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ViIsION (20+ yrs)
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



Mission

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
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% Watershed moment

Power network will undergo similar architectural
transformation that phone network went through
In the last two decades

Deregulation —3 [OT

Tesla: multi-phase AC started
1888 Both started as natural monopolies 1980-90s
I Both provided a single commodity —
1876 Both grew rapidly through two WWs 1980-90s
Bell: telephone Deregulation
started \
1969: Convergence

DARPAnNet to Internet



&% Watershed moment

Industries will be destroyed & 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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* 68 meters (residential) _

. Sept2012 (23 days) = .

* 240 volts -

* +-5% min-228/max-252 - -

* Hourly by meter # M

- afew high merers = - IEMIEHINRRINUR |
* Larger # of low meters 4 ' |

Voltage violations are quite frequent
@f%’ﬁ [l % l‘smétbgg S GALIFORNIA

Source: Leon Roose, University of Hawalii
Development & demo of smart grid inverters for high-penetration PV applications



Solar power over land:
> 20x world energy demand

network of
billions of active

distributed energy

resources (DERs)

DER: PV, wind tb, EV, storage, smart appliances



active DERs 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
G

SMART

RID

ture — a network

Isolated microgrid

Central power

plant

distributed control of networked DERS

Foundational theory, practical algorithms, concrete
applications

Integrate engineering and economics

Active collaboration with industry

SOUTHERN CALIFORNIA

EDISON

Q Cisco SYSTEMS
RESNICKINSTITUTE i




Active DERs: 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.qg. real-time DR, volt/var

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 DER

B Market mechanisms to incentivize



“Y Need for distributed control

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 i
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




Key challenges

Nonconvexity
B Convex relaxations

Large scale
B Distributed algorithms

Uncertainty
B Risk-limiting approach

Multiple timescales
B Decomposition

4 Gen1 MW (pu)

lan Hiskens, Michigan
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&% 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 Carpentier 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



“% Nonconvexity of OPF

Semidefinite relaxations of power flows

B Physical systems are nonconvex ...
B .. but have hidden convexity that should be exploited

Convexity is important for OPF
B Foundation of LMP, critical for efficient market theory
B Required to guarantee global optimality
B Required for real-time computation at scale
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Alumni: Bose (Cornell), Chen (Colorado), Collins (USC), Gayme (JHU), applications and T2M

Lavaei (Columbia), Li (Harvard), Topcu (UPenn), Xu (SUTD)

theory algorithms models simulations
Convex relaxation of OPF: Relaxation algorithms: 'DER adoption model & software | | Realistic simulations
Theoretical foundation for semi- + single-phase balanced, multiphase | |« Sophisticated feedback model » SCE feeder model, 2,000 buses
definite relaxations of power flow unbalanced * Cloud service for PV-uptake: » DER: inverters, HVAC, pool
+ centralized, distributed http://etechuptake.appspot.com/ pumps, EV
OPF: min tr (C/v’) : + Multiphase unbalanced radial

baseline
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stos, EU(YW)ES, V,EW,ET, W

4(() G
w20, (rank W =1] ignore this (only) volt/var control with renewables
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&7 Bus injection model

In terms of J:

&gj = tr (YjH yyh ) for all ]}

Power flow problem:
Given (Y,S) find

A\

N

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)

§j£Sj£Sj

5, = (nv”)

&% OPF: bus injection model

gen cost,
power loss

power flow equation



&% OPF: bus injection model

min tr Cvv"
Er(yv) £ s v EFE

subjectto s,

nonconvex QCQP
(quad constrained gquad program)



Semidefinite relaxations of OPF

SOCP BIM
SDP BIM
Chordal BIM
SOCP BFM
Chordal BFM
unbalanced

Jabr 2006 TPS
Bai et al 2008 EPES

Bai, Wei 2011 EPES
Jabr 2012 TPS

Farivar et al 2011 SGC
Farivar, Low 2013 TPS

Gan, Low 2014 PSCC

Tutorial with extensive refs:
Low. Convex relaxation of OPF (I, Il), IEEE Trans Control of Network Systems, 2014

