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5 Why Energy Systems?

= Systems aim to achieve level of reliability that far exceeds the
reliability of individual components, through control actions based
on evaluating or sensing its current state.
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= Systems aim to achieve level of reliability that far exceeds the
reliability of individual components, through control actions based
on evaluating or sensing its current state.

Examples of energy system reliability targets:

Reliability % | N "nines" | Down time
99.9 3 9 hrlyr
99.999 5 5 min/yr
99.99999 7 3 seclyr
99.9999999 9 2 cycleslyr
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5 Why Energy Systems?

= Systems aim to achieve level of reliability that far exceeds the
reliability of individual components, through control actions based
on evaluating or sensing its current state.

Examples of energy system reliability targets:

Reliability % | N "nines" | Down time
99.9 3 9 hrlyr
99.999 5 5 min/yr
99.99999 7 3 seclyr
99.9999999 9 2 cycles/yr
Events from real life (G.T. Heydt):
Losing in roulette N=1.6
Losing the PowerBall lottery N=6
FAA design for aircraft N=9-12
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Cascading Faults
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5 NAE Grand Challenges

/

NAE: “The vast networks of electrification are the greatest
engineering achievement of the 20-th century.”
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NAE Grand Challenges

/

NAE: “The vast networks of electrification are the greatest
engineering achievement of the 20-th century.”

14 grand challenges for engineering in the 21-st century (Feb.
2008):

Bl 1. Environmentally friendly power.

Bl 2. Nuclear fusion.
Bl 3. Carbon dioxide sequestration.
Bl 6. Sustaining the aging infrastructure.
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NAE Grand Challenges

/

NAE: “The vast networks of electrification are the greatest
engineering achievement of the 20-th century.”

14 grand challenges for engineering in the 21-st century (Feb.
2008):

Bl 1. Environmentally friendly power.

Bl 2. Nuclear fusion.

Bl 3. Carbon dioxide sequestration.

Bl 6. Sustaining the aging infrastructure.

“Electricity will be much more prominent in the new energy
economy” - L.R. Brown, Plan B 3.0
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Electric Energy Networks

N
/

Built for efficiency.

Multi-scale in time (>10 orders of magnitude), space (>7
orders of magnitude) and by power flow (>10 orders of
magnitude).

Hybrid - continuous and discrete acting components.
Normal and faulted operation (nature and human adversaries).
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Electric Energy Networks

Built for efficiency.

Multi-scale in time (>10 orders of magnitude), space (>7
orders of magnitude) and by power flow (>10 orders of
magnitude).

Hybrid - continuous and discrete acting components.

Normal and faulted operation (nature and human adversaries).
Two main layers - energy and information flow.

Limited actuation.

Uncertainty (epistemic and aleatory).

Input/Output characteristics are regularized by physics
(conservation laws, coherences and invariants).

I o Processing | aboraton — o 8



5 Existing Electric Energy Systems

/

d
2 Primary :g) Energy — End Z:

Conversion Network | | User
y

K =
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5 Existing Electric Energy Systems

/

d
2 Primary :g) Energy | — End Z:

Conversion Network | | User
y

K =

Bl w too large, little from

renewables, Bl Over-designed

components - variations
N z,

Bl Unable to integrate novel

components, _
Bl Over-designed

components - fault
accommodation,

Bl Non-functional markets,

Bl Cascading faults.
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Existing Energy Systems - Technical

N
/

Not enough adaptation due to the insufficient information layer
- control is too local, sometimes myopic,

Significant variations in the part of w from renewables - large
bandwidth and stochastic nature,

No storage - a slow system is tracking variable z,
Large variations in z (and w) - cyclic and stochastic,

Individual blocks have substantial losses,
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Existing Energy Systems - Technical

\
/

Not enough adaptation due to the insufficient information layer
- control is too local, sometimes myopic,

Significant variations in the part of w from renewables - large
bandwidth and stochastic nature,

No storage - a slow system is tracking variable z,
Large variations in z (and w) - cyclic and stochastic,
Individual blocks have substantial losses,

The inflexible overall architecture sometimes results in
complex behavior - the system is very large, and the control
authority is limited,

Legacy components stifle innovation.

