operations

Market level functions
(bulk system)

market orders/requests, system events

local events - dispatch/aggregation

Operational level functions
Electrical interface Communications interface
(interconnection) (interoperability)
Grid-Edge functions

(distribution grid)
(local devices/energy services interface)

e.g. voltage/frequency control, device specifications

Inverter-Based Systems
(Electric Energy Storage, Electric Vehicles Controllable Loads Grid-Connected Microgrids
PV Systems)

Regulation,| Distrib. s s Regulation,| Distrib. e s Regulation,| Distrib. s s Regulation,| Distrib.
. . Artificial Artificial Artificial
Grid Services Energy | Reserve, Voltage . Energy | Reserve, Voltage . Energy Reserve, Voltage . Energy Reserve, Voltage

. Inertia . Inertia . Inertia .
Ramping Mgmt. Ramping Mgmt. Ramping Mgmt. Ramping Mgmt.

Artificial
Inertia

Opportunity
for impact

Time to fill gap

Locational
urgency &
resource

relevance

Technical
difficulty

Overall Gap
Priority
Score

Jow opportunity " ighopporunity Gap prioritization methodology identified key
grid services matched to technology domains.

a4 N

Inverter-
based
systems

\ 4
4 N\

Controllable
Loads

\ Yy

& h

Grid-
Connected
Microgrids

\—/

Electric

Vehicle

Service
Equipment

MODERNIZATION INITIATIVE
U.S. Department of Energy

(GMLC 1.4.1)

Team Contributions to Standards-Related Activities

National Lab Teams

'National Renewable Energy Laboratory
David Narang, (Project Lead)

. Andy Hoke, Barry Mather, Danish Saleem -

4 N\
Sandia National Laboratories

Sigifredo Gonzalez
- /

. . R
Lawrence Berkeley National Laboratory

Peter M. Schwartz, (Project Co-lead)

. Mary Ann Piette, Richard Brown, Janie Page

B
Pacific Northwest National Laboratory

. Steve Widergren, Paul Ehrlich

s
ldaho National Laboratory

. Manish Mohanpurkar

B
Oak Ridge National Laboratory

. Yaosuo (Sonny) Xue >

.
Argonne National Laboratory

. Theodore P. Bohn

SDO/Stakeholders

-—= IEEE

— ASHRAE

___>

- *{ SunSpec Alliance

" IEC

ii
ii LOpenADR Alllance
!l

nl .. SAE

— SEPA

- A W W T = s . N w N w S ww

Dashed lines indicate partial funding

Collaboration Opportunity

Requirements for Energy Services Interface
DER Facility

Interacting

- "8 .

Facility
Management
Party Function

=

External Responsibility Internal Responsibility
High level diagram of ESI and related functions (courtesy S. Widergren, GMLC 1.2.2)

Gap prioritization framework

Preliminary gap analysis, including identification of key

standards
Stakeholder Workshop: GMLC

Stakeholder Workshop: SEPA 2016 Grid Summit
Peer Review: Share results & recommendations

Share results with select industry advisors, improve gap

analysis

Peer Review: Share results & recommendations
Stakeholder Workshop: Energy Services Interface (ESI) May 2018 (LBNL — webinar)
Collaboration with SEPA on ESI requirements

Devices and Integrated Systems Testing

Mar 2016
Sep 2016

Sep 2016 (Denver CO)
Nov 2016 (Washington, DC)
April 2017 (Washington, DC)

Apr — Jul 2017
Feb 2018 (Washington DC)

Sep 2018
August 20, 2017



GMLC 1.4.2: Definitions,

(

Standards and Test Procedures ////7/'{;

Project Description

Develop and test high-resolution models of
distributed energy resources (DERS) with a
standardized interface in the form of a battery-
eguivalent representation, for

.. ready access by planning and operational tools used
to assess DERSs’ ability to provide operational flexibility
INn the form of valuable grid services

.. at the bulk system and local distribution levels.

Expected Outcomes

High-resolution DER models in Python

v Explicitly model engineering, operational, & human
constraints

Common battery-equivalent representation allows:

v' Operations & planning models easily & accurately
assess DERS

v" Resources from DER classes to be “summed”

v Grid control & optimization methods to be
shared across DER types

v Level-playing field for evaluating DERSs

v' Consideration as a grid flexibility metric

Significant Milestones m

Implement device model and battery equivalent July 31, 2018
interface in software

Specify device characterization tests July 31, 2018

Recommendations for additional tests or results from July 31, 2018
appliance standards testing

Document grid services/drive cycles, device models, Sep. 30, 2018
battery equivalent interface, results of trial analysis

Distribution and Integrated Systems Testing April 18, 2017

\k\\\ U.S. Department of Energy

for Grid Services from Devices

High-Level Model, e.g.,

GMLC 1.4.2 Grid Service Dispatch Algorithm & Drive Cycle

Battery-Equivalent API

Device Fleet Model

Aggregation Coordination

- Device Model Sub-Fleet N

Device Model Sub-Fleet 1 Supervisory Control

Supervisory Control (optional)
(optional)

Local Control
Local Control
Physics

Software architecture of services and device
models. Device fleets are composed of
Individual devices representative of diversity in
population and usage.

