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PJM System 

• PJM’s Base-case power system (State 
estimation EMS using CIM-compliance format 
or PSSE format) 

 

• Look-ahead scenario (proposed power transfer, 
look-ahead loads, look-ahead generation 
dispatch scheme, planned outage schedule) 

 

• PJM’s On-line Available transfer capability 
monitoring system and (smart) enhancements 
(i.e. increase ATC in a smart way) 
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Contingencies cause limits on power systems 

Hard Limits 

Transient (angle) instability  

Voltage instability 

Small Signal Stability  

 

 

  



Contingencies cause limits on power systems 
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Challenges and Opportunities 

ATC Monitoring and Enhancement 

Systems Data issues 

 

• Real-time network model of 13,000-bus, 18168 
braches 

 

• Real-time data 

 

• Verification of model and data 
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Responses 

 Identify critical component and parameters. 

 Validate and correct model structure and parameters 

using measurement-based (mismatch-based) approach. 



Challenges and Opportunities 

ATC Monitoring and Enhancement 

Systems Computation Challenges 

 

• On-line computation capability 

 

• N-1 Criteria 

 

 



Challenges and Opportunities 

ATC Monitoring and Enhancement 

Systems Control Challenges 

 

• Optimal control design  

(priority-based, minimum number of control 
actions and minimum amount of control actions) 

 

• On-line optimization technologies 

 

 



Problem statements 

Considerations (ATC monitoring 

systems) 

1. ATC of the base-case power system  

2.  ATC of base-case + contingencies 

3. Which ones will cause ATC’s limitation ? 

(insecure contingencies) 

4. Which ones will push the system near its 

limitations ? (critical contingencies) 

5. Where are the weak buses, weak areas ? 

 



Architecture of Real-Time Stability Monitoring 

Systems 

On-line Voltage Stability 
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On-line Dynamic Stability 
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Monitoring & Analysis (Base-Case) 
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Real-Time ATC Monitoring System 
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On-line TSA (Transient Stability 

Assessment) 

• 12,000 plus buses in system model 

• 1,300 generators 

• 3000 contingencies 

• 15-minute cycle for real-time EMS data 

• 5 minutes in cycle allocated for contingency 

screening 

• target is 1.5 seconds to 2 seconds per 

contingency 



Model for each contingency 

Differential equations 

Nonlinear algebraic 

equations 



Time-Domain Approach 

 

• Speed: too slow for on-line applications 

• Degree of Stability: no knowledge of 

degree of stability (critical contingencies vs 

highly stable contingencies) 

• Control : do not provide information 

regarding how to derive effective control 



Dynamical behavior, a generator’s 

angle 



Post-Fault System 

x = f(x,y) 

tcl< t < t   

. 

Time-Domain Approach Direct Methods (Energy Function) 

Pre-Fault System 

Numerical integration 

x(t) 

t = tcl t 

post-fault trajectory 

initial point of post-fault 

trajectory 
1. The post-fault trajectory x(t) 

    is not required 

2. If v(x(tcl))< vcr, x(t) is stable. 

    Otherwise, x(t) may be unstable. 

• (Pre-fault s.e.p.) • (Pre-fault s.e.p.) 
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Direct stability assessment is based on  

an energy function and the associated 

critical energy 
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History of Direct Methods 

• R&D between 1950s and 1980s were 
based on heuristics and did not work. 

• Theoretical foundations were developed in 
1987 by Chiang, Wu and Varaiya 
(Berkeley) 

• Practical methods, Controlling UEP 
method + BCU method, were developed in 
the 1990s. 



History of Direct Methods 

• MOD (mode of disturbance) method 

(1970-1980s) 

• PEBS method (by Kakimoto etc.) 

• Acceleration machine method (Pavella 

etc.) 

