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&% Bootcamp: Power systems

The flow of power (s Low)
B Basic concepts and models
B Power flow and optimization

The flow of information (s meyn)
B Distributed control architectures

The flow of money (K poolla)

B Market structures and services

from steady state to dynamics
from engineering to economics



&9 R. Karp’s instruction

“... the level should be sufficiently elementary
that an expert on the topic will be bored.”



“% The flow of power I

Basic concepts and models

Why smart gr|d7 (15 mins)

Three-phase AC transmission: 3 key ideas (30 mins)
B Phasor representation
B Balanced operation
B Per-phase analysis

Device models (30 mins)
B Transmission line
B Transformer
B Generator



“% The flow of power II

Power flow and optimization

Network models (10mins)
B Admittance matrix
B Power flow models

Optimal power flow problems 3smins)
B Formulation and example

B Convex relaxations
B Real-time OPF



&% Why smart grid?




Watershed moment

Energy network will undergo similar architectural
transformation that phone network went through
in the last two decades to become the world’s
largest and most complex IoT

deregulation

- > loT
Tesla: multi-phase AC started

1888 both started as natural monopolies 1980-90s

s Poth provided a single commodity —

both grew rapidly through two WWs
1876 J PIcTy ThToug 1980-90s

deregulation

Bell: telephone
started

convergence
1969: DARPAnNet —_—> to Internet



% Watershed moment

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

Infrastructure will be reshaped

Centralized intelligence, vertically optimized
Distributed intelligence, layered architecture



% Watershed moment

The five largest companies in 2006 ...

1 Exxon Mobil $540 BILLION MARKET CAP
2 General Electric 463
3 Microsoft 355
4 Citigroup 331

5 Bank of America 290



Watershed moment

The five largest companies in 2006 ...

1 Exxon Mobil $540 BILLION MARKET CAP
2 General Electric 463
3 Microsoft 355
4 Citigroup 331

5 Bank of America 290

... and now (April 20, 2017)

1 Apple $794
2 Alphabet (Google) 593
3 Microsoft 506
4 Amazon 429
5 Facebook 414

What will drive power network transformation ?



Electricity gen & transportation

Estimated U.S. Energy Use in 2014: ~98.3 Quads u Iﬂaﬁgg?ﬂ'ﬁ%%e Agriculture
9%
-\

\

Commercial &
Residential
12% —\»

Electricity
30%

Source:
USEPA

They consume the most energy
m Consume 2/3 of all energy in US (2014)

They emit the most greenhouse gases
B Emit >1/2 of all greenhouse gases in US (2014)

To drastically reduce greenhouse gases
B Generate electricity from renewable sources
B Electrify transportation



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%0

Source: EIA



US greenhouse gas emission 2014

Agriculture
9%
\
Commercial & ,..4\ o _
Residential : Electricity generation
and transportation are

12% \
| Electricity top-two GHG emitters
30% (56% total)

. and they consume
the most energy
(66% total)

Total (2014) = 6,870 Million Metric Tons of CO2 equivalent

Source: USEPA, https://www3.epa.gov/climatechange/ghgemissions/sources/transportation.html



Petroleum?

Total =98.3
quadrillion BTU

34 8
(35%)

Natural Gas?
275

(28%)

Coal®
179

(18%)

Renewable Energy*
9.6 (10%)

Nuclear Electric Power
8.3 (8%)

Source: EIA Monthly Energy Review March 2015

Residential &
Commercial®
11.3 (12%)

Electric Power’
385
(39%)




US electricity flow 2014

quadrillion Btu

Conversion loss:

0
Fossil : 65% GE Plant use: 2%

Natut{a7lsGas T&D losses: 2.4%

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

Other Gases'
0.11 Nuclear: 21% :
Gross gen: Residentia
Nuclear Electric P 0 '
uc ear8.3§c ric Power 37 /() ‘ En d use:
Renewable: 13% 33% Commercial
Renewable Energy :
5.26 Ind:;.lgtsr'lal
Transoportation
Net Imports 0.03
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



US dirty supply

2 trillion kWh

/_if/\
nuclear
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US renewable generations

750 billion kWh

nuclear
250 o~
wind_—gpar
1950 1960 1970 1980 1990 2000 2010
12%
As Industry Scales, Prices Fall 10%
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US wind capacity

A Growing Source
Cumulative wind power capacity in the United States, in megawatts.

Wind capacity (2016):

80k _ 82,183 MW
Hydro capacity (2015):

78,956 MW

60k

US wind generation capacity
exceeded hydro capacity in 2016

40k

20k

0 I I | | | | |
2002 2004 2006 2008 2010 2012 2014 2016

f
]
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Installed Solar Capacity (MWdc)

US solar capacity

Yearly U.S. Solar Installations 2014 New Electric Capacity Installed

14,000
12,000
10,000

8,000

M Residential (PV)
m Utility (PV)

Wind
0,000 Federal 35%
4,000 Incentives
2,000 I I I I extended
0 - I to 2023 Natural Gas Source: SEIA/GTM

2010 2011

Other
4%

0 Research and FERC
2012 2013 2014 2015E 2016E 21%

® Non-residential (PV)

B Concentrating Solar Power

US solar industry snapshot

US installed solar capacity by mid 2015: ~23 GW

O 784K homes and businesses

Q2 2015 solar installation: 1.4 GW

O Utility: 729 MW
O Residential: 473 MW (70% growth yr-on-yr)

H1 2015: a new solar installation / 2 mins Source: SEIA 2015

(Solar Energy Industries Association)



Annual PV additions: historic data vs IEA WEO predictions

In GW of added capacity per year - source International Energy Agency - World Energy Outlook

-WEO 2017 New Policies (NPS)
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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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3000 %
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High Levels of Wind and Solar PV W|II
Present an Operatmg Challenge|

\

750
Minutes since start of day

1250

— — — ==£T’ e .
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Source: Rosa Yang, EPRI



* 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
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oW T iution Hiccups: Grid Instability . Power customens opt 10 00 of gng
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77, By Cataina Schroder Sy hgatues end e .
Sudden fluctuations in Germany's power grid are causing major dan™ "™ s St s nf s & ko STy o iy ot Suning i gouths e
companies. While many of them have responded by getting their ow VT AT e

help manimize the risks, they warn that companies might be forced lw Al
with the issues fast.