Progress to Date

Technical report: device models & grid services

Two workshops, targeted webinars with device & grid
iIndustries

GitHub library of models & services in Python
Integration of services & models underway

Draft report: Opportunities to leverage & extend DOE
efficiency standard’s tests for device DER
characteristics

Draft device testing plan for water heaters, electric
vehicles, & commercial refrigeration




LPNORM: A LANL, PNNL, and =
NRECA Optimal Resiliency Model YN= [irimenof neroy

PrOjeCt DeSCri ptiOn LPNORM User Interface via OMF

Model Input
> Extreme weather events pose an enormous threat to the nation’'s electric " Financial Specs

pOwer dlStrlbUthn SyStemS Line Unit Cost ($/ft) Switch Cost () Hardening Unit Cost ($/it)

»  Distribution utilities lack the tools to help them plan for extreme events. o000 100R0 10000
- DG Unit Cost (S/MW) Max DG Per Generator (MW) Hardening Candidates
ReS|I|ency assessment 1000000.0 05 A node705-742 A node705-712 A node70t
' 11 ' New Line Candidates switch Candidates Generator Candidates
EXtreme event ImpaCt mltlgathn TIE A to CTIE C to B TIE B to A A nodef05-742 A nodef05-712 A nodef06 A node/07 A node/08 B node
»  This project develops LPNORM to design resilient distribution systems Powerflow
. . . . i Network Flow v
Import distribution and communication models
_ Simulation Specs
Specify extreme events I T .
Critical Load Met (%) Non-Critical Load Met (%) Chance Constraint (%)
Specify resiliency criteria 098 20 1o
. . : : : Phase Variation Weather Impacts (.asc file) XR Matrices (.son file)
Verlfy deSIgn SOIUtIOn quallty Wlth trusted pOwer fIOW SOIVerS ........................................................ ﬂ15 “f_l:lll:l ESE m‘uuﬁe FiIE |”-IEIEDdEST”I:HTJSD-|I
Damage Scenarios (Json file) Simulation Date (YYYY-MM-DD) Zip Code
LPNORM S t A ht t Sk t h Choose File 2012-01-01 64735
sStem Arcnitectuure elC
(Black boxes are software Iibrar%ls. Colored boxes are binaries or web services for end users.) a @ N
Web app at https://www.omf.com/newModel/LPNORM _ T )
F Wind drag on cable and ice |
- | — I create bending torques .
amlmt T RoDT) = "@fm - 'mu[?;tr';h;?[;atmn Interface = ; . $4500000.00

(OMF)

Existing Capabilities: Existing capabilities: Existing capabilities:

Import of Windmil, optimization of distribution system Existing capabilities:

create compressive stress o L -

Expected Outcomes Progress to Date
» An open source software tool that combines NRECA ‘s Open Modeling » Released Alpha version (October 2017)

Framework (OMF), distribution power system data, LANL's General https://www.omf.coop/newModel/resilientDist/Ipnorm

Fragility !\/Io_deli_ng (GFM), LANL's R_esilient Design Tool (RDT), and » Detalled data collected from the Industry Advisory Board

PNNL's distribution power flow tool (GridLAB-D) . . " e

| - | » Increased industry engagement with additional utility interest:

» Design systems that can serve up to 98% of critical load during extreme Orange and Rockland, an investor-owned utility (IOU)

events - . .

»  Two utllities selected for Beta version testing:
Significant Milestones . Date Shenandoah Valley Cooperative and United Cooperative Services
Demonstration of RDT integrated with OMF distribution system models 10/1/16 > Related Publications
LPNORM demonstrated with existing LANL (RDDT), PNNL (GridLAB-D), and NRECA 4/1/17 _
(OMF) capabilities for a single hazard G. ByeOI_n, H Nagaralf_in, R. Be_r_'L P. V_an_ He_ntenryc_k.
Alpha version of LPNORM released for review by the utility user group 10/1/17 Communication-Constrained Resilient Distribution Grid
Peer reviewed paper on communication and distribution system algorithm 4/1/18 Design, submitted to the INFORMS Journal of Computing
Choose two NRECA member utilities to participatein demonstration, beta version 10/1/18 A. Barnes, H. Nagarajan, E. Yamangil, R. Bent, and S.
released for their participation | | Backhaus. Resilient Design of Large-Scale Distribution
Efaprz;tv\‘/’:rssere"pe”e”cea”d beta tool released on NRECA's Open Modeling 4/1/19 Feeders with Networked Microgrids, submitted to Applied
Energy.
Planning and Design September 5, 2018
PNNL-SA-137667



https://www.omf.coop/newModel/resilientDist/lpnorm

Distribution Transformer Data,

Testing, and Control

Jamie Lian, PNNL
Klaehn Burkes, SRNL

Project Description

Advance the state-of-the-art technologies of transformers with novel

approaches

Provide proven guidance for the U.S. concerning the opportunities to
reduce transformer losses and to prolong transformer lifetime

» No-load loss reduction from the adoption of amorphous metal
core transformers leads to efficiency improvement

» Lifetime improvement from the adoption of transactive
coordination and control for transformers and their loads

Expected Outcomes

. Distribution transformer losses account for 2—-3% of U.S.
generated electricity, and no-load losses represent

approximately 25% of these losses.