Fault accommodation in slow hardware.

_ Enerav Processina Laboratorv — p. 10



Grand Challenges in Energy Engineering

~
|/
IEEE Power Engineering Society, 2002:
Bl 1. Total control of power flow in networked systems.
Bl 2. Self-healing networks to achieve zero outages.

Bl 3. Zero-error state estimation.

Bl 10. Real time dynamic simulation of a 50 000 node, 2 000
generator, 500 000 MW system.

_ Enerav Processina Laboratorv — p. 11



5 Presentation Map
|/

Bl Energy Systems - Past & Present,

Bl A Personal Interlude - Dynamic Phasors,

Bl Energy Systems - Future.

ﬁ Enerav Processina Laboratorv — p. 12



~

Definitions

/

z(t — A)ontheinterval [0 < A < Tp) via (short-time) Fourier
series:

©.@)

p(t—A)= Y Xp(t)elolt=2) = N eIkt (1)

k=—00 k=—o0

X (t) are the complex, time-varying Fourier coefficients, or dynamic
phasors.
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N Definitions

/

z(t — A)ontheinterval [0 < A < Tp) via (short-time) Fourier
series:

©.@)

p(t—A)= Y Xp(t)elolt=2) = N eIkt (1)

k=—00 k=—o0

Xk (t) are the complex, time-varying Fourier coefficients, or dynamic
phasors.

1 [t .
Xi(l) = To/ . r(T)e IFNOTdr = <a> (1)
t—"1op

We model dynamics of Xy (t); for real z(-) we have X_; = X}
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A Simple Example

/

Consider a simple RL circuit (R=0.1, L=0.002) with a sin excitation
(V=10), at 60Hz

Current, A

(o} 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time

_ Enerav Processina Laboratorv — p. 14



5 A Simple Example

N

25
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Basic Results

/

Two useful facts:

Derivative of the k-th dynamic phasor:

dXp <d

G2 _ (20N ik weX
dt dtx>k J w0tk

Multiplication in time domain:

<aY>p= Y < T <Y >y
14
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5 Dynamics of Local Coefficients

/Xk(t) as the output of an LTI filter:
Xi(t) = / z(7)[h(t — 7)elFwot=T)]dr

where h(-) Is a rectangular window (width Ty, height]hb) —
translation of state-space representations - if

t(t) = Ax(t) + Bu(t)

then
Xk (t) = A.Xk(t) + Buyg, (t)

_ Enerav Processina Laboratorv — p. 17



5 Dynamics of Local Coefficients

/Xk(t) as the output of an LTI filter:

Xi(t) = / h z(7)[h(t — 7)elFwot=T)]dr

— o0

where h(-) Is a rectangular window (width Ty, height]hb) —
translation of state-space representations - if

t(t) = Ax(t) + Bu(t)

then
Xk (t) = A.Xk(t) + Buyg, (t)

True for any filter bank representation — for dynamic phasors (since
Xi(t) = Xy (t)e™7he0t),

X5 (t) = (A — jkwol) X1 (t) + BUL(t)

_ Enerav Processina Laboratorv — p. 17



X Flexible AC Transmission

|/ : . . -
Thyristor Controlled Series Capacitors (TCSCs) are finding
Increasing application in power systems.
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X Flexible AC Transmission

|/
A state-space model for TCSC:

d
di
L= =
dt v

where ¢ is a 0 — 1 switching function.
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X Flexible AC Transmission

N
A state-space model for TCSC:
C% = dp — i
di
L— =
dt 7Y

where ¢ is a 0 — 1 switching function.
Evaluating the 1-phasor (and assuming i, sinusoidal), — 2nd-order
(complex) phasor model:

A%
C—L = I, -, — jwCW
dt

dI

Ld—tl — <qu> —jw Ll

where < g v > IS:
2 a+to ‘
< QU >1= —/ v e 19d0.
T (8%

Enerav Processina Laboratorv — p. 19



X Flexible AC Transmission

|/
I, has fast dynamics compared to Vi, so I} = Vi /(jwoLess(0))

dVy , 1
C— =1, — C
dt ¢ (]wo * ijLeff(O')

where o Is the prevailing conduction angle

Wi =1 — jwoClerr(o)Vi

oc=0"+2¢~ 0"+ 2arg[—jl(V1)"]
and ¢ is the control reference.
C. ¢ from steady-state assuming sinusoidal line current i,.