Today’s grid

Electrical

Few large generators
B ~10K bulk generators (>90% capacity), actively controlled

Many dump loads

B 131M customers, 3,100 utilities, ~billion passive loads

Control paradigm: schedule supply to match demand
B Centralized, human-in-the-loop, worst case, deterministic



Future grid

GENERATION TRANSMISSION DISTRIBUTION & CONSUMPTION

i , Commercial
& Industrial
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Distributed Generation

Wind and solar farms are not dispatchable
B Many small distributed generations

Network of distributed energy resources (DERS)
B EVs, smart buildings/appliances/inverters, wind turbines, storage

Control paradigm: match demand to volatile supply
B Distributed, real-time feedback, risk limiting, robust



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
GRID

SMART

ture — a network

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

Q Cisco SYSTEMS
RESNICKINSTITUTE i




Recap

Global energy demand will continue to grow

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 Materials, devices, systems, theory, algorithms

B Control, optimization, stochastics, data, economics



min
over

subject to

tr (Cvv")
(V,S, l)
s, = tr (Y/vv")

J
Ly = tr (BRyv")

s, £ s, £ s

[, £1, £1,

~% Motivation: Optimal power flow

gen cost, power loss

power flow equation

line flow
Injection limits
line limits

voltage limits

. Y].H describes network topology and impedances

- S; is net power injection (generation) at node |



“% The flow of power I

Basic concepts and models

Three-phase AC transmission: 3 key ideas (30 mins)
B Phasor representation
B Balanced operation
B Per-phase analysis

Device models (30 mins)
B Transmission line
B Transformer
B Generator



Visualizing the grid

adapted from

Electric(Power(Delivery(Systems(

Tutorial(at(U.C.(Berkeley(
September(11,(2009(

(

Dr.(Alexandra(“Sascha”(von(Meier(
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a

)

PennWell MAPSearch Electric Transmission & Distribution Systems

Transmission lines: 190K miles
Distribution lines: 73K miles
(2002)

[Sascha von Meier]



Today’s grid

Electrical

Few large generators
B ~10K bulk generators (>90% capacity), actively controlled

Many dump loads

B 131M customers, 3,100 utilities, ~billion passive loads

Control paradigm: schedule supply to match demand
B Centralized, human-in-the-loop, worst case, deterministic



Power System Structure
with typical voltage levels

21kV 230 kV | \ 60 kV

Generators Transmission Subtransmission

BUNE S

(—D—J 12k‘u’¢

0
!

Primary

Distribution

S d
Svbuion [ 36
S

[Sascha von Meier]



Power System Structure
with typical voltage levels

21 kV 230 kV 60 kV i_DJ 12 kV
OH &Ej S
0

Generators Transmission Subtransmission LJ]

Primary
Distribution
5| S—
S d
(O SR |
-
120V

[Sascha von Meier] service drop




transmission
line

Power System Structure
with typical voltage levels

21kV 230 kV | \ 60 kV

Generators Transmission Subtransmission

Do @

transmission
substation

g-n

K_DJ 12I'(“4"H|:I

Primary LJ]

Distribution

Secondary
Distribution

[Sascha von Meier]



distribution
substation

Power System Structure
with typical voltage levels

21kV 230 kV 60 kV E ‘ 12 kV

Generators Transmission Subtransmission = é]
Primary
Distribution —3E

O s | a—
Orets ;Jiimm -

[Sascha von Meier]



21kV 230 kV l 60 kV

Generators

Power System Structure
with typical voltage levels

Transmission

Subtransmission

g

[Sascha von Meier]

Primary
Distribution

Secondary
Distribution

transformer &
distribution line



Power System Structure
with typical voltage levels

21 kV 230 kV 60 kV i_DJ 12 kV
OH &Ej S
0

Generators Transmission Subtransmission LJ]

Primary
Distribution
5| S—
S d
(O SR |
-
120V

[Sascha von Meier] service drop




Mathematical model

Quantities of interest
B \Voltage, current, power
B All are sinusoidal functions of time



Mathematical model

Quantities of interest
B \Voltage, current, power
B All are sinusoidal functions of time

Voltage
v(t)=V__ cos(wt+q,)

nominal frequency
North/Central Americas: 60 Hz
Most other major countries: 50 Hz

B Steady state: frequencies at all points are nominal
B Reasonable model at timescales of minute and up
B Dynamic models at sec-min timescale: S Meyn'’s tutorial

this part of tutorial is all about steady state



&% Phasor representation

Quantities of interest
B \Voltage, current, power
B All are sinusoidal functions of time

Voltage
v(t)=V__ cos(wt+q,)

| |

amplitude phase

voltage V — Vmax

phasor \/E

e] 0%




&7 Phasor representation

Quantities of interest
B \Voltage, current, power
B All are sinusoidal functions of time

Voltage
v(t)=V__ cos(wt+q,)

voltage V= Vmax Qy

phasor \/z ej
v(t) = Re{\/z Ve'™ } = Re{VmaXej (weedy) }




&% Phasor representation

Quantities of interest
B \Voltage, current, power
B All are sinusoidal functions of time

