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Presentation Overview

 Duke Energy PMU Deployment
 Review what Lyapunov Exponents (LEs) Are
 Review Application of LEs to DEC PSSE System Model
 Stability of Stable Systems using LEs
 Improvement in LE Prediction Using Filters
 Application of LEs to System Results
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Duke Energy Phasor Deployment

Carolinas West
 128 PMUs installed at 60 substations (covers all 500kV & 

230kV substations, tie lines, and other select substations)
 PMU capable DFR for generators: 18 @ 5 plants, Plans for 

10 additional @ 3 plants
 Current Tools: Visualization Software / Post Event 

Analysis; EMS integration of phasors in State Estimation
 PMUs installed at one distribution (solar) facility 

Carolinas East
 9 PMUs installed; Plans for 39 by end of 2018
 PMU capable DFR for generators: 4 @ 2 plants

Duke Energy Midwest
 Originally 32 PMUs installed as part of MISO program at 

select 345 & 230kV substations
 Plan to add 6 PMUs in 2016  as part of relay upgrade 

projects 
Duke Energy Florida 

 Plans for 20 PMUs over the next few years



Research Effort

 Research Team
 Duke Energy
 SAS Institute
 North Carolina State University

 Goal:  develop tools that provide useful information for real-time operations.
 Short-Term Voltage Stability Assessment 
 Lyapunov Exponent

 Learning loop system 
 Use PSS/E simulation software to generate cases for voltage stability
 Use Lyapunov Exponent to identify vulnerable situations
 Apply to PMU data in real time



[Reference 2]
λ=

Lyapunov Exponent

 Characterizes the rate of convergence or divergence of non-linear dynamical systems.
 For unstable/stable systems the Lyapunov Exponent will be positive/negative

 General Equation

 Time Series Calculation

+λ Unstable

[Reference 1]

-λ Stable
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Lyapunov Exponent Time Series - Simulation
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Stable System LE



Average Value Method
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Normal System Response



LE, Average Value LE, Time Average LE
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Comparison of Average Values, Time Average Value, and Integral Value



Integral of LE Values
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Intermediately Stable Response



Intermediately Stable System LE
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Intermediately Stable Case with Filtering

Filtering helps identifying voltage collapse at specific buses.
Higher tier buses remained stable, LEs show this as well. 



Unstable System LE
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This case only ran for 2.5 seconds after the transient at 1 second. 



120-BC0kwsc-GODBEY-NTH-8100
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Positive LEs are shown for some buses, but this an ultimately unstable case.



Intermediately Stable Case with Filtering

Very positive LEs for all buses result from filtering voltages prior to LE calculation.



System Analysis Results

• Positive LE’s result in the unstable case. 
- Exception is Sub-3 based on detection method, which is easily fixed.

• Blue boxes indicate the LE doesn’t become more positive as system load increases.
- Substation buses don’t track well with generator events.
- Generator buses don’t track well with line events.



Applications

 Additional information for State Awareness
 Tripping load buses during voltage collapse, will help match load to generation capability.
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