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% Watershed moment

Power network will undergo similar architectural
transformation that phone network went through

In the last two decades

Tesla: multi-phase AC

1888

1876

Deregulation
started

—p [OT

Both started as natural monopolies

I Both provided a single commodity

Both grew rapidly through two WWs

1980-90s

—

1980-90s

Bell: telephone

—
Deregulation Internet

started

1969:
DARPAnNet



Internet of Things (l0T)
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&% Challenges & opportunities

Industries will be destroyed and created
AT&T, MCI, McCaw Cellular, Qualcom
Google, Facebook, Twitter, Amazon, eBay, Netflix

Infrastructure will be reshaped
Centralized intelligence, vertically optimized
Distributed intelligence, layered architecture

What will drive power network transformation ?



=% Four drivers

. - 0p)
Proliferation of renewables o
o

Electrification of transportation £
Advances in power electronics -
e

. =

Deployment of sensing, control, comm| ©
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Big picture

B Energy stats and trends

Challenges and opportunities
B Implications on smart grid
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World energy stats (2011)

top 5
countries

petroleum

coal
gas

renewable (elec)

nuclear

China

Us
Russia
India
Japan
total

34%

29%
23%
8%
5%

20%

19%
6%
5%
4%

54%

/8

313
209
20
164

Source: EIA



“% World energy stats (2011)

petroleum 34%
coal 29%
gas 23%
renewable (elec) 8%
nuclear 5%

top > China 20% 27%

countries

us 19% 17%
Russia 6% 5%
India 5% 5%
Japan 4% 4%

total 549/ 589%

Source: EIA



US Primary Energy Flow 2014

(Quadrillion Btu)

Total = 98.3 Tmnsmrtaﬁm

Petroleum’ 27.0

348 :
(35%) p (27%)

Natural Gas?

275 . )
Residential &
(28%) Commercial®
11.3 (12%)

Coal®

,] 759 Electric Power”
(18%) 38.5

(39%)

Renewable Energy?
9.6 (10%)

Nuclear Electric Power
8.3 (8%)

Source: EIA March 2015
Monthly Energy Review




US electricity flow 2014

quadrillion Btu

Conversion loss:

(0)
Fossil : 65% e Plant use: 2%

Natut{a7lsGas T&D losses: 2.4%

\ Plant Use® 0.81
Petroleum .
9.3% T& D4OL8§S M\ and Unaccounted for®

Other Gases'
0.11 . 0)
NUCIear 21/0 GI’OSS gen Res;d7e9ntial
Nuclear Electric Power (0) x
8.33 37% - End use:
Renewable: 13% 33% Commercial
Renewable Energy :
5.26 Ind:;.lgtsr'lal
Transportation
Net Imports 0.0%
2 of Electricity
%t?gr 0.16
3 Direct
Use®
0.47

US total energy use: 98.3 quads

101 . 0) Source: EIA March 2015
For electricity gen: 39% Monthly Eneray Review



— The U.S. accounts for 4% of the
world's population while contributing
25% of its greenhouse gases.

- —

25% <«

l DoE:
Smart Grid Intro 2008

US CO, emission
[0 Elect generation: 40%
O Transportation: 20%

Sustainability challenge

Electricity generation 1971-2007

300
2007:
000 - 19.800
Kl 1973: TWh
6.100 TWh
oot
aeoo-l
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0
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B oco
O Ching
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Basic W lofin Americo [ Afico

In 2009, 1.5B people
have no electricity

Sources: International Energy Agency, 2009

DoE, Smart Grid Intro, 2008



US electricity use

4 trillion kWh total

residential
1950 1960 1970 1980 1990 2000 2010

2013 (billion kWh) 3,692

139
Retail Direct
Source: Sales?® Use®

USEIA End Use




US electricity use

4 trillion kWh total

residential

_’—’_‘=§=s=—=2-

T

1950 1960 1970 1980 1990 2000 2010

3,899

2013 (billion kWh) 3,692

Electric Commercial Industrial Imports Exports Retail Direct
Source: Power Sales® Use®

US EIA Net Generation Trade End Use




nuclear
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US renewable generations