» Adoption of more efficient transformers could reduce no-load

losses by 60%

* Project will assemble data addressing market barriers that

Impede this adoption

* Dynamic control and coordination of transformers and
building loads could reduce losses by 10%

* The project will scope control strategies that might deliver

this benefit

- Low Voltage
= Connections to Load

Low Voltage [
Diff Probe

Significant

Milestones

Develop Report on July 2017
Utility Data - complete

Develop Test Plan for  May 2018
Distribution

Transformers -

complete

Report Documenting September
Testing — on track 2018
Closed-Loop transactive December
control optimization— 2018

on track

Device & Integrated Systems September 5, 2018

C
9 97.00%
5 96.50%

MODERNIZATION INITIATIVE
U.S. Department of Energy

All Three Comparisons of Pole Transformer Efficiency
99.50%

99.00%

98.50%

98.00%
~. 97.50%
O

ITIC

96.00%
95.50%

95.00%

94.50%

0% 20% 40% 60% 80% 100%
Percentage of Rated Load

—25 SiSt Pole Manufacture 25 AMDT Pole Manufacture
----- SiSt Pole Short Circuit AMDT Pole Short Circuit
--SiSt Pole Full Voltage AMDT Pole Full Voltage

Progress to Date

» Tested two pairs of Distribution Transformers

» Establishes functional acceptance, efficiency baseline,
sweeping tests of efficiency under harmonics, and
degradation over time

Santee Cooper sharing 20 years of performance and cost
data

* Report was developed documenting transformer
population

ldentified six innovative control strategies to be scoped
and analyzed

Developed open-loop transactive control to improve
transformer life though reducing hottest-spot temperatures

Transactive load control increases transformer lifetime by
6.15, 16.24 and 19.13 years, respectively, corresponding
to three capacity limits

PNNL-SA-137697



Collaborative Demo for Secondary B

| | =
Use and Use Case Validation //////\/’;

Lead: Oak Ridge National Laboratory \\\\ —
Partners: Spiers New Technologies, Chatham Habitat for Humanity

MODERNIZATION

L ABORATORY
OBJECTIVES CONSORTIUM
U.S. Department of Energy

. De_veloping a low COst energy storage system for communities Developments of Habitat Generation Il Reference Design

using r.epurposed vehicle batteries. | _ S  Dedicated design adopting off-the-shelf components to further reduce the
Y Deplqymg energy storage system with _rooftop PV into a residential hardware cost and guarantee availability and sustainability for the future

building supplied by Habitat for Humanity. mass production.
» Evaluating economic feasiblility of the technology moving forward » Achieved 10 kW bidirectional power flow between battery and grid.

and developing appropriate tools.

_ _ e, Key Accomplishments
* Creating a workforce education program for future technicians.

* Developed cost-efficient commercialized solution of converter level
controller with Ethernet access.

CHALLENGES . . . .
| | | | » Evaluated the reference design continuously in real grid-tied
* New energy storage technology associated with electric vehicles environment.

has _e_XPO_SGd agapin re3|dentlgl energy storage system controls. . Implemented several use cases and ready for the field deployment
» Certification of 2nd life automotive battery storage systems has . Verified autonomous remote operation capabllltles

been difficult as differing regulatory domain exists. ., R

¢ — R —
4
-

» Secondary-use batteries exist In many grades and must be |9 L . _ :
evaluated and sorted to be packaged into a single system with ( Commercialized DSP, ‘\ S 4
P J J y Controller Employings . W” Yj JL- Developed
_ Unlve Habltat Interface

minimal handling to be cost effective. - wa\l R T i

» Understanding the value proposition of these deployments with
complicated rate structures and use cases that do not have
sufficient support.

RESEARCH AND DEVELOPMENT

Certification Process

* Module UL certification for batteries already exists with Nissan. ' N , -
Team is working on developing the process to transfer UL B SRR ) e Proddttion
certification from first life to second life applications via lab testing e iR - SO
and demonstration.

Remote Monitoring and Control

* Developed a JSON based API for remote data collection and
control of the ESS.

