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Operational Energy Systems
* Electric Power Assurance

$250M DOE Energy Research Program

Support DoD on energy system, physical, and - Microgrid, renewables, nuclear, storage,
cyber security control systems, cyber

* Transportation Energy Assurance
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Networked, Secure, Scalable Microgrids (SSM ™)
for Power Grid Architectures

SNL is unlocking microgrid application
space through ground breaking
nonlinear control theory, informatics,
and innovation.

 Tools are being developed for
networked microgrids spanning from

conventional to 100% stochastic —
generation. Programlm‘
. doad o
» Potential impact
— Unlimited use of renewable sources

— Reduction in centralized fossil fuel based
sources

— Self-healing, self-adapting architectures
— Microgrids as building blocks for larger ~  FESREWRE =10 oo ials SR e (e o2 1 [ 2) [
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Energy Challenge - Harvest, Transform, and Control
Delivery of Available Energy /" ”x NP

Fnergy | Energy Needs

Energy & Material Resources Processing or Services

Fossil (coal, oil, gas) Electricity

Solar (including wind and hydro) Fuel

Geothermal Harvest, transform, Heat

} ~ Nuclear and deliver exergy” at Cooling

. the necessa
Plant, animal, and amounte rr);te. Chemicals (such as
human waste lubricants)

CO, & other energy Clean Water
conversion
byproducts

*EXERGY = AVAILABLE ENERGY = useful portion of energy that
allows one to do work and perform energy services
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An Emerging Market:

Preparing for Large-Scale Renewable Energy Integration

standards, incentives, and accelerated cost reductic
growth in U.S. renewable energy system installations.

DSIRE: www.dsireusa.org August 2007

Renewables Portfolio Standards

MM: 25% by 2025
(Xcel: 30% by 2020) WT: RE meets load

growth by 2012
MO 10% by 20145

\'l b
OR: 25% by 2025 Gargo utiities) | LIMT:15% by 2015 | 2015 *

5% - 10% by 2025 {smaller utilities)
| £F "NV: 20% by 2015 | 2015 - 1A: 105 MW

I} CO: 20% by 2020 (ous)

CA: 20% by 2010 “10% by 2020 (co-ops & large nunis)

ME: 30% by 2000
10% by 2017 - new RE

[ £ NH: 23.8% in 2025 |
MA: 1% by 2009 +

1% annual ncrease
\ [ RI: 16% by 2020 ]

[ CT:23% by 2020 |
[ £t NY:24% by 2013 |
[ 3 NJ: 22.5% by 2021 |
[ X PA: 18%' by 2020 |
[ 3 MD: 9.5% in 2022 |
[ £ “DE: 20% by 2019 |

3 AZ: 15% by 2025
[ 23 DC: 1% by 2022 |

£ NM: 20% by 2020 (10Us)
10% by 2020 {co-ops) [ WA 12% by 2022
TX: 5,880 MW by 2015 | i

[ *WA: 15% by 2020

WI: requirement varies by
utility; 10% by 2015 goal

X NC: 12.5% by 2021 (lous)
10 by 2018 (co-ops & munis)

'.‘I HI: 20% by 2020 | [ state rPs
‘{;‘ P . State Goal
. 4+ Minimum solar or customer-sited RE require ment ® Solar water heating
* Increased credit for solar or customer-sited RE (SWH) eligible
1PA: 8% Tier 1/ 1020 Tier II (includes non-renewahles); SWH is a Tier II resource Sandia
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Today’s Power Grid is Designed for Dispatchable
Centralized Generation

Controlled Supply Fixed Infrastructure Random Load

Oi1l and Gas

Load
Substation ‘i\ E}L

i

n
A2

Distribution
Generator

*Extensive storage in fuels

*Fixed infrastructure is inflexible

*Significant human interaction
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Today, Stochastic Renewable Sources are Treated as
Negative Loads

Transmission

Generator

State
Estimator

Distribution

Power
Prediction

VN

Infrastructure
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¢

To Achieve Maximum Benefit Renewable Energy Needs
to be Treated as a Source

System efficiency can increase w

State Power R Fixed
Estimator Prediction : d Infrastructure
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Both our generation and our loads are now random!



