Renewable Systems Integration Ar
_ Networked Microgrids
-‘-ﬁ& | 2 KSNBQa uF

k\\\\\»\\“\\....\.“\.. e~

.__.,

=:-.{. RRTO
o 0 \\\ \&\ ‘\,‘\Q\ Dr. Rush D. Robinett IlI

B Sandia National Laboratories

i »r e
o ke "'3 ~wq"3:_;, B

o 3

¥
P WS

-
w

‘L’.‘ﬁ'
=

. 4" E 5 g
- e o o
e é andla National Laboratones is a multi program laboratory managed and operated by Sandia Corpol

A

I ,. rporatlon for the U.S. Department of Energy's National
AND201$8230

0(.



Introduction: My Filters/Bilases

w Aerospace engineer by training
oDynamics, Controls, and Optimization
o TAMU and U-Austin

w Looking for a driving/dominant input for a
controller design (stability; single point
failure)

w Applying it to selorganizing, complex

adaptive systems
0 NetworkedMicrogridsand Smart Grid




A Path From Todayc¢
Future (Smart) Grid

Basic ProblemHow do we create a stable,
resilient, sustainable, optimized grid of the
future with high penetration (up to 100%) of

variablerenewable%

AThis is a hunt for the replacement of lost energy storage

o Fossilfuel
0 Large spinning machines (inertia)

AFrom 100% energy storage solution to ?%
AHow do we trade information flow and energy storage for

dispatchablefossil fuel?




A Path From Todayc¢
Future (Smart) Grid (cont.)

System Questions:

1. How do we compare energy supplies applesapples?

2. How do we stabilize the grid of the future without
fossil/dispatchablesupply?

3. How do we compare energy storage technologies

Includingdispatchabldoads?
4. How do we minimize the required information flow and
additional energy storage to replace fosgigpatchable

supply?




Energy Challenge - Harvest, Transform, and
Control Delivery of Available Energy

Energy
Energy & Material Resources Processing / el

Fossil (coal, oil, gas)

Electricit
Solar (including wind and hydro) y

Harvest, transform, a Fuel
deliver exergy* at the Heat
necessary amount ant

% p/ant animal and rate. Cooling

human waste :
Chemicals (such

as lubricants)

conversion
byproducts . Clean Water

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




Apples-to-Apples Metric

Exergyis the elixir of life.

Exergythat portion of energy available to davork
(i.e.,orderecenergythat is out of equilibrium with its
environment; Hydrgpower)

Elixira substance held capable of prolongihte
iIndefinitely
(I.e., sustainable; fountain of youth




Fundamentals of Thermodynamics

winsights from the Laws dihermodynamics:
o0 The energy of the Universeasnstant

0 Theentropy of the Universe tends to a
maximum




Fundamentals of Thermodynamics
(Cont.)

Said another way:

GOYSNBE&é OlFlYy 06S YSAUKSNI ONBI
from one form to another

Ly dzaAy3a lye F2N¥ 2F 9ySNHe:
dz&a SFdzf G2 2NJ €@ | LI2ZNIOAZ2ZY 27F
RA32OI NRSRX dzadz t&d@® Ay GKS T2
All processes and activities involve Energy changes and hence

must obey Laws | and Il. These changes always result in the
degradation of some Available Energy into Unavailable Energy.




Fundamentals of Thermodynamics (Cont.)

These insights have been likened to being Ii
a onesided poker game with Mother
Nature, where the stakes aréxergy

.. 2dz OFyQU gAYy D
(You cannot get more out than you put)in

I1. YOu can never break even.
CKS al 2dzaS¢é¢ |t gl &a GI-‘I
stakes)

., 2dz Ol yQu S@Sy 3Sia 2 dzi
(All of existence involvesxergy)




Confusing Energy and Exergy

Economics:Looking for a scarce resource

A Energy is conserved; not a scarce
resource

A Exergyis consumed/degradeds a
scarce resource.




Confusing Energy and Exergy
(Cont.)

Efficiency 2" Law versussSlLaw

A A second law efficiency is the ratio of the
minimum amount of available work required
to do a particular job to the amount of
available work used to do the job.

A Contrast this with a first law efficiency whick
IS the ratio of energy out to energy In.




First Law of Thermodynamics (1)

A Astatement of the existence of a property called Energy
AEnergy is a state function that is path independent
AA conservative function in the context of mechanics

APath independent work: adiabatic work where no heat is
exchanged with the environment

ARaising and lowering a mass in a frictiess way referred to as a
weight process. In this process, no entropy is transferred or
created in this reversible system.

E,-E =-W,
Ei — Energy at stata of system

V\/12 _ Work done by system between states 1 and 2

Source: E.R5yftopoulosand G.P. Berettalhermodynamics, Foundations and ApplicatioidPC, NY, 1991. : i




First Law of Thermodynamics (2)

A A corollary of the First Law that is often referred to as the First
Law Is

dE= Q- 6W
dE- change of state; path independent
X — flow of heat; path dependent

OW - work done by the system; path dependent

A Energy balance equation for work and heat interactions and
identified as the conservation of energy




Second Law of Thermodynamics (1)

A statement of the existence of stable equilibrium states and of
special processes that connect these states together

A Equilibrium State:A state that does not change with time while the
system is isolated from all other systems in the environment

A Stable Equilibrium StateA finite change of state cannot occur, regardless
of interactions that leave no net effects in the environment

A Restate Second LawAmong all the allowed states of a system with given

values of energy, number of particles, and constraints, one and only one
a stable equilibrium state

Source: E.&Byftopoulosand G.P. Beretta, Thermodynamics, Foundations and Applications, l! \




Second Law of Thermodynamics (3)

A The entropy production during an irreversible process is:

dss R
-

where dS=d.S+d.S

deS - Entropy change due to exchange of energy and matter
(entropy flux)

di S - Entropy change due to irreversible processes

A Entropy balance equation

Source: DKondepudand I. Prigogingylodern Thermodynamics: From Heat Engines to y

Dissipative StructuresJohn Wiley & Sons, New York, N.Y., 1999. / "'E:"I;.?-E':a'
oratories



Second Law of Thermodynamics (4)

ATheentropy fluxes and irreversible entropyoduction

d.S

ATheirreversible entropy production

dS=> FdX, >0
Kk

where F. — k™ thermodynamics force

X, —k"™ thermodynamics flow

which appears to be a scaled power flow or work ratth a scalindgactorof

1/T,
/ e




Local Equilibrium i Exergy

A Local Equilibrium Thermodynamic quantities are welefined concepts locally
(i.e., within each elemental volume)

0 Temperature is not uniform, but is well defined locally
o Nonequilibrium systems: define thermodynamic quantities in terms of densities
0 Thermodynamic variables become functions of position and time

A Rate Equations

I Energy: ﬁ Z @"‘Z V#'i‘z '#l(hl+k@+p@+ )
i Entropy: §E §£+§ Z _+Z FﬁK%+§
§:Z Fl)#lzo

I Exergy(Available work)

T
= E*—TO§=§ (1—ﬁ(§j)+% (i, - po\7)+|Ztﬁ§| FlOW—TO§




The Current Energy System is Full of Losses, an
Open Cycle, and Highly Vulnerable

w Fossil Fuedlominated

infrastructure.

w Over 50% of US

energyresources lost
in conversion and

Minority

transport. Non Fossil Energy
Sources and END USE
w Diversityof energy Conversion Electri
» Pracesses ectric
resourceglifficult to Transportation
accommodate. Residential
w Reliance on nature to Agriculture

absorb wasteby- M aj 0 rlty Industrial

products.

w Infrastructure Fossil Fuel
capacity, flexibility, Sources and

and reliability is Conversion
limited. Processes

w Resource competition

with India and China.

w Unpredictableand
volatile energy prices.

