
A Measurement-based Framework for Modeling, 

Analysis and Control of Large-Scale Power Systems 

using  Synchrophasors 

Aranya Chakrabortty 

 

 

 

 

 

 

Electrical & Computer Engineering Department 

North Carolina State University 

 

                               

  
LCCC Workshop, Lund University 

18th May, 2011 

 



Power System Research Consortium (PSRC, 2006-present) 

2 

Wide Area Measurements (WAMS) 

• 2003 blackout in the Eastern Interconnection 

EIPP (Eastern Interconnection Phasor Project) 

NASPI (North American Synchrophasor Initiative) 
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 1. Model Identification of large-scale power systems  

 2. Post-disturbance data Analysis 

 3. Controller and observer designs, robustness, optimization 



NYC before blackout 

NYC after blackout 

Lesson learnt:  

1. Wide-Area Dynamic Monitoring is important 

2. Clustering and aggregation is imperative 

Ohio New England 

INTER-AREA 

STABLE 

INTER-AREA  

UNSTABLE 

Power flow 

Hauer, Zhou & Trudnowsky, 2004 

Kosterev & Martins, 2004 
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Main trigger: 2003 Northeast Blackout 



Model Aggregation using distributed PMU data 

1. Model Reduction 

• How to form an aggregate model 

   from the large system 

Problem Formulation: 

• Chakrabortty & Chow (2008, 2009, 2010), Chakrabortty & Salazar (2009, 2010) 

PMU 

PMU 

PMU 

6-machine, 30 bus, 3 areas 
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1. Model Reduction 

• How to form an aggregate model 

   from the large system 

Problem Formulation: 

Area 1 

Area 2 Area 3 

Aggregate  

Transmission  

Network 

PMU 

PMU 

PMU 

6-machine, 30 bus, 3 areas 

• Chakrabortty & Chow (2008, 2009, 2010), Chakrabortty & Salazar (2009, 2010) 

Model Aggregation using distributed PMU data 
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Two-area Model Estimation 



Two-area Model Estimation 
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Problem:  

How to estimate all parameters? 

x1, x2, H1, H2 

PMU PMU 
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 • Key idea : Amplitude of voltage oscillation at any point is a function of its electrical 

distance from the two fixed voltage sources. 
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Reactance Extrapolation 
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Reactance Extrapolation 
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Reactance Extrapolation 
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• From linearized model 
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• For a second equation in H1 and H2, use law of conservation of angular momentum  
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• However, ω1 and ω2 are not available from PMU data,   
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IME: Method (Inertia Estimation) 

• Reminiscent of Zaborsky’s result 

1

2

2

1






H

H

9 



• Express voltage angle θ  as a function of  δ,  and differentiate wrt time to obtain a 

relation between the machine speeds and bus frequencies:  
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   are known from reactance extrapolation. 

• Hence, we calculate ω1/ω2 to solve  

   for H1 and H2 . 
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Illustration: 2-Machine Example 

• Illustrate IME on classical 2-machine model (re = 0) 

• Disturbance is applied to the system and the response simulated in MATLAB 

Voltage oscillations at 3 buses 
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H2  = 9.49 pu 
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Application to WECC Data 

• 2000 gens  
• 11,000 lines 
• 22 areas, 6500 loads 

Grand  
Coulee 

Colstrip 

Vincent 

Malin  SVC 
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Application to WECC Data 
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• Oscillations 
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                                                  effects) 
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WECC Data 
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• Can use modal identification methods such as: ERA, Prony, Steiglitz-McBride  
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PMU 

PMU 

PMU 

Full Model Aggregated Model 

Metrics indicating the dynamic interaction 

between the areas  

Aggregated 

Model 

PMU 1 

PMU 3 
PMU 3 

Signal 

Processing 

Modes, Amplitude, 

Residues, Eigenvectors 

Application for Stability Assessment 
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Energy Functions for Two-machine System 
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Energy Functions for WECC Disturbance Event 

Sending End and Receiving End  

Bus Angles 
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Total Energy = Kinetic Energy + Potential Energy 
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Energy Functions for WECC Disturbance Event 

• Total energy decays exponentially – damping stability 

• Total energy does not oscillate –  Out - of - phase osc.  