Voltage
v(t)=V__ cos(wt+q,)

voltage — Vmax qu

phasor \/z

14
14 :\/? 0 v (¢)dt RMS



&) Phasor representation

Voltage
v(t) =V, cos(wt+q,)
V
V —  max JC7V
2 °
Current

i(t)=1_ cos(wt+q,)
1

— _ MmaxX

J2

Jja;

e



&% Linear circuit elements

Resistor R v(t) = Rx; (t) Vs

Inductor L v(¢) = Lxﬁ(t)
dt

Capacitor C i(t) = Cxﬂ(t)
dt

these are main circuit elements to model the grid



§ 7 Linear circuit elements

Resistor R v(¢) = R*i(¢) \‘:s\, _:
V =RxI o
Inductor L v(¢) = Lxﬁ(t)
dt
V=jwLx1
Capacitor C  i(#) = CX?(t)
4




Linear circuit elements

ric)

(1)
+ O—p—
time w(t)

domain

- O—

cod,
phasor
domain V




&% Complex power

Quantities of interest
B \Voltage, current, power
B All are sinusoidal functions of time

Instantaneous power

p(1) = v(1)i(2)

VmaX ax
— 2[" (cos(qy— q])+ cos@w t+ qr + CI[))

\ J
Y

average power




&% Complex power

Quantities of interest
B \Voltage, current, power
B All are sinusoidal functions of time

Instantaneous power

p(1) = v(1)i(2)

VmaX ax
— 2[" (cos(qy— q])+ cos@w t+ qr + CI[))

\ J
Y

average power

Com plex power [ real (active) power

S = V]* :P+]Q/ reactive power



Phasor analysis

Steady state behavior described by algebraic
equations
B Instead of dynamic equations

Circuit analysis
M \Voltages and currents are linear

Power flow analysis
B Power flow equations are nonlinear

p(t) =v(2)i(z)
S=VI

We will describe device and network models, and analyze
them, in phasor domain



&7 3-phase AC : 3 key ideas

B Balanced operation
B Per-phase analysis



£% 3-phase AC system

3 single-phase system: single 3-phase system:
>
¥ 1 I, a'
Em L >

> i
+ ]
VA4 V4
Eﬁ L C )
]b
P> P
+ ] >
[C




voltage source

Delta-configuration: “

impedance load




Y-configuration . .
+
E, O z[]
n n
E - - E, /ZO/\QZ\
+ +
C b c b
voltage source impedance load

Balanced 3p source
® Equal in magnitude, 120 deg difference in phase

m £.,,= 1\q, £Ep,=1\q-120", E.,=1\q+ 120° .m

Balanced 3p impedance load

B Identical impedances



3-phase AC system

Balanced 3p source
m Equal in magnitude, 120 deg difference in phase

m E =146, E, =1£60-120°, E, =1460+120°

Balanced 3p impedance load
B Identical impedances

voltage source impedance load

Delta-configuration: a a




Balanced 3-phase system

transmission line

a
[ » L ] 2]
voltage E, \/K/ L,
- n2

source

i'mpedance
load

‘(—O0— e BN
¢ b,

{7 ] (7]

—{ 7 | 7, }

v | 1] 21

Balanced 3p operation
B Balanced 3p sources
B Balanced 3p loads
B Balanced (identical) transmission lines



&) Advantages
1-phase p(f) — v(t)i(t), S = V]*
3 phase ng — I/a]: + I/b]; + V;]:



&9 Advantages
1phase  p(t) =v(2)i(2), S=vI
sphase Sy =V, I+ VI +V I =38
Par(t) = v, ()i, (1) + v, (2)i, () +v,(1)i, (2)



Advantages

1-phase p(l‘) — V(f)i(t), S=VI
3-phase ng:: I/a]:-l_l/;)];-l_l/;]: =35

P3¢ (t) = va )iy () + vp(£)ip () + v ()i (2)
— 3|Va||1a|COS(¢V - (:bl) = 3P

Advantages of balanced 3p operation

B Instantaneous power is constant in t!

B Uses ~1/2 as much materials (wires) as three 1p system
B Incurs ~1/2 as much active power loss as three 1p system



&9 3-phase AC : 3 key ideas

B Per-phase analysis



Important properties of balanced 3p system
m AllT =0

neutral-neutral



Important properties of balanced 3p system
m AllT =0

neutral-neutral
B All voltages and currents are 3-phase balanced

B Phases are decoupled, i.e., variables in each phase
depend only on quantities in that phase



Properties:
m AllT

neutral-neutral = O
m All voltages and currents
are 3-phased balanced

B Phases are decoupled




Delta-Wye transformation

Equivalent 3p sources: same external behavior

' -to-li - Y _ A Y _ A Y _ A
line-to-line voltages: Y = g% EY = ES, EY = E2
a
0o
ot ) A
Eai<> EY Eab
i an \/§3J7F/6
Im
Eab Re
Eb 30 ............