Sandia
National
Laboratories



A Flexible, Adaptive Energy Infrastructure,
with a Hydrocarbon ACor ec
Forward

Persistent Energy
Sources and
Conversion
Processes

END USE

Electric
Transportation
Residential
Agriculture
Industrial

Fossil Fuel
Sources and
Conversion
Processes

Sandia
National _
Laboratories



A Road To A Sustainable Future

Today: Open NearTerm: Closed Mid-Term: Closed _
Cycle Systems Reversible Cycles Sustainable Cycles FarTerm: Fusion
2010 2015 2025 20507
ExampleFossil Examples: HProduction, Example: Hydropower Vision: Bring Sun to the
Eluelt Hybrid Vehicles Rain Earth (and Deep
an
Space)
wHeat Engine H, Clouds /\River
wCombustion % /
Solar - Fuel

Dam/Lake

Exhausted to \\ Cell Solar
Atmosphere HO
wBiosphere Closes ? Ocean
the Loop H,0
wUse closed cycles to wlrreversible entropy productions (i.e., sediment) are compensated
improve efficient use for by persistent availability
Stored === === Desired of current available wStore excess availability for adaptability/selganize
Exergy resources wSustainable living energy infrastructure
\ Actual  wEQquilibrium wNon-equilibrium / irreversible thermodynamics
1 Time Thermodynamics

Sandia
National
Laboratories




Sustainability: Exergy/Entropy
Limit Cycle

wBruntland Commission:A form of sustainable development which meets the needs of
the present without compromising the ability of future generations to meet their own
needs.

wlechnical Definition:To provide continuous compensation of irreversible entropy
productionin an open system (to meet needs) with an impedance and cagandyched
persistentexergysource.

wSurvivd; ExergyParasite
ExergyConsumption Rate =¥ d(S)/dt
wldeal Situation dS+d&% < O —

d % L-/ Desired

Stored——— _ _ _ ~

Exerg) Actual

Time

wExample #1: Subsistence Farming

| =
wExample #2: Hydroelectric Power / )



Work, Energy, and Power (1)

A The work done by a force is 4,/ _ E.d
W- Work
F — Force Vector
I — Position Vector

A The power generated by a force is

r

P- Power
f— Velocity Vector
AcKS 1AYySGiA0O SySNEB& Olndfawo(E =8N O

dW=F-d[zmﬁdgzmﬁdﬁzd(%mﬁﬁjsz

1
T = > M- = Kinetic Energy

> | Sandia
National
Laboratories



Work, Energy, and Power (2)

A The potential energy can be derived from a state function that is
independent of time

E(r)-dr =—-dV(r)

V() -V(r,) = [TE()-dr

\V/ — Potential Energy
with a conservative and path independent force field

JE-dr=0
dT:Eﬁ —d—V—>—(T+V) 0
dt dt

=T4+V = E = Constant

E — Total Energy (stored energy)

A E is often called the_total energy in mechanics and is a state function that is path
AyRSLJSYRsyuqJ 2S NBFSN G2 Ad Fa (KSxedydi2N
since all of the energy can do work (available work).




Work, Energy, and Power (4)
A2 S graff FT20dza 2y 4Gyl (-deNdndenc&)eé a G S

dE

dt

ANon-conservative applied forcegperform work on and flow power into the
system (generators) as well as dissipate energy within in the system by
frictional forces dissipators.

AThermodynamics, the energy and entropy balances for an adiabatic
irreversible work process where work is done on the system, no entropy is
exchanged with environment, and irreversible entropy is produced through

dissipation are
E,-E =-W,
S, — S = Sgr

E=W-T,S

o

d
= (T+V) =F o ¥




Hamiltonian Mechanics (3)

AFor most natural systems:




Connect Thermodynamics To
Hamiltonian Mechanics (3)

A Hamiltonian is storedexergysince potential and kinetic
energies are available workExergyrate relationship:

#:Z Qk#( :ENC°§[:

._.ZV#—TOS :le: QJ#I — Z (gl(ﬂzli-:ENcogtE

I=N+1
a) \&f— Power flowing in (N generators)

b) T8 -Power Dissipation (NDissipators

C) § Z F. )# Z Q. >0 (Assuming Local Equilibrium)




Line Integrals and Limit Cycles (1)

ACyclic Equilibrium Thermodynamics:
d du={ Tds-{ pav =0
{ dE={ TdS-{ dw=0
:><j p0\7:<{TdS
= { dw={ TdS

ACyclic NorEquilibrium Thermodynamics with Local Equilibrium
d Hdt=q [W-T,4]dt=0
= { Wdt={ T,4dt
M+N

=q [Z Qéldt=q [ Y. Q¢]dt

k=N+1




A Path From Todayos
Future (Smart) Grid (cont.)

et =it =gl Fossil » ( Fixed Infrastructure > Load »

Al F NHS aALAYYAY3I YIOKAYSA [h |
dispatchablesupply with storage

A 2yadlyid 2LSNF GA-grdere@sPateRA U A 2
AWel-l y2é6y f2FR LINRTAESAE M SEO

[Na=fx,ut) ; [IFFfzwn 6 a=[I]MHx,ut) =0; x(t)=%,
GL>0wmt




Todayos Power Gri d 1 s
Dispatchable Centralized Generation

[ Controlled Suaﬂli ) | Fixed Infrastructure | [ Random Load |

Oil & Gas
g <%

r
7 JAMY/aN D L e g
AL I 7

AV s s

o

A A
7

Distribution

Generator
A xtensive storage in fuels

Aeixed infrastructure is inflexible

ASignificant human interactio

@)
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Loads are Predictable, Allowing
Essentially Open-loop Grid Control

Forecasting is used to set generation

Available resource forecast
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State Power
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) 5
Feedback loop controls minor >

frequency variations and outpg_t)/'
voltage and power

Hawaiian Electric Co. daily load capacity

1 2‘ Capacity less largest unit
2
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2
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Time of day (hours)

Fixed
Infrastructure

Feedbackis often
through people
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An Emerging Market:

Preparing for Large-Scale Renewable Energy Integration

NewMarket Scenario:Climate change concerns, renewable portfolio standards,
incentives, and accelerated cost reduction driving steep growth in U.S. renewable
energy system installations.

DSIRE: www.dsireusa.org August 2007
-
Renewables Portfolio Standards
MN: 25% by 2025 ME: 30% by 2000
(Xcel: 30% hy 2020) WT: RE meets load 10% by 2017 - new RE
[ “WA: 15% by 2020 E—— [ £t NH: 23.8% in 2025 |

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

MA: 4% by 2009 +

1% annual ncrease

MT 15% b 2015 " -5

i;}*NV 20% b 2015 - 1A: 105 MW

3:} CO: 20% by 2020 govus) | L 25% h 2025 7
*10%: by 2020 (co-ops & large u,mg
CA: 20% by 2010 MO 11% by EDED st

% AZ: 15% hy 2025 {:'.{' NC: 12.5% hy 2021 (10Us)

10% by 2018 {co-ops & nunis)
£ NM: 20% by 2020 (10Us)
10% by 2020 (co-ops)

OR: 25% by 2025 (large utilities)
5% - 10% by 2025 {smaller utilities)

‘ [ RI: 16% by 2020 ]
[ CT:23% by 2020 |
[ £ NY:24% by 2013 |
[ £ NJ: 22.5% by 2021 |
[ £t PA: 18%' by 2020 |
[ £ MD:9.5% in 2022 |
[ ¢ *DE: 20% by 2019 |
[ X DC: 1% by 2022 |
[ VA 2%y 2022

TX: 5,880 MW by 2015 | ':'

. State RPS

[ HI:20% by 2020 |
&
.‘h ] state Goal

. 4+ Minimum solar or cusiomer-sited RE requirement @ Solar water heating
* Increased credit for solar or customer-sited RE (SWH) eligible

PA: 8% Tier I/ 10% Tier II (includes non-renewables); 5WH is a Tier II resource 7
@ thnal
Laboratories

Cal




Latest RPS

MT: 15% x 2015
)*

WA:! 15% x 2020~ l

OR:25% x 2025  (large utilities
5% - 10% x 2025 (smaller utilities

3
NV: 25% x 2025*

ND: 10% x 2015

Policies

www.dsireusa.org | October 2010

VT: (1) RE meets any increase
in retail sales x 2012;
(2)20% RE & CHP x 2017

10% + 1,100 MW
X 2015*

NY: 29% x 2015

MN: 25% x 2025
Xcel: 30% x 2020

Ml:

wl 7/
S 1096X 2015 Il \V] : Varies by utility;
10% x 2015 statewide

CA: 3% x2020 ¥
AZ:. 15% x 2025 i

A Y
AN

| NM: 20% x 2020
10% x 2020 (co

o<
A

| HI: 40% x 2030

. Renewable portfolio standard
. Renewable portfolio goal
6 Solarwater heating eligible