Lavaei, Low 2012 TPS
Bose et al 2011, 2015

Zhang, Tse 2011, 2013
Sojoudi, Lavaei 2012

Molzahn et al 2013 TPS
Bose et al 2014 TAC

Farivar et al 2011 SGC
Farivar, Low 2013 TPS
Gan et al 2012, 2014

Gan, Low 2014 PSCC



Y Basic idea

min tr Cvy"
subjectto s, £ [tr (YJ.VVH) £Es, yEWVFEY

2 j J

\ J
l

Vv

Approach

1. Three equivalent characterizations of V
2. Each suggests a lift and relaxation

 What is the relation among different relaxations ?
 When will a relaxation be exact ?




&% Feasible set & SDP

min tr Cyy"
Ew(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 W =1 convex in W
except this constraint

subjectto s,




§ 7 Equivalent feasible sets

V:= {V: quadratic constraints }

</V\/$ QCQP: n variables

wW* SDP: n? vars !

W= {W: linear constraints }ﬂ {W > () na-n-kft}
idea; W=ypv"




§ 7 Equivalent feasible sets

W)= {WC(G): linear constraints }

C

idea: W, =(VV" on ¢(G))

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




&% Equivalent feasible sets

W)= {WC(G) . linear constraints }ﬂ {W =0 rank—l}

C C

idea: 17, = (VVH on c(G))

C

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




£% Equivalent feasible sets

W, := {W,: linear constraints }

idea: 1, = (V" only on G)

W)= {WC(G) . linear constraints }ﬂ {W =0 rank—l}

C C

idea: 17, = (VVH on c(G))

C

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




&7 Equivalent feasible sets

| | ‘W(j,k)=0 rank-1, |
W,:= {W,: linear constraints }(1 >
cycle cond on LW,

idea: 1, = (V" only on G)

W)= {WC(G) . linear constraints }ﬂ {W =0 rank—l}

C C

idea: W, =(VV" on ¢(G))

C

W:= {W: linear constraints }(\{W =0 rank-1}
idea;: W =vv"
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“% Equivalent feasible sets

B-N-B-8

OWG

Theorem: vewew

(G)

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



&% Equivalent feasible sets

A\ A\ A\ A\
B o — i — 238

Theorem: VOWOW . °W,

Given W, TW, or W6 IW(G) there is
unique completlon w1 W and unique VTV

Can minimize cost over any of these sets, but ...



&% Equivalent feasible sets

W(j,k)=0 rankst,
W,:= {W,: linear constraints }(1 U:K) >

. jk S

W)= {WC(G) . linear constraints }ﬂ {W =0 ;an-k’l}

C C

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




Theorem
B Radial G: VW QW) @W,
B MeshG: VW @W);, =W,

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



Theorem
B Radial G: VW QW) @W,
B MeshG: VW @W);, =W,

For radial networks: always solve SOCP !



&7 Recap: semidef relaxations

OPF
min C(V) subject to VTV

OPF-sdp:

min C(Wg) subjectto W e W™

OPF-ch:

min C(Wg) subjectto W) € WZ,L(G)
WC(G)

OPF-socp:

r%in C(Wg) subject to Wg e W
G



computation time (s)
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~
2
*

20 40 60 80 100 120 20 40 60 80 100 120
number of buses number of buses

Relaxations are exact in all cases

« |EEE networks: IEEE 13, 34, 37, 123 buses (0% DG)

« SCE networks 47 buses (57% PV), 56 buses (130% PV)

« Single phase; SOCP using BFM

+ Matlab 7.9.0.529 (64-bit) with CVX 1.21 on Mac OS X 10.7.5 with 2.66GHz Intel Core 2
Due CPU and 4GB 1067MHz DDR3 memory