~% Delta-Wye transformation

Equivalent 3p sources: same external behavior

I tn-h . Y A Y A Y A
line-to-line voltages: Y = g% EY = ES, EY = E2
0
T ™
e oY Ej,
- ) an \/§€j7r/6
A
EY EbC
bn ﬂej”/6
A
EY Eca




- Delta-Wye transformation

Equivalent 3p sources: same external behavior
same terminal currents on same line-to-line voltages

O

o I
VA
ZY ' ZY
C b Zy — £
) 3
4 I
Z° z°




Per-phase analysis

transmission line

d R 71
d | B | 2
voltage E., =3 E, 4(0) L impedance
source . load
C O b Cl =I bl
Cy
—{ 7 ] LL |
| T | [ T. |
LG S | 2]

Convert all Delta sources and loads into Wye

Solve phase a circuit with all neutrals connected for desired variables

Phase b / C variables: subtract / add 120deg to phase a variables

If variables internal to Delta configurations are desired, solve them
from original circuit



Per-phase analysis

transmission line

a a, a,
‘ —{ 7 | (7]
voltage E., =3 E, 4(0) L impedance
source . load
¢ O b G ” bl
Cy
—{ 7 ] LL |
— 7 | L 5|
a a a,
—{ 7] —{ 7]
Solve for 7,
—_— Wit
phase-a + 1 P v,(t)=Re (\/ZVZeJ )
circuit Q E., —_3L L,




Per-phase analysis

transmission line

a a, a,
—{ 7 | (7]
voltage E., =3 E, 4(0) L impedance
source . load
¢ O b G ” bl
)
—{ 7] (7]
—{ 7 | [ 7]
a a a,
—{ 7} —{Z ]
Solve for V]
—_ jpl6 j2pl3
phase-a & PV, = J3e Vixe
i i E — 3L L
circuit —1— N 2 _
B I:) ]ca - Lll/ca
. - _ Jjwt
P i(f)= Re(\/ZICae )



~% Recap: basic concepts

3-phase AC transmission system
B Phasor representation
B Balanced operation
B Per-phase analysis

We will describe device and network models, and analyze
them, in phasor domain, using per-phase analysis



&3 The flow of power I

Basic concepts and models

Device models (30 mins)
B Transmission line
B Transformer
B Generator



&% Transmission line model

P model of transmission line

series impedance

Zl

A 1
o—» WA »—O
+ +

Y Y’
—_ —— = — V
£ 2 é shunt é 2 ?
admittance
o— o

Terminal behavior (V,,1,)— (V,,1,)

What do line parameters (Z'Y") depend on ?
What about a 3-phase line ?

What are some implications ?



£3 Transmission line model

Line inductance |

total flux linkages I(f) — lxl(t)

Multiple conductors

. Mo, 1 . Mo, 1
M = Iy u—ln—, -+ sz/ H In
2T ry K2k 2T dkk’
~—— —
self inductance mutual inductance

radius 7,

separation d,,.



£3 Transmission line model

Conditions
B Symmetric 3-phase line

o« 1,(1)*i,(1)+i.(t) =0

Multiple conductors

1,0)= 22102, (1)
20 r'

\§ J
Y

“self-inductance” | H/m

The phases are decoupled !

radius »

separation D



£3 Transmission line model

Line capacitance C

total charge / m q(t) =cX V(t)

Multiple conductors

1 1 1 1
Vi = gk In— + ) qp Zneln

self inductance mutual inductance

radius 7,

separation d,,.



£3 Transmission line model

Conditions
B Symmetric 3-phase line

= q,()+q,(1)+q.(2)=0
Multiple conductors

1 D
v, (1) = —In—xgq,(¢)
2pe r

\§ J
Y

“self-capacitance” 1/ ¢ F/m

The phases are decoupled !

radius »

separation D



&% Transmission line model

Line parameters (balanced 3p line)
B Phases are decoupled

= Series impedance z=r+ jwl W/m

shunt admittance (to neutral) y=g+ jwec W™ /m

B Line inductance and capacitance

D radius »
I = 2 n®  Hm o
2r 1
P nE Fm = © -
In (D / r) separation D

B Line resistance I' / conductance § depend on
wire material & size



&% Transmission line model

per-phase model of phase voltage:

1, I,
o—p— - —»0
+ +
4 V,
o— . —




&% Transmission line model

per-phase model of phase voltage:

I, I(x) I8
O—p— = = s Z = = s —Pp—0
+ + , .
dy |
€ g0 2087 ()
=8 (8
£ 2 adl | By OUBI(x) L
Bdx U
o—. .— o
X ,
(V. 1,) = (V1)

] = i o I



P model of transmission line

series impedance

£3 Transmission line model

VA
A 1
o—p WA »—o
+ +
Yl — —— Z
V1 ?% T shunt é V2
admittance
o— s
7= szmh(gl)

gl
V' =T tanh(gl / 2)

gll?2



&) Transmission line model

 sinh(gr)
gl

x tanh(gl / 2)
gll?2

Long line (I>150mi): 7'=7

Y'=Y

Long line (50<1<150mi): £2'=Z2

Long line (I<50mi): 7'=7




&) Transmission line model

High voltage min transmission line loss

1 Ji

> || _Z || > J_ +
N line
Vv C) load B V,

Specified: required load power ‘Sz‘ and voltage ‘Vz‘

ID\I\-‘ 5| line Ioss:R\I\2

4



&% Transmission line model

Recap
B Line characteristics depend on materials, size, and
geometry of 3-phase line

B Linear per-phase circuit model (V,,1,) = (V,,1,)

s P circuit model: series impedance + shunt admittance




&% The flow of power I

Basic concepts and models

Device models (30 mins)
[

B Transformer
B Generator



&% Transformer model

Single-phase ideal transformer N

A L
p—O
t +
v V)
o | o
N, N,
— N, — N
n=—= a=—1
2 _ a 0 Vo — 51 _ Vo ]2’(_
4 O{ZH b S12 AV



&% Transformer model

Single-phase (non-ideal) transformer

1 0 o /,
o———1 Z, : »—O
+ : +
y , ; 2
o f o

N, N,

ideal#
transformer#t

parameters (n,Z,,Y )

