IOWA STATE UNIVERSITY

Digital Repository

Iowa State University Capstones, Theses and

Retrospective Theses and Dissertations . .
Dissertations

2006

Power Sffstem dynamic security analysis via
decoupled time domain simulation and trajectory
optimization

Dan Yang

Towa State University

Follow this and additional works at: https://lib.dr.iastate.edu/rtd
0 Part of the Electrical and Computer Engineering Commons, Mathematics Commons, and the

Qil, Gas, and Energy Commons

Recommended Citation

Yang, Dan, "Power system dynamic security analysis via decoupled time domain simulation and trajectory optimization " (2006).
Retrospective Theses and Dissertations. 1902.
https://lib.dr.iastate.edu/rtd /1902

This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at lowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University

Digital Repository. For more information, please contact digirep@iastate.edu.

www.manharaa.com


http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F1902&utm_medium=PDF&utm_campaign=PDFCoverPages
http://lib.dr.iastate.edu/?utm_source=lib.dr.iastate.edu%2Frtd%2F1902&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F1902&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F1902&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/theses?utm_source=lib.dr.iastate.edu%2Frtd%2F1902&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd?utm_source=lib.dr.iastate.edu%2Frtd%2F1902&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/266?utm_source=lib.dr.iastate.edu%2Frtd%2F1902&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/174?utm_source=lib.dr.iastate.edu%2Frtd%2F1902&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/171?utm_source=lib.dr.iastate.edu%2Frtd%2F1902&utm_medium=PDF&utm_campaign=PDFCoverPages
https://lib.dr.iastate.edu/rtd/1902?utm_source=lib.dr.iastate.edu%2Frtd%2F1902&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digirep@iastate.edu

Power system dynamic security analysis via decoupled time domain

simulation and trajectory optimization

by

Dan Yang

A dissertation submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Major: Electrical Engineering

Program of Study Committee:

Venkataramana Ajjarapu, Major Professor
James D. McCalley
Zhengdao Wang
Zhijun Wu
Arne Hallam

Iowa State University
Ames, Iowa

2006

Copyright © Dan Yang, 2006. All rights reserved.

www.manharaa.com




UMI Number: 3244373

Copyright 2006 by
Yang, Dan

All rights reserved.

®

UMI

UMI Microform 3244373

Copyright 2007 by ProQuest Information and Learning Company.

All rights reserved. This microform edition is protected against
unauthorized copying under Title 17, United States Code.

ProQuest Information and Learning Company
300 North Zeeb Road
P.O. Box 1346
Ann Arbor, MI 48106-1346

www.manharaa.com



To my grandma

www.manharaa.co



BHIFAE

www.manharaa.co



iv

TABLE OF CONTENTS

CHAPTER 1 INTRODUGCTION .....ooiiiiieiieieetiesieeieete ettt sttt sttt st 1
1.1 BACKGIOUNA .....viiiiiieciieeceeee ettt e et ettt e et e e e b e e essaeeessaeesnsnaesnneeenns 1
1.1.1 Electric POWer INAUSIIY .......ccoiiiiiiieeiieeciieeeiee ettt s 2
1.1.2 Power System Stability and SECUTILY .........ceecuvieriieeriieeiiee et 3

1.2 LAterature REVIEW .......coiuiiiiiiiiiiiiieieeeee ettt ettt et e 5
1.2.1 StatiC ANALYSIS veeeeuvieiiiieeiiieeiieeeiteeeieeeeiee e et e esteeesbeeessbeeesseessaseessseesnsseesnseeensseens 5
1.2.2 Instability Identification for Small Disturbances............cccoeevveeeviiiiniiiiiniieeeieee, 6
1.2.3 Control Strategies for Small Disturbances............cccoveerieeiiiiiiiiiiniiieniceecee 9
1.2.4 Instability Identification for Large Disturbances...........ccocceeveervieinicnicenicniennnen. 11
1.2.5 Control Strategies for Large Disturbances............ccoocueeevieernieeniieeniieenieeeieeee 12

1.3 MIOTIVALION......eeniiiiiiieiteeteeit ettt ettt ettt et st ettt e st e b e sane e e e seneeneenaneean 15
1.4 OTANIZATION. ....eeiuiiieiiieeeiiee ettt et ee ettt e et e et e st e e e bt e e sabteesabeeebbeesnsbeesnbeeesabeeenaseens 22
CHAPTER 2 POWER SYSTEM MODEL ........cootiiiiiiiiiiiiieniteeeesteeeteseesie et 23
2.1 INEFOAUCTION...cueieiieiiieeiteee ettt ettt et st et esan e e bt e saeeeneesaneeas 23
2.2 POWET FIOW ..ottt e 23
2.3 Synchronous Generator Model ...........cooiiiiiiiiiiiiiiiiieceeee e 25
2.4 Excitation System MOdEl........ccooiiiiiiiiiiiiiiieeee e 26
2.5 GOVEINOT MOMEL.....cueiiiiiiiiiiiieiecetcettee ettt ettt et ee 27

www.manaraa.com



2.6 Load MOMEL.......ooiiiiiiiiieeeeee ettt 28
2.7 Power System DAE MoOdEL...........cooiiiiiiiiiiiiiietteete e 29
CHAPTER 3 DECOUPLED TIME DOMAIN SIMULATION .....cccccocinimiinienenieneenieenen 31
3.1 INEFOAUCTION ...ttt ettt sttt et san e et e s e e ebeesaneeas 31
3.2 Conventional Explicit and Implicit Methods and Numerical Stability............ccc.cc...... 32
3.2.1 EXPHCIt MEthOd ....oooiiiiiiiiieieeee et 33
3.2.2 IMPIICit MEhOM .....ooiiiiiiiiiiiiii e 34
3.2.3 Numerical Stability Analysis: Stiffness and A-Stability..........ccoceeveeriirniencnnen. 34
3.3 Decoupled Method for ODE ...ttt 38
3.4 Decoupled Method for DAE .........cooiiiiiiiiite e 42
3.4.1 Decoupled Forward Euler-Trapezoidal Method for DAE ...........cccocceiviiiiniinnnnne 42
3.4.2 Identification of Stiff Invariant SUbSPACE .........ccceeerviiiriiiiiiiiiiieeeeeeeee 44
3.5 Numerical EXamPIes.........coiiiiiiiiiiiiieiiieeeeeee ettt s 45
3.5.1 New England System Simulation Results.............ccocceeriiiiniiiiniiiiniiiiieeeeeee 45
3.5.2 IEEE 118-bus System Simulation Results............cccocueerviiiniieiiiiiiniieinieenieeee 50
30 SUIMIMATY ...eeeiiieeeiiieeeiee ettt ettt ettt e ettt e et e e st e e sttt e sabee e abeeebbeeebbeeeabbeesabteesabeeenaseeas 54
CHAPTER 4 TRAJECTORY OPTIMIZATION .....oooitiiiiiiiienienieeieeitee ettt 56
4.1 INETOAUCTION. ...eoutiiiiiiiteeie ettt ettt ettt ettt e sae e s e et e esneesaneeanees 56
4.1.1 Parameter Optimization Problems .............ccocciiiviiiiniiiiiniiiiiieiicceeceeee e 57
4.1.2 Trajectory Optimization Problems............cccecviiriiiiniiiiniiiiiicciccecceee e 62
4.2 FOIMUIATION. ...couttiiiiiiiieeteeie ettt sttt et ettt e esneesaneenees 64
4.3 Extended Penalty Function EQUIVAlENCe ..........cccceeeiiiiiiiiiiiiiiiiieeceeeeeeeeeeee 70