• Extended Equal Area Criteria (EEAC) 

• Single-Machine-Equivalent-Bus  (SIME) 

• BCU method  

• TEPCO-BCU method 



Key developments 

• Theoretical Foundation 

• Design of Solution Algorithm  

• Numerical Methods  

• Implementations (Computer 
Programs) 

• Industrial User Interactions 

• Practical system installations 
 



Key developments 

1. Theoretical Foundation (gain 

insights and build belief) 

• Theory of stability boundary 

• Energy Function Theory (extension 

of Lyapunov function function) 

• Energy Functions for Transient 

Stability Models (non-existence of 

analytical energy function) 

 



Key developments 

1. Theoretical Foundation (gain 

insights and build belief) 

• Theoretical Foundations of Direct 

Methods  

• CUEP method and Theoretical 

foundation 

• Theoretical Foundation of BCU 

method 

 



Important Implications 

• CUEP method is the key direct method 

 

• To directly compute CUEP of the original 
power system model, the time-domain 
approach seems to be  the only approach 

 
• These results serve to explain why 

previous direct methods did not work 
(motivation of developing BCU method) 



Fundamentals of BCU Method 

 

What: a boundary of stability region based  

           controlling unstable equilibrium point 

           method to compute the critical energy 

Why: an effective method to compute CUEP.  
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Fundamentals of BCU Method 

 

Basic Ideas:  Given a power system stability 

model (which admits an energy function),  the  

BCU method computes the controlling u.e.p. of  

the original model via the controlling u.e.p. of a  

dimension-reduction system whose controlling  

u.e.p. can be easily, reliabily  computed.  



Fundamentals of the BCU 

Method 
Step 1: define an artificial, dimension-       

reduction  system satisfying the static as well as 

dynamic properties. 

  (how ?) explores special properties of the 

underlying original model 

Step 2: find the controlling  u.e.p. of the 

dimension-reduction system  

  (how?) explores the special structure of the 

stability boundary and the energy function of the 

dimension-reduction system.  



Fundamentals of the BCU 

Method 
 

Step 3: find  the controlling u.e.p. of the  

             original system. 

 

(How ?) relates the controlling u.e.p. of the  

artificial system to the controlling u.e.p. of the  

original system with theoretical supports. 

 



BCU Method 

• Explores the special structure of the 

underlying model so as to define an 

artificial, reduced-state model which 

captures all the equilibrium points on the 

stability boundary of the original model, 

and then 

• Computes the controlling u.e.p. of the 

original model via computing the 

controlling u.e.p. of the reduced-state, 

which can be efficiently computed without 

resorting to an iterative time-domain 

procedure. 



• Development of a Group-based BCU 

Method – Part I: Research 

• Development of Improved BCU Classifier 

for TEPCO Incorporated Analytical System 

• Study of the Applicability of Improved 

BCU Classifiers for Multi-swing Stability 

Analysis 

• Continual Development of BCU Classifiers 

(Version 2) 

• Study of the precision improvement for the 

Group-based BCU Method 

• Feasibility Study of Developing New Time-

Domain Energy Indices for TEPCO Power 

System 

• Study of Detailed Excitation Models in 

BCU Program for TEPCO Power System 

• Enhancements of BCU Program with TEPCO 

Transient Stability Models 

• Research into BCU Method for Practical 

Application to Comprehensive Stability Model 

• Extensions of BCU Method to Transient 

Stability Models with Non-smooth Load Models 

• Feasibility Study of Developing Screening Methods to 

Decide Network Reconfiguration and Network Reloading 

for Maintaining/Improving Transient Stability 

• Feasibility Studies of Developing Time-Domain Energy 

Indices for Dynamic Security Assessment 

• Development of a group-based BCU Classifier – Part II: 

Development 

• Development and Implementation of 

Group-based BCU Program and Study on 

Computing Method of Energy Margin Index 

for BCU and Group-based BCU Methods 

• Development and Implementation of Models 

of Generator Controllers and Phase-shifters for 

BCU and GBCU Programs 

• Improvement in the Performance of Group-

based BCU Programs 

1997 

1998 

1999 

2000 

2001 

2002 

2003 

2004 

2005 

BSI &TEPCO Joint 

Development 1997 – 

Present (2011) 

•U.S. Patent allowed for issuance 11/02/2004: METHOD 

AND SYSTEM FOR ON-LINE DYNAMICAL 

SCREENING OF ELECTRIC POWER SYSTEM. 