(Z,,Y )can be easily measured



&% Transformer model

Single-phase (non-ideal) transformer

[1 Q o ]2
o—-— Z, . »—O
+ : +
y 7, ; 7,
o : o

N, N,:
ideal#
transformer#

V) _€all+2,7,) nZ 8,0
e — e e
§L0 € a¥.  n 06l,0



Transformer model

3-phase ideal transformer

.
2 L
a o p D q »—o d
d D q
n +— D q
.
bot 15—
p D q
- D q
o
Cco p D d
d D q
_— D q
I, I
a o p D ¢ o a
d D q
— —1 ’
— D n
.
bo T ob’
(_3 q |
— D q
.
CO D OC,

>

n I, I,
a o a
ob’
n n’
b b
c c
oc’

>
>

>

Ia Ia‘ 5

a o> ) >oa
D
D

bo 5 ob’
D
»

s

CcCOo D o C

9]

b o—

Cc o—

L5



“Y Transformer model

3-phase ideal transformer

Property Gain Configuration Gain

Voltage gain K(n) YY Kyy(n) :=n
: 1

Current gain X ()

Power gain 1

per-phase properties



“® Transformer model

3-phase ideal transformer

Property Gain Configuration Gain

Voltage gain K(n) YY Kyy(n) :=n
: 1

Current gain ) AA Kaa(n) :=n

Power gain 1

per-phase properties



“® Transformer model

3-phase ideal transformer

Property Gain Configuration Gain
Voltage gain K(n) YY Kyy(n):=n
Current gain K%W AA Kaa(n) :=n
Power gain 1 AY Ky (n) := \/3n e/*/

per-phase properties



“® Transformer model

3-phase ideal transformer

Property Gain Configuration Gain
Voltage gain K(n) YY Kyy(n):=n
Current gain K%W AA Kaa(n) :=n
Power gain 1 AY Kay(n) := /3n e/™/°
YA Kya(n) = 1% eJ™70

per-phase properties



&% Transformer model

Per-phase equivalent circuit

I
1
o> Z, o
+
I/l Yp K(I’Z)
o
ideal$
transformer$S

) - P



=Y Transformer model

Recap

B Four configurations: YY, DD, DY, YD
B Linear per-phase circuit model (V,,1,) = (V,,1))




ro X I
— A0 — N
+
L, () Vs network(
y

V, : tem mnalvoltage

E, : open—circuit (intemal) voltage



+} Putting everything together

I/Iine Z
: % g line % é
D Y Y D
Zload
3p generator o
3p transformer 3p transmission 3p transformer

(terminal -
voltage) (stepup) line (stepdown)



v

line

D

single-phase equivalent circuit

Q_g Y : Y

..........

Putting everything together

D
/

A ..... I, : O I
oO—p— Zl ! . > Zline > D ; Z/ >
+ : : + f f ¥
Vl % % o/P' V2 /P8 % % Ve Z
o f f _ f _
1:V3n; N3n:1
_ J\L AL J
Y Y Y
transformer#ﬂ"] transmission# transformer#ﬂ}

linett




“% The flow of power II

Power flow and optimization

Network models (10mins)
B Admittance matrix
B Power flow models

Optimal power flow problems 3smins)
B Formulation and example

B Convex relaxations
B Real-time OPF



Example circuit model

A £ I, 7,
o—p ¥ — (] <
A I,
® v b=y d-ny] ] @®
o —@
J U J & (¢ J
Y Y Y Y
generator# transform# ideal# +H trans# load#
# impedances#  transform# line# #
4 v
] U |
I I
IO HIO)A
generator# load#




Each line modeled as P model
« Series impedance

« Shunt admittance at each end
 They may not be equal



O R R
1 — 1,
(v 1) (450 955

[=YV

Y : network graph + admittances



Vi j~k (j#k)
Yie =  Xwjok Yy T Vi J=Kk
0 otherwise
Vi = L Vi

k:j~k



&% The flow of power II

Power flow and optimization

Network models (10mins)
|

B Power flow models

Optimal power flow problems 3smins)
B Formulation and example

B Convex relaxations
B Real-time OPF



— ..-1
Z ~ Yy

admittance matrix:

.I.ayik It i=
- k~i
l e .. _ .
Y, = _:_—yl.j If i~ graph G: undirected
-0 else
J|~ Y specifies topology of G and

Impedances z on lines



&% Bus injection model

=YV Kirchhoff law
=3 & : ower balance
s, =V1, forall ; p
. . S .
admittance matrix: J
~ o - v \ 4
.:.ayik It i=
-k~
| :
_* P 1. : nodal current
e N - vol
10 else ju el
1



&% Bus injection model

I=YV Kirchhoff law
— * ; ower balance
s, =V.I for all P
Eliminate | :

— o *
Sj - ay]k(‘V;

kik~j

_ V-Vk*) forall ;



&% Bus injection model

Complex form:

O * 2 * .
ayjk(‘f/}‘ —V;.Vk) for all ;

kik~j
Polar form:
pi = (Z gjk> \Vj\z — Z Vil | V| (gjkcosejk—bjksinejk)
k=0 k j

qgj = (Z bjk) |Vj|2 — Z |Vj||Vk| (bjkCOSij+gijin9jk)
k=0 oy

Cartesian form:
pi = Y (gi(e5+f7)—gulejex+ fife) +bulfiec—eifi))

k=0
n

qg; = Z(b]k(e +f]) bilejer+ fifi) — gin(fiex —ejfi))

—0O



~% Bus injection model

DC power flow

pj = Y bulVillVil(6;— 6)
k=0

Assumptions:

* Lossless short line

« Small angle difference

* Fixed voltage magnitude
« Ignore reactive power



&% The flow of power II

Power flow and optimization

Network models (10mins)
|
|

Optimal power flow problems 3smins)
B Formulation and example

B Convex relaxations
B Real-time OPF



&% 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, ...