www.manaraa.com



vi

4.4 Numerical Solution of Boundary Value Problem............c.ccoccveiiiiiiniiiiniiiinicinieene, 75
4.5 Numerical EXamPIes........ccueiiiiiiiiiiiiiiiieiieeieeeee ettt 78
4.5.1 Trajectory Optimization Results for Simple Mathematical Example.................... 78
4.5.2 Trajectory Optimization Results for 2-Bus System ..........ccocceevviiiniiiiniieenieennne. 80
4.5.3 Trajectory Optimization Results for 3-Bus System ..........cccoceeiviieniiiiniieenieennnne. 92
4.5.4 Trajectory Optimization Results for New England System..........cc.ccccoecveenneenns 101
4.5.5 Trajectory Optimization Results for IEEE 118-Bus System ........cc.ccccevceeenneenns 110

4.0 SUITIMATY ....eeeiniiieiiiee et ee ettt et e e ettt e st e e st e e e satee e sbee e st eeeasbeesanbeesabbeesabaeesaseeennbeeanns 115
CHAPTER 5 CONCLUSION......coottitiittitinienieeteet ettt sttt sttt st be e 116
5.1 CONIIDULIONS ...ttt ettt ettt sttt sar e et e st e beesaneeneesaneenees 116
5.2 Further Research DITECTIONS ........cooueriiiriiiiiiiieiieeeeecceeee et 117
REFERENCES ...ttt ettt sttt ettt sbe e e 118
APPENDIX A: TRAJECTORY OPTIMIZATION WITH Vref CONTROL...................... 132
APPENDIX B: SYSTEM DATA ...ttt 134
ACKNOWLEDGEMENTS ..ottt sttt ettt 149

www.manaraa.com



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

vii

LIST OF FIGURES

1-1. Classification of Power System Stability .........ccccccveeiiieriiieeriieciee e 4
1-2. Possible System Dynamic Responses after Disturbance.............cccoeecveeveviencineennnenn. 16
1-3. Possible System Trajectories after Disturbance...........cccccveeeveeenieeenieencieeeeeeeenn 17
1-4. Dynamic Security Analysis Framework ..........ccccccoviiieriiiiniieiniieeeeceeeeeeen 21
2-1. IEEE type DC-1 EXCItation SYSteIM .......ccueerrurieriieeniieenieeenieeerireeeieeeenneesneeesneees 27
2-2. Simplified Speed Governor and Prime MOVeT ..........c.cccocuveeriieerieeeiiiecieeeee e 28
3-1. The Simulation Results by Explicit and Implicit Methods ...........cccccveeevveercnreennnenn. 36
3-2. Stability Domain of Forward Euler and Trapezoidal Methods............ccccccevvveennnenn. 37
3-3. Case A Simulation Result by Forward Euler Method.............ccocceeviiiiniinnniennneen. 46
3-4. Case A Simulation Results by Decoupled and Implicit Methods .............ccccueeenneen. 47
3-5. Case B Simulation Results by Decoupled and Implicit Methods ............cccccueenneen. 48
3-6. Case C Simulation Results by Decoupled and Implicit Methods ............cccecueeenneee. 49
3-7. Case D Simulation Result by Forward Euler Method.............ccocceeviiiiniinnniennneen. 52
3-8. Case D Simulation Results by Decoupled and Implicit Methods .............ccccueeenneen. 53
3-9. Case E Simulation Results by Decoupled and Implicit Methods.............cccccueeenneen. 53
3-10. Case F Simulation Results by Decoupled and Implicit Methods............c.c.c....... 54
4-1. Trial and Error Method .........cccooiiiiiiiiiiiiicceeeececceee e 60
4-2. Model Predictive CONtIOL..........ooiiiiiiiiiiniiiieeniceieese ettt 61

www.manaraa.com



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

viil

4-3. Power System Dynamical Optimization CONCEPL.........eervuveervireeriieeniieeniieenieeeee 65
4-4. Conceptual Dynamical Optimization Control ACtion........c..cceceevverneeriveerieennennnee. 66
4-5. Penalty FUNCHONS .....coocuiiiiiiiiiiiieiie ettt 73
4-6. Optimal State Trajectories for Simple Mathematical Example ............ccocceevneennne. 79
4-7. Optimal Control Trajectory for Simple Mathematical Example...........ccccccceeueennee 80
4-8. Two-Bus Power System DIagram ..........coocueeeriieeniiiiiiienieeeiieeeiieeeeee e 81
4-9. Trajectories after Disturbance without Control.............ccoccueeriiiiiiiiiniiieiniieeneeee 82
4-10. Optimal Trajectories with Reactive Power Compensation ...........cccceeeveeveennennnee. 86
4-11. Constrained Optimal Trajectories with Reactive Power Compensation................ 88
4-12. Optimal Trajectories with Delayed Reactive Power Compensation...................... 89
4-13. Control Amount with respect to Control Delay ..........cccceevviiiniiiiniieiniieenieee 90
4-14. Optimal Trajectories with Load Control ........c...ccceeviiriiiniiiiieniiiiccceceeeeen 91
4-15. Optimal Trajectories with Combined Control.............ccccevvvieviiniiinienienieenieeee. 92
4-16. Three-Bus Power System Diagram ...........ccccceevviiiiiiiiiiiiiiiiieiiecneeeeeeeeee e 93
4-17. Trajectories after Disturbance without Control...........cccccevveeiiiniiinieniceiienieeee. 93
4-18. Bus Voltage Trajectories with Reactive Power Compensation .........c...ccceeeeennnee. 94
4-19. Generator Relative Angle with Reactive Power Compensation ...........ccccceeeenneee. 95
4-20. Reactive Power Compensation TTrajeCtory .........ccueeerveerrieeriieeniieeniieenieeesieeeenes 95
4-21. Bus Voltage Trajectories with Load Control ..........cccccoeeeviieiiiniiinienienecnieeeen 96
4-22. Generator Relative Angle with Load Control .............ccooveiiiiiiiiiiiniieiniieeneeee 97
4-23. L.oad CONtrol TraJECtOTY .....cevuiieriieeriiieeriieeeiee et eite et e st sit e site e st e e sabee e 97
4-24. Bus Voltage Trajectories with Combined Control...........c.ccceeeeviiiniiniceieenicnnnen. 98