CO: 30% by 2020

TX: 5,880 MW x 2015

A:_105 MW OH 2500 x 2025 A |8 -f
IL: 25% x 2025 *
_KS 20% x 2020 _J e

MO: 15% x 2021 * A

(I0Us)
-0pPS

(Io Us)

—

NC: 12.5% x 2021
10%x 2018 (co

(I0Us)
-0ps & munis )

-
-
-

ME: 30% x 2000
New RE: 10%x 2017

| NH: 23.8% x 2025

MA: 22.1% x 2020
New RE: 15% x 2020
(+1% annually thereafter)

| RI: 16% x 2020
| CT:23% x 2020 |
|PA: ~ 18% x 2021 A|"
[NJ: 22.5% x 2021 |°

| MD: 20% x 2022 |

| DE: 25% x 2026* |°

| DC: 20% x 2020 I& :

PR: 20% x 2035 |

ﬂ//
b .. . .
':“,.":-‘- Minimum solar or customer-sited requirement

* Extracredit for solar or customer -sited renewables

(7

l’l Includes non-renewable alternative resources

29 states
DC and PR have

+

an RPS

states have goals)

Sandia

National _
Laboratories


http://www.dsireusa.org/

Today, Stochastic Renewable Sources are
Treated as Negative Loads

P {
/4 '
/‘/

V.,
¢

Transmission

2R Load
=S
—_— \>\ I
Substation \%

1 {pl==
PV

m Distribution ,
D- ﬁ Wind
Generator T T
M niococie B 00
Infrastructure

Feedback is ofte@%l
through people | &8

Q1 Q
al

A s
¢

/

X NS
\W/ARMY /AN 74N~/

‘2"/‘.‘

XN NTS
N\

AVE

N\ X

State Power
Estimator Prediction

) 5
Feedback loop controls minor *
frequency variations and output .
voltage and power

Vot
stiona
o {aboratories



Stochastic Sources (Negative Loads)
Complicate Load Forecasting

Wind power forecasting example

AESO Wind Power Forecasting Pilot Project
Forecasts delivered Midnight April 14 2008 for the Next 24 Hours

0 N B E—
Actual Wind Power ——__|
300 e PN s N
'__‘_-- -E(_‘-.Y____-\;

R

Solalnsolation, May 4, 2004 CST

< 200 ]
= —\ r\\IL/ '\ 1200 ]
R URS [ 7T~} FLgs Average
100 —¥ ] Iz _ ] 100G \ il g
S / Estimated Wind Power : T
0 =T L p o sy |
v 2 4 6 8 10 12 14 16 18 20 22 24 ¢
Hours § 600 N
400 | !
\| \ 'fL |‘
200
1-min Global Insolation
i i i . ._ 1—mianI0baI Clear Sl-q.r Insolation
ThIS IS Weather forecaStlng! 6:00 9:00 12:00 1500 18:00 21:00

Time (hrs)

Laboratories



PV Output Can Vary Considerably on
an Average Day _

1400 T T T L T T T L T T

1200 s

]

L Irradiance

=
i
-

800 —

600
400 -~ | L M e bm%
200 (-

0 [ [ [ [ [ [ [ [ [

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time (1-second samples spanning 5:30 am to 9:30 PM)

Plant output -

Irradiance (W/m2) and Plant output (kW)

x 10°

A Irradiance and PV system ac output for a typical partly cloudy day in July
APV system rating: 1,200 kW ac, presently limited to 400 kW ac

(intentionally) | Sandia
National
/ Laboratories




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

System efficiency can increase with reduction in excess

generation capacity.
PV

Wind
State Power ‘
Estimator Prediction = i

\ PV
\ Wind

Fixed
Infrastructure

Sandia
National _
Laboratories

Both our generation and our loads are now random/



A Path From Todayos
Future (Smart) Grid (Cont.)

wS iUl AY ¢ 2RRepléacelast shrdde Rith
serial or parallel additional energy storage

'RE- > (Energy Storage Load ] > (-Fixed-Infrastructure-) > ( Load )




Storage: Impedance and Capacity
Matching Solution

Specific applications justify electrical energy storage solutions

Autonomous Mars Rover

_ Lifestyle
) ower
LAmMp | Super Capacitor wer
> — >
(Storage) 12 \Volts
3 Amp
PV
Solar Cells
Autonomous Man on Earth
Available -
- Lifestyle
Power In Il?equwgd t y
) ower Ou
Fossil Fuel
—_ >
(Storage)

@ Natlonal
Laboratories

*NOTERequired Power Out > Available Power In; Impedance/Capacity Mismatch



Impedance/Capacity Mismatch
(Duty Cycle)

Specific Power (Watts/kg)

6
10

5
10

10

3
10

2
10

10

Pneumatic

. Elastic Element . Flywheel

Internal Combustion

KN

Photovoltaic
Fuel Cell

\
W\ Batteries
|

0.1

1 10 10°

Specific Energy (Walkirs/kg)

3
10

/ |

Sandia
National

Laboratories



A Path From Todayos
Future (Smart) Grid (cont.)

Future Grid:

1. High penetration ofenewables loss of storage

I§ Loss of large spinning machines
E Loss oflispatchablesupplies

2.+ NAlo0ofS 2LISNYIGAY3I O2YRAUA;
3. { 020Kl aiAO rerdwaResdsIhggative fols
[Id a=f{xuto &xt) = [H1fx.ut)
G-L<O much of the time

4. Problem RestatedHow do we regain
a) Well2 NRSNBRx(tE?0 I S I
b) Welltknown load profiles?

c) Dispatchablsupply with energy storage?
d) Stability and performance?
e) Anoptimal grid?




Micro-grids Can Provide a Pathway for More

Effective Use of Renewable Energy: s
o With distributed

Optimized Storage and Info Flow generation and

storage, electric

- power can be
Transmission provided when

the grid is down

Generator /

Storage and generatioon load sidesized
to matchenergyperformanceneeds Natorel

Laboratories




Mid-Level Distributed Nonlinear
Control Enables Stability and
Transient Performance

State Power
Estimator Prediction




A Path From Todayos
Future (Smart) Grid (cont.)

Our Solution Approach:

1. A combination of feedback control and added energy storage
a) Requires a tradeff between information flow (control) and added energy
storage while simultaneously minimizing both
b) Requires maximizing performance while ensuring stability

2. Developaset oftools

The Detalls:

1. Need consistent models (equations of motion)
1. MATLAB Simulink

2. Need a consistent metric for all energy supplies, energy storage, and
dispatchableloads

A Exergy A measure of order

~  Sandia
National
Laboratories



Energy Storage and
Dispatchable Loads (1)

E Wind

Exergy

Water Well ()
Laboratories



A Path From Todayos
Future (Smart) Grid (cont.)

3. Need to stabilize the grid and define stability boundaries
(nonlinear)

AHamiltonian Surface Shaping and Power Flow Control (HSSPFC)
AMeasure of order

4. Need to span the space of solutions for optimization proce
RE »  Fixed Infrastructure > Load »

A 0% storage; undeactuated; limited state space {30 wt)
Fossil » ( Fixed Infrastructure > Load »

A 100% storage; oveactuated; full stateeachability(GL>0 wt)




SNLOs Ha miBaseddNonlimear Control Theory
Addresses Stability and Performance

Equations from amicrogridcan be used to construct a Hamiltonian.
Kinetic Energy Potential Energy Asymptotic stability

H = t(ieaﬂ 0@} Y(x)+v (x)

Is achieved by satisfying the following constraints
" H>0, V#x ##,Xx where V(X)+V,.(X)=0

-t el Fo v f Hdt= [FIG-Ljdt<0

Addition of cost functions allow for optimization to a particular solution.