min c¢(x) s.t. F(x)=0, x£x




&9 Optimal power flow

min
over

subject to

tr (Cvv")
(V,S, l)
s, = tr (Y/vv")

J
Ly = tr (BRyv")
s, £ s, £ S

—J

[, £1, £1,

gen cost, power loss

power flow equation

line flow
Injection limits
line limits

voltage limits

. Y].H describes network topology and impedances

- S; is net power injection (generation) at node |



&3 Optimal power flow

min tr (CVVH) gen cost, power l0ss

over (V, s, l)

subjectto s, = tr (YjHVVH) power flow equation

ij = {r (B]{ZVVH) line flow
S £ S £ Ej injection limits
ij £ ij £ [_jk line limits

Kj £ |VJ| £ ;| voltage limits

nonconvex feasible set (nonconvex QCQP)
. YJ.H not Hermitian (nor positive semidefinite)
* (C s positive semidefinite (and Hermitian)



Optimal power flow

OPF problem underlies numerous applications
« nonlinearity of power flow equations = nonconvexity

P, Genl ] Gen?2 P,
= jl.1 =~
V=1 .0540&;\'"‘ _] 1.2 JlS V=1.05Za,

™
™~

Gen3 "—

. V=1.0520

~

Gen2 MW (pu)

4 Gen1 MW (pu)

lan Hiskens, Michigan

Gen2 MVAr (pu)



&% Dealing with nonconvexity

Linearization
B DC approximation

Convex relaxations
B Semidefinite relaxation (Lasserre hierarchy)

B QC relaxation (van Hentenryck)
B Strong SOCP (Sun)




&% Dealing with nonconvexity

Linearization
B DC approximation

Convex relaxations
B Semidefinite relaxation (Lasserre hierarchy)

B QC relaxation (van Hentenryck)
B Strong SOCP (Sun)

Realtime OPF

B Online algorithm, as opposed to offline
B Also tracks time-varying OPF




Relaxations of AC OPF

dealing with nonconvexity

B
pat < 4
.’. AN
iy

i

Bose (UIUC) Chéndy Farivar (Google) Gan (FB) Lavaei (UCB) Li (Harvard)

many others at & outside Caltech ...

Low, Convex relaxation of OPF, 2014
http://netlab.caltech.edu



&% Equivalent feasible sets

min tr CVv*
subject to s.£[tr (YJ.HVVH)} £ s; v.E|VF £V,

_] /
\ quadratic in V

linear in W

Equivalent problem:
min tr CW /

subject to [gj £1r (Y].HW)EEJ- v, EW, £VJ]

W30, rank W =1 convex in W
except this constraint




OPF: mi

/
relaxation:  min f (%)

If optimal solution x_ satisfies easily checkable conditions,
then optimal solution x of OPF can be recovered



\\ ' — W,

Theorem
B Radial G: SOCP is equivalent to SDP (vcw ew?)
B Mesh G: SOCP is strictly coarser than SDP

For radial networks: always solve SOCP !



&7 Exact relaxation

For radial networks, sufficient conditions on
B power injections bounds, or
B voltage upper bounds, or
B phase angle bounds



% Exact relaxation

For radial networks, sufficient conditions on
B power injections bounds, or
B voltage upper bounds, or
B phase angle bounds



7 Exact relaxation

QCQP (C.C)

min tr (CxxH)

over x1C"

P

s.t. tr(Cox) £ b, kTK
graph of QCQP

G(C,C,) hasedge (i,/)) <

C,#0 or [Ck]ﬁo for some k

QCQP over tree
G(C,C,) isatree



1 Exact relaxation

QCQP (C.6) _' . Re
min tr (CxxH) .
over x 1 C"
s.t. tr(Cox) £ b, kTK
Key condition
i~ (Q.J.,[Ck]l,j, "k) lie on half-plane through 0
Theorem
SOCP relaxation 1s exact for
QCQP Over tree Bose et al 2012, 2014

Sojoudi, Lavaei 2013



-Re
_[lpk]Jk
upper bounds lower bounds
on p;.q; P4 [P], -l@,], on P g Psdy

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



Real Power Reactive Power
3 4.5
25 - 4_
SOCPY

2t - 3.5
15} SDP Y 3r
i 2.5
2 05 & °
15

U_
1
-0.5 05
-1 o+
T8 —hy(Wy) = hy(Wy) 0o

power flow . Relaxation is exact if X and Y have same

solution X Pareto front
e SOCP is faster but coarser than SDP

Bose, Low, Teeraratkul, Hassibi TAC 2015



IEEE test SDP MATPOWER

systems cost cost
Syst. rank (X ) J J

9 1 5290.7  05296.7

30 1 576.9 576.9
118 1 129601 129661
14A 1 3092.8  9093.8
A\ J

Y

12.4% lower cost than solution from
[Louca, Seiler, Bitar 2013] nonlinear solver MATPOWER



Potential benefits

Case study on an SCE feeder
m Southern California
B 1,400 residential houses, ~200 commercial buildings
B Controllable loads: EV, pool pumps, HVAC, PV inverters
B Formulated as an OPF problem, multiphase unbalanced radial

network
baseline optimized

4000 4000 —

— i 3500 - I base - PV
3500 | [ base - PV —

—p 3000 =P
3000 ] pool [ HVAC

[ HvAC

2500+ 2007

(kW)
(kW)

= 2000- 5 2000+

Real Powe
o
o
=]
Real Pow:
=
o
(=3

1000

o
=1
=3

peak load reduction: 8%
energy cost reduction: 4%

o
i=3
=3

o

Time (h) Time (h)



Realtime AC OPF

for tracking

Gan (FB) Tang (Caltech) Dvijotham (DeepMind)

