Distributed Algorithms for
Wide-Area Monitoring of Power Systems

Theory, Experiments, and Open Problems

Aranya Chakrabortty
North Carolina State University

2015 JST-NSF-DFG-RCN Workshop
April 21, 2015, Arlington, VA

_ﬂ .
NC STATE UNIVERSITY. @ :
.4.-'(,/".




Increasing Volumes of PMU Data

Phasor Measurement Units in
North American Power Grid

@ PMU Locations
Y& Data Concentrators

With infarmation svailable as of November 12, 2012

2008: Only 40 PMUs in the entire east coast

2015: More than 1200 PMUs across USA
(Nearly 52 PMUs only in North Carolina)

« Massive volumes of PMU data need to be transported from one part of the grid to another
for monitoring and control

* Needs a highly reliable and resilient communication infrastructure
« Centralized processing will not be tenable
* Need combination of distributed monitoring spread over the entire system




Centralized vs Distributed Architectures
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Centralized vs Distributed Algorithms
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Centralized vs Distributed Algorithms

Area 1 Area 2 Area 3 Area 4
PMU PMU PMU PMU
PDC1 w w PDC 4

\\
PDC
Centralized

Data
Processing

Control Room

Super A/Umdlrectlonal

Communication

Distributed WAMS
Areal Area 3
U PMU
‘911(t)I I 015(1) i____——---"""]'( --------- i 931(01 I O3,(1) i
- 8 ! i
PDC1 ; : PDC3 I
K T
a,
as | [y,
_________ |34
PDC 4 (-’




Wide-Area OSC|IIat|on Estimation

Output Equation
y = col;es(AV;, AG;).

Swinq equation model:
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L(G) = fully connected network graph due tO load Controllable inputs

A. Chakrabortty & P. Khargonekar, ACC 2013



Wide-Area OSC|IIat|on Estimation

Output Equation
y = col;es(AV;, AG;).

Wide-Area Oscillation Monitoring:

—> Estimate the eigenvalues and
eigenvectors of M-LL using y(t)

Swinq equation model:
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L(G) = fully connected network graph d-ue tO ]_oad Controllable inputs

A. Chakrabortty & P. Khargonekar, ACC 2013



Wide-Area Oscillation Estimation
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Wide-Area Oscillation Estimation

Centralized:
Area 1 Area 2 Area 3 Area 4
PMU PMU PMU PMU
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Wide-Area Oscillation Estimation

Distributed:

PDC 2

> <4
Central PDC
at ISO

PDC4

Multiple Computational Areas
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Global Consensus Problem:
2
minimiz C.
ay,..ay 2 © Z CI
subjecttoa, —z=0, fori=1,...,N

Solve in a distributed way using:
Alternating Direction Method of Multipliers (ADMM)
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Synchronized ADMM

Step 2: Up-link Communication
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Area 1l
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Synchronized ADMM

Step 4: Down-link Communication
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Distributed Consensus Using ADMM

Iteration k+/
* Step 1 Update a; and w;
locally at PDC i

At = (T H + I (H) e —wh + pa)

k+l k+1)

Wt =wl + p(al

 Step 2 Gather the values of a;**1 at

the central PDC

 Step 3 Take the average of a;/**1

* Step 4 Broadcast the average value
(alk+1) to local PDCs

* Step 5 Check the convergence

* Final Step Find the frequency (};, and

damping o; at each local PDC using a;%*1

Privacy of PMU data between
companies guaranteed




Distributed Consensus Using ADMM

Iteration k+/
* Step 1 Update a; and w;
locally at PDC i

At = (T H + I (H) e —wh + pa)

k+l k+1)

Wt =wl + p(al

 Step 2 Gather the values of a;**1 at

the central PDC

 Step 3 Take the average of a;/**1

* Step 4 Broadcast the average value
(alk+1) to local PDCs

* Step 5 Check the convergence

* Final Step Find the frequency (};, and

damping o; at each local PDC using a;%*1

Privacy of PMU data between

companies guaranteed
perfect fit for differential privacy
(Katewa, Chakrabortty, Gupta, ACC 2015)




Cyber-Physical Coupling:
Incorporating Asynchronous Wide-Area Communication
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Cyber-Physical Coupling:
Incorporating Asynchronous Wide-Area Communication
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Cyber-Physical Coupling:

Incorporating Asynchronous Wide-Area Communication

E If a message doesn’t arrive at ISO by a
i delay threshold d,*

e Strategy 2:
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ExoGENI-WAMS Testbed at NC State & RENCI/UNC Chapel Hill
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RTDS Lab at FREEDM Center

Middleware provided by Green
Energy Corporation and RTI




Announcement # 1

American Control Conference
2016
July 6-8, 2016 in Boston, MA

- Chair for Industry and
Applications & Tutorials

- please email me if you want
to organize a tutorial or
special session!




Announcement # 2

Power Electronics and Power Systems
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Thank You

Email: achakra2(@ncsu.edu
Homepage: http://engr.ncsu.edu/achakra?2
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Conclusions

1. WAMS is a tremendously promising technology for control researchers

2. Control + Communications + Computing (CPS) must merge

3.

4.

Plenty of new research problems — EE, Applied Math, Computer Science
Plenty of new distributed optimization and control problems

Both theory and testbed experiments must progress

Right time to think mathematically — Network theory is imperative electric grid
Needs participation of young researchers!