www.manaraa.com



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

ix

4-25. Generator Relative Angle with Combined Control...........ccccceevviiiniieiniieenieennne. 99
4-26. Reactive Power Compensation TTrajeCtory ........cccueeerveeriieerriieeniieenieenieeesieeenees 99
4-27. 1.oad CONLrol TTaJECtOTY ....eeevueieriieeniieeriteeritee et ee et e eitee et e st e e st e e sbeeesabee e e 100
4-28. Voltage Trajectory after Disturbance without Control ............cccceeceeirienicenneenne. 101
4-29. Generator Angle Trajectory after Disturbance without Control ...............c......... 102
4-30. Bus Voltage Trajectory with Reactive Power Compensation.............cc.ccccevuueenne. 104
4-31. Generator Relative Angle Trajectory with Reactive Power Compensation......... 105
4-32. Optimal Reactive Power Support Trajectories. .........cceevveeriieeniieeniiieeniiieenieeens 105
4-33. Optimal Reactive Power Support Trajectories. ........ccceevveervieeriieeniieeniieenieeens 106
4-34. Bus VOltage TTaJECtOTY ....eeiiiiiiiiieeiiieeiiie ettt ettt site e st e s e e saree e 107
4-35. Generator Relative Angle TrajeCtory ........cooviieeriieeiiiiiiiieniieeeiteeeieeeeiee e 107
4-36. Optimal Reactive Power Support Trajectories. ........cceevvveerrieiniieeniieeniiieenieeens 108
4-37. Optimal Reactive Power Support Trajectories. ........cceevvveerrieeniieeniieeniieenieeens 108
4-38. Optimal Load Control TrajeCtOries ........ccueeerreerrieerriieeiieeeiieeeiree et e e e siee e 109
4-39. Bus Voltage Trajectory after Disturbance.............coooeeviiiiniiiiniiiiniiiiniicineees 111
4-40. Generator Relative Angle Trajectory after Disturbance .........cc.ccccoeeveeniiinninn. 111
4-41. Optimal Bus Voltage TrajeCtory ........ccovcuiieriieiiiieeiieeiieeeieeeiee et 112
4-42. Optimal Generator Relative Angle Trajectory .........cccevvveerrieeniieeniieeniieenieeens 113
4-43. Optimal Reactive Power Compensation Trajectories ...........cceevvveeriuveeriueeeniueennns 113
4-44. Optimal Load Control TrajeCtOries ........ccueeeriierrieerrieeeiieeeieeeeitee st e sieeesiee e 114
A-1. Bus Voltage Trajectories with Vref Control ...........cccccceoviiiiiiiiniiiiniiiiiicenees 132
A-2. Generator Relative Angle with Vref Control ............ccccooviiiiiiiiniiiiniiiiieeee 133

www.manaraa.com



Fig. A-3. Generator Vref Control Trajectories ..........cccevueevuierierieenieeiienieee e 133

Fig. B-1. New England 39-Bus System One-Line Diagram..........ccccccocceevviinienicnnecnncnnnen. 134

www.manharaa.com




xi

LIST OF TABLES
Table 3-1 Computational Time CompariSon L .........c.cceovviieriiiiiiiieiiiieeieeeeeee e 47
Table 3-2  Computational Time Comparison IL...........ccoceeiiiiiiiiiiiiiinieeeeeeee 49
Table 3-3  Computational Time Comparison Hl...........cccceeeviiiiiiieiniiiinieeeieeceeeee e 50
Table 3-4 The Summary of New England System Results..........ccccceeeviieniiiincieeniieenne. 50
Table 3-5 The Summary of IEEE 118-bus System Results ..........ccccccevevieiiiiiniieenieee. 54
Table 4-1 Control Amount with respect to Delay ........c.cccoovueiiiiniiiiiiniiiieniceeeeeee 89
Table 4-2  Comparison of Control StrateZies.........c.eevverriiiiiiiiiiinieiieenie ettt 91
Table 4-3 Maximum Control Amount with respect to Delay .........ccceeeveeviieeniieencieeennee. 100
Table 4-4 Maximum Control Amount at All BUSES .........cooeiriieiiiniiiiiiiiceiieieeeeee 104
Table 4-5 Maximum Reactive Control Amount with respect to Delay .........cc.cccceeueenene. 110
Table 4-6 Maximum Load Control Amount with respect to Delay .........ccccceevcveenieenne. 110
Table 4-7 Maximum Control Amount with respect to Delay .........ccccoeeveeviiiiniiiiniinnnne. 114
Table B-1 New England System Power Flow Data L..........ccccccooviiiniiiiniiiniiie 135
Table B-2 New England System Power Flow Data IL.............cccociiniiiiniiiniiiiee, 136
Table B-3 New England System Generator Data L...........cccoooviiiiiiiniiiiiniiiiniceeee, 137
Table B-4 New England System Generator Data IL............ccccccoeiiiiiniiiiniiiinieeiee, 137
Table B-5 IEEE 118-Bus System Power Flow Data I..............ccoooiiiiiiiniiniiiee 138
Table B-6 IEEE 118-Bus System Power Flow Data IL.............ccccooniiiiniiiniiiiene 141
Table B-7 IEEE 118-Bus System Generator Data L............ccocccceviiiiniiiiniiiinieeiee, 145

www.manaraa.com



xii

Table B-8 IEEE 118-Bus System Generator Data Il ...........ccccccoooiiniiiiniiiiniiicee, 146

www.manharaa.com




CHAPTER 1 INTRODUCTION

1.1 Background

Modern power system interconnections have become increasingly complex over the past
hundred years. Electrical power and energy engineering has continuously evolved in terms of
efficiency, economies of scale, and technology. As electric power industries change from
vertically integrated utilities to electricity markets, challenges for the basic function of the
industries — to produce and to deliver power safely and reliably — in this demanding business
environment are being raised by new market structures and new technologies. Since security
continues to be a basic requirement in power systems operation, power system stability and
security analysis remains as an important research area.

Electric power engineering is a well established and mature discipline. Current
developments in the field borrow from new technology developments in a number of
associated sub-disciplines, including control theory, applied mathematics, economics,
probability theory and risk analysis, computer engineering, software engineering, data
structures, electronics, sensor technology, etc [1]. This dissertation is intended to solve power
engineering problems in the area of stability and security through the application of applied

mathematics.
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1.1.1 Electric Power Industry

The commercial use of electricity began in the late nineteenth century when electric
power was supplied by small isolated power generation companies. Over the past one
hundred years, electric power has evolved into one of the largest industries in the world with
interconnected systems of generation, transmission, and distribution. Among the incentives
for interconnection in large geographic areas are scale of economy and supply redundancy.
As power systems become larger in size, the increasing complexity of the power industry
results in challenging problems with respect to power system security.