* Developed front-end software interfaces which can provide varying

— 3 : ? .'fl'
. SRt i : i =1

levels of remote control: debug/manual control, use-case testing, ‘ ‘ | o 1 = = !
and fully autonomous operation with integrated optimization. | i 3 1 t e 5.sc
| at - : X - Co‘ntlrollver
Optimization Remote | p;qfuoadsm.k

Control '. |

'.| . : T
8 3L v
) .
1 -
.__,_-'<—. 3
i N r p—
i

Debug/Manual Test Setup for Grid Tied Operation Detailed Layout of Control Station

Control

= —

Use-Case Testing

ES Control
Computer

lllllllllllllllllllllllllllllllllllllllllllllllll

{1 CH1: Converter DC Link
Voltage (200V/div)

APl Server

CONCLUSION AND NEXT STEPS

| |
CHB: Converter Out

» Successfully demonstrated a 10 kW, 16 kWh low-cost residential Currehg (50A/dit) /
energy storage unit using secondary-use batteries L T T

» Integrated various inverter hardware to demonstrate flexibility of the —— . HE 5 | lm -
control hardware S o ;*

* Full deplc_)yment at a Habitat for Humanity house in North Carolina Displays on Power Analyzer and Experimental Waveforms
to follow in the next few months. Oscilloscope During Grid Tied Captured by the Oscilloscope

Test During Grid Tied Test



GMO0204: Universal Hybrid Inverter Driver

Interface for VOLTTRON™ Enabled DER &) |

=/,
Power Electronics Applications /{/{(\\\_g MODERNIZATION INITIATIVE

_ | U.S. Department of Ener
Lead: Oak Ridge National Laboratory . =
Team: Pacific Northwest National Laboratory

I
. L o
Project Description Central Controller based on VOLTTRON™ VOLTTRON™ PE Agent
- Enable near real-time control and integrate @ Raspberry Pi e |
renewable-energy-based power electronics PE Agent -
inverters in green buildings by developing a -
universal driver interface for VOLTTRON™
platform Software Flow Chart
Universal Hybrid Driver Interface { ool
Expected Outcomes - s e N
« Enable interfaces for existing inverters to provide O & Communication gseeTog-<gf | .- ]
transactive services In a retrofit fashion and test Eé O **
. . . i Measurement \_
the device functionality. r g
- VOLTTRON
* A VOLTTRON™ -based development environment 5 Z;, Calculation S RS
for transactive control grid-tied inverters ‘@ y i
N PWM B 5
Progress to Date S mn— A —
« Advanced VOLTTRON™ Control Platform Di@g;:':gg‘(’)"ﬁre
— Developed PE agent and its decision-making capabllity under A 4
various grid conditions Power Stages fromThree Different Vendors
- Developed dual closed-loop control strategy for VOLTTRON™ L O
enabled hybrid driver interface
— Evaluated advanced functions for grid-tied operation of inverter

* Universal Hybrid Inverter Driver Interface
— Completed testing of hybrid interface with advanced functions

nnnnnn
Switch

— Evaluated hybrid driver interface with three different inverters to

enable the inverters working with open source control platform Interface Grid Test Bed

| ' on e Al :

Significant Milestones m ‘ & = - ——— -

Emulate functionality of advanced VOLTTRON™ 12/30/2016 soner | 2C 0z é ANANAVAVAN JMWn RLRRILRY e A j
platform to validate the control architecture 0 a— % — T o
Validate functionality of the hybrid interface 12/30/2017 CEEE T = 3 L EEE = E i
using a commercial inverter [ o s N T o o g
Test the advanced VOLTTRON™ platfo rm usi ng 12 / 30 / 2018 i§;""wuuwu«uw<M«M«MMMWWWWWWMNMMWMMWWMMNWMHMJMMMMW!WW!WHMHW!WWWMM!INMIW!INHMINWIMHlMMMM»I zg’.lﬂr”lﬂlﬂH«mrl,H\wwr,f}V‘J\Wl,'M\HMH‘, L ?E
the developed universal hybrid inverter driver o e N £ MMMMMMWMMMMMMMMMMMMMMMMMMMMWMWMWWMMW s - 5%
interface o e B -

August 21, 2018



Testing and Modeling of HEMP and GMD =

Transients on High-Voltage Transformers//{///\\_

A. G. Tarditi!, R. C. Duckworth!, F. R. Li3, Z. Li1, Y. Liu3, B. W. McConnell}, R. G. Olsen#, E. C. Piesciorowsky?, B. R. Poole?, L. Sundaresh?, L. Wang?,
10ak Ridge National Laboratory, 2Lawrence Livermore National Laboratory, SUniversity of Tennessee Knoxville, *Washington State University
DOE Program Manager: K. Cheung

cores that, in turn, may cause damages due to large harmonics generation and transformer overheating.

Infrastructure.

Progress to Date (3rd Quarter Report: https://openpoint.nrel.gov/sites/g_mlc/SitePages/Home.aspx)

Project Description
Quantitative analysis of specific knowledge gaps related to the risk of HEMP and
GMD impact on high-voltage, power transformers (transmission-class), the most
critical power grid assets. This work Is aligned with the DOE current research

thrust in support of the development of highly secure and resilient electric power

Significant Milestones

HV arrester residual voltage under

fast-transients

First test models on system-wide
Implementation of GIC-blocking

devices

Quantitative assessment of HEMP
coupling to power lines (IEEE

Transactions paper)

Q1-2018

Q2-2018

Q3-2018

Arrester Voltage (A.U. )
1 -Ib 1 ] 1
o

Expected Outcomes

» Technical guidance for industry and regulatory standards to provide risk
mitigation of HEMP and GMD threats against the power grid

» Addressing quantitatively the EM vulnerability of large power transformers
due to HEMP transients, fast-transient high-voltage (HV) arrester
performances, and effectiveness of GIC countermeasures.

