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Models for Future Power Grid

Large number of distributed 
generators, storage and 
demand response
High penetration of variable 
renewable resources

Data availabilities
Computation capabilities

Real-time distributed stream 
processing
High performance 
computing
Adaptive to data quality and 
quantity Protected Information | Proprietary Information

Models of Power Grid
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Outline

Motivation
HPC-enabled power models 
Distributed computing in Power 
Grid
Data affect the distributed data 
communication 

Adaptive Middleware for 
Distributed State Estimation with 
PMUs 

Middleware architecture 
Adaptive behavior modeling
A testbed prototype

Future Work
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Technology Integrated Capabilities 

 
Suite



Motivation: three application examples

Parallel State Estimation: 
estimate system states 
and generate critical inputs 
for many power system 
operational functions

Parallel Contingency 
Analysis

Distributed System 
Architecture
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Functional structure of today’s power 
system operations

“Obviously, the availability of this large amount of real‐time data from each substation, time stamped at 

 
high sampling rates, warrants the rethinking of wide‐area monitoring and control applications.”

 

‐‐

 

Quote 

 
from Prof Bose, IEEE Fellow, Smart Transmission Grid Applications and Their Supporting Infrastructure, IEEE 

 
Transaction on Smart Grid, Vol.1. No.1, June 2010



Motivation: three application examples

Parallel State Estimation
Parallel Contingency Analysis: help determine the impact of potential 
equipment failures by considering “what-if” scenarios
106 ~ 108 cases, each with 100KB ~ 150MB data
For WECC model,  a 500-times speedup was achieved with 512 
processors 
Distributed System Architecture
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Motivation: three application examples 

Parallel State 
Estimation
Parallel Contingency 
Analysis
Distributed System 
Architecture: 
provides a high level 
interconnection between 
each remote control 
center
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Bad Data Detection 
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Bad Data Detection

June 27, 2012 8

PMU: SEL4511

PMU: SEL351A

PMU: SEL4512



Application in Distributed State Estimation
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Preprocessing and data preparation: e.g. 

 

partitioned IEEE 118‐bus system

Step 1: Solve the internal state estimation 

 

for Area 1 and Area 3 . 

Step 2: 

 

Using the internal 

 

measurements of Area 2, tie line 

 

measurements, and the state 

 

estimation output messages passed 

 

from Area 1 and Area 3 perform the 

 

state estimation for Area 2.  

Step 3: Pass updated tie‐line 

 

information obtained in step 2 to Area 1 

 

and Area 3. Run state estimation for 

 

augmented Area 1 and Area 3 with 

 

more measurements

Distributed State Estimation 

 

Steps:  
Subareas run their own 

 

state estimation on HPC 

 

clusters

Data communication connects subareas



Measurements and Observations
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TIME COST FOR STATE ESTIMATION ON THE WHOLE IEEE 118-BUS SYSTEM 
AND ITS THREE AREAS WITH DATA EXCHANGE (TIME:SECOND) 

   
Measurement 118 

system 
Area 1 Area 2 Area 3 

Perfect power 
flow+5%  noise 

0.8501 0.2738 0.4359 0.2756

Perfect power flow 
+ 10% noise 

0.8891 0.2745 0.4486 0.2488

Perfect power flow 
+ 20% noise 

0.9006 0.2765 0.4489 0.3104
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THE EVALUATION METRIC J OF DIFFERENT CASES
 5% noise 10% noise 20% noise
Area 1 8.85e-4 9.69e-4 5.97e-4
Area 2 8.31e-4 9.09e-4 9.38e-4 
Area 3 1.85e-3 3.87e-4 1.99e-3 
Augmented  
Area 1 

6.82e-4 3.27e-4 5.33e-4

Augmented  
Area 2 

6.88e-4 3.79e-4 9.20e-4

Augmented  
Area 3 

4.26e-4 3.36e-4 3.77e-4 

 

Computing Delay
Total time taken (in 3 steps) to run 

 
concurrent distributed real‐time 

 
state estimations on BA level is 

 
comparable to run the whole 

 
system

Accuracy
With the help of data exchange, the 

 
accuracy of state estimation 

 
increases



Outline

Motivation
HPC-enabled power models 
Distributed computing in Power 
Grid
Data affect the distributed data 
communication 

Adaptive Middleware for 
Distributed State Estimation with 
PMUs 

Middleware architecture
Adaptive middleware components 
Testbed prototype
Architecture validation by 
simulation

Future Work
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Suite



Middleware Architecture for Stream Processing
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Launching MPI Runs on Remote Clusters 
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A Testbed Prototype
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tuning networking 

 
condition middleware

data process

power app
(state estimation)

VM Node



Modeling Middleware Behavior

15



Modeling Middleware Behavior - PDC
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Modeling Middleware Behavior
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Modeling Middleware Behavior - Network
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Modeling Middleware Behavior
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Modeling Middleware Behavior – State Estimation
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Model Simulation Results of End-to-End Time 
Taken
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Modeling Middleware Behavior

22



Scalability of the Model and Middleware

June 27, 2012 23

50 PMU data files 100 PMU data files 200 PMU data files

500 PMU data files 1000 PMU data files



Future Work

Enhance the middleware with fault tolerance strategies
How to overcome failed distributed participants (e.g. state estimators): 

allow that part of the system to become unobservable, or have the entire 
network split amongst the state estimators that are up and running

Test the middleware for the WECC model 
Scale up to handle 10,000 of PMUs and 30~40 distributed participants in 
peer-to-peer communication
A tool suite to model a test case and provide simulation results of 
computation and communication delays 
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