I B e | abaratory — 1 o€



X Flexible AC Transmission

N
I, has fast dynamics compared to Vi, so I} = Vi /(jwoLess(0))
% . 1 :
— =1, — Vi =1y — jwyCle %
C 7 ) (]woC + jwoLeff(O')) 1 ¢ — JWo ff(O') 1

where o Is the prevailing conduction angle

oc=0"+2¢~ 0"+ 2arg[—jl(V1)"]
and ¢ is the control reference.
C. ¢ from steady-state assuming sinusoidal line current i,.

Cepplo) = [& = 2 (368 (0 + 52 +

C
+wj LS? cos?(o) (tan(o) — ntan(no)))] -

2
where n = 2—3,90: /= and S = -

Enerav Processina Laboratorv — n. 20
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Subsynchronous Resonance

/First IEEE benchmark test:
TCSC
rmﬁm_ ;
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5 Subsynchronous Resonance

TCSC model without (solid line) and with the phase correction
(dashed line); “o” sampled-data for the equidistant synchronization:

1

>0 stable

TMO

Modal damping (per second)

<0 unétable

(0] 5 10 15 20 25 30 35 40 45
Conduction angle [degrees]

_ Enerav Processina Laboratorv — p. 22



Subsynchronous Resonance

\
/
15_ ................... ,,,,,,,,,,,,,,,,,,,, S o ......................

10+~

6)

o

Torque deviation [pu]
I
Ul

|
=
@)
T

_15 i i i i j
0] 20 40 60 80 100
time [s]

_ Enerav Processina Laboratorv — p. 23



5 Subsynchronous Resonance

Expanded view (between 80s and 81s) of torque variations

Shaft torque at different shaft positions
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X Extensions - Classical

|/
27
3

Dynamic symmetrical components recall o = ¢’

La oS
: 1
z | (T)= ) ejkaTﬁ ot a 1| | Xup | (@)

Es k=—o00 e af 1 1L Xk |
P

_Xp,k_ 1 [t _xa_ _<x>p’k_
Xog | ()= T/ e TP PR gy | (T)dr = | <a>np | ().
- Xek D | e | | < T 2k

d _ Xp,k ] < ddea(T) >k ] - Xp,k _

o | Xag | () =F" | <dgrap(r) > | (8) = jhwo | Xnp | (1

I Xk | | < a7d7'370(7-) >k i Xz k _
I
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X Extensions - Phasor Banks

|/
With H. Lev-Ari — in discrete-time, standard definitions lead to
(discrete-time) Gabor Transform — non-decimated DFT analysis and
synthesis banks:

—  Hy(z) B Xo(n) — Go(z)

_ Enerav Processina Laboratorv — p. 26



5 Phasor Banks (2)

/

An example - a fundamental and a slowly modulated third harmonic:

z(n) = 2cos(won) + a(n) sin(3wn)

1.5
1 I

0 02 04 06 08 1 0 10 2 30 40 30 J
f

i Enerav Processina Laboratorv — p. 27



5 Phasor Banks (3)

/

The same example:

z(n) = 2cos(won) + a(n) sin(3won)

i Enerav Processina Laboratorv — p. 28



Other Applications
-

Power electronics:

Bl DC/DC converters (model reduction),

Bl Resonant converters,

Bl Active filters,

Bl High-power converters - Unified Power Factor Controller.
Electric Drives:

Bl Unbalanced electrical machines,

Bl Torque ripple minimization,
Bl Position-dependent loads.

Power Systems:
Bl Unbalanced faults - dynamic symmetrical components,
Bl Model-based estimation,
Bl Protection.