CcC= IHdt Chosen to minimize storage, conventional generation etc

Fisher Information Equivalency provides link to and minimizatwiinformation flow
andenergy storage.

|+stjk+fc}(+\7cﬂt:sjﬁdt

Individual microgrid

_ N1 e
i ﬁjdt—— ‘[f]dt<0, where H=Y— Hamiltonian
- >l

R.D. Robinett and D.G. Wilsd@iamiltonian Surface Shaping with Information Theory and Exergy/Entropy Controlfi
| 2t f SOUA GBS IntfldBystems; Cdhti®l/and Tandnunicatiows!. 2, Nos. 1/2/3, 2010

Sandia
National _
Laboratories



A Path From Todayos
Future (Smart) Grid (cont.)

5. Need to trade off/minimize information
flow and energy storage while minimizing
risk and uncertainty




An Example of Minimizing Information
Flow and the Physical System: Robotics

A Problent Track a chemical plume to its source; find buried landmi

C(x,1)

A

A Characteristics1- Nonlinear time/spatially varying plume field
2-Complicated modeturbulence
3-Difficult to correlate model to data in time/space
4-/ I y Qi O2dzyi 2y S6AYR .2

5- Sensor Latency
Solution ?? " ([ S,
Laboratories




Example #1. Robotic Collective
Plume Tracing (2)

A

W

Possible solutionPerson with a chemical sensor and a
GPS recelver

Timegspatial correlation issues
Sensor latency/dynamic range issues
No redundancy

Leads to exhaustive search

-
.

L

Sandia
National
Laboratories




Example #1: Robotic Collective
Plume Tracing (3)

A Collective SolutionTeam of simple robots performing a collective search

O O O 0O O O O

Distributed sensing
Decentralized control (optimiz
Simple model of plume
Redundant

ation/Newton update)

Independent of latency for stability (Performance?)
Minimize processing. memory, and communications

Beat down noise

Quadratic Fit

A Concentration

National
Laboratories




Example #1: Robotic Collective
Plume Tracing (4)

A Emergent BehaviorQuadratic fit w/o memory

Exact Fit

Surface
Fit Minimum
Index Norm Least squares

I
6 # of robots

A Evaluate Resource Utilizatioradeoff between processing,
memory, and communications

I Baseline Minimize all three simultaneously
A8 bit processor, no memory, broadcast 3 words

Sandia
National
Laboratories




Example #1. Robotic Collective
Plume Tracing (5)

AGoal of DARPA Distributed Robotics [Ref. Byrne]
Program:_build smallest, dumbest robot that )
O2dzZf RYQuUu R2 lyeuKAYy3d 2Ii

AAs a team of like robotscould solve complicated
problem

AN landbased robots whose task to localize a source
that emits a measurable scalar field F(x)

ARobots evaluate the field with a sensor and
communicate locations and sensor measurements
to neighboring robots

ARobots shared sensor information, but individually
decided course of action based on their own )
0.75x0.71x1.6 inches

estimate of plume field
_ _ Onboard temperature sensor
ARobot samples its environment, broadcasts | gpit RISC processor

50 Kbits/sec data rate

Source: [ReByrne] Byrne, et. alMiniature Mobile Robots for Plume Tracking and @ Sand
Source Localization ReseardiicroMech, Vol. 1, No. 3, 2002. Laboratories

NJ




Example #1: Robotic Collective
Plume Tracing (6)

Hamiltonian
} ! ! ] ]
Lyapunov Statistical| | | Quantum| | Chemical [ Calculus of
Functionals | Mechanicg| | Mechanics | Kinetics Variations
Nonlinear Equation State Chemical || Equations
Control of State Functions | potential of Motion
Theory _
Shannonrl Fisher |
’| Informatio Information
. Macroscopic
Exergy Thermodynamic




Example #1: Robotic Collective
Plume Tracing (7)

A Kinematic Contro¢ No dynamics; assume tight autopilot loop; control
velocity (speed)

1.Need to measure plume fieIdCQ(,t) — concentration at a pointin time

2. Convert concentration measurements to range and bearing to target
= Fit a quadratic surface to distributed sensor measurements
— Perform decentralized Newton updates for feedback control

" :/Z/El(,t)zﬁ‘FEl(-l-%l(-l—El(

~
~N
N
> &
AN a

—=0= X,,, = —at'"&+
OX Zk+1 a@ﬁ Xk

c(x,t)

A 4 oA . . . A =1 =
3{KILIS GKS ~a@gaNlidat LedasyaXXissrE&ea
for Hamiltonian to meet static stability requirements for th@ robot:

H =V, (x) = EEE+EX+2XEx >0 vx =X




Example #1. Robotic
Collective Plume
Tracing (8)

And collective robots
N N
H=> H=> V.>0 V¥x #X
i=1 i=1

4.Design the power flow, time derivative of the Hamiltonian, to meet
the dynamic stability requirements for the feedback controller

Laboratories




Example #1. Robotic Collective
Plume Tracing (10)

A Information Theoryappliedto:
1. Kinematic ControlShannon information /entropy

a) Fundamental tradeff: processing, memory, and communications

— minimize all three simultaneously

= 8 bit processor, no memory, 3 words to communicate
b) Stability: latency independent due to no dynamics; stop until next

update/command

c) Performance: limitation is the sensor update rate; 60 sec

— Channel/system capacity of a&guiprobablesource

- - 1 blts
_ Information — —
Cave - time N T lo 2 sec I_#
n= &g, —TLOW]AT = 40/0.5=8its T —temperatue
blt CO ink =
— Cave g)'OQZ 60 < 0. 1S€C 50thli\':|§/|s_ec




Energy Storage and Dispatchable
Loads (3)




Example #3: DC Bus Microgrid Model
2 Boost Converter with Voltage Sources (1)

ACircuit equations for 2 boost

converters and DC bus: i hnoomo bR v, 4|
dii . e
Lia =—Ril; = AVg +V; U ") " o
L%—— L, — AV +V, +U woomo L R '
2 dt = Rz 2 2Vp T Vo 2 |||——!L ik ot ] Co
dv, . . 1 ; . -
Cod—F:21|1+2,2|2——vB+u3 Y : 3

ARewritten as state equations:
Ll#[ — _Rixl — ﬂjx?,. -+ Vl —+ ul Emphasize: ul,u2, u3
are what generate
LZ%:Z — _RZXZ _ X’ZXS + V2 + U2 fsrp;ecl:JseE]%ower, energy,
1 quency)
Coiéé =X+ A% —— U,

National
/ Laboratories




Example #3. DC Bus Microgrid Model
2 Boost Converter with Voltage Sources (2)

ARepresented in matrix form as:

Ll O O - r#l\ _ Ri O _]1 rxj-\ er\ ru1\
0 L OK#%E:=| 0 -R -4 RXp+3V,p+2U, ¢
O O CO_ \#\7’) ﬂ’.l ﬂ’Z _é \X3) \O) \u3)

Aor compactly as:

M= RX+V+U= F+ R§+v+u

Where theR maitrix is written as a diagonal maR< , and asskametric, R




Collective Control of Networked
Microgrids with Variable Resources

|||— vipoouy Ly Ry

i iy AFeedback

iy) ‘ & oC o controllers are
i | microgrid#1 based on single
Vioo up L Ry
D) microgridwhich
Trans-Line g 3 UTi2 =
LR Trans-Line are seltsimilar
— S, 5 uri (LR M 12 R to the
rans-Line - 1
O DT Trans-Line [ networked DC
i ||F—ﬂHWﬁL\ uris,(L R ,iA) 21 b _ .
D o %:4 usmicrogri
Rr| | VT problem
[ S R — ASame analysis
Cry N h microgrid #2 for single DC
- D] e microgridwil
VBz_’l 9

be employed

M#=Rx+v+U= R+RY+V+U__




Collective DC Budlicrogrid Model
Scales Linearly with Controls

AExample: 2nicrogridsrepresented in matrix form as:

M¥¢= Rx+V+U= Ii+ I?Qj+v+u

Awhere IR
X= ){1’)(121)(13’)(1211 Vs Koo Kot Kpos Kpg g

v=4%,V,,,0000,V,,V,,,0 3
n

U=t Upp, Uz U g, Urpp Upyg Upg, Uny, Ups s

Similar terms in collective M (L,C components) and R matrices




Collective DC Microgrid
State-Space Model Matrix Definitions

Cl3
Lios
Cry
L221
L21
L22
Cos |
(-R, 0 -4, O 0 0 0 0 0 |
0 -R, -4, O 0 0 0 0 0
i Ay O Ay 0 0 0 0 0
0 0 -4, -R, 1 0 0 0 0
R=| 0 0 0 -1 -0y Ay 0 0 0
0 0 0 0 -4, -R,, 0 0 1
0 0 0 0 0 0 -R, 0 -4
0 0 0 0 0 0 0 -R, -4
Sancia
| 0 0 0 0 0 0 Ay A borsores




Example #3. DC Bus Microgrid Model
Duty Cycle Commands

ADuty cycle commands are obtained from steadyate
solution withu=0 as: (- R X, — A%, +V,

O0=—-RX -4, X +V,
1

O=AX +AX, ——
AOr in matrix form as: AX A%, R, .