See also: Dall’Anese et al, Bernstein et al, Gan & L, JSAC 2016
Hug & Dorfler et al, Callaway et al Tang et al, TSG 2017



Motivations

Simplify OPF simulation/solution
B Solving static OPF with simulator in the loop
B Avoid modifying GridLab-D during ARPA-E GENI (2012-15)

Deal with nonconvexity

B Network computes power flow solutions in real time at
scale for free

B Exploit it for our optimization/control

Track optimal solution of time-varying OPF
B Uncertainty will continue to increase

B Real-time measurements increasingly become available on
seconds timescale

B Must, and can, close the loop in the future



&% Dealing with nonconvexity

Linearization
B DC approximation

Convex relaxations
B Semidefinite relaxation (Lasserre hierarchy)

B QC relaxation (van Hentenryck)
B Strong SOCP (Sun)

Realtime OPF

B Online algorithm, as opposed to offline
B Also tracks time-varying OPF




“Y Literature

Static OPF:

[0 Gan and Low, JSAC 2016

O Dall’Anese, Dhople and Giannakis, TPS 2016
[0 Arnold et al, TPS 2016

[0 A. Hauswirth, et al, Allerton 2016

Time-varying OPF:

[0 Dall’Anese and Simonetto, TSG 2016
0 Wang et al, TPS 2016

0 Tang, Dvijotham and Low, TSG 2017
0 Tang and Low, CDC 2017

Earlier relevant work on voltage control
[0 Survey: Molzahn et al, TSG 2017
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min ¢,(y)+c(x)

controllable uncontrollable
devices state



S\TUTE
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min ¢,(y)+c(x)
over x, y
s.t. F(x,y)=0 power flow equations




S\TUTE 5
S ’,(\“
3 g
O 1891 Wy %
e S
S

min ¢, (v) +c(x)

over x, y
s.t. F(x,y)=0 power flow equations
vEy operational constraints

X TX = {1 £ x£ 3—5} capacity limits

Assume: ﬂ—Flo P y(x) over X

v



OPF: eliminate y

min ¢, (y(x)) + c(x)

s.t. y(x)Ey
x T X ={xEx£X}

Theorem [Huang, Wu, Wang, & Zhao. TPS 2016]
For DistFlow model, controllable (feasible) region

{x‘y(x) £y, xTX}
is convex (despite nonlinearity of y(X))




&9 OPF: add barrier or penalty
min  ¢,(¥(x)) + c(x)

s.t. y(x)Ey
x T X ={xEx£X}

add barrier or penalty function
to remove operational constraints

\4

min  f(x,y(x); m)| f nonconvex
over x T X




&% Online (reedback) perspective

DER : gradient update cyber
x(+1) = G(x(@), »()) network
measurement,
control communication
x0 y(t)
Network: power flow solver |
physical
y(t) 1 F(x(2), y(1)) =0 network

» Explicitly exploits network as power flow solver
« Naturally tracks changing network conditions



“® Outline: realtime OPF

Static OPF [Gan & Low, JSAC 2016]

m 1storder algorithm
B Optimality properties

Time-varying OPF [Tang, Dj, & Low, TSG 2017]
B 2" order algorithm
B Tracking performance
B Distributed implementation [Tang & Low, CDC 2017]

f"' o :‘*’\//"/ SOUTHERN CALIFORNIA % (‘ s k I t e ch
. ‘@: \h I)\i' < (\®\ I E DISON RESNICKT\JST\TUTE o
O e science + energy + sustainability Skolkovo Institute of Science and Technology
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& u
3 g
z
1891
> Bl o a IC
el <

min

OVEr

gradient projection algorit

x(r+1)

y(t)

S (x, y(x); m)
x T X
M.
— gx(t) — h% (t)a active control
— y(x(t)) law of physics

[Gan & Low, JSAC 2016]



&% Local optimality

Under appropriate assumptions

B Xx(t) converges to set of local optima
B if #local optima is finite, X(t) converges



&% Global optimality

Assume: p,(x) convex over X
v,(x) concave over X

A= {xTX v(x)Eav+(1-a)y}

Theorem

If co{local optima} are in A then
B X(1) converges to the set of global optima

B X(1) itself converges a global optimum if
#local optima is finite



&% Global optimality

Assume: p,(x) convex over X
v,(x) concave over X

A= {xTX v(x)Eav+(1-a)y}

Theorem

m Can choose «a s.t.
A — original feasible set

B If SOCP is exact over X, then assumption holds

Incidentally, this turns out to be the convergence condition in Arnold,et al, “Model-Free Optimal Control of
VAR Resources in Distribution Systems: An Extremum Seeking Approach,”



3 Suboptimality gap

any original
any local feasible pt
optimum slightly away

from X boundary

fx) - f(&) £ r »0

B Informally, a local minimum is almost as good
as any strictly interior feasible point