_ Enerav Processina Laboratorv — p. 29




5 Presentation Map
|/

Bl Energy Systems - Past & Present,

Bl A Personal Interlude - Dynamic Phasors,

Bl Energy Systems - Future.
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5 Existing Energy Systems

/
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5 Future Energy Systems VLSE
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Future Energy Systems VLSE

N
N

L
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— Prlmary ==
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End —
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ol

o

Bl Information layer
(sensors, coordinated K
= local + global context,
loads inside)

Bl Better blocks,

Bl More w from renewables,

Flatter control - decoupling
from above and below,
faster, more authority via
storage and routing,

Bl Better design while steering
component development.
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N Grand Interconnection

JSociety uses multiple energy carriers - electricity, natural gas, liquid
fuels, hydrogen. This helps security, but the lack of coordination
results in: 1) excess consumption, 2) inefficiencies and 3) lack of
Incentives to move to renewables.
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N Grand Interconnection

JSociety uses multiple energy carriers - electricity, natural gas, liquid
fuels, hydrogen. This helps security, but the lack of coordination
results in: 1) excess consumption, 2) inefficiencies and 3) lack of
Incentives to move to renewables.

Networked multi-carrier energy hubs - by connecting and
coordinating different single-carrier systems in cyber-physical
networks (i.e., at the energy and the information flow layers) overall
performance can be dramatically improved.
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N Grand Interconnection

JSociety uses multiple energy carriers - electricity, natural gas, liquid
fuels, hydrogen. This helps security, but the lack of coordination
results in: 1) excess consumption, 2) inefficiencies and 3) lack of
Incentives to move to renewables.

Networked multi-carrier energy hubs - by connecting and
coordinating different single-carrier systems in cyber-physical
networks (i.e., at the energy and the information flow layers) overall
performance can be dramatically improved.

EnergyHub
electricity S electricity
— 1O >
5 L : .
naturalgas T cooling
————— |G A
! —
districtheat ! @ ! i  heating
— . _’é_ -/\/- S R S e >

---------------------------------------------------------------------
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8 Future...
\J/A new positioning of energy processing within EE (C. Gellings):

Enerav Processina Laboratorv — p. 34



5 Getting there...

® Bl Progress of technology in energy systems - “like visiting a

graveyard in the company of Nietzsche” (Willems),
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5 Getting there...

- m

Progress of technology in energy systems - “like visiting a
graveyard in the company of Nietzsche” (Willems),

Society expects 1) carbon-free electricity, 2) networks resilient
to outages, and 3) functional markets and public policy.

The efficiency is determined by the energy flow layer,

Key enablers for improvement are in the information flow layer,

The trajectory to future energy systems will be economy and
policy driven (e.g., energy levels for sensors vs. storage).
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5 Getting there...

/

Progress of technology in energy systems - “like visiting a
graveyard in the company of Nietzsche” (Willems),

Society expects 1) carbon-free electricity, 2) networks resilient
to outages, and 3) functional markets and public policy.

The efficiency is determined by the energy flow layer,

Key enablers for improvement are in the information flow layer,
The trajectory to future energy systems will be economy and
policy driven (e.g., energy levels for sensors vs. storage).

“The energy crisis appears to me to be more a crisis of
momentum than of energy — a crisis of enterprise, solidarity,
common spirit, determination and cooperation for the common
good.” - Ulam

_ Enerav Processina Laboratorv — p. 35
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5 Electricity in the U.S.

/
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N A Similar Plot...
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Overall Energy Flows

\
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Primary Sources

N
/

Percent Percent
of Source of Sector

Pefroleurn’
39.8 Transportation
29.0
T 5
Industrial
21.4
Residential
and Commercial
1.5
NL{GIaﬂr Ty ey =%, Electric Power?
Elacfrlac 4F'0wer 40.6
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Energy Flows in the U.S.

N

U.S. Energy Flow Trends — 2002
Net Primary Resource Consumption ~97 Quads

Electrical imports* 0.08

Distributed P,
elactricity 11.9 [Z22,

26,3 Electrical system
“ energy losses

19.6

Industrial

Lost
49 energy.
3 38

u.s.

and NGPL 14.9
Transpor-

tation

26.5

Bal. no. 0.9—"

Sowurce: Production and end-use data From Enengy Information Administration, Anaual Energy Review 20032,
*Mit fossil-fuel electrical

imports.
ﬁ *Hiomassiother includes wood, waste, alcohol, geothermal, sodar, and wind.