Agent
{

Control

Generation
Sources or

Agent

Control

Storage

other Systems
Microgrids
Power Distribution
i Agent [ connections
i // RE
i 7 Dispatchable
v Generation

How do you connect
System components
in an efficient, cost
effective manner?
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The SM Technical area Iead

el

Margie Tatro

_ Larry Schneider ~ Steve Glover
Champion Project Manager Principal investigator =

State Power

Inform atiCS/Ag ents Estimator Prediction

Nonlinear control
maintains stability
and performance

PV
Wind

- g High level control ‘ -y
‘ 5 \ opti milzges :;iecrg?)rli’g rities
9 l Hardware,
Marvin Cook i Modeling, &

1>
N

David Wilson

Tony Lentine
Nonlinear Controls Communications

ason Neely
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SSM Test Bed Experiment Configuration 2

| Sources
< 2 - Stochastic

Stochastic Wind
Source Emulator

5 kW Energy AC/DC S kKW Energy Master
Storage Storage Control
Emulator Converter Emulator Converter Computer
I I
Data
DC/DC DC/DC Acquisition
Converter Converter

\ \

\ \

Programmable S kW Energy
Storage
DC load
Emulator
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Hamiltonian Based Control Approach with Full
State Control - Hardware Res ujts*fig. ZRPR

Source and load profiles

Stochastic source 1 Stochastic source 2 Load

At (sec) T max (HH:MM:SS, Diesel1 Spd At (sec) T max (HH:MM:SS,xxx) At(sec)  Tmax (HH:MM:SS. xxxact] Load 1 Ohms

Load Diesell Load Wind1 Load DCLoad 1]
Profie || 0.200 | 00:01:40.200 [4284 Profice) Bl | %o || 0.200 | 00:01:40.200 Profie || 0.200 | 00:01:40.200 |23.8095  Profiems) Eal
#ofPaints  Dieseli Time point  Diesel15pd(RPM)  ActualRPM gl #ofPoints  Wind1Time point  Wind1spd(m/s)  Profile(m/s) #0ofPoints  Load1Time point  Resis. (Ohms)  Actual Ohms [
Clear Profile |5) 00:01:40.200  |416.071 Progress [ || C'=2 Profile |501 I 00:01:40.200 2.65 progress [ || S Prefie |501 I 00:01:40.200 I5o Frrrass =

1500 -
1000 -
w
g !
ésoo— 2 =
=)
i @ = 100-
& 500- 5 %
&

350 -

1 1 1 1 1 1 1 2_I 1 1 1 1 1 1
00:00:00.0 00:00:20.0 00:00:40.0 00:01:00.0 00:01:20.0 00:01:40.0 00:02:00.0 00:00:00.0 00:00:20.0 00:00:40.0 00:01:00.0 00:01:20.0 00:01:40.0 00:02:00.0
HH:MM:55. 300¢ HH:MM:55. xo0¢ HH:MM:S5. 3006

10— 0 0 1 0 0 [
00:00:00.000:00:20.0 00:00:40.0 00:01:00,000:01:20.0 00:01:40.0 00:02:00.0

Green — commanded profile
Blue — actual profile
Red — indicates progress in time
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Lack of oscillations idicate that th SOUrCE

Bus voltage regulation is does not n— .
in the system are working in unison.

oscillate

| Experiment DC Load Plots | Experiment Data I ots Page 2 | Experiment Data Plots Page 3 |
DC Voltage graph DC Power graph
05 pcLdv pcLdror [
Lits pciv Ry . pcipwr PN
p 80° blovY S DC2 Pur
5 60 DC3V g DC3 Pwr
e 40- ocav < pcapwr |
20- ocsv e - pcspwr |
0- | 1 [ [ | 1 DCa v 1 [ 1 1 I 1 DCE Pwr
00:00:00.000:00:20.0 00:01:00.000:01:20.0 00:02:00.0 00:00:00.0 00:00:40.0 00:01:20.0 00:02:00.0
HH:MM:S5. 30 pceussy [ HH:MM:55. 350 /A ]
DC Current graph DCLoad Temp's graph
- o B0.0-
8 DCLdT G rRess |
&= pcir L 75 e — ress4h [
[T
B a2- D2l 7. | e —— Res32
. s B - Rests
= pcal [ = S5R6
= ocs1 | 3 SSRS
-4~ = TR ssRe P
00:00:00.0 00:00:20.0 00,0 00:01:00.0 00:01:20.0 00:01:40.0 00:02:00.0 oeed 00:00:00.0 00:00:20.0 00:00:40. D0:01:00.0 00:01:20.0 00:01:40.0 D0:02:00.0 _—
HH:MM: 555001 na HH:MM:55. 3000 cnticel
Cyan — load current
SOU rcea nd IOad Red - diesel current
currents indicate Light blue — wind current

Purple - load current

system energy
balances
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Dark blue — Bus energy storage current
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In Summary

 New design and analysis techniques are being developed
through the integration of:

— Hamiltonian based control theory
— Informatics theory / agents

— Power electronics systems theory
— Cyber security

— Communications

* 100% random generation has been demonstrated

» Scalability is of our techniques is the focus of the third year
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