750 billion kWh
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500
-v.-—‘/
250 e
wind_—gg|ar
1950 1960 1970 1980 1990 2000 2010
12%
250 1 Henry Hub
: 10% +—
- —— US Bitumous Coal
§ 200 Brent
~ LNG 80/0 T 1 B B [ B 1 | .
2 150 A
-g Solar
: 6% -
& 100
=
§ 50 4%,
a
0 2%
ONUVOTTITNODMNMOONULOVODTTTITNOMOON
TUUOUWOOONMNMNNMMMNMOOOOODOOOODOOOO ™
OO OOO0OO0O O
T P P e e e g N ONONLENL O 00/0|
Bernstein Research 2014

Source: US EIA o



2014 forecast savings in 2016 from 1 kWh of solar
« solar has reached grid parity in 10 states in 2013
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Technical potential of renewable sources
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Area to power the world by solar

1980 (based on actual use)
207 368 SOUARE KILOMETERS

[ 2008 (based on actual use)
366,375 SOUARE KILOMETERS

2030 (projection)
496,805 SOUARE KILOMETERS

wp Areas are calculated based on an assumption of 20% operating efficiency of collection devices and a 2000 hour per

P

/

year natural solar input of 1000 watts per square meter striking the surface.

wp  These 19 areas distributed on the map shaw roughly what would be a reasonable responsibility for various parts of

the world based on 2009 usage. They would be further divided many times, the more the better to reach a diversified
infrastructure that bocalizes use as much as possible.

s The large square in the Saharan Desert (174 of the overall 2030 required area) would power all of Evrope and North

Africa, Though very large, it is 18 times less than the total area of that desert,

wp  The definition of “power” covers the fuel required to run all electrical consumption, all machinery, and all forms of

transpartation. It is based an the US Department of Energy statistics of warldwide Btu consumption and estimates
the 2030 usage (678 quadrillion Btu) to be 44% greater than that of 2008,

Area calculations do not include magenta border lines.
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Challenges and opportunities
B Implications on smart grid
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B Control and optimization
B Power flow and dynamics
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=" High Levels of Wind and Solar PV Wil

' Present an operatlng Challenge'
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Source: Rosa Yang, EPRI



. Sept2012 (23 days) = .
e 240 volts ==\
* +-5% min-228/max-252 -

i device 4

* Hourly by meter #
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* Afew “high” meters

* Larger # of low meters

Voltage violations are frequent o
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Source: Leon Roose, University of Hawaii
Development & demo of smart grid inverters for high-penetration PV applications
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=% Global trends

1 Proliferation of renewables

B Driven by sustainability
B Enabled by policy and investment

2 Migration to distributed arch
B 2-3x generation efficiency
B Relief demand on grid capacity




Global trends

1 Proliferation of renewables

B Driven by sustainability
B Enabled by policy and investment

2 Migration to distributed arch
B 2-3x generation efficiency
B Relief demand on grid capacity

3 Rise of Internet of Things (IoT)

B 5x adoption rate of electricity & phone
B Impact on industry and residential



Solar power over land:
> 20x world energy demand

network of
billions of active

distributed energy

resources (DERS)

DER: PV, wind tb, EV, storage, smart bldg / appl



active DERSs introduce rapid random Opportunity: active DERs enables realtime

fluctuations in supply, demand, power quality dynamic network-wide feedback control,
increasing risk of blackouts

improving robustness, security, efficiency

GRID

ture — a network

SMART

Houses

Isolated microgrid

plant

distributed control of networked DERS

Foundational theory, practical algorithms, concrete
applications

Integrate engineering and economics

Active collaboration with industry

SOUTHERN CALIFORNIA

EDISON

% i >|)\i' ©

O . (@ Skoltech

g RESNICKINSTITUTE
sclence + energy + sustainabilty

cience and Technology



Implications

Current control paradigm works well today

B Centralized, open-loop, human-in-loop, worst-case
preventive

B Low uncertainty, few active assets to control
B Schedule supplies to match loads

Future needs

B Closing the loop, e.g. real-time DR, Volt/VAR
control, EV/storage mgt

B Fast computation to cope with rapid, random,
large fluctuations in supply, demand, voltage, freq

B Simple algorithms to scale to large networks of
active DERs



intalligence
everywhere
connected



Recap

Global energy demand will continue to grow

Traditional supply is unsustainable

There is more renewable energy than the world ever

needs
B Someone will figure out how to capture and store it

There will be connected intelligence everywhere

B Cost of computing, storage, communication and
manufacturing will continue to drop

= Power system will transform into the largest and
most complex Internet of Things

B Generation, transmission, distribution, consumption,
storage



To develop technologies that will enable and guide
the historic transformation of our power system