June 2004

Lawronca Livermors
Matlonal Labeeatory
hitp:ifeed Jinl.govifiow
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5 A Contemporary Technology...

/
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Existing Grid...




Renewables Today

N
/

WHAT MATTERS MOST
S HOW YOU SEE YOURSELF.

d . by = b
ﬁ - Enerav Processina Laboratorv — p. 44




X A Scenario for the Future

/

U.S. net energy imports U.S. domestic energy production by type |
Figure 6. Total energy production and Figure 7. Energy production by fuel, 1980-2030
consumption, 1980-2030 (quadrillion Btu) (quadrillion Btu)
150 - History Praojections 35 - History Projections Coal

Consumption 30 -
joh J. 30
Net imports 25 -
100 -

\/ Praoduction 20 - ,___,__/-F*_:\.u."m'c,-f gas
}_5 B /

o v e [ quids
1'3” i "
10 Nuclear
: Nonhydro
25~ 5- L~ renewables
= Hydropower
0 7]
1980 19890 2005 2020 2030 1980 1990 20056 2020 2030
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Thinking Big

N
/

' Solar (CSP})
bk Solar (PV)
& Wind
7 Hydro
o Biomass
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A First Glimpse - Smart Grid

N
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System Evolution...

N
/

1900

1940

1980

2020
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5 Thinking Green

N
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X Flexible AC Transmission

N

Line current for 2° step changes of the firing angle:

1.03 T T T | g 1.3

P A 1 A O O I O A I IO I I O R AL

&:zlll_ -09 ‘ I Ll . ‘ | lil |

(1.4 0.5 0.4 07 & 0a 1 .4 {, 0.6 o7 0.8 .0.9 1
5] [s]

70° — 68° 60° — 58&° ‘

—

_ Enerav Processina Laboratorv — n. 50



~

Why do we care?

3500

3000

i
2

2000

th
=
L=

LS. Electric Sector
CO; Emissions (million metric tons)
=
=
L=

200

\J“Future CO2 emissions (C. Gellings):

* Achieving all fargets is very aggressive, but potentially feasible.

ElA Base Case 2007

x

Technology

EiA 2007 Refersnce

Loasd Growth =~ +1.5%'yr

Lioad Growth = +1.1%iyr

. Renewables 30 GWe by 2030 70 GWe by 2030
I Muchear Generation 12.5 GWe by 2030 B4 GWe by 2030
Mo Existing Plant Upgrades 150 G\e Plant Upgrades
Advanced Coal Generation 4%, Mew Plant Efficlency 46% Now Plant Efficiency
by 2020-2030 by E020; 48% in 3030
CCE WNona Widely Doployed After 2020
PHEV Nong 107%% of Mow Vehicle Sales by 2017,

+28%yr Thereafter

< 0,1% of Base Losd in 2030

5% ol Base Load in 2030

2000

2005

2010

2013

2020 20235

Enerav Processina Laboratorv — p. 51



~

Efficiency Improvements

_Potential for efficiency improvements (C. Gellings):

Potential (%)
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5 Non-Electrical Energy by Industry

_/Participation by industry of other forms of energy (C. Gellings):
Percent
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Source; DOE/EIA Annual Energy Outlook 2004,
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5 Future Energy Needs

_/Change in electric energy usage (DOE, C. Gellings):

Percent Change
30%

20%

10% + Space — Space — Water
Heating Cooling Heating Refrigeration Lighting

o5 -13% “17% -25% -34% 4%
' i L |  oOther TVIPC
Uses 27%
10% - 17%
-20%
-30%
40%

Based on: DOE/EIA Annual Energy Outicok 2007, with Projection to 2030
Heating, cooling, and lighting intensity pormalized basad on per 84 71 of bullding space
Refngeration and TWIPCizat topfather uses normalized based on pear heusehold
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