During the past few decades, power industries all over the world have experienced
several major system failures. In the 1965 Northeast blackout in North America, east coast
interconnection separated into several disjoint areas and 30 million people lost power [2].
Other major system failures occurred in New York, on the west coast, and in the Midwest
United States. During the August 14, 2003 Northeast blackout in North America, power
supply for 50 million people was interrupted, with financial losses estimated to be between 4
billion and 6 billion U.S. dollars [3, 4]. In the same year, system failures also occurred in
several European countries, and one of them affected even more people than the one in North
America [5].

Another significant advancement in the power industry is the development of the
electricity market. The power industry has traditionally been dominated by vertically
integrated monopolies. Since the 1990s, competition and market-based operation have been
gradually introduced by deregulation of the power industry. This restructuring also brings in

an institutional change in the industry [6]. Independent System Operator (ISO) is established

www.manaraa.com



to monitor system operation under market mechanism. The service for the system security
may be procured from the market operation. In the long run, market forces may drive new

technology serving system security for the power industry.
1.1.2 Power System Stability and Security

In general, power system stability is similar to the stability of any dynamic system, and
has fundamental mathematical underpinnings [7]. Power system stability is a single problem;
it is still useful to provide physically motivated classification of power system stability.
Power system stability can be classified into several sub-areas based on the following
consideration [8]:

e The physical nature of the instability problems: rotor angle stability, frequency
stability and voltage stability

e The size of the disturbance considered: small-disturbance stability and large-
disturbance stability

e The time span needed to be taken into consideration: short-term stability and
long-term stability

The classification of power system stability according to different criteria is shown in Fig.

1-1 in the IEEE/CIGRE report [7].
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Fig. 1-1. Classification of Power System Stability

The classification of power system stability has been based on a number of diverse

considerations, making it difficult to select clearly distinct categories and to provide rigorous

definitions, and overlap may occur among different stability definitions. Thus, it is important

to keep in mind overall stability of the system. The proposed definition of power system

stability in [7] is the following:

* “Power system stability is the ability of an electric power system, for a given

initial operating condition, to regain a state of operating equilibrium after being

subjected to a physical disturbance, with most system variables bounded so that

practically the entire system remains intact.”

Security of a power system refers to the degree of risk in its ability to survive imminent

disturbances or contingencies without interruption of customer service. Security analysis

relates to determination of the robustness of the power system relative to such imminent
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disturbances. For a power system subjected to small and large disturbances, it is important
that, when the changes are completed, the system settles to new operating conditions such
that no physical constraints are violated. This implies that, in addition to the existence of new
operating conditions, the system must also survive the transition to these conditions. There
are two main categories of power system security analysis: static security analysis and
dynamic security analysis. In static security analysis, only steady-state analysis is involved,
while in dynamic security analysis, power system dynamic response is examined. Stability

analysis is thus an integral component of system security analysis.

1.2 Literature Review

1.2.1 Static Analysis

In static analysis, power system dynamics are not considered. The focus of static analysis
is the system steady state, which may or may not be reached through governing dynamics
following disturbances. In certain situations such as voltage stability subject to small
disturbances, static analysis may be a good approximation and can be effectively used to
estimate system stability limits, and to screen a large number of system conditions and
scenarios. Therefore, techniques for static analysis are also used in stability analysis in
certain areas.

The role of static analysis can be further classified into solution-finding and solution-
optimization. The solution-finding problems aim to find the power system steady state for
given system conditions, and such an approach is usually referred to as power flow analysis.

The solution-optimization problems attempt to obtain the best steady state solution for a
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given the objective function by adjusting system conditions, and this type of analysis is
usually called optimal power flow. The underlying techniques for static analysis include

numerical methods for equations solution and mathematical optimization theory [9, 10].
1.2.2 Instability Identification for Small Disturbances

The small disturbances in power system analysis refer to small perturbations to the initial
operating condition. If system security can be maintained, a new operating condition can be
reached subject to such small perturbations. Stability problems resulting from small
disturbances may be voltage related or rotor angle related. For angle related small
disturbance stability, also called small-signal rotor angle stability, the analysis can be
performed based on the linearization of the system equations [7]. For small disturbance
voltage stability, methods such as bifurcation theory can be used to study the inherently
nonlinear phenomenon for voltage collapse [11]. Bifurcation theory [12, 13] is a
mathematical tool with which to analyze voltage stability subject to small disturbances [14,
15].

In bifurcation theory, equilibrium behaviors of dynamical systems are studied using a
slowly changing parameter, with qualitative changes occurring when the parameter reaches a
bifurcation point. When bifurcation theory is applied to power systems, such systems are
represented by dynamic equations and small disturbance such as a load increment is usually
chosen as the slow varying power system parameter. As power system parameter varies
slowly, the stability of the equilibrium may encounter sudden changes, which are often

associated with system failures.
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Saddle node bifurcation and Poincare-Andronov-Hopf bifurcation (or Hopf bifurcation)
are two important bifurcations in power system dynamics. In saddle node bifurcation, a
stable equilibrium disappears as the results of parameter change, with a consequence of
system states collapse, for example, voltage collapse. Prior to encountering the saddle node
bifurcation point, there are two system equilibriums: one stable and the other unstable. At the
saddle node bifurcation point, these two equilibriums coalesce into one equilibrium and the
system Jacobian matrix at this equilibrium has a simple zero eigenvalue. Beyond the saddle
node bifurcation point, no system equilibrium exists. In the Hopf bifurcation, a stable
equilibrium becomes oscillatory unstable as the result of the parameter change, with a
consequence of system state oscillation. At the Hopf bifurcation point, the system Jacobian at
equilibrium has a pair of purely imaginary eigenvalues.

Since, at the bifurcation points, system stability will be lost, system security can be
analyzed by identification of the bifurcation points. Before these bifurcation points are
reached, the system operation is secure when subject to small disturbances, and therefore the
bifurcation points indicates a system operating limit. Load margin is a concept strongly
associated with the stability limit. Load margin is defined as the difference between the load
level at the stability limit and the current operating load level. When the system approaches
the stability limit, the load margin tends to reduce to zero. Therefore, the identification of the
stability limit is often referred to in the literature as the calculation of the load margin.

