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Super Lab for the Futuristic Grids

Collaborative research infrastructure for

• Large-scale systems

• Unique (P)HIL experiments

• Cutting-edge interdisciplinary research



RT Super Lab & Next-Gen Global Grids

• Collaboration between USA and EU institutions enables research groups to jointly
investigate innovative solutions such as a direct submarine HVDC cable between
USA and EU within the concept of Global Power Grid

• RT-Super Lab environment exploits complementary strengths and knowledge of
USA and EU institutions that is particularly beneficial in this research context
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Illustration of a possible Global Grid
Jones, Lawrence E. Renewable Energy lntegration: Practical Management of Variability, Uncertainty and Flexibility In Power Grids. Burlington: Academic Press, 2014.



Sandia National Laboratories (SNL)

• SNL is a multi-mission DOE
R&D center with headquarters in
Albuquerque, New Mexico, USA.

• Conducting energy technology
research, development and
validation since the 1970's.

• World-class R&D platforms

Secure Scalable Microgrid (SSM) R&D Platform

Microgrid #1

Master Controller

-,. A
, • HIL-based for control and HW optimization
• Highly customizable generation, storage,
loads, & network components, DC/AC

Sandia
National
Laboratories

Distributed Energy Resources and Energy Storage

• Grid & PV simulators, PV & storage converters, gensets, demand response

• Storage: 1 MW-Hr battery, 1 MW Fnergy Storage Test Pad

• Control and power Hll (Opal-RT, Typhoon till and Fmylytics (SCFPTRF)

Energy/CS Cybersecurity Research Platforms

?it

• Integrated HIL and Emulytics capability

• Controls, protcction, actuators, & network
device for a variety of energy systems



Sandia REIDER Integration R&D Platform

Mesa del Sol

Commercial-scale microgrid with state-

of-the-art energy management system for

control and forecasting research.

r- Distributed Energy
Technologies Laboratory

lnteroperable distributed energy

resource test bed and SCAIDA systern

for vulnerabilityassessments.

National Infrastructure
Simulation & Analysis Center

A source of national expertise to address critical

infrastructure protection research and analysis.

High Performance
Computing

World-class parallel computing tools
ond algoritym applied to complex
and high-order network problems

Communications & Optimization
for Networked Energy Technology

Coordinated Communications, Controls

for Distributed Systems, Optimal Dispatch,

Protection & Reconfiguration, as well as

Prognostics and Decision Support.

Scalable Secure Microgrid

Advanced AC/DC microgrid research
platform for multi-agent controls and

RE/DER integratio.

Emulytics &Threat Analysis—

Hardware in loop simulations,

Control Systern and SCEPTRE.

Sandia
National
Laboratories

Civilian Cyber

Control/visuahzation center

for all grid/cyber assets

Scaled Wind Farm
Technology (SWiFT)

Full-scale wind turbine research

facility for interoperable grid-

support control experimentation.

• Integrated renewable and DER, cybersecurity platforms for analysis,

optimization and validation of advanced energy systems

• Dedicated XNet research network, Virtual Power Plant (VPP) controls



RT SuperLab Contribution SNL

• Distribution System with high-share of PV generation (at DETL)

• Demonstrate PV supporting system stability via Q(v,t) and P(f,t)

RT
SuperLab
Sumulation

VPN Sandia XNet
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11_11. Idaho National Laboratory

Real-time Power and Energy Laboratory Research Principles

Research on pumped-storage hydro for integrating
multiple run-of-the-river power plants

Research on concentrated solar
power plants

•

First
Principles
Research

MODELS BASED
ON REAL-
WORLD DATA IN
REAL-TIME
Physics-based
Modeling
Novel protection
schemas and
algorithms

Safe and efficient integration of grid
devices to existing power grid

Energy
Systems

Energy Conversion Integration

Thermal
Mechanical
Electrical
Chemical
Nuclear

Integration of
• Electrical Vehicles
• Supercapacitors
• Flywheels
• Pumped Storage

Hydro
Batteries and
Electrolyzers To
the power Grid

IMPACTS & TAKEAWAYS

• Physics model-based approach
towards solving power grid
problems

• Hydrogen production to enable
better demand response and grid
stability

• Electrical-Mechanical-Thermal-
communication cosimulation
capability

• Transmission, Distribution,
Communication, and
Communication co-simulation

INL Power & Energy Group focuses on investigating power-grid problems using real-time models, develop advanced controls
and strategies to mitigate the identified problems, and de-risk integration of variety devices to the power grid.



Unifying core capabilities

Real-Time Digital Simulation of Power Systems

Microsecond-scale
resolution of grid events
simulations
Simulate transmission-
distribution- •
communication in
power systems
simultaneously •
Calibrate protection
hardware settings in
real-time prior to field
deployment.