Context: HEMP and GMD as a potentially large-scale threat for critical, power grid components

High-altitude EM Pulse (HEMP): intense, short burst of EM energy originated by a nuclear explosion in the upper atmosphere. HEMP may affect a wide
geographical area, couple to conductors, from power lines to electronic systems, and cause destructive voltage surges for a variety of electrical equipment.

Geomagnetic Disturbances (GMDs): strong, very low frequency fluctuations of the Earth magnetic field caused by ejected solar material that reach the Earth
magnetosphere. GMDs may Induce a quasi-dc current (Geomagnetic Induced Currents, GICs) on power lines, possibly leading to saturation of transformer magnetic
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OE ADMS Program: Advanced Distribution

Management System Testbed Development el .
Partnering Organizations: National Renewable Energy Laboratory (NREL), Pacific Northwest \\\\\\=

National Laboratory, Argonne National Laboratory, Electric Power Research Institute, Holy Cross
Energy, Xcel Energy, Opal-RT Technologies, Schneider Electric, GE Grid Solutions, Survalent

— MODERNIZATION INITIATIVE
m— U.S. Department of Energy

Advanced Grid
I AGR Program Specific Project j Research
OFFICE OF ELECTRICITY
. . . US DEPARTMENT OF ENERGY
Project Description
iy ] ome | venr
« Model large scale distribution systems to support utilities and ADMS O Definequestion  (eETMCNCHOl b Defneusease e Menth b
vendors In evaluating advanced distribution management system o i B T
answer question capabllities
(ADMS) applications on realistic systems.
© Runtest ot e TR -
« Integrate distribution system hardware in NREL's Energy Systems .
. . . et | | - —
Integration Facility for power and controller hardware-in-the-loop “
experimentation of key components. Model for utilities and vendors to use Power and controller hardware and
- Develop advanced visualization capability to analyze the results for a the ADMS testbed visualization components
mock utility distribution system operator’s control room. -
EX p e C t e d O u t C O m e S - S*imulat::t'tlzejc—a;e Simulation v ' Multitimescale Simulation ' Llnterface M
: : : : US| 5 8 1 : -
» Avendor-neutral, pre-pilot testing ground for ADMS functionality =~ %o ew e Ememes jirer W )
LT e D T Y T Contiots & reetbark Distri u;i;n Feeders . F;écniieri}S;J'szctio‘n B ’ et ;././ \\ w3 *:/
that Can be used by Utllltles and Vendors t() evaluate the ;_msimulaﬁon b d ) —»  LTCController < Distribution Feeders Feedeerustectlon CHIL
benefits of an ADMS prior to investing in field deployments. me g - o L | —
. age, = . l_+ i , - s - A( * D¢ — D( i— AC _f'";".'f:‘ii L— — (ap Bank Controller
» Reduced risk for utilities and acceleration of ADMS M Gl QRS S b Iw“ it
deployments leading to more reliable and efficient distribution
system operations. ADMS testbed setup for Use Case #1.: ADMS testbed setup for Use Case #2:
| o Data Remediation Integrated Peak Load Management
- Atest bed that will enable utilities and vendors to evaluate
integration challenges of ADMS with legacy systems. Pro gress to Date
- Atest bed that vendors can use as part of their development Several Industry Advisory Board meetings held jointly with the
and evaluation of new ADMS applications. GridAPPS-D project.
¢ A faCIIIty for OperatOr tralnlng of Utlllty engineers. ° ADMS testbed set up for use case #1:
Significant Milestones m +  Communication interface enabling co-simulation with
Develop a testbed for ADMS using internal DMS power flow. 04/15/2017 OpenDSS and ePHASORsIm by Opal-RT.
Develop a test plan specifying tests to be conducted in Year 3. 10/15/2018 ‘ Power and controller hardware-in-the-loop.
| « ADMS with feeder models at different levels of data
Execute the Year 2 test plan for use case #1 to show the impact 10/15/2018 o
of data remediation on the effectiveness of VVO. remediation.
Host a workshop to disseminate the lessons learned in ADMS use 09/26/2018 . Software tools to convert data files to OpenDSS and
case #1.
ePHASORSIM formats.
Execute the Year 3 test plan for use case #2. 07/15/2019 |
Host a workshop to disseminate the lessons learned in ADMS use 07/15/2019 ‘ Executed use case #0 (Integrated Volt-Var Control) using DMS
case #2. Internal power flow.
* Coordinating with other ADMS projects on a monthly basis to develop . Published four conference papers and journal article on use
ADMS testbed capabilities to test the products on other projects. case #0 results in process.

* Established a combined IAB team for the platform and testbed projects.

 Use case #2 defined and partners identified.