In many cases, the identification of the stability limit or the bifurcation point, especially
saddle node bifurcation points, can be done approximately by the static analysis such as

power flow. The continuation method is a path-following method for analyzing smooth
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parameter change [16], and it is applied to power systems to identify the system stability
limit. The continuation method is used in [17-20] to identify the saddle node bifurcation
point based on power flow analysis. The continuation method with a transmission line branch
selected as a parameter is investigated in [21], and the power transfer limit among different
areas due to stability constraint is studied in [22]. The continuation method is applied to
power system dynamical equations in [23]. In addition to the continuation method, the direct
method is also applied to identify the saddle node bifurcation point in [19, 24, 25].

The oscillatory stability limit associated with the Hopf bifurcation point is presented in
[26] using an iterative method, with the Hopf bifurcation point obtained through eigenvalue
calculation.

In the calculation of bifurcation points or stability limit, the parameter path must be pre-
specified. If the parameter path is changed, the stability limit also changes. In [27], a method
is proposed for identifying the closest bifurcation point or the smallest stability limit among
all the possible load paths. This algorithm is based on iterative and direct methods through
the use of normal vectors.

Accurate identification of the stability limit requires relatively high computational costs,
and it is sometime desirable to find sensitivities or indices for the stability limit with greater
computational efficiency. These sensitivities or indices can often give proximity information
about the distance of the current operating point from the stability limit.

Sensitivity Factor and Voltage Sensitivity Factor are easily-computed indices used in the
power industry to detect voltage stability problems [15]. In [28] a minimum singular value is

proposed as the proximity index for voltage stability, and an efficient algorithm for singular
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value calculation is given in [29]. The Voltage Instability Proximity Index is another stability
indicator based on the fact that the number of power system solutions decreases as the system
approaches stability limit. The test function [30] is a stability indicator based on the system
Jacobian matrix with quadratic shape of the load margin. The reduced determinant method is
proposed in [31] to produce a voltage stability index based on reduction of the power flow
Jacobian with respect to the critical bus of the system. The Tangent Vector Index is an
indicator with behavior similar to that of the test function with a reduced determinant
resulting in less computational cost [32]. Other voltage stability indices such as Jacobian
determinant, Voltage Controllability Index [33], and voltage profile index also exist. Each of
these indices has its own advantages and disadvantages. In general, those indices with high
accuracy tend to have high computational costs, while those indices with poorer prediction
ability can be calculated efficiently. As a compromise, several indices may be jointly used in

a practical application.
1.2.3 Control Strategies for Small Disturbances

The control strategy for mitigation of voltage stability subject to small disturbances aims
to improve the system stability limit or load margin by adjusting system control resources.
More specifically, the control strategy may specify control actions to satisfy a given stability
limit, or give the maximum stability limit as constrained by the available control resources.
The methods used vary from simple controls based on sensitivities to controls incorporating
more complex mathematical formulation. Usually the control methods based on sensitivities
have relatively low computational costs and relatively poor accuracy, and the complex

controls tend to yield more accurate solutions with higher computational costs.
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In the simple method, sensitivities are used to quickly identify control resources. The
difference between the sensitivities for instability identification and those for control lies in
the fact that the sensitivities for instability identification estimate the distance between the
current operating condition and stability limit without considering control actions, while the
sensitivities with respect to control resources give the estimation of the stability limit change
or stability limit index change under the control adjustment.

The stability limit index change with respect to the control parameter is given in [34]. In
the proposed method, a minimum singular value is chosen as the stability limit index, and the
effects of capacitor compensation and generation rescheduling on the stability limit index are
examined. The sensitivities of control resources can also be directly derived to the stability
limit or load margin. A first order sensitivity with respect to load margin is derived in [35].
In [36], sensitivities of the load margin with respect to arbitrary control parameters are given.
The control effect of emergency load shedding, reactive power support, variation in load
increment direction, generation re-dispatch, changes of load model and load composition,
and varying transmission line susceptance are demonstrated. The method is further expanded
to apply to study the post-contingency stability limit change line [37]. The load margin
sensitivities are sensitivities associated with the saddle node bifurcation point. In [38], the
stability limit with respect to system parameters of Hopf bifurcation is presented, and the
comparison between sensitivities of saddle node bifurcation and Hopf bifurcation is given.

In addition to sensitivity based control strategy, control methods can also be obtained
from direct stability limit improvement using optimization techniques and the continuation

method. In [39], the problem of improving the stability limit is directly formulated as a
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mathematical optimization problem. The objective in the optimization problem is chosen as
the load margin. In [40], the stability limit is enhanced as the solution produced by a
multiple-stage optimization method. At each stage, sensitivity information is used to estimate
the optimal direction; and the estimation is updated by the dynamic programming at each
succeeding stage. For given control resources, the load margin can be traced by the

continuation method from the initial stability limit to the new stability limit [41].
1.2.4 Instability Identification for Large Disturbances

Time domain simulation or dynamical simulation is the basic numerical tool for analysis
of dynamical systems. Since power systems are dynamical systems, time domain simulation
is also a fundamental method for power system instability identification subjected to large
disturbances. Power system dynamic responses may be examined using time domain
simulation by general purpose numerical methods suitable for application to dynamical
systems [42-48].

In addition to time domain simulation, in certain cases instability identification may also
be determined by direct methods. The basic idea of such direct methods goes back to
Lyapunov, and according to [8], their application to power systems began as early as the
1940s and has remained a challenging problem up until the present time. In the direct
methods, an energy function is required for power systems, and an estimate of the critical
energy is subsequently needed. The initial energy of the power system subject to the
disturbance can be estimated and compared with the critical energy. In the direct method,
stability can be maintained if the initial energy is less than the critical energy. Direct methods

were originally applied to angle stability [49-51], and later expanded to voltage stability [52,
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53]. Despite the significant accomplishments of applying direct methods during decades of
research efforts, the construction of an energy function for general power system models
remains an open problem, and the instability identification of a power system subjected to

large disturbances is typically explored using time domain simulation [7].
1.2.5 Control Strategies for Large Disturbances

The simplest control strategies for large disturbance are based on a measure of local
information such as voltage. Under-voltage load-shedding proposed in [54] is such a
mechanism to for mitigation of voltage instability problems. Since the voltage level may
decline following initial disturbances, voltage decay is measured and compared with pre-
specified trigger conditions. A given amount of load at the pre-specified buses is
automatically shed once these trigger conditions are satisfied. The concept and
implementation of under-voltage load-shedding is simple, but performance is not always
guaranteed. For example, too much load shedding at nearby locations in a very short time
may lead to undesirable high voltage. Therefore, the scheme design is based on extensive
dynamic simulations, and the coordination among control elements such as load shedding
locations, amount, and time can be quite difficult.