F+§§+V=O

ALeads to quadratic equation in duty cycles:

1, 1 ViV
SB[ -R| 242 A 4%, =0
Roxso[ R R J R"[ R R ]+ = 4




Example #3: DC Bus Microgrid Model
HSSPFC Controller Design for Energy
Storage (1)

AError state defined along with reference state vector:
e=X= et — X

M¥ = [i+ ﬁgef +V+U.,

AAssume reference state vector is constant and reference
control becomes:

U, =— F+ Rg,ef —V 1)

ANext step define the Hamiltonian as:

1+ -
H=— XT MXx Static stability condition

AANd positive definite about X =0




Example #3: DC Bus Microgrid Model
HSSPFC Controller Design for Energy
Storage (2)

AThe Hamiltonian time derivative or power flow becomes:




Example #3: DC Bus Microgrid Model
HSSPFC Controller Design for Energy
Storage (3)

ANext step, select a Pl controller as:

Au=-K X-K, [Xdt

u=u. —Au )

ASubstitute and simplify leads to:
#=x" R-K, X-X"K, [Xdt<0,

)?T I(P —-RX > —)?T KI j)?dt Dynamic stability condition




HSSPFC Implementation Scenario
CollectiveMicrogrid Components

Scenario 1l

Storage
A2 PV Generators J

AStorage
Avariable Loads



PV Inputs (Volts)

Numerical Results Idealized Random
PV Source Inputs and Loads

N W W D
a_S & g

N
Q

=
@]

o

68

20

Time (sec)

PV source Inputs

w
o

ugrid Load Q)

23

N
N

N
[

N
=

=
©

=
0

| )
~

[ERY
O@

10 20
Time (sec)

Random Loads

30

Laboratories
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Numerical Simulation Results Boost
Converter Currents and Bus Voltage

N
o

=
o

ugrid Boost Converter Current (Amp)

(@)

69

N
S~

w
=

0 10 20

Time (sec)

Boost Converter Currents

30

e e T
N N NN
BN w B

ugrid Bus Voltage (Volts)
ay
=)

=
(o))
©

H
o
R

10 20 30
Time (sec)

Bus Voltage

Sandia
National
Laboratories




Numerical Simulation Results Storage
Control Effort and Ideal Lambda Controls

Uy -0y
£ 2 — U 0.3 —
= | 2
L 3, 2
21 5025 qfl
g @) i
S Ok A el £ 0.2
© = - i ©
S I ' : —

? 4 ' = 0.15
2 10 20 30 0 10 _ 20 30
Time (sec) Time (sec)
Storage Control Effort Lambda Controls

@) &
70 Laboratories



Energy Storage Requirements Scenario 1

) 10,
APower Requirements < .
. 2
AEnergy Requirements 2
AFrequency Response g
(PSD) Requirements T s
® 40
5 10 15 20 25 30
Time (sec)
0
<
S -10
10° ;",, o0k
o 8 _E,
n (@)
- 5 moo -30- _E2 |
10 T W } ::N ._..E3
1 w40
| : e, o
10%° 50 100 150 260 _500 5 1r0 i5 éO 2[5 30
Frequency (Hz) Time (sec)

Specifications for thenicrogridand/or UPFC based on (Power, Energy, Eret feAEyE
Laboratories



A Path From Todayos
Future (Smart) Grid (cont.)

6. Need to optimize over many metrics:
Cost, Security, Risk of Lost Load
(specify energy storage), etc.

AAgent-based informatics




Top-Level Control Enables
Prioritization and System Adaptability

Toplevelcontrol
optimizes system priorities

State Power
Estimator Prediction




A Path From Todayos
Future (Smart) Grid (cont.)

7. Need a flexible, overkiltestbed

Al Yy GRdzYo Al R2gyé€ (2
calibrate modsim




A Highly Interconnected Microgrid
Will Result from these Advancements

Generation ,
Sources or==-

Microgrids

Power Distribution
A Agent [l ~onnections

N

/ Dispatchable
Generation

How do you connect
System components in
an efficient, cost
effective manner?

o e o o

Storage *
Systems

——————



p>

>

> >

The Test Bed For L a n dlk®eiGrids

— »* Q' Re
P ey~ * AN -

5.5 MW peak load (~3.5M
base)

10.4 MW diesel generation
Solar Array, 1.2MW

Renewable®enetrationg -l
22% during peak (34% base) e
Energy Storage (June 2011) % ¢ L A o7

A XtremePower battery
National
Laboratories

A 1.12MW, 500 kWh




These Microgrids will be Building

Storage
Systems

. Power Distribution
1 A9ent | ~onnections U-G 1

\

Dispatchable
Generation

-

[y p—— i el L T R ———— “4

Communication
network

D Sandia
National
m Laboratories
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Hawalilian Inter-Island Transmission
Cabl es

NS d 7N

aiian Intdsland

- e  * )l
Humpback Whale Sanctuary (..-)
Kahoolawe Island Reserve (--.)

& Bottomfish RFAs (-.) y) !




Thank You for Your Time and
Engagement
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Second Law of Thermodynamics (2)

A Corollary to the Secontaw At a stable equilibrium state, the
entropy will be at its maximum value

o The energy will be at a minimum value, the temperature is positive and

Increasing, and the energy versus entropy curve for stable equilibrium ste
IS convex. .

Accessib \
e States OE
\\ NANT=55

°S
0 Areversible process can be defined as interacting systems-sgiadisially

pass only through stable equilibrium states. The heat flowing between th
Interacting systems during a reversible process is

dQ=(R)rey =TdS T —temperatie

o0 The entropy production during a reversible process is

ds= 99, s—o=q99
T T

E




Work, Energy, and Power (3)

A Iftheltforce IS a function of time, then the time dependent potential field
results

E(r,t)-dr =—-dV(r,t)

and the stored energy is modified as

E(T +V) = N
dt ot

A Nonconservative forces can be included by adding the power flow due to
non-conservative force as

F=F . +F\c

EC — Conservative Force (Potential Field)

ENC — NonConservative Force




Work, Energy, and Power (4)

d E oV

T+V)=—+F ¥
ar ( ) o TN F
A2 S gAtt F20dza 2y ayl U-deNdndenc&eé & i S
dE (T+V)— . i
dt

ANonconservative applled forceperform work on and flow power into the
system (generators) as well as dissipate energy within in the system by
frictional forces dissipators.

AThermodynamics, the energy and entropy balances for an adiabatic
irreversible work process where work is done on the system, no entropy is
exchanged with environment, and irreversible entropy is produced through

dissipation are
, — B =W,
S, — S = Sgr
E=W-T,S

o




Hamiltonian Mechanics (1)
ALagrangian L=T(q,ét)-V(q,t)
{ - Time Explicitly

gq— N Dimensional Generalized Coordinate Vector

(#— N Dimensional Generalized Velocity Vector

Q — Generalized Force Vector

AHamiltonian H zzN: ﬁé}f— L(g,¢t) =H(q, &)

= odf




Hamiltonian Mechanics (2)

ACanonical Momentum: D = oL
| a#
N
H (q, pt)=Z p& —L(Q, g t)
Al YAfO2yQa [/ Iy2yAOlLft 9ljdzZ GA2ya 27
oH
& =
J apj
oH
B =———+Q
oq,
ATime Derivative of the Hamiltonian
oL oL
HF = (##+pél¢— — b ——§})
Jz_]:_ aqj J 8# J

ZJZ;. Q#—E




Connect Thermodynamics To
Hamiltonian Mechanics (1)

AConservative Mechanical Systems:
a) f=0 an@iy — Constant
b) Conservative Force (storage device)

| E-dr=q E-#it=q Q-git=0

For any closed path




Connect Thermodynamics To
Hamiltonian Mechanics (2)

AReversible Thermodynamic Systems:
dQ
dS: ?