•
OUTCOME:  REAL-
WORLD GRID •
SCENARIO ANALYSI6
IN REAL-TIME •

•

Control Systems and Advanced
Protection

Front-end
controller
development
Multi-agent •
protection •
systems and
reconfiguration
schemes •
Multi-agent
adaptive control
Aggregators
PMUs
Relays &
protection
devices
Inverters
OUTCOME:
ADVANCED
CONTROL
SYSTEMS

Devices and systems
integration

Fuel Cells,
Low /high
Temperature  
Electrolyzers
Microgrids

• Electric Vehicles
OUTCOME: and Fuel Cell
ANCILLARY Electric Vehicles
SERVICES • Pumped Storage

Hydro
• Supercapacitors
• Battery

OUTCOME:  GRID
STABILITY

Energy
storage

--1W. Idaho National Laboratory

Distinguishing Capability

• Facilities for accurate real-world model
development for power system dynamic
analysis

High fidelity test environment to test
models based on real-world data in real-
time for de-risking device integration.

10-20 nanosecond scale simulation for
power electronic dynamics

Control hardware in the loop and rapid
prototying of controllers.

Advanced control technologies and
decision making strategies

Joint Collaboration with Academia and industry

Using unique laboratory infrastructure to create a holistic ecosystem for developing, testing and deploying power system technologies



RT SuperLab Contributions - INL
PHIL/HIL

Device
under Test

Power HIL

Data Acquisition

Power System under Test

Interface r Controls

MIRTDS
Technologies

• 
CIPAL-RT
TECHNOLOGIES

Simulation time step 50ps

Power Systems
Real-Time

Simulation/Emulation

NS3-based Communication Layer Emulation
Communication

Simulation/Emulation

Power Electronics
Real-Time

Controller HIL
under Test

Interface Interface

T541,3n

Wide-bandgap

Controls Controls

time step -50Ons Power Converter Simulation/Emulation
CHIL Power Electronics Co-simulation

9 Bus Western Interconnection Model
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125 MW •
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230kV 100 MIV
35 Mvar

6
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30 Mvar

3

San
Francisco

Daly:
City

Idaho Nationa

100s ARM Boards as CHIL

Laboratcry

100+ m icrocontrol ler-
based cards
programmed as
power system
hardware nodes

(Validated against
PHIL experiments)

3: 72 simu ation nodes

138 kV Šubtransmission-

Concord

San Ramon

Pleasanton

Milpitas

Tracy

1S2: 48 simulation nodes: 8ari lc;se

PG&E Subtransmission and Distribution Model



Advanced Power Engineering Lab (APEL)
Tools

Testbeds

Resource
allocation

\_  }

Microgrids

Domains

Grid
modernization

\ 

Renewable
energy

Distribution
systems

Ail ik
Ir Adv.

mathematics

4I#
Modeling

Simulation

High
performance
computing

Features:
• access to power

engg. software,
HPC, and real
time simulators

• sustained
collaborations

• workforce
development and
education

• high impact
contributions

• numerous awards

CSU's APEL is engaged in high-profile high-impact sponsored research in the area
of Smart Grid and the next generation electricity infrastructure.



Colo§aclote
University

RT SuperLab Contributions - CSU

• created real time (RT) model of a distribution system

• integrated distribution system to the transmission system model at INL

• Quantified errors and demonstrated distributed RT simulation capabilities with
INL
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University

Distributed RT Setup between CSU and INL

CIPAL-RT
...ma TECHNOLOGIES

".""*.

UDP/IP
SIMULINK

2000
pps

CSU-
VILLASnode

Linux machine

Web
sockets

fl—M1>

2000
pps

Central
VILLASnode

pps: packets per second



NREL's National Wind Technology Center (NWTC) Test Site

Unique Research and Validation Capabilities at a Scale that Matters

• Total of 11+ MW variable renewable generation currently
• 7 MVA Controllable Grid Interface (CGI)
• Multi-MW energy storage test facility
• 2.5MW and 5 MW dynamometers (industrial motor drives)
• Medium voltage operation

• •
0.44P•1.1

. .

a
• ....••••46 . •

•
• • ..

Research Turbines Alstom
2 x 650 kW 3 MW

'4•"1,0111••••••••pow••••••

GE
1.5 MW

NATIONAL RENEWABLE ENERGY LABORATORY 14



NWTC Site — Applied Energy Science "Living Lab"
NWTC wincliktrkinti

Alstom 3 MW
Siemens 2.3 MW

GE 1.5 MW
Gamesa 2 MW

CART2 and CART3

Existing SunEdison

1 MW PV Array

(........._New First Solar

430 kW PV array

5 MW Dynamometer

500 kW /.404.kWh BESS

-'-‘410.

1100— _I 

1 MW / 1 MWh BESS

New 1 MW/1 MWh battery

❑ 
a 

Future load for

microgrid testing

, 
I
if es , flex
I `i 

I
I

MW Dynamometer
Xcel Bus

CGI Bus

Controllable Grid Interface (CGI)

for Grid and Fault Simulation
(7 MVA continuous / 40 MVA s.c.)