Devices and Integrated Systems September 5, 2018



Stabilizing the Grid in 2035 and Beyond

Inverter Controllers

S. Dhople (U. of Minnesota), P. Chapman (SunPower)

Project Description

 Historically, power grids have been constructed with
Interconnected generators with significant rotating mass or inertia.
The collective Inertia of generators enhances system stability and
allows for the absorption of unpredictable load variations.

« In contrast, renewables such as PV rely on electronics with no
moving parts. Thus, they are Inertia-less.

 This project aims to develop distributed inverter controllers that
provide a viable path from our existing infrastructure based on
electromechanical generators to a highly distributed future grid
dominated by electronic PV inverters with hundreds of GWSs of PV

Integration.

Expected Outcomes

* Develop a new grid-forming strategy where inverters are
controlled to emulate nonlinear oscillators: we call this

* I[mpact: demonstrate the new grid-forming inverter control
strategy has desired performance in low-inertia systems.

* Develop a comprehensive modeling framework for stabllity
assessment of low-inertia grids.

» [mpact: provide a framework to evaluate the stabllity of
combined inverter-machine systems.

* Host a workshop on grid-forming inverter control.

* [mpact: bring in experts from national laboratories, industry,
and academic Institutions together. Outline the state of art
and future direction of grid-forming inverter technique.

Significant Milestones

Models for low-inertia multi-inverter networks. 09/30/2017
Framework and accompanying case studies for stability assessment 09/30/2018
of low-inertia grids.

Workshop on grid-forming inverter control. 03/31/2019
Roadmap report that summarizes the state-of-art on grid-forming 03/31/2019

controls, future challenges, and industrial trends.

SOLAR ENERGY

TECHNOLOGIES OFFICE
U.S. Department Of Energy

-volving from Grid-Following to Grid-Forming Distributec
NREL (Lead): Y. Lin (Pl), G. Seo, H. Villegas Pico
Team Members: B. Johnson (U. of Washington), F. Bullo (U. of California Santa-Barbara), e

GMLC, Category 2, EERE/SETO, Systems Integration
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U.S. Department of Energy
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Fig.1 Evolving power systems.

Progress to Date

« Modeling framework for stability assessment of low-inertia grids:

* Developed aggregation inverter model to represent a large
collection of inverters.

* Showed the stability can be lost for high penetration levels of
grid-following units (business as usual case).

 Grid-forming inverter control strategy:
* Designed, analyzed and implemented the VOC.

» Leveraged partnership with SunPower to demonstrate new
controllers with off-the-shelf commercial hardware.

Reactive Components

Microcontroller § 28
for circuit-level
control (VOC)

...........

DC Power Supplies - ' —— . g
e =

AC output

Fig.2 Customized VOC inverter. Fig.3 Testbed with SunPower Microinverters.

« Publications: 5 Journal Articles + 8 Conference Papers
« Visibility: Featured on IEEE Spectrum
« Intellectual Property: 3 Records of invention + 3 Patent application

September, 2018
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Additively Manufactured

Photovoltaic Inverter (AMPVI) &q\\:\’—
\

U.S. Department of Energy

Lead: Oak Ridge National Laboratory

Team: National Renewable Energy Laboratory, Purdue University
I

Project Description

Develop a transformative PV Inverter
design approach based on Additively
Manufacturing technigues and Wide

Bandgap (WBG) semiconductor devices wonirol Flatiorm Magnetics
- Control / power - Genetic Optimization
hardware-in-the-loop System Engineering Tool
- Grid support functions - Multi-objecti
Expected Outcomes (EEE 1547 full revision)  arameter sotimization
e« Power den sity (| nverte r): - DNP3 or IEC 61850 - Advanced magnetic
| | communications materials and structures
Alpha-10.4 W/in3, Gamma-14.5 W/In3 ~ Core Technology D,
* Power density (Power Block):
Alpha-75 W/in3, Gamma-114.5 W/in3 Developed 50kW PV Inverter & Key Components
. CEC efficiency >98% (Alpha: 98.2%) _Alpha Prototype e "fotpe

Alpha-power block  pracket

* Cost <%$0.125/W

» Lifetime > 25 years 1 A W
. Advanced grid support functions o L Power Module  Power Block  Power Module
 Communications capabillity =

* More efficient reference design for PV
Industry

« Better grid stabllity / ancillary service for
grid operators T

Power Block

s VUYYYLLELL T

Controller Inductor

_ Controller
Gate Driver

Significant Milestones m

Achieved IEEE 1547 grid support 6/30/2017
functions, communications capability

Achieved inverter power density 10.4 9/30/2017
W/in3, efficiency 98.2%

Achieved power density of the final 6/30/2018
power block greater than 75 W/in3

Voltage AC  Inverter-side Grid-side
Sensors Capacitors |nductors Inductors

System Integration September 05, 2018




SOLAR ENERGY

TECHNOLOGIES OFFICE
U.S. Department Of Energy

Accelerating Systems Integration

Standards (ACCEL)
Updates to National Standards IEEE 1547, IEEE 1547.1, and UL1741

Vi
77/
(((\\

MODERNIZATION INITIATIVE
U.S. Department of Energy

(30363)

Project Description

Establish accelerated development of new requirements

and conformance procedures for distributed energy resource
(DER) Interconnection and interoperability for the full revision of
IEEE 1547 (requirements), IEEE 1547.1 (test procedures), and

UL 1741 update (safety standard).