B Generation, transmission, distribution, consumption,
storage

B Devices, systems, theory, algorithms
B Control, optimization, stochastics, data, economics



£% Key technical challenges

Large scale
B Distributed algorithms

Uncertainty
B Risk-limiting approach

Multiple timescales
B Decomposition

Nonconvexity
B Convex relaxations



Large scale

Example: Southern California Edison
B 4-5 million customers

SCE Rossi feeder circuit
B #houses: 1,407; #commercial/industrial: 131
B #transformers: 422
B #lines: 2,064 (multiphase, inc. transfomers)
B peakload: 3 -6 MW
B #optimization variables: 50,000

SCE has 4,500 feeders

B ~100M variables

United States

B 131M customers, 300K miles of transmission & distr
lines, 3,100 utilities



Uncertainty

Uncertainty creates difficulty in both control and markets

60.04
60.02
60.00 1
N
z
> 59.98
(&)
Z 2600-MW
= Generation A .
8 59.96 Lost SPINNING AND thlS Can be Vel'y
o SUPPLEMENTAL | expensive as
RESERVES -
59.94 RESPONSE uncertainty grows
(10 min)
59.92
“——GOVERNOR RESPONSE (<1 min
59.90
5:50 6:00 6:10 6:20 6:30
TIME (pm)

Loss of 2 nuclear plants in ERCOT Kirby 2003 [ORNL/TM-2003/19]




Uncertainty

Real-time price can be more than 100x the average price !

Illinois, July 1998 California, July 2000

--------- Spinning reserve prices B PX prices $/MWh

I Purchase Price $/MWh
5000 s 250
I Previous week

4000 200
3000 150
2000 100
1000 50
0 E— 0
Mon Tues Weds Thurs Fri Weds  Thurs Fri Sat Sun Mon  Tues  Weds
Ontario, November 2005 APX Power NL, April 23,2007
2
S 1000 Demand in M Last Updated 11:00 AM_Predispaich 1975.11 _Dispatch 19683.5 . B Curent Week\olume —— CurenteekPrice 00
8 y [ Prev.Week Volume === Prev.Week Price
£ 18000 6000 _ —
© - M 300 =
g — 5000 —_ - m =
£ 15000 N = 2
= ‘ ‘ o S 4000 3
8 2000 Hourly Ontario Energy Price S/MWh Last Updated 11:00 AM Predispatch 72.79 Dispatch 90.82 %) 3000 200 EJD/
2 1500 3 £
a 2 2000 =
= 1000 A 100
©
S 500 1000 | A ) A* \‘ \
5 i j N/ oy £ : r
= 0 5 i5ma21 56091215182 36 9 1215 18 21 Tjme 0 0
Tues Weds Thurs Tues Wed Thus Fri Sat Sun  Mon

Figure: Real-world price dynamics & -
Sean Meyn, 2010



Multiple timescale

System dynamics and controls at different timescales
« require different models
* they interact

hour-ahead scheduling and
resolution of most renewables

one a.c. cycle AGC signal integration studies

dynamic
synchro-phasors system wind and solar
, protective relay | | response output variation service T&D planning
h_|gh-.frequer?cy operation (stability) restoration
switching devices,

carbon emission
day-ahead goals
inverters demand scheduling
response
T I 1 | | | | | | | | [ ! ! I I
10-6 10-3 10° 103 106 10° seconds
millisecond second minute hour day

year decade

Sean Meyn, 2010
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Sample Caltech research
B Control and optimization
B Power flow and dynamics




“% Caltech research

economics (datacenter\ DER
and adoption
regulations demand infrastruc
response ture
storage [ market ]
. power
[ freq control ] EV charging
control volt/var
and [ voltlag_e ]
optimization reguiation [ OPF ]
sec min hour day year

6+ faculty



optimal power flow



theory |« » models & simulations
algorithms demo & tech-2-market

Caltech: Profs Chandy, Doyle, Low (Pl); Drs. Bunn, Mallada; Students:
Agarwal, Cai, Chen, Farivar, Gan, Guo, Matni, Peng, Ren,Tang, You, Zhao
SCE: Auld, Castaneda, Clarke, Gooding, Montoya, Shah, Sherick (Pl)
Newport/Caltech: DeMartini (advisor)

Alumni: Bose (Cornell), Chen (Colorado), Collins (USC), Gayme (JHU),

SOUTHERN CALIFORNIA

EDISO ‘

EAN analytics and optimization
DER placement, asset opt, analytics

* EAN enabled control

DER co-optimization, frequency reg

EAN

« Increase(asset(u+liza+on(and(efficiency(
- Improve(power(quality(@and(stability(