•A Second Patent Application is Pending 



TEPCO-BCU 

• TEPCO-BCU is developed under this 

direction by integrating BCU method, 

improved BCU classifiers, and BCU-guide 

time domain method. The evaluation 

results indicate that TEPCO-BCU works 

well on several study power systems 

including a 15,000-bus test system.  









High-level  Overview 
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PJM Evaluation Results  

• (1)     Reliability measure: TEPCO-BCU 

consistently gave conservative stability 

assessments for each contingency 

during the three-month evaluation time. 

TEPCO-BCU did not give over-

estimated stability assessment for any 

contingency.  



PJM Evaluation Results  

• For a total of 5.29 million 

contingencies, TEPCO-BCU captures 

all the unstable contingencies. 

Total No. of 

contingency 

 

Percentage of capturing 

unstable contingencies 

 

5293691 

 

100% 

 

Table 1.Reliability Measure  



• TEPCO-BCU consumes a total of 717575 

CPU seconds. Hence, on average, 

TEPCO-BCU consumes about 1.3556 

second for each contingency.  

 

Speed:  

Total No. of 

contingency 

 

Computation Time 

 

Time/per 

contingency 

 

5293691 

 

717575 seconds 

 
1.3556 

second 

 

Table 2. Speed Assessment  



Screening measure:  

• Depending on the loading conditions 

and network topologies, the screening 

rate ranges from 92% to 99.5% 

Total No. of contingency 

 

Percentage Range 

 

5293691 

 

92% to 99.5 % 

 

Table 3. Screening Percentage Assessment  



A summary 

• The overall performance indicates that 

TEPCO-BCU is an excellent screening tool 

These unstable contingencies exhibit first-

swing instability as well as multi-swing 

instability.  

Reliability 

measure 
 

Screening 

measurement 
 

Computation 

speed 

 

on-line 

computation 

 

100% 

 

92% to 99.5% 

 
1.3 second 

 

Yes 

 

Table 4. Overall performance of TEPCO-BCU for on-line 

dynamic contingency screening  



Proposed PJM Implementation 
20 Processors 

3000  

Contingencies 

Contingency  

Ranking  

1 to 3000 

TEPCO-BCU 

3.75 to 5 Min. 



Remarks 

This evaluation study represents the largest 

practical application of the stability region 

theory and its estimation of relevant 

stability region behind the BCU 

methodology in terms of the size of the 

study system which is a 14,000-bus power 

system dynamic model with a total of 5.3 

million contingencies. 

 



Control Developments 

1. Preventive control (against all insecure 

contingencies) 

2. Enhancement control (to increase load 

margins for critical contingencies) 



Example of Enhancement Control 



Enhancement control results on 

Structure-Preserving Models (DAE) 

Contingency 

# 

Fault- bus: fault-

line 

Original CCT Maximum CCT 

after 

enhancement 

controls 

% 

Improvement 

1 7: 7, 6 0.1539 0.5211 238.5965 % 
2 59: 59, 72 0.2633 0.4592 74.40182 % 
3 112: 112, 69 0.2631 8.3104 3058.647 % 
4 91: 91, 75 0.301 0.6271 108.3389 % 
5 6: 6, 1 0.1667 4.4899 2593.401 % 
6 12: 12, 14 0.3209 0.5936 84.97974 % 
7 6: 6, 10 0.2713 4.296 1483.487 % 
8 33: 33, 49 0.2007 0.4371 117.7877 % 
9 69: 69, 32 0.1408 0.3532 150.8523 % 

10 105: 105, 73 0.2021 0.2935 45.22514 % 
11 59: 59, 103 0.2442 5.798 2274.283 % 
12 66: 66, 8 0.3135 2.4021 666.2201 % The enhancement control scheme is also effective on SP model 



My Belief 

solving practical problems efficiently 

and reliably  can be accomplished  

through  

• a thorough understanding of the 

underlying theory, in conjunction 

with  

• exploring the features of the 

practical problem under study 