The simplest control strategies for large disturbance are based on the measure of local
information such as voltage. Under voltage load shedding is such a mechanism to mitigate
voltage instability problem proposed in [54]. As voltage level may decline following the
initial disturbances, voltage decay is measured and compared with the pre-specified trigger
conditions. A given amount of load at the pre-specified buses is automatically shed once the

trigger conditions are satisfied. The concept and implementation of under voltage load
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shedding is simple, but the performance is not always guaranteed. For example, too much
load shedding at the nearby locations in very close time may lead to undesirable high voltage.
Therefore, the design of the scheme is based on the extensive dynamical simulations, and the
coordination among control elements such as load shedding locations, amount, and time is
quite difficult.

Since local measurement may not be good enough to guarantee system performance,
more sophisticated control mechanisms are needed. These strategies may use a combination
of dynamic simulation and optimization techniques or transform the difficult problem into
another form using existing optimization methods.

In [55], an approach to load-shedding control of voltage using sensitivity and simulation
instability is given. The sensitivity is first derived from the Jacobian matrix with respect to
control variables, and a control amount is then estimated to satisfy post-disturbance stability
based on the sensitivity. The method can be further expanded into simulations using trial-
and-error methods. The basic idea is to narrow the amount of control needed through
iteration and to use dynamical simulation to verify the control effect. In [56], the sensitivity
information is used to rank load buses for load-shedding. Next a binary search based on the
time domain simulation results is used to determine the minimal amount of load shedding at
a given time. The binary search persists in building a smaller and smaller interval of load
shedding amount such that upper bound of the interval is stable system response and the
lower bound is unstable system response. In the search procedure, the load shedding
locations and time is pre-specified, and the only decision variables are the load shedding

amounts. At each step, the mid-point of the search interval is tested through dynamical
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simulation and taken as the new upper or lower bound according to the simulation results. In
the simulation a large load shedding amount P1 is first identified such that system
equilibrium can be recovered through dynamical simulation, and then a small amount of load
shedding P2 is examined such that instability cannot be prevented. The best load shedding
amount should lie between P2 and P1. In the next iteration, the midpoint amount of the load
shedding (P14+P2)/2 is tested, and the range containing the minimum load-shedding amount
is reduced by half. The search procedure ends until the range is sufficiently small. Trial and
error simulation methods are very time-consuming for large power systems, and transient
behaviors such as voltage dip or sag are not considered in these methods.

In another approach, search and optimization techniques with modal predictive control
are used to determine control strategies. System responses are predicted based on current
states and for several different candidate control sequences. In [57], a tree-search method is
employed to determine the best control strategy among all the control candidates. For
example, from initial state point A at certain time 7y, the future states at Typ+7, can be
predicted as different trajectories with different control. The tree-search method is similar to
those used in chess computers where each node in the tree corresponds to one possible
control action. In [58], the selection of the optimum control action in the complex
optimization problem is achieved by evolutionary programming. In [59], linear programming
techniques are applied at each step to determine the control actions. In modal predictive
control, power system dynamic behavior is usually approximated by straight lines between

discrete times, and the time interval is usually selected to be quite large, for example, 30-60

www.manaraa.com



15

seconds in [58]. Therefore, short-term power systems dynamic behavior is not represented
using large time horizons and straight line approximation.

In [60] the difficult problem of control for dynamical systems is transformed into a
traditional nonlinear optimization problem. The transformation is based on discrete time
formulation, and the subsequent control strategies are obtained from the solution of the
transformed problem. However, the transformation tends to give an inaccurate solution
compared with the true solution, and the inaccuracy is due to the introduction of pseudo-

minima from the transformation [61].

1.3 Motivation

Identification and mitigation of power system instability plays an important role in the
dynamic security analysis. Power systems are routinely subjected to various physical
disturbances, which may lead to voltage or angle stability problems. Depending on
disturbance severity, power systems may either approach a new equilibrium or lose stability.

In Fig. 1-2, conceptual power system dynamic response after large disturbance is illustrated.
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V Pre-disturbance
state

Post-disturbance
state

Fig. 1-2. Possible System Dynamic Responses after Disturbance

The initial power system operating point is at point A, and post-disturbance analysis
shows that point B is an equilibrium point. However, the existence of equilibrium for the
post-disturbance power system cannot guarantee that system states will be attracted to point
B. The actual trajectory of system states may move away from point B, e.g., towards point C
or point D after a certain time (dashed lines in the figure). In such cases, the system will
eventually become unstable and proper control must be applied to save system. Under control
actions, power system states may move towards the desirable post-disturbance point B. But
the path from pre-disturbance point A to post-disturbance point B may not be unique. Several
possible paths (solid lines in the figure) may exist because of different controls. Among all
these possible paths, some paths may not be physically feasible due to physical constraint
violations. For example, control actions such as generation and load re-dispatch may cause

transmission line flow limit violations, or control actions such as reactive power
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compensation may demand more resource than that physically available. After eliminating
trajectories with such constraints violations, there may still be remaining multiple trajectories
left connecting point A to point B. It is desirable to find a best trajectory with best control
from pre-disturbance state to post-disturbance state among all the possible trajectories. Under
such best control, the power system can be restored to new stable states with minimum
objective function or cost function. Fig. 1-3 conceptually shows possible time trajectories
after disturbance. Dashed lines in the figure represent unstable system trajectories. The blue
solid line is a stable transition from point A to point B with state variable violation (for

example, voltage dip), while the red line is a stable transition with minimum cost.

State

Time

Fig. 1-3. Possible System Trajectories after Disturbance

In power system dynamic security analysis, the first step is to identify system dynamic

response for a given disturbance or contingency; and then to consider the control strategy
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required to restore post disturbance system equilibrium. Power system response to large
disturbances is typically studied by time domain simulation, but such simulations are time
consuming for large power systems, and developing a fast simulation method is often quite a
challenging problem.

Once unstable system responses have been identified, the next problem is how to bring
the power system back into equilibrium state. Control strategies incorporating power system
dynamics are often time dependent [14, 62], and there are three important elements for
control strategies: locations, amount, and time. The coordination among these three important
aspects has not been completely solved based on the existing methods found in the literature.
A control strategy based on trial and error simulation usually pre-specifies two control
aspects such as locations and time, and then considers only the control amount as the
decision variable. Modal predictive control typically ignores short term dynamic behaviors
by using a simplified system dynamic response prediction. The transformed nonlinear
optimization technique is plagued with inaccurate solutions. Incorporation of accurate power
system dynamics into optimization techniques, especially short term dynamics, remains an
open problem.

In dynamic security analysis, in addition to the requirement that a new operating
condition must be restored after the disturbances, system transient behavior also plays an
important role in security analysis. There are two major concerns for the system transition:
power quality and cascading events. Electric power supplies are subject to quality constraints.
For example, the voltage and frequency level should be maintained within a specified narrow

range under normal operating conditions. Under disturbances, system voltage and frequency
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may be allowed to vary over a larger range, but are still limited. A limit violation such as
voltage sag or voltage dip may cause damage to equipment and/or degraded service.
Cascading events is the other problem with extremely huge potential impact triggered by
system transitions. There exist many relaying and protection schemes for monitoring power
system status and protecting component. In some cases the relays may be triggered by the
post disturbance transition, and subsequently the protection scheme may unnecessarily trip
system devices such as transmission lines. Such initial actions may lead to more transitions
which trigger more protective actions. The cascading events may result in large area system
failure such as in the 2003 Northeast blackout of North America. Therefore, transient
behavior such as voltage profile variation following the disturbance and control resource
limits should be considered in the analysis.