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



RTUTE N
)
o [ ]
T
4
T ~

Frequency regulation
B |oad-side participation
B algorithm design and stability

Applications

C15co SYSTEMS
Wy RESNICKINSTITUTE o

e T,
a8 Rl
,.ﬁx e (g




Motivation

B All buses synchronized to same nominal frequency
(US: 60 Hz; Europe: 50 Hz)

B Supply-demand imbalance = frequency fluctuation

FNET Data Display [9/8/2011 Southwest Blackout]
Time: 22:38:20.8 UTC 59.9745 Hz

I3
1Y [ ey, ATTRSESRIY T | | T 60.18
60.14| 60.16
60.12| - 160.14
(1 1% 1| SO OO UPR PP - -160.12
N
T 60.08 HGM
>
o
] - 160.08
2 60.06 | .
o
o
L 60.04 | 160.06
G0:02 | D oot ransnaninmia T R SBRETEEA 60.04
ol ¥\ 60.02 In)
50,08 .. XKAL A Lo sl gl i 60
e s (| 105 W
|
59,96 |- oo P Mo R 59.98
22:37:54 22:38:08 22:38:23 22:38:38 aUNIVERSITY of 0OAK
Time, UTC TENNESSEEUr ¥Ripce \GCURENT

2011 Southwest blackout




Motivation

. Imagine when we have 33%-+
Z 2000 | renewable generation ...
1000 -
0
250 750
Minutes since start of day Could you predict the energy production for this wind park

either day-ahead or 5 hours in advance?

Each Day is a different color.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24




Frequency control

Traditionally done on generator-side
B primary: rebalance power, resynchronize freq

B secondary: restore nominal freq & inter-area
flows
B tertiary (EC): maximize economic efficiency

freq control dispatch

primary
freq control

sec min 5 min 60 min

[secondary} [ economic }




Why load-side participation

Ubiquitous continuous load-side control can
supplement generator-side control

faster (no/low inertia)

no extra waste or emission

more reliable (large #)

better localize disturbances

reducing generator-side control capacity

secondary economic
freq control dispatch

primary
freq control

sec min 5 min 60 min




What is the potential

%p:sr::,lg Residential  Residential load accounts
13% (GFA) = for~1/3 of peak demand

18% .

c " 61% residential appliances
ommercia : .
09% are Grid Friendly
Residential
(non-GFA)
12%
Industrial Freezer

28%

“ Clothes Dryers
6%

Cooking

Us:

operating reserve: 13% of peak
total GFA capacity: 18%

Lu & Hammerstrom (2006), PNNL
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How to design load-side frequency control ?

How does it interact with generator-side
control ?



Y Literature: load-side control

Original idea
B Schweppe et al 1979, 1980

Small scale trials around the world

B D.Hammerstrom et al 2007, UK Market Transform
Programme 2008

Numerical studies

B Trudnowski et al 2006, Lu and Hammerstrom 2006,
Short et al 2007, Donnelly et al 2010, Brooks et al

2010, Callaway and I. A. Hiskens, 2011, Molina-Garcia
et al 2011

Analytical studies

B Zhao et al (2012/2014), Mallada et al (2014), Zhao
and Low (2014)

B Simpson-Porco et al 2013, You and Chen 2014, Zhang
and Papachristodoulou (2014), Zhao, et al (2014)



Network model j

branch power

generation

Em

S

d+d

loads:
controllable + uncontrollable

| : region/control area/balancing authority



b0
Mo, = _Dia)i-l-pi_zciepe
P, =b,sin(6,-6,) Vi

generator bus: real power injection



Mo, = _Diwi+pi_ECiePe

P, =b,sin(6,-6,)

)

generator buses:

primary control p; (z) = p; (w;(¢))
e.g. freq droop p; (w;) =-bw,

Vi—j
. 1
Pi=———
Ty,
. 1
a=—-——
T



£% Dynamic model

0. =w,

l l

0=-Dw +d —zCiePe
P, =b,sin(6,-6,) Vi—>j

load bus: controllable load
how to design controller d;(t) ?