Simulations

# bus . CvX . . IPM . error speedup
obj time(s) obj time(s)
42 10.4585 6.5267 10.4585 | 0.2679 -0.0e-7 24.36
56 34.8989 7.1077 34.8989 | 0.3924 [ +0.2e-7 18.11
111 0.0751 11.3793 0.0751 0.8529 | +5.4¢-6 13.34
190 0.1394 20.2745 0.1394 1.9968 | +3.3¢-6 10.15
290 0.2817 23.8817 0.2817 43564 | +1.1e-7 5.48
390 0.4292 29.8620 0.4292 2.9405 | +5.4e-7 10.16
490 0.5526 36.3591 0.5526 3.0072 [ +2.9e-7 12.09
590 0.7035 43.6932 0.7035 44655 | +2.4e-7 9.78
690 0.8546 51.9830 0.8546 3.2247 | +0.7e-7 16.12
790 0.9975 62.3654 0.9975 2.6228 || +0.7e-7 23.78
890 1.1685 67.7256 1.1685 2.0507 | +0.8e-7 33.03
990 1.3930 74.8522 1.3930 27747 { +1.0e-7 26.98
1091 1.5869 83.2236 1.5869 1.0869 | +1.2e-7 76.57
1190 1.8123 92.4484 1.8123 1.2121 § +1.4e-7 76.27
1290 2.0134 101.0380 2.0134 1.3525 | +1.6e-7 74.770
1390 2.2007 111.0839 2.2007 1.4883 | +1.7e-7 74.64
1490 2.4523 122.1819 2.4523 1.6372 | +1.9¢e-7 74.83
1590 2.6477 157.8238 2.6477 1.8021 J +2.0e-7 87.58
1690 2.8441 147.6862 2.8441 1.9166 | +2.1e-7 77.06
1790 3.0495 152.6081 3.0495 2.0603 { +2.1e-7 74.07
1890 3.8555 160.4689 3.8555 2.1963 | +1.9e-7 73.06
1990 4.1424 171.8137 4.1424 2.3586 | +1.9e-7 72.84




% Outline: realtime OPF

Dynamic OPF [Tang, Dj, & Low, TSG 2017]

B 2" order algorithm
B Tracking performance
B Distributed implementation [Tang & Low, CDC 2017]

See also: Dall’Anese and Simonetto, TSG 2016
Wang et al, TPS 2016
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7.4~

7.2+

7=

6.8

6.6

6.4

6.2

6

5.8

5.6

—  fix*(1)
— filx(®)

IEEE 300 bus

| | | | | | | | | | |

5.4
06:00

06:30 07:00 07:30 08:00 08:30 09:00 09:30 10:00 10:30 11:00 11:30

Time

realtime OPF algorithms can track time-varying OPF well

|
12:00



Tracking performance

%107
800 — —1:6
700 Fi(X(t)) — fi(x*(2)) (1.4
600y | e (%) = filx=(2))) ) Fo(x7(2)) -2
500 ; {1
400 1§ k IEEE 300 bUS 0.8
300 - 10.6
200 E —0.4
LS, N

100 4

06:00 06:30 07:00 07:30 08:00 08:30 09:00

Time
%1073

800 1.6
700 — [(x@®)) - filx" ()
00— e (Fi(x(®) = f(x*())/ i (x*(2))
500
400
300
200 |-
100

0 - 0

09:00 09:30 10:00 10:30 11:00 11:30 12:00

Time

realtime OPF algorithms can track time-varying OPF well
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min  ¢,(¥(x))+c(x) )
s.t. y(x)Ey > S&t)?:t:f
x 1T X
7
- ™
min - ¢,(»(x),g,) +c(x,9,)
drifting
s.t. y(x,0)ED " OFF
x 1T X
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min  f,(x, y(x); m,)
over x T X

Quasi-Newton algorithm:

x(t+1)

y(t)

gx(t) - h

y(x(7))

(H(Z)) - % (x (t))EXt active control

law of physics

[Tang, Dj & Low, 2017]



<\TUTE
\\Aﬁ O,.){o
S % | | [ |
z
)

min  f,(x, y(x); m,)
over x T X

Computing x(z+1) by solving convex QP:
min (V/;(x(1)))" (x = x(2))

+ %(x - x(1))" B,(x(1))(x - x(¢))

e.g. approx Hessian

S. 1. xe X

[Tang, Dj & Low, 2017]



&) Tracking performance

T
o

a

=1

error .

1 : *
? xonlme (l‘) - X (t)H control error
(assuming x°""™(0) = x”(0))



&% Tracking performance

error = ié‘ x°”"”e(t)—x*(t)H
| thl
Theorem
e 1~ )
error < JiiT —e.TtZﬂ:(‘x (1)-x (t—l)H+Dt)
L N J

avg rate of drifting
 of optimal solution

 of feasible set
[Tang, Dj, & Low, TSG 2017]



&% Tracking performance

error = ié xomne (t)—x*(t)H
| thl
Theorem
e 1~o/) « X
error < . Z( x () - x (f-l)HJth)

JI, 1, -e T3

|

error in Hessian approx

[Tang, Dj, & Low, TSG 2017]



&% Tracking performance

T
error = ié‘ x°”"”e(t)—x*(t)H
T =1
Theorem

T

error < d 2 Z(

JI, 1, -e T3

|

“condition number”

of Hessian
[Tang, Dj, & Low, TSG 2017]

X" (1) - x" (¢ -1)| + Dt)



&% Implementation

Implement L-BFGS-B

B More scalable
B Handles (box) constraints X

Simulations
m IEEE 300 bus
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Tracking performance

%107
800 16
700 fr(x(t)) — filx* () 1.4
600~ ] e (fi(x(t) = fix*(2))) ) Fo(x*(2)) 112
»
500 [ 1
400 |-F 10.8
300 - 10.6
200 Lo,
e - NN

100 me

06:00 06:30 07:00 07:30 08:00 08:30 09:00

Time
%1073

800 %
700 — fi(X(t)) = fix"(1))
L e E— e— NI (fe(x(t) = filx" (1)) ) Fe(x*(2))
500
400
300
200
100

0

09:00 09:30 10:00 10:30 11:00 11:30 12:00

Time

IEEE 300 bus



Key message

Large network of DERs

B Real-time optimization at scale
B Computational challenge: power flow solution

Online optimization [feedback control]

B Network computes power flow solutions in real time
at scale for free

B Exploit it for our optimization/control
B Naturally adapts to evolving network conditions

Examples
B Slow timescale: OPF
B Fast timescale: frequency control