_{ dO_
{ ds={ =0
{ ds=q [d.S+d;S]={ [§+§]dt=0
_4_9 and $-=0 (SecondLaw)
T

Alrreversible Thermodynamic Systems:
or 4 dS=q [§+%]dt=0
then §e <0 an§ >0




Connect Thermodynamics To
Hamiltonian Mechanics (4)

d) Assumptions applied texergyrate equation (Irreversible Adiabatic Work
Process): @& 0

1—L;O
T

j
pﬁ’E =0
Fﬂ(é’ FLOW _ O
; k
e) A conservative system is equivalent to a reversible system when
Ff=0 and §é =0
then & =0 and¥=0




Line Integrals and Limit Cycles (2)

A Sorting Power Terms:

a) Conservative Terms
({ Ec | ith — O — Potential functions

b) Generator Terms

chNc'ith>Ojjc[ZN: Q¢ ]dt>0

c)DissipatorTerms
N-+M

Ic Fye 8dt<0= IC[ Z Q¢ Jdt<0

k=N+1 /




Static and Dynamic Stability (1)

Static Stability: (Necessary Condition for Stability)
T If the forces and moments on a body caused by a disturbanceitetnaly to return (move) the
body towards (away from) its equilibrium state, the body is statically stable (unstable)
A An equilibrium state is annacceleratedmotion wherein the sums of the forces and moments on
the body are zero.

A Static neutral stability occurs when the body is disturbed and the sums of the forces and moment:
on the body remain zero which occurs when the system has a rigid body mode, zero stiffness in t
system.

Statically
Statically Statically Neutrally
Stable Unstable Stable

Source: J.DAnderson, Jrintroduction to Flight McGrawHill, 1978. ,
R.D Robinett Il A Unified Approach to Vehicle Design, Control, and Flight Path Optimj&tidrDissertation, Texas > ==\ Sandia
A&M University, 1987. — National




Static and Dynamic Stability (2)

Static stabilityof a reentry vehicle flight stability

AFor anaxisymmetrice-entry vehicle, the static margin determines the
static stability.

AThe static margin (SM) is the difference in length between the cefter
mass and the centenf-pressure relative to the nose of the-emtry vehicle.

SM=EOLWLEOY

XCp= centerof-pressure location
Xxcm= centerof-mass location

AIf SM < 0, the reentry vehicle is statically unstable. If SM > 0, themé&y
vehicle is statically stable.




Static and Dynamic Stability (3)

Irs 1
0.5/ 1 0.5¢
3
CH > 'UE o-
© ~‘~ > r"" ~~.‘s
05 ~0.5 _
—SM>0 ’ SM>0 .
---SM<0 R T SM<0
_1 ) ) ) -~ _1 N ) ) ) [N
-1 ~0.5 0 03 1 -1 0.5 0 0.5 1
04 a

Aerodynamic moment (left) and integral of aerodynamic moment with

respect to angle of attack (right)
@),



Static and Dynamic Stability (4)

AStatic StabilityEnergy storage surface, Hamiltonian, is a constant.

H=T+V=E

AEquations of motion in second order form (no Aaomservative forces)

d oL, aL
(=) ——=-=0
dt o&f &g

AStatically stable if

H(¥X)>0 V(X)>0 Vx=x,*&=*
H(*.%) =0

AStatically unstable if V(x) <O VX% X,
V(X)=0
AStatically neutral stable if

V(X)=0 VX




Static and Dynamic Stability (5)

A Dynamic Stability: Defined in terms of the time history of the motion of a body
after encountering a disturbance,
o0 A body is dynamically stable (unstable) if, out of its own accord, it eventua

returns to (deviates from) and remains at (away from) its equilibrium state
over a period of time.

A dynamically neutral stable body occurs when a limit cycle exists.

A dynamically stable body must always be statically stable, but static stability i

not sufficient to ensure dynamic stability. Therefore, static stability is a

necessargondition for stability and dynamic stability isafficientcondition for

stability.

A Natural Hamiltonian system with externally applied aconservative forces
and/ormoments that is statically stable.

A Equations of motion are given in second order form as

T 3>

d oL

dt(ac#)_é_q_g

J.D Anderson, Jrlntroduction to Flight McGrawHill, 1978.

R.D Robinett llIA Unified Approach to Vehicle Design, Control, and Flight Path Optlm;ﬂ‘tlbmlssertatlon Texas A&M University, 1987.
R.DRobinett lllWhat is a Limit CycleR,y G Qf W2 dzNy'+ £ 2F / 2y (i NBPSB&I0@2f & ymMZI b2d MHI 5500 H A y,k- LIb.
R.D Robinett Ill and D.G. Wilsdollective Systems: Physical and InformafipergiesSandia National Laboratories, SAND228Z7 Report, MarcB007HN¢ '
Abramson|ntroduction to the Dynamics of AirplanesRonald Press, 1958. -




Static and Dynamic Stability (6)

AThe system path/trajectory traverses a positive definite energy surface
(statically stable). The time derivative of the energy/Hamiltonian surface
defines the power flow into, dissipated within, and stored in the system.
Average power flow calculations for limit cycles.

ADynamically stable if the power flow on the average drives the perturbed
system to a lower energy state which eventually converges to the statically
stable equilibrium state,

I—;éf"LAVE:i _l:c Ffdt <O

Tc

ADynamically unstable if the power flow on the average drives the perturbed
system to a higher energy state

y#AVE:i J:C Ffdt > O

T¢

ADynamically neutral stable if the power flow on the average produces a limit
cycle

1
I—#AVE:T—{C I'#-dtzo




Energy Storage Surface and Power Flow: Hamiltonian
Surface Shaping and Power Flow Control (1)

A Hamiltonian Surface Shaping and Power Flow Control (HSSFm©}Step Process
A First step shapes the energy (Hamiltonian) storage surface with proportional feedback and/or
acceleration feedback
A Energy storage surface determines the static stability
A Second step shapes the paths/trajectories of the system constrained to this surface (storage
mechanisms) with derivative and/or integral feedback
A Power flow determines dynamic stability

A First Step Exampl&amiltonian Surface Shaping of a conservative linear and cubic
nonlinear spring system.

V(X) = —2ke + Lk x* for k,k,, >0  and the proportional controlleris =—KpX,
2 2 NC NL

iltoni 1 1 1
that leads to the Hamiltonian :Em#JrE[K" —k]X2+ZchX4 >0  Ux= O, %= O

which is statically stable if K,—k=>0
met— kx+ k x> =u=—K X

The equation of motion becomes
M- [ K, — K] x+ Kk x> =0

Trajectories that result from the following equation of motion

Mot [ K, — KIx+ Kk X° = —Kpx— K, |xdt




Energy Storage Surface and Power
Flow: HSSPFC (2)

300 300 . : .
K=-300 KP =0
200¢ ’ ] I |
250 K =300, K, =310
= 100 1 = 200} |
£ o - § 150} ]
: ~100 1 2 100l :
T S 100
~200¢ - 50| 1
-300 ‘ ‘ ‘ ‘ ‘ , , |
0
-3 -2 - 0 1 2 3 9 - 5 | 5
X (m) m (x)
k > K H= 0.5*(Kp+k) *Xz + 0.5*m*xdot2+0.25*kNL*x4 CASE 10 PID Control Nonlinear System Phase Plane
8 ‘
P &
N 6
S |
§ 500 o i Ll
= 0 2
= o E 4l
= et 3
g 2.
T
4L
0 6l
.
Xdot (m/s) -2 -3




Energy Storage Surface and Power
Flow: HSSPFC (3)

A

Second StepPower Flow Control shapes the path/trajectory across the energy storage
surface by designing the balance of power flowing into versus the power being
dissipated within the system as a function of the power being stored in the system.
Power Flow Control is implemented with derivative feedback and/or integral feedback
portion of the control law.