Proposed approach
B formalize control goals as OLC
B derive distributed control as primal-dual alg



0=-Dw,+d. —zCiePe

P, =b,sin(6,-6,) Vi

Control goals
Zhao, Topcu, Li, M Rebalance power
Low F
acoors ™ Stabilize frequency
Mallada, Zhao, Low B Restore nominal frequency

All 2014 ]
eron, 2014 @ Restore scheduled inter-area flows



&% Optimal load control (OLC)

_ o & 1 »,0
min cld )+ —d’ =
min - &ga(d)+ 55

s.t.  P"-(d+ d)=CP
key idea: “virtual flows”

BC'v

In steady state: virtual = real flows

BC'v=P

demand = supply



&% Optimal load control (OLC)

i o & 1 - 0
min cld )+ —dz_
d,d,P,v ?g l( l) 2Dl l 0
S. t. P" - (d+ c;’) =CP demand = supply
P" - d = CBC'v restore nominal freq

In steady state: virtual = real flows

BC'v=P



&% Optimal load control (OLC)

_ o & 1 ~,0
min c(dY+ —d?-
d.d,P,v ?g l( ’) 2Di lﬂ

s.t.  P"-(d+ d)=CP

P" - d = CBC'v
CBCTv =P
PEBC'VEP

In steady state: virtual = real flows

BC'v=P

demand = supply
restore nominal freq
restore inter-area flow

respect line limit



&% Distributed load control

load control:  d.(t) = SC‘;_l(V’/i(f)"' Ii(t))Hj

local frequency deviation virtual frequency
measured locally at load computed locally based
on neighborhood comm

network dynamics + active load control
= first-order primal-dual algorithm for OLC




Distributed control architecture

"~

d Power Network Dynamics
©
(w : P ) >
- O,
W O
D
. O
Y+
d; (- /
(+) < Q. =
0
A O
>
d Dynamic Load Control @
> L
(A7 p™, 07, 0)




Load-side control works

Theorem

Every closed-loop equilibrium solves
OLC and its dual

£Ll.‘W— w

pi (w)-p; (W)

near w for some L, < D,

Suppose

Any closed-loop equilibrium is (locally)
asymptotically stable provided

<P
2

g, -q



59.95-

Frequency (Hz)

59.8

60

59.9r

59.85r

generator-and-load control

generator—only control

5 10 15 20 25 30
Time (sec)

PSS 39-bus, same control capacity
Primary frqueny control

PSS 14-bus, same control capacity
Secondary frequency control

Can replacing gen-side control
with load-side control

Load-side participation improves
transient and steady state

Frequency (Hz)

60

a
©
©
o

%)
©
©

= = =generator-only control

99.85 - 1!

generator+load control

0 5 10 15 20
Time (sec)

25
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Forward-engineering design facilitates
B explicit control goals
B distributed algorithms
B stability analysis

Load-side frequency regulation
B essential as renewable replaces thermal gen
B improves generator-side control
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% OPF research

2012

2013 2014

Theoretical foundation
semidefinite relaxations of OPF

2015 2016

Algorithm design
unbalanced OPF, distributed OPF

Implementation & T2M
loT gateway, testbed, field test




OPF
freq control

loT gateway
WIFi/4G
cloud

sense
control

power EV charger
voltage thermostat
frequency inverters

George Lee



Testbed

Graphical User

Interface
A
State Timestamp
Configuration Controls Statistics Configuration
External forecasts { Data

[ Internet ]

1 a
State -(I;I:)?ﬁrs(: izm P External 2:21?52 Data
Y \ 4
Grid Simulation Cloud Services

r 3

Timestamp

State Controls

v

f Component J

1 Core
State
;2:3% e Controls
CSV < { GridLab-D ]

a

GLM'File'
(network,'load,'DER)’




Power kW
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| The Internet of Things Already Arrived
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Tech-to-market

2.2 Smart Grid IT Software and Services Spending by Region, World Markets: 2013-2022
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active DERs 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
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