Expected Outcomes

 Improved harmonization between state and national

standards

 Improved grid performance under normal conditions

 Increased electric grid resiliency under abnormal
conditions through new grid-support capabilities of

modern DERs

 Expanded markets by maximizing feeder hosting
capacity through increased optimization and
Interoperability capabilities of modern DERS

IEEE 1547

\

Interconnection
Performance & Test

Reguiremenis g
b

IEEE 1547.1

\

Interconnection
Conformance Test
Procedures

N

\

[ UL1741

~

N

Equipment Safety and
Performance
Certification

P
NFPA 70 (NEC)

Intent and use of IEEE 1547 and
related standards

\

L

.

Equipment
\ Installation (Code)

e’ : :
Local interconnection

processes and

standards
N /

\

2005

2005
2000 UL1741  FERC SGIP
CA Rule 21 Ypdated UL 1741 Updated
2000 2005
- P
N 2003 \ege 15471
| Standard fOr IEEE 1547 ]
Interconnections
DERs shall not actively

regulate voltage

DERs shall trip on
abnormal frequency
or voltage

2010
UL 1741 CARule 21

Updated Updated

'

2010

2011

Timeline of improvements to interconnection standards

*Major Milestone: In April 2018, IEEE
1547-2018 was updated to include the
ability of DER to provide a range of
advanced functionality that will improve
grid reliability and resilience

2015

CA Rule 21 Updated

HI Rule 14H :
: 2019 (exp)

2016 UL \EEE 1547.1(REV)

l l174lSA i l
X
1 2015

2014
IEEE 1547a

2020

2018 |
IEEE 1547(REV)

DERSs éhall be capable of
actively regulating voltage

DERs shall ride-through
abnormal frequency or
voltage

DERs may actively
regulate voltage

DERs may ride-
through abnormal

frequency or voltage
DERSs shall have provisions

for iInteroperability

DERs may provide
ancillary grid services

Progress to Date — Major Achievements

The DOE project team Is providing leadership at the officer level and the
working group level, leading to tighter collaboration between P1547 and
P1547.1, and sustained, focused effort towards building consensus among

Significant Milestones

P1547 and P1547.1: Finalized officer team, working group, and topic Oct 2015

subgroups

UL1741SA: Published with revised (interim) test procedures Sep 2016

P1547: Established new grid-support requirements, reached

working group consensus

P1547: Recirculated final ballot—93% approval

IEEE 1547-2018: Full revision published

P1547.1 Draft 6 completed

Feb 2017-
Mar 2017

Dec 2017/

Apr 2018
Jun 2018

Partnering DOE Labs: National Renewable Energy Laboratory, Sandia National Laboratories
Industry Partners: IEEE 1547 and 1547.1 Working Groups

working group members.

121 industry experts were part of the IEEE P1547 working group and 389
balloters approved the revised IEEE 1547 standard by 93%.

NREL and Sandia testing facilities and resources are being leveraged to
exercise inverters and validate testing procedures for input to the working

groups on device and testing requirements and functions. This supports the
need to completely revise testing requirements to address new capabillities

Lab equipment at Sandia for evaluating conformance
test procedures: Amtek 100kW PV simulator (left); AC
simulator (right)

Devices and Integrated Systems

GMLC, Category 2, EERE/SETO Systems Integration

Eaton 550-kVA transformer

SMA Sunny Central CP-US 550-

kVA inverter Status
270V 480V ”“

YV

DC Power supply “ — o i @ e ‘l'._!_.'-" @

Grid Simulator

L SMA 3-O Inverter 4 Transformer ¥ Ny
550 KVA Vo 550 KVA v, 1

1500 KW

3 X270 KW
400/690 Vrms

RLC LoadBank

Test procedures evaluation
platform at NREL

2 X 250 KvVA
480 Vrms

April 18, 2017




GMLC SuNLaMP #31004:
Combined PV / Battery Grid Integration with High = ‘

Frequency Magnetics Enabled Power Electronics
Lead: National Energy Technology Laboratory

//=_1.Z
<///\\E MODERNIZATION INITIATIVE
\ m  US. Department of Energy

Partners: Eaton Corporation, North Carolina State University, Carnegie Mellon
University, NASA Glenn Research Center

Project Description

A novel approach to combined integration of solar photovoltaics and
energy storage Is being developed and demonstrated to mitigate
against Iintermittency Inherent to solar PV generation In a COSt-
effective, high efficiency, and power dense topology. Also core to
this technology Is the successful development of high frequency
transformers for a multi-port DC-DC converter as well as
Implementation of wide bandgap based SIC switching devices.