10 MW line capacity

(upgrade to 20 MW by 2018 with new 115

kV transmission line, NWTC on-site

substation and 35.4 kV collector system)

Switchgear

Building

'11101°4'

link with ESIF grid simulator, HPC,

visualization and PHIL. capabilities

Research Electrical

Distribution Bus (REDB)

AC and DC

Coming soon: 450 kWac PV array

13.2 kV I 
115 kV

Xcel

Substation

(Eldorado Canyon)

ESIF

NATIONAL RENEWABLE ENERGY LABORATORY 15



NREL-INL PHIL System Integrated into RT SuperLab

Battery Energy Storage
11MVPIMWh

Controllable Grid Interface (CGI)

Grid

13_2

RT SuperLab

• 7 MVA
i39 PAVA for 2 sec

Fer L Ik

- I - -

T

INL RTDS NWTC/CG1
RTDS

112 1 1.14

I
4

liltEL
truitnir,ffinlig,

Cooedinettd
controller

Provarnmatiler

Impeaenar

GE 1.5 MW Wind Turbine
•

1.3/ figOV

•
•
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OnteGraL
J I ntegrated Grids Laboratory

University of South Carolina 
Energy Routing Laboratory

UNIVERSITY OF

SOUH-I CAROLINA

USC Micro-Grids and RT Simulation Capabilities

• Power system and communication RT simulation/emulation: Opal-RT,
NS3-RT, Apposite N-91, OC-48 SONET ring

• Platforms for HIL testing of distributed monitor-control (eleven high
performance CompactRlO, six multi-purpose embedded units, ten FPGA
platforms)

• Linear PHIL interfaces (15kVA, up to 200kHz bandwidth) and PV emulator

• Highly reconfigurable DC/AC micro-grid (nine 75kVA converters, several
motor drives and passive loads, one 60kVA MMC)

P

En 1



University of South Carolina UNIVERSITY OF
OnteGraL Energy Routing Laboratory 1116)N SOUIII CAROLINAjIntegrated Grids Laboratory 

Decentralized Power Flow Control of Distribution
Grids

Communications Loop

Pov.er Flow Control Loop

Measurerrent
Loop

Send
reactoe
power

output levet
to FPGA

Network Emulator

CompactRlO

Switch

4 -

Opal-RT
♦

to. RT-SuperLab
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University of South Carolina

Decentralized Power Flow Control of Distribution
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Simulation Results - USC
• Activation of CHIL at USC (control PV inverters to minimize reactive
power in IEEE 123-bus distribution system)

• Key takeaway: optimal resource utilization

• Simulation results at ssl-ss7 co-simulation interface (INL-USC)

— Decrease in reactive power at co-simulation (substation) bus

3

< 1

Active power

—ssl (INL)
—ss7 (USC)

10 20 30 40 50 60 70 80 90
time [s]

Reactive power

—ssl (INL)
—ss7 (USC)

SN L

USC WSU

+ i i

RWTH-ACS

ss2

0 10 20 30 40 50 60 70 80 90
time [s] AMEr

N RE L
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CS U PO LITO



Simulation Results INL-RWTH
• Simulation results for the event:

Flow of power from INL to RWTH via HVDC
Key takeaway: optimal resource utilization
Power in the HVDC link is decreased by 25 MW
• Generators at WSCC (INL) respond us,
• System frequency increases
DC power through HVDC link

30

F20
2

—INL
—RWTH

7 3 60  I •
-a
(c1D) 60.2
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0
o60.1-
'iv
'ci)
= 6 0a)
0
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5 6 7
time [s]

Generator speed (WSCC)

10
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20 30 40 50 60
time [s]

WSU

'Mr
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t ,
SNL



Simulation Results - NREL
• Frequency support from a wind turbine

Over frequency event on account of over-generation
Key takeaway: stability and optimal resource allocation
Wind turbines respond based on droop settings
• Negative sign indicates import to INL from NREL

USC
Active power at INL-NREL PCC

-10 
0

— ssl (INL) —711

—  ss5 (NREL)

1 2 3 4 5 6 7
time [s]

SNL

FAI

WSU

DG

INL

AP (Af)

ssl

Af

P15

+

RWTI-1-ACS

ss2

NREL CSU POLITO



Simulation Results - SNL
• Frequency support from PV inverters

Over frequency event on account of over-generation
Key takeaway: stability and optimal resource allocation
Photovoltaic frequency—watt curve for frequency regulation and
fast contingency reserves
• Negative sign indicates import to INL frosrcn SNIu

60.5

,71 60.4
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Fr 60.2

LL 60.1

60

*6 • -6.8

Frequency at INL-SNL PCC

—ssl-ss6 (INL-SNL) 

5 10 15 20
time [s]

Active power at INL-SNL PCC
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Simulation Results - CSU
• Over frequency event due to loss of load initiated at the WSCC

Key takeaway: optimal resource allocation such as demand
response using advanced load modeling
Next generation demand response programs using advanced
resource allocation methods

Active power
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Simulation Results - WSU

• Loss of generation at the WSCC level

• Key takeaway: stability and resilience enhancement

• Battery charging from main grid to enhance the resiliency and
reliability of the microgrid in a grid-connected mode of operation
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Simulation Results RWTH-POLITO
• Disconnection of a generator in transmission network

— LVRT capability of PV inverters

• Key takeaway: stability and fault ride through capabilities
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