Dynamic security analysis requires advances in both time domain simulation method and
optimization methods. These two methodologies are are closely associated. The stability of
power systems under large disturbances is typically explored using time domain simulations.
Since power systems often have thousands of components, dynamical simulation can be very
time consuming. Advances in time domain simulation algorithms can improve computational
efficiency and permit handle more contingencies and larger systems. Results from time
domain analysis can also help to decide on a time scale for the instabilities and control
strategies, but it is difficult to find a best control strategy from simulations alone; an
optimization method may pave the way for a theoretical solution with rigorous justification.

The research effort described here attempts to develop an integrated framework with both
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fast time domain simulation method and comprehensive optimization technique for system
dynamics.

The overall framework of the proposed research work is illustrated in Fig. 1-4. The basic
philosophy used is security assessment and control. The data input includes power system
dynamic data and a critical disturbance or contingency list. The procedure can be divided
into 2 phases: security observation and control action. Security assessment is the first phase,
and followed by control action in the second phase. In the first phase, for a given disturbance,
system post-disturbance behavior is studied through time domain simulation. Once instability
is found, the time scale of the system dynamic response is identified using the results of
advanced time domain simulation. Time scale and post-disturbance equilibrium are taken as
inputs for the second phase. In this phase, trajectory optimization theory is applied to power
system dynamical optimization. Optimal conditions can be formulated incorporating post-
disturbance equilibrium and system dynamics. The state and control constraints are
considered by using penalty function equivalence. The mathematical formulation of the
necessary conditions is a boundary value problem that can be solved by finite difference
methods. The output is the best control strategy with which to mitigate instabilities.

In the proposed research, decoupled time domain simulation [63, 64] and trajectory
optimization are integrated for dynamic security analysis. A decoupled dynamical simulation
method based on invariant subspace partition can reduce the required simulation time.
Trajectory optimization theory provides a theoretical framework for power system dynamical
optimization. Trajectory optimization can find the best trajectory and control actions with

which to minimize a scalar objective function subject to end point and path constraints. Its
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application to power systems can provide the best transition from pre-disturbance

equilibrium to post-disturbance equilibrium.

Dynamic Data ————— | Input Data ~———— Contingency List

mmmmmm S S 1
Apply
Phase 1 Contingency

Contingency Analysis through
Decoupled Time-Domain Simulation

Identification Time Scale
and Post-disturbance
Equilibrium

Trajectory Optimization

Phase 2 Formulation

v

End Time Conditions
State and Control P Optimal Conditions
Constraints +

Penalty Function
Equivalence

v

Boundary Value Problem
from Optimal Conditions

Control Actions
(Location, Amount, Timing)

End Contingency
List

List of Control Actions

Fig. 1-4. Dynamic Security Analysis Framework
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1.4 Organization

The rest of the dissertation is organized as follows.

The mathematical model for power system dynamic security analysis is given in chapter
2. This chapter is an overview of mathematical models for power systems in the dissertation.

Decoupled time domain simulation algorithm is proposed for power system security
analysis in chapter 3. The decoupled method is an efficient algorithm with numerical stability,
and fast instability identification can be achieved via the decoupled method.

In chapter 4, trajectory optimization theory is utilized to solve power system optimization
problem constrained by dynamics. The solution from the trajectory optimization provides the
coordination control strategy among control locations, amount, and time to regain a new
operating equilibrium subject to transitional constraints.

The conclusions and further research directions are given in chapter 5.
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CHAPTER2 POWER SYSTEM MODEL

2.1 Introduction

In this chapter, power system models are described for a variety of power system
components. The representation consists of both static and dynamic characteristics. Based on
the detailed representation for each component, a generic mathematical formulation is given
for the power system dynamic security analysis. This chapter is an overview of mathematical
models for power systems in the dissertation. These basic mathematical models [8, 65] are

also used in the research work in [66-68].

2.2 Power Flow

Power flow is the model for power system network. Power system variables are studied
from a set of algebraic equations. The compact form of the power flow equations is as
follows.

g(y)=0 (2.1)

In the formulation (2.1), algebraic variables y represent the solution of power flow. The
algebraic equations g represent network equations. At each bus of the power system, power
injection is balanced. The network equations g can be expanded into the nonlinear forms

consisting of both real power and reactive power balance.
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0= Pgi - b, —F,
2.2)
0= Qgi -0,-0,
where

P,; : Real power generation at bus i

P, : Real power load at bus i

P, : Net real power injection at bus i
Q,; : Reactive power generation at bus i
0, : Reactive power load at bus i

Q, : Net reactive power injection at bus i

The real and reactive power generations are determined by the inherent characteristics of
the generator. The real and reactive loads are determined by the load characteristics. The net
real and reactive power injections are constrained by the physical characteristics, which are
represented by the following equations.

F, = ZVszsz cos(6, —6, —¢,)
%
(2.3)

Q, =D VY, sin(6, -6, -¢,)
k

The variables V and @ are bus voltage and angle respectively, and these variables belong

to the unknown variables y in (2.1) for power flow analysis. The variables Y and ¢ are given

parameters from power system model representing bus connections.
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In the power flow analysis, it is usually assumed that generation and load variables are
given. By solving a set of nonlinear equations, power system static states such as bus

voltages and angles can be determined from power flow analysis.

2.3 Synchronous Generator Model

Two-axis generator model [65] [69] is used to describe synchronous generator. The

mathematical formulation of the synchronous machine is given as:

d=(w-0)a, (2.4)
@ =M'[P,—D(®-0,)—(E, - X, I, —(E,+X,I)I,] 2.5)
E, =TlE,—E, —(X,;—X)I,] (2.6)
E,=Tyl-E,+(X,—X,)1,] 2.7)

In the two-axis generator model (2.4)-(2.7), d'is the generator angle, @is the generator

angular speed; E, and Eq are transient direct axis (d axis) and quadrature axis (¢ axis) EMF
respectively. The variables I, and I, are d axis and g axis current respectively, and the
parameter variables 7, and T, are d axis and ¢ axis open circuit time constants. X, and
X, represent synchronous d axis and g axis reactances; X d and X q represent synchronous d

axis and ¢ axis transient reactances; M, is the machine inertia constant and D, is the

machine damping constant.