Expected Outcomes

» Successful demonstration of 3-port DC-DC converter technology
at 50kW (commercial) scale

« System level studies of feasiblility for utility scale (>1MW) and
compatibility with interoperability requirements

 Development of new enabling magnetics technology for the next
generation of high frequency transformers

* Technology transfer of intellectual property and know-how to the
private sector to promote near-term commercialization

« Successful completion of these outcomes will enable greater
penetration of solar generation through simultaneously:

[ imi | ' : of Powsr Smoothi
Gridoptimized storage  Source: Fraunhofer Ingtitute s S i 7,
i e T o RO AR L SN SR Y 4 i C ORI E:. ;":'-’:‘;"::':'%h pattery | . A Y., Oy ‘ =
charging during periods e R \ .
of high electricity ot 1‘1,1 30 ; Wy
Dr()dll(“tl()n ." ".. e 600 - -

z
<
reduced feed-in '?? | . decreased feed-in capacity : | A4
to grid ',-';- ..-'. Increases local grid capacity e
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ery Storage (k'Wh)
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[
S
o
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Combined Solar PV / Energy Storage Integration Has Inherent Advantages Including
"Energy Time Shift” and "Power Smoothing”.
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Successful 50kW Prototypes of a Full 50kW transformer (top) and the rendering of 3-
Port 50kW DC-DC Converter Hardware (bottom). Waveforms Showing Effective Power
Flow and Efficiency Estimates for Various Prototypes are also Presented (right).

* Reducing costs, Increasing power density, and increasing

reliability of grid interconnection hardware
» Successfully managing inherent variability of solar

Significant Milestones Completed m

Successful prototype demonstration and design of a 50kW 12/31/2017
high frequency transformer architecture.

Successful prototype demonstration and design of a 50kW 3/31/2018
DC-DC converter architecture within project metrics.

Simulation of 1MW series and series-parallel connected 3/31/2018
grid tie inverter architectures to demonstrate compatibility
with interconnection / interoperability standards.

Successful demonstration of “permeability engineered” 12/31/2017
magnetic cores for the first time with reduced losses and
peak temperature rise during steady state operation.

Establishment of new magnetic core processing and testing 12/31/2017
capabilities for full-scale transformer build and test.

Topic 2: SUNLaMP, Solar Energy Technology Office, Devices and Integrated Testing September 5, 2018

§

Newly developed models of losses
and performance of transformers
with advanced core materials for

advanced transformer design.

Progress to Date

Successful 50kW Demonstrations

Successful interconnection of multiple DC-DC converters in series at
the 10kW level, scaling to 50kW underway

Full inverter simulations demonstrating compatibility with grid
Interconnection requirements and standards

New Transformer Fabrication, Testing, and Modeling Capabillities
Numerous publications, patent applications, and presentations.

Technology transfer efforts underway with manufacturing partner for
enabling magnetic alloys and processing technologies.




Power System Reliable Integration Support =
to Achieve Large Amounts of Wind Power

(PRISALA)

Project Description

Provide key stakeholders in power
system planning and operations

access to best practices for integrating

wind energy that are built on actual
experience and analysis/modeling

Expected Outcomes

Provide unique access to credible information and
applied research to facilitate wind energy integration

Ensure that state-of-the art results, methods, and
data in wind integration reach critical decision-
makers

Support and provide leadership to the Energy
Systems Integration Group (ESIG, formerly UVIG), the
leading technical organization in the U.S. for
advancing the state of knowledge of energy systems
Integration

Work closely with the North American Electric
Reliability Corporation (NERC) on their Essential
Reliability Services Working Group to ensure that key
reliability issues are addressed for America’s future
power grid and also with NERC on their Frequency
Response Study to make sure that adequate
frequency response is available in all U.S.
Interconnections

Significant Milestones

Complete paper "Revenue Sufficiency and Reliability 12/30/2016
in a SO Marginal Cost Future”

Participate in NERC Essential Reliability Services 6/30/2017
Working Group
Support and participate in ESIG Spring Technical 6/30/2018

workshop

— U.S. Department of

B Benchmark Reserves B Flex Up Reserves
350 Benchmark Energy Flex Up Energy

= 300

Coal

Gas CC

Gas Boiler
Muclear
as C1

Figure 1. Total revenues for the 2013 Benchmark

MODERNIZATION INITIATIVE

Energy

and Flex Up scenarios - from Revenue Sufficiency and Reliability in a SO Marginal Cost

Future paper

Progress to Date

* Participate in NERC Essential Reliability Services
Working Group

* Participate in NERC Frequency Response Study

* FERC briefings including presentation on the
Eastern Renewable Generation Integration Study

* Leadership of IEA Task 25 (Design and Operation of
Power Systems with Large Amounts of Wind.
Power”)

* National Association of Regulatory Utility
Commissioners (NARUC) presentations

* Presentations of key wind integration findings at
ESIG

e Capacity Value Assessments for Wind Power: An
IEA Task 25 Collaboration. Milligan, M., B. Frew, E.
Ibanez, J. Kiviluoma, H. Holttinen, L. Soder. Wiley
Wires. 2016

April 18, 2017

Grid System Planning for Wind
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