Time derivative of the Hamiltonian is partitioned into generatora&F dissjpators T
, and storage terms,Hf , in order to design the power flow balance defined by’

H=W-T ¢

Derivative feedback isdissipatorthat creates irreversible entropy,

u=—-K. % =T,8 = K *

Integral feedback is a generator that flows power into the system,
u=—K, | xdt=W=—-K, | xdt

Second Step ExamplePower flow control of thdinearizedmass, spring, damper system




Hamiltonian (J)

Energy Storage Surface and Power
Flow: HSSPFC (4)

H = 0.5*k*x> + 0.5*m*xdot” 1

()}

P

[\
:

—o
by

¥ kx=—C#

i
w

Xdot (m/s)
o

—dissipaté
" |=neutral

O
n

—dissipate
/ —neutral
0
-1

X (m) 1 0.5 0 0.5
c>0, [~\idt< [~T &dt

Dynamically Stable / 2 -




Hamiltonian (J)

Energy Storage Surface and Power
Flow: HSSPFC (5)

v kKX = c#

2

= 0.5*k*x2 + 0.5*m*xdot> N
,--\
£
10 é
= 0
4 3
—generate
) " |=neutral | A
2 =
2
2 | I I
o X (m) 2 -1 0 1

X (m)

c>0, [°Vidt> [=T &dt

Dynamically Unstable /




Energy Storage Surface and Power

Flow: HSSPFC (6)
rr#??wakx:o1 -
‘\\\\1 i ' / \
\\“V o 7_1 05\ /

_1 T Xdot (m/s) 1 05 5 o5 1

T X(m)
C= O, Igc Vﬁjt — J.gc To§dt

Dynamically Neutral Stable//

o
(3]

Xdot (m/s)
o

1_{'."5 v’
Sandia
National
Laboratories




Energy Storage and Dispatchable
Loads (2)




Example #1: Robotic Collective
Plume Tracing (9)

A Kinetic Controlg dynamics included: m# =u,

1.Shape the Hamiltonian surface to meet the static stability requirements fo
the ith 1 .
robot  H; =T, +V, :Ez@?lvl.#wq >0 V&,x = #, X

N N -
and the collective of robots H = .221: H; = Z t +V, >0

=1
2.Design the power flow, time derivative of the Hamiltonian, to meet the
dynamic stability requirements for the feedback controller

- W 05 i Do Fo

oV,
Y =- @XI —K| ,[Z(idt_ KDEE




Example #1: Collective Robots
Numerical Results

Collective Convergence to Source (0,0)

Robot X Positions {m)

1 0 1 2
) Colle:';tive Rcspfmses Collective Responses X (m)
—~ 1+ \ 1 L]
y - Convergence:
ferttite — é 0 1 . . . . - V.

0 — —i —  Dissipative > Generative

- > -1 —4| .

—3 2 -
! —| 3 —s  for the collective

—7 -2 — 4 ;

—* ‘ ‘ ‘ j — @ National
2 2 4 6 8 10 K 2 4 6 8 10 Laboratories

Time (sec) Time (sec)



Example #1: Collective Robots
Stability Boundary

ACollective robot oscillations at the limit cycle

Collective Responses Collective Responses
3 ‘ ‘ ' ‘ 3
+ 1 1
—2
—~ 2++ — ;
E E Y
7] ~ 1 —5H
5 &
b= 2 —0 ’
8 2 ot —7|
» £ —3
= -
o _ —
£ R
0
a 2
-2
_3 | | 1 |
0 2 4 6 8 10 -3 : : ; :
0 2 4 6 8 10

Time (sec) _
Time (sec)




Example #1: Robotic Collective
Plume Tracing (11)

2. Kinetic Control:Fisher Information

a) Fisher Informatiorg Measure of how well the receiver can estimate
the message from the sender.

Shannon Entropga SI adzNB5 2F (0KS & SY RSN
over a communications channel

b) Hamiltonian i€xergy portion of energy that can do work; physical and
Informationexergies

c) Fisher Information:

| = (a'” p(X)JZ p(x)dx=[— (5p(x)j2dx=4f(aq(x)j2dx
OX pP(xX)\ ox OX

(X)) =p(X)—awSl t | YL AGdzRSé TFdzy Ol A
density function




Example #1. Robotic Collective
Plume Tracing (12)

RO WaSly YAYSGAO 9ySNHeé&é¢ AYydSNL]

| =4J#dt=413Tdt
m

CNRY vdz yidzy aSOKFYyA0a Ay UKS
of the momentum squared

2

o >0 1OV (x,t
<IC)>:2mj 5(:(( ) ax




Example #1. Robotic Collective
Plume Tracing (13)

> 5AN}OQa O2yailyd
Y(x,t) -wave function
()  -expectation operator

The classical limit is reached when

d B d_2 o dVvV(x)\
a<p>t_mdt2<x>t_ < dx >t_<F(X)>t

Is equivalent to

d ’ dv(xclassical)
dt2 Xclassmal d |
X:Iassmal

=F (Xclassical)




Example #1: Robotic Collective
Plume Tracing (14)

Which occurs when

Xdlassical = <X>
€x = < - <x>j>s smal

and

This occurs when
F()=F )3 € () B¢ 3 > € () 3F ) 3.

which leads to




Example #1. Robotic Collective
Plume Tracing (15)

e) Fisher Information Equivalency aBxergy
N

~ = ~ &~ o~ 1
H=T+V+V_+V, = —H,
i-1 M
~ N 1
where T :Z =T
i1 M
Y 1,
\Vj :Z —V, = — potential
= M,
~ N 1
V,=) —V. = control potential
k= T
~ N 1
V,=> —V, = information
. potential

@ Nati onal
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Example #1: Robotic Collective
Plume Tracing (16)

| +J=8[Adt=8[f+ € +V, +V, Et

#—I— \# =H >0 ¥ X #~ ﬁ 1( (Static stability)

1#_|_ ﬂ-'lf: ﬁ <0 (Dynamic stability)

Where J=8 I(7 +VC -I—VI Bt = Bound Fisher Information

Source:[RefFrieder} B.RFrieden Physics from Fisher Information: A Unificatip@ambridge University Press, 1999



Example #1. Summary and
Conclusions

AyIEtelS FyYyR RSaArA3day AGdSYSN.
team of simple robots to perform plume tracing with
assistance of information theory

ADemonstrated fundamental nature of Hamiltonian
function in design of collective systems

AEquivalences between physical and informatimased
exergiesshown for Shannon information, Fisher
Information, and virtual fields

AFisher Information Equivalency developed that can
serve as an ideal optimization functional to measure
performance and stability of collective system with
respect to required information resources




Fisher Information: Storage and
Information Flow (1)

AMeasure of order: CramdRaoBound

2
el =1
e2 — meansquare error (of a parameter)
| = Fisher information
2
op(xX 1
| — J‘ pP(X) d'x
OX P(X)
A For p(x) Gaussian impliee2 — 62 — variance
Almplies: | — 1
0'2

AOpposite of Shannon Entropy: Measure of disorder

Sandia
National
Laboratories




Fisher Information Storage and

Information Flow (2)

ASpecific Forms: 1
3) | =8J’Tdt=8j'§%r|v|;@blt

A Infinite bus of grid: M= 0= x(t) ~ X,

b)  Equivalence betweelitxergy Hamiltonian, and Fisher information

A Compare values of energy storage and information flow (adaptive, estimation,
communication links, central vs. decentralized, etc.)