Promises to create jobs and provide impetus to power engineering

‘ 4 RESEARCH . ENGAGEMENT \ INNOVATION




Main trigger: 2003 Northeast Blackout

NYC before blackout 2 Main Lessons Learnt from the 2003 Blackout:

1. Need significantly higher resolution measurements

=> From traditional SCADA (System Control and Data
Acquisition) to PMUs (Phasor Measurement Units)

2. Local monitoring & control can lead to disastrous results

Hauer, Zhou & Trudnowsky, 2004 => Coordinated control instead of selfish control
Kosterev & Martins, 2004




High-resolution PMU measurements from the US west coast grid
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Centralized vs Distributed Algorithms
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Centralized vs Distributed Algorithms

Centralized RLS

>

Unidirectional
Communication

U

Centralized
Data
Processing

Control Room

PDC1a

-

Heirarchically Distributed Prony

PDC1b

Z

PMU PMU
01141 I I921a(t) 2mu) I I Op1(1)

PMU PMU
0134 (1) I Iez3a(t) 013 (t)I I 0230 (1)

PDC3a

PDC3b

On1c(0)

Oanc(t)

O15(0)

PDC 1c

: : PDC 2¢

6zzc(t)/\

a

Central PDC

at ISO

N 2
PDC3
—k ¢

Onse (1)

&5

<

PDC2a
O124(t) I Igm(t) O120(t)
PMU

=

PDC2b

I I Oran(t)
PMU

1
1
1
1
1
T
1
1
1
1
1
1
1
1
1
1
1
[

Specific application of our interest:
Wide-area oscillation monitoring
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Motivating the Wide-Area Oscillation Monitoring Problem:

* Synchronous Generator Models

5,-=w,-—w,
M;w; = Fi — z(wz_ws)_-P'G

5 Tdi i — T .
ds xdi Control input

Excitation voltage

* Power Flow Equations

VR % G + 1
E.Zo. JXai |

—>r To rest of
m_ ~ "k network

o | l
~ | L * L
16, — ]
—>
P + jQ%
PiG = Ez,V, . —0,) + (wd. mqs) stm(2(5 _. |:> Bus voltage and phase angle
) TqiT g Algebraic variables
_E)V; Ty — Ty Ty — a:q, Measured by PMU
@F = % con(s, - 6) — (=20 - ZA= T (25, )

A. Chakrabortty & P. Khargonekar, ACC 2013



Grid Dynamic Models

* |_oad Models

'PJ:L = a’jv}z + b.’IVJ +¢; ) ;j, e; = constant impedance
L 2 ;s J; = constant current
Y = e;V: .V . 92 Ji

Q" 373 + f" J t 9i Cj, g = constant power

* Transmission Line Model

P,; = GijV;® + B;;ViV; ein(6; — ;) — Gi;ViV; cos(6; — 6;) }
Pi-model

Qij = (By — Bf;)V;* — ByjViVj cos(6; — 6;) — Gi; ViV;sin(6: —65).

E/S V.Z6 V, 26,
@ ¢ * _| Bus k
Gi Bus i == ==
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A. Chakrabortty & P. Khargonekar, ACC 2013



» Total Network Model

Ad I
MAw| = -D
AE 0

L(G) = fully connected
network graph

0
—P
J

Ad 0
Aw [+ [coliciayn () | +
AE| |colizm(ps)]

due to load

¥ [AEF]

Controllable inputs

Output Equation
y = col;es(AV;, A6;).

i)




Simulation Results

IEEE-68 Bus Model (simplified model of the New-England power system)

PMli‘ G PMU Gl®;MU Gs — 59
66 40— 53 4= 1760 61
7 — 26 Gé’S\PMU * 68 Bus, 16 Generators

E * 5 Computational Areas

» Simulations are performed in
Power System Toolbox (PST)

* A three-phase fault occurred at
line connecting buses 1 and 2,
started at t=0.1 (sec), cleared at
bus 1 at t=0.15 (sec), and
cleared at bus 2 at t=0.2 (sec).




Distributed Prony:
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Incorporating Asynchronous Communication




Distributed Consensus Using ADMM

Iteration 0
Initialize the primal variable

a;° and the dual variable w;° at
cach local PDC i




Distributed Consensus Using ADMM

Iteration k+/
* Step 1 Update a; and w;
locally at PDC i

At = (T H + I (H) e —wh + pa)

k+1 =k+1
i+ _a+)

Wt =w + p(a




Distributed Consensus Using ADMM

Iteration k+/
* Step 1 Update a; and w;
locally at PDC i

At = (T H + I (H) e —wh + pa)

k+1 k k+t1 Fk+1
W =w +p@ " -am)

 Step 2 Gather the values of a;**1 at
the central PDC

 Step 3 Take the average of a;/**1




Distributed Consensus Using ADMM

Iteration k+/
* Step 1 Update a; and w;
locally at PDC i

At = (T H + I (H) e —wh + pa)

k+t1 Fk+1
i+ _a+)

Wt =w + p(a

 Step 2 Gather the values of a;**1 at
the central PDC

 Step 3 Take the average of a;/**1

* Step 4 Broadcast the average value
(_aik+1) to local PDCs

* Step 5 Check the convergence




Distributed Consensus Using ADMM

Iteration k+/
* Step 1 Update a; and w;
locally at PDC i

At = (T H + I (H) e —wh + pa)

k+l k+1)

Wt =wl + p(al

 Step 2 Gather the values of a;**1 at
the central PDC

 Step 3 Take the average of a;/**1

* Step 4 Broadcast the average value
(alk+1) to local PDCs

* Step 5 Check the convergence

* Final Step Find the frequency (};, and

damping o; at each local PDC using a;%*1