                                             – Damped pendulum 
Potential Energy  

Kinetic Energy  
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More than Two Areas: Pacific AC Intertie   

• Chakrabortty & Salazar (2009, 2010) 

• Current in each branch is different 

• No single spatial variable a 

• Derivations need to be done piecewise  

  (each edge of the star) 

• Two interarea modes/ relative states – δ1 & δ2 

Salient Points  
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PMU Placement Problem 

• If a tie-line has PMU’s at both ends, what is the 

best point of measurement for identification? 

Especially if the PMU data are noisy and unreliable?   

Model :  u
I















































 0

0

0













L Ej 

Want to estimate :  rj, xj, H1j, H2j 

21 



PMU Placement Problem 

• If a tie-line has PMU’s at both ends, what is the 

best point of measurement for identification? 

Especially if the PMU data are noisy and unreliable?   

Model :  u
I















































 0

0

0













L Ej 

Want to estimate :  rj, xj, H1j, H2j 

• For any edge j : )1( )**()()(

1

11
,  




kumAmAakaV

n

i

k

iji

k

ijij
j

j


Spatial variable 

21 

),(

)(
   

),(

)(

2121
HH

kV
K

xx

kV
H






















TT

TT

KKKH

HKHH
J

Fisher Information Matrix 

depends on aj  

• Stack up measurements & define : 

• Problem statement: Find optimal  aj  s.t. Cramer-Rao Bound is minimised 



The PMU Allocation Problem 

• Chakrabortty & Sczodrak (2010) 
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Parameter
s 

Actual 
Values 

Iteration 1 Iteration 1 
 

Iteration 1 
 

Iteration 1 
 

Iteration 1 
 

r 0.1 0.05 0.06 0.08 0.08 0.093 

x 1 0.58 0.64 0.78 0.83 0.981 

H1 19 15.65 17.91 17.65 18.55 18.98 

H2 13 10.86 10.91 11.68 12.35 12.75 

a - 0.428 0.412 0.409 0.408 0.408 



The Wide-area Control Problem 
• Computational complexity sharply increases with number of areas  

• Chakrabortty, Nudell & Martin (ongoing) 

Area Identification Border Buses 

Network Reduction * 
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The Wide-area Control Problem 
• Computational complexity sharply increases with number of areas  

PMU PMU

PMU PMU

Area Identification Border Buses 

Network Reduction * 

Control Allocation-  

Inverse Problem 
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The Cyber-Physical Challenge 
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• Distributed Identification/Simulation: 

A number of computers solve assigned chunks of the system dynamics and  

Exchange information to update the state - coupling 
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• Joint work with CISCO Systems and UNC Chapel Hill 



Phasor Lab 
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Sources of Data & Validation 
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1. Real PMU Data from WECC   (NASPI data) 

2. RTDS-PMU Data (Schweitzer PhasorLab) 

3. FACTS-TNA with NI CRIO PMUs 

We can provide all three data via our 

FREEDM facilities 
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Conclusions 

1. WAMS is a tremendously promising technology for smart grid researchers 

 

2. Different disciplines must merge 

 

3. Plenty of new research problems – EE, Applied Math, Computer Science 

 

4. Plenty of new engineering problems 

 

5. Right time to think mathematically – Network theory is imperative 

 

6. Right time to pay attention to the bigger picture of the electric grid 

 

7. Needs participation of young researchers! 

 

8. Promises to create jobs and provide impetus to the ARRA 
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Thank You 
Email: aranya.chakrabortty@ncsu.edu 

 

Homepage: people.engr.ncsu.edu/achakra2 
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