C) Minimize |I:
| +3=8[Hdt=8[(T+V)dt=8[(T +T. +V +V +V,)dt

A Where Tc.Vce -control feedback and V. -adaptive control

i Constraints: gt #_g [#5:: S [; L +o0
U  Additional cosfunctionals E_ J‘[_-_:‘_ibt E — J‘[__ibt




Fisher Information Storage and
Information Flow (3)

d) Maximize Efficiency: Power factor =1
A Balance T+V for 60 Hadenvaluep

e) |is the inverse of the covariance matrix
A Stochastic optimal control: parameter/state estimation
A Nonlinear: FokketPlank equation

f) Minimize Risk of Lost Load
A Risk (probability) minimized with required energy

storage
A Agentinformatics layer




Exampl e #2: Todayos Gr
Model Reduced Network Model (RNM)

A Each Synchronous Machine represented as voltage phase with
O2yaulyu YIIdyAludzRS 9Q 0SKAYR UNJY:

3%( = Wy Instantaneous power balance

M k(#k = Pmk B El’<2Gkk o Dkwk _Z Ckl Sinﬁd :"' |:|<| Cow‘kl :
=1

|k

where D, >0 M, >0
A Various network components assumed to lx@sensitive to changes in

frequency
A Mechanical angle of Syneklach. rotor assumed to coincide w/ electrical
phase angle of voltage phase behind transient reactance

A Loads represented as constantimpedances thereby eliminating DAES
A Mechanical power input to generators assumednstant B
A Saliency is neglected

A Stator resistance is neglected

Source: *MGhandhart & / 2ydApumd#Ednctions: A Control Strategy for Damping of Power Oscillations in Large - >
t 2SN {@aGSYazé Y¢I X wnnn




Example #2: Simplest Network Model
One-Machine Infinite Bus (OMIB)

T, Tn = Mechanical turbine torque M

T.= Electromagnetic counter torque-h
F.= Mechanical turbine power Wonstant)
F.= Electromagnetic counter torque W
J=Mass polar moment of inertia

B= Dampingtorque coefficient

ogy =R0tor shaft velocity in mechanical r/s
o= Angularvelocity in electrical r/s
TurbineGenerator Rotor System 6= Power angle measured in electricz!

RNM: 4 T -T,=Jd,, +Bog,

Define Hamiltonian and Hamiltonian rate:

(#:%[Pm—F{a—Ba)]
. ) H=T+V (Energy)
‘#:j b.-P._sin€6 ~Bo H :%Jgshpmax(_cosaj

J# P sin€6 =P —BF # = J5t P sins - B, #=-BF

Sandia
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Example #2: Design of the OMIB with
UPFC Using HSSPFC

o - » Hamiltonian Surface

O
Jx V. [y
Q I Infinite '\‘
GEN i I Bus
I “}l

: W i
)é - pan y
T W
H ":“E“ ut .{"'.‘%:.“'0 $“\‘.“
. ’ s AT, V)
UPFC general controller form: N i “é,
R ety e LY
- UPFC L W .
I R e sy N
P.=P_ +u, 3in@) -u,cosp) e Y
) e Nl
Select nonlinear PID control | Y
elect nonlinear control laws: AN -
. . ~
Uy = Kp cos55+KDesm55#+ K,esméﬁﬁ—ésgr ﬁ/_‘ e

U, = K, coss, — K, cossd—K, cos&£ 6-5, dr

Perform HSSPFC steps results in: AR
-Staticstability condition: ’ 5

H= % J& + P+ Kg )A—cosg—5;)) -Region of stability increased 5. —sin’ PF’m j
-Dynamicstability condition (power flow): "
C“3+ P._K, gsﬁdb_{p K, £6—5 \drl]c%t - Integrator: faster systent

> | Sandia
National
Laboratories



Example #3: DC Bus Microgrid

AFeedback controller design for integration of renewable energy
iInto DC buamicrogrid

AFeedback controller decomposed into two parts:

o Feedback guidance command for boost converter duty cycle
o HSSPFC implements energy storage systems

ADuty cycle servo control fully coupled

AHSSPFC completely decoupled due to sk@aunmetric form
analogous to Spacecraft and Robotic systems

AConfiguration: DC bus with 2 boost converters for investigatior
of 09%100% energy storage evaluation, specifications, and
requirements




Example Optimization Cost Functional

P

+B,. =P + R
IN, IN, LOAD, . STORAGE

[ﬂ PINtotaI dT = [ﬁ I:I)_oad dZ' T j I:%toraged-

EINtotaI = ELoad T EStorage P
LOAD

6 12 6

ASimple solar example:

AOver the cycle match the generation with the load

ATwo areas below the line need to match single area above line
ADefines storage charge/discharge requirements over the cycle
ATool can be used to help design storage systems given actual

microgridscenario (generation, loads, storage)




Example #3.: DC Bus Microgrid Model
HSSPFC for Energy Storage Design Observation

A Itis useful to discuss several observations about
equations (1) and (2):

a)

b)

Equation (1) is an equivalent guidance command that is fully couplec
In the states and dependent upon the duty cycle commands. The
duty cycle commands will be determined from an optimization
routine (SQP, DP, etc.) when desired cost functions and constraints a
included.

For renewable energy sources, v will be time varying and possibly
stochastic which leads to an undectuated system, for 0% energy
storage, u=0.

For fossil energy sources, v will despatchablewith excess capacity
which leads to an oveactuated systems with 100% energy storage
even with u=0.

Foru not equal to zeranicrogridwith 100% transient renewable
energy sources(PV and wind) will lead to requirements for energy
storage systems (power, energy, frequency specs., etc.).

Controller, u, is decoupled which simplifies design procedutr

.

iR Q dia -



HSSPFC Implementation Scenario
CollectiveMicrogrid Components

Scenario 2

Storage
A2 Variable Generators J

AStorage
Avariable Loads



Irradiance (\N/mz)

Voltage (V DC)

PV Data Landylicrogrid System

LANAI Reference Cell Irradiance Inverter A DC Power
1400 T 1 1 T 1 T 1 1 60 1 1 T T T
1200 - - 50 - i
1000 - -
40 A
a
800 - -
2
< 30r A
600 |- . g
5
& 20 .
400 - -
200 |- . 101 1
0 r L r r r r r r 0 r r r r r r r r
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Time(Sec) X 104 Time(Sec) x 10
Inverter A DC Voltage
600 T T T T T T T T 600 T T T T T T T T
500 - - 500 - A
400 - - O 400 A
a
<
L i ] L J
300 ] 300
@
o
€
200 -~ - < 200 A
100 -~ - 100 -~ A
0 r r r r r r r 0 L L r r r r L L
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7
Time(Sec) 4 Time(Sec) Saud Ia
x 10 National
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Variable Speed Wind Turbine Utilizing
Bushlandlest9te Data

Wind Speed (m/Sjata from Bushland test site d and g axis currents (Amps)

Rotor speed (RPM) Real Power Out (W)




Numerical Results Solar, Wind and
Loads Test Data
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Numerical Simulation Results Boost
Converter Currents and Bus Voltage
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Numerical Simulation Results Storage
Control Effort and Ideal Lambda Controls

1.4 : L - 0
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Energy Storage Requirements Scenario 2

APower Requirements
AEnergy Requirements
AFrequency Response Requirements (see next chart for individual channels)

3
2% 10 : : : : -20
__.E1
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, ~— '25’ [l
3 F | IH 3 e
) | 2
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o
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S e
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3_00 30’3 =3 S e e e e e e e e e e
:N -6} P 3‘(\1
— 1 —
5
8 _P2 > '40‘
P,
_100 1r0 2[0_ 3r0 46 50 '450 1[0 2r0 3r0 4b 50
Time (sec) Time (sec)

Specifications for thenicrogridand/or UPFC based on: ' Sanda
(Power, Energy, Frequency PSDs) / pr



u, storage power (W)

u, storage power (w)

u, storage power (W)

Energy Storage Requirements Scenario 2

Power Requirements |

-3
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HSSPFC Implementation Scenario
CollectiveMicrogrid Components

Scenario 3

Diesel
Generator

A2 Vvariable Generators
Al Constant Generator
AStorage

Avariable Loads

Storage




Scenario 3 Microgrid Model

AFeedback controllers
for integration of
renewable energy to DC
busmicrogridsystem

MModel used to

produce energy storage
requirements

e Sandia

National
Laboratories




Solar and Wind Inputs (Volts)

Lanal PV and Bushland Wind Inputs
and Realistic Variable Load Profile

pgrid Load Q)
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Numerical Simulation Results Boost
Converter Currents and Bus Voltage

Boost Converter Currents Bus Voltage
(Current saturation at 25 Amps) (Bus regulatieqri20*++ 5%)‘;‘
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