- Move(data:in:mo+on(analy+cs(to(edge(

Contact: Michael Enescu, co-founder CEO, enescu@alumni.caltech.edu

Lavaei (Columbia), Li (Harvard), Topcu (UPenn), Xu (SUTD)
theory algorithms
Convex relaxation of OPF: Relaxation algorithms:
Theoretical foundation for semi- + single-phase balanced, multiphase

definite relaxations of power flow unbalanced

+ centralized, distributed

; \feasible sets:
+ SOCP
. ) « SDP
quadratic in V 5 b . socp

: : \%
linear in W ! I =+
stos, EU(YW)ES, V,EW,ET, W

Wee We
W30, [rank W =1| ignore this (only)
nonconvex constr “ relaxation II exact I |
recovery
w+

OPF: min tr (C/v’)
stos Ew(YIV)ES, vE[ET,

SDP relaxation
min tr (CW)
W

radial

Exact relaxations: Sufficient w W)

SDP relaxation Chordal relaxation
« tightest superset -«
* max # variables
« slowest

SOCP relaxation
equivalent superset « coarsest superset
+ much faster for « min # variables

conditions for recovering global
optimum of OPF from relaxations

'DER adoption model & software

sparse networks « fastest

applications and T2M

models simulations

Realistic simulations

+ Sophisticated feedback model e SCE feeder model, 2,000 buses
* Cloud service for PV-uptake: » DER: inverters, HVAC, pool
http://etechuptake.appspot.com/ pumps, EV
5 * Multiphase unbalanced radial

baseline

volt/var control with renewables
» SCE circuits, DER forecasts
» advanced OPF solver

# , Q{ET ie

Lead: Prof Mushkin
Undergrads: Chang, Li,
Yap, Zhou




&% Optimal power flow (OPF)

OPF is solved routinely for
B network control & optimization decisions
B market operations & pricing
B at timescales of mins, hours, days, ...

Non-convex and hard to solve
B Huge literature since 1962
B Common practice: DC power flow (LP)
B Also: Newton-Raphson, interior point, ...



&% Optimal power flow (OPF)

OPF underlies many applications

Unit commitment, economic dispatch

State estimation

Contingency analysis

Feeder reconfiguration, topology control
Placement and sizing of capacitors, storage
Volt/var control in distribution systems
Demand response, load control

Electric vehicle charging

Market power analysis



—_ ..-1
Z ~ Yy

admittance matrix:

_:_a y, ifi=j
o k~i
| e .. _ .
Y, ::_:_ - Yy If i~ graph G: undirected
+ 0 else
{ Y specifies topology of G and

Impedances z on lines



&) Bus injection model

In terms of J:

&gj =t (vyv")  forall ]}

Power flow problem: A

Given (Y,S) find 4/\7\;

isolated solutions




&% OPF: bus injection model

min tr (CVVH) gen cost,

power loss

over (V, s)

subjectto s, £ 5, £ s, V. E V.| £V,

—J



min
over

subject to

tr (CVVH)

(V5)

S-£Sj£Sj

—J

5, = (nv”)

&% OPF: bus injection model

gen cost,
power loss

power flow equation



&7 OPF: bus injection model

min tr Cvv"
Er(rv) £ 5 v £V E

subjectto s,

nonconvex QCQP
(quad constrained gquad program)



&% Feasible set & SDP

min tr Cyy"
Er(yv”) e s v EEET

\ guadratic in V
Equivalent problem: linear in W
min tr CW /

subject to [gj Etr (YJ.W) £s, v, EW, £\_zl~]

W30, rank =1 convex in W
except this constraint

subjectto s,




&7 Equivalent feasible sets

V:={V: quadratic constraints |

% QCQP: n variables

@ w* SDP: n? vars !

= {W: linear constraints }(1{W =0 rapdet}
idea; W=pvr"




&7 Equivalent feasible sets

W, := {W,: linear constraints }

idea: 1, =(¥V" only on G)

W:= {W: linear constraints }(\{W =0 rank-1}
idea;: W =vv"




&% Equivalent feasible sets

‘W(j,k)=0 rank-1, |

W..:= {W._.: linear constraints }()-
v { v } cycle cond on LW,

idea: 1, =(¥V" only on G)

W:= {W: linear constraints }(\{W =0 rank-1}
idea;: W =vv"




Equivalent feasible sets

B8 -%

Theorem: V°W°W,

Bose, Low, Chandy Allerton 2012
Bose, Low, Teeraratkul, Hassibi TAC2014



§ 7 Equivalent feasible sets

W(j,k)=0 rapkt,
Mk

W,:= {W,: linear constraints }(1

W:= {W: linear constraints }({W =0 rank-}




Relaxations

& q“TUTE O,.)‘
~ [e)
1891 Wy %
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O,

+

\\ A — W,

Theorem
m Radial G: VS W @W,
B MeshG: VCcW W,

Bose, Low, Chandy Allerton 2012
Bose, Low, Teeraratkul, Hassibi TAC2014
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1 Relaxations
O,

A\
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+

W* — W,

Theorem
m Radial G: VS W @W,
B MeshG: VW cW,

For radial networks: always solve SOCP !



&% Recap: semidef relaxations

OPF
min C(V) subject to Vliv

OPF-sdp:

min C(Wg) subjectto W e W™

OPF-socp:

nwl/in C(Wg) subjectto Wg e W
G



[OPF-socp] [OPF-sd p] [OPF-socp]
W, /4 X
(2x2 rank-1 rank-1 equality )
Y Y Y

radial radial
Definition
Every optimal matrix Definition
or partial matrix is _[ * Every optimal relaxed
(2x2) rank-1 ReCO\_/er v solution attains equality

|

OPF solution



£3 1. QCQP over tree

QCQP (C.C)
min x Cx
over x| C”
S.t. xCx £ b, k1 K

graph of QCQP
G(C,C,) hasedge (i,/) [l
C, 10 or [C,] [JO forsome k
ij

QCQP over tree
G(C,C,) isatree



&% 1. Linear separability

QCQP (C¢.¢) . .
min x Cx \ > RE
over xI C”
S.t. xCx £ b, k1 K

Key condition
i~7: (Q.J.,[Ck]ij, " k) lie on half-plane through 0

Theorem
SOCP relaxation Is exact for

QCQP over tree Bose et al 2012
Sojoudi, Lavaei 2013




-Re
_[lpk]Jk
upper bounds lower bounds
on p.q; P [Pi], -], on P g, Pi-4;

Not both lower & upper bounds on real & reactive powers at both ends
of a line can be finite



Vi
Do —rl=-p,
q, — Xl =-q,
- C
(Py %) given high v)

when there is no voltage constraint
« feasible set: 2 intersection pts

« relaxation: line segment

« exact relaxation: c is optimal



. Y90

Po

(a) Voltage constraint not binding

po_r£=_p1
qo — Xl =—q,

c
high v,

{=p; +q;

£

@

optimal solution of SOCP
(infeasible for OPF)

.49

—~

Po

(b) Voltage constraint binding

.4

Po



&% 2. Voltage upper bounds

OPF: miﬂf(x) S.t.

x|l X

socp: min f(x) st

Key condition:
e L(S)EV

e Jacobian condition
A A g, > Ofordl 1<t <t’<k

Theorem

vEVEY, sl S

vEVEY, sl S

voltages if network were lossless

if upward current were reduced
then all subsequent powers dec

SOCP relaxation I1s exact for

radial networks

Gan, Li, Topcu, Low TAC2014



&% 2. Voltage upper bounds

OPF: Mmin f

x|l X

socp: min f(x) st

Key condition:
e L(S)EV

e Jacobian condition
A A g, > Ofordl 1<t <t’<k

Theorem

vEVEY, sl S

vEVEY, sl S

satisfied with large margin in
IEEE circuits and SCE circuits

SOCP relaxation I1s exact for

radial networks

Gan, Li, Topcu, Low TAC2014



OPF: extensions

Kim, Baldick 1997

Dall’Anese et al 2012 . .
Lam et al 2012 [ applications ]
Kraning et al 2013 Phan 2012
Devane, Lestas 2013 Gopalakrishnan 2012
Sun et al 2013 Louca et al 2013
Li et al 2013 Hijazi et al 2013
Peng, Low 2014
- —— B&B.
distributed semidefinite rank min,
OPF relaxations QC relaxation,
multiphase moment/SoS,
[ unbalanced exaciness based
_ relaxation
Dall’Anese et al 2012 ext refs in Low
Gan, Low 2014 TCNS 2014 Molzahn, Hiskens 2014

Josz et al 2014
Louca et al 2014 Ghaddar et al 2014