Interface voltage equations to the network are given as follows:

E,=V,cos(6,—6)+R.I +X,I, (2.8)

siT qi

www.manaraa.com



26

E,=Vsin(d,—6)+R1,-X I, (2.9)
where V and 6 are bus voltage and angle, and R, is armature resistance of the machine.
The machine currents /, and /, can be eliminated by solving the generator interface

equations to the network. Hence,

;= [RsiE;Ii + E(;iX;ji RV, Sin(é‘i - ez) - X;iVi COS(b:. - Q)]Av_l (2.10)
Iqi = [RsiE;ji + E;liX;ﬁ RV, COS(b:. - 01) - Xclli‘/i Sin(b:. - Q)]Av_l (2.11)
A=R+X,X, 2.12)

2.4 Excitation System Model

The simplified IEEE type DC-1 excitation system [8] is shown in Fig. 2-1 to represent

excitation system. The mathematical model is as follows.

E_fdi = E;l[vri - (K, +S, (E_fdi ))E_fdi] (2.13)
V=T, [-V,+K,(V,, =V, R,)] (2.14)

Rﬁ =T, [-R; — (K, +S,(E ; )K E

! T+ KV, IT,] (2.15)

where V, , is the reference voltage of the automatic voltage regulator (AVR); V, and R, are
the outputs of the AVR and exciter soft feedback; E, is the voltage applied to generator

field winding; T

a’

T, and T, are AVR, exciter and feedback time constants; K,, K, and K,

and V.

r,max

are gains of AVR, exciter and feedback; V

r,min

are the lower and upper limits of V.
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Se(Epy) =
. 4 / Vr,max Ed
ref Y_ $O+ - Ka ‘/r +¥4+ 1 f -~
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_
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Re Tks |
1+7.S

Fig. 2-1. IEEE type DC-1 Excitation System

2.5 Governor Model

A simplified prime mover and speed governor is shown in Fig. 2-2. Two differential

equations are used to describe the dynamics of the governor.
B, =T, (4~P,) (2.16)

e
4, =T,'P,

gsi

_(a)i_a)ref)/Ri_ﬂi] (2.17)

In the formulation, the variable P, is the designated real power generation; F, is the

mechanical power of the prime mover and u is the steam valve or water gate opening; R is

the governor regulation constant representing the inherent speed-droop characteristic; @, is

the governor reference speed; 7T,

ch

and T, are the time constants related to the prime mover

and speed governor respectively; u

‘min

and are the lower and upper limits of .
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w Pgs /— M max b
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Speed governor Prime-mover

Fig. 2-2. Simplified Speed Governor and Prime Mover

2.6 Load Model

Load model may be voltage and frequency dependent. In power system analysis,
common load models can be constant power model, constant current model, and constant
impedance model. The representation for these load models are shown as follows.

Constant Power Load:

Fi=Fy Q=0 (2.18)
Constant Current Load:

By =By (Vi/Vy) Qi = Qi (Vi V) (2.19)
Constant Impedance Load:

By = By (V,1V,)? Q=04 (V; 1 Vy)? (2.20)
The generic load model may be the combination of constant power, constant current, and

constant impedance loads. The generic load model may also have frequency dependent

component. The mathematical formulation of the generic load model is given in (2.21).

Pli = Pli()[Kpl + KpZ(‘/i /‘/z())+ KpS(‘/i /‘/z())z](1+ Kfreqpi(a)m _1))

(2.21)
Qli = Qli()[qu + Kq2(‘/i /‘/i()) + Kq3 (‘/z /‘/1())2](1+ Kfreqqi(a)m _1))
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In (2.21), P, and Q, are the real and reactive power; P, and Q,, are the real and reactive

power consumed by the load at the nominal voltage V,,; parameters K, K ,, K ; indicate

pl? p2°
the components of constant power, constant current, and constant impedance load for real

power; parameters K, K ,, K indicate the components of constant power, constant

ql > q2

current, and constant impedance load for reactive power; parameters K, _and K, are the

fregp freaq

load changing factors with respect to system frequency.

2.7 Power System DAE Model

Since there are both differential equations and algebraic equations in power systems,
power systems can be represented generally by Differential Algebraic Equations (DAE). The
mathematical formulation is as follows.

x=f(x,y)
0=g(x,y)

(2.22)

The differential equation f represents governing dynamics of power systems, which is
associated with generators, excitation systems, and speed governor. The differential variables
x consist of the states of dynamic components. The algebraic equation g represents the
network power balance of power systems. The algebraic states y include bus voltages and bus
phase angles. The values of the algebraic variables can be changed instantaneously, while
differential variables cannot jump from one state value to another state value without

transition time.
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In power system analysis, there exist also control and parameter variables. To incorporate

these additional variables, DAE system in (2.22) can be rewritten as the following form:

0=2g(x,y,u)
In the above equations, variable u is the control and parameter variable which may be used to
control or tune power system performance.

Power system dynamic security problems are studied based on the mathematical model.
The study of dynamic responses subject to the disturbances can be achieved through
dynamical simulation, or time domain simulation of the power system mathematical model,
which is shown in chapter 3. The control strategies for power system dynamics are also based

on the mathematical model with the application of the trajectory optimization theory, which

is shown in chapter 4.
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CHAPTER 3 DECOUPLED TIME DOMAIN SIMULATION

3.1 Introduction

In this chapter, decoupled time domain simulation method [63, 64] is presented for power
system dynamic security assessment. Time domain simulation or dynamical simulation is an
important tool for power system dynamic analysis. As power system behaviors are subject to
governing dynamics, time domain simulation is typically used to explore power system
responses following the disturbances.

A set of differential and algebraic equations (DAE) are numerically solved to study the
transient behavior of power systems. Power systems networks typically include thousands of
generators, exciters, governors, loads, transformers and other devices, where each individual
component may need several differential and algebraic equations to represent, thus the total
number of differential and algebraic equations of a real power system can be formidably
large.

Time domain simulations for the dynamical systems such as power systems include step-
by-step numerical integration of DAEs. The numerical error introduced in each step can be
measured via the local truncation error. To improve the accuracy, small step size and higher
order approximations are usually required. The error accumulated in each step may also yield
qualitatively wrong results, and numerical stability analysis is needed to guarantee the

correctness.
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Power system simulations involve various system components whose time constants vary
in a large range. As a result, time domain simulations face numerical problems related to
stiffness caused by different time scales. A considerable amount of effort has been spent to
solve large scale stiff problems in the literature [42-48]. In power system literature,
mathematical algorithms are applied to study power system dynamic responses, and typically
no mathematical analysis with proof is provided.

Numerical integration methods can be classified into two categories: explicit methods
and implicit methods. The explicit methods involve fixed point iteration and are
computationally efficient, but have numerical stability problem when dealing with stiff
problems. The implicit methods involve solving nonlinear equations at each step. The
implicit methods are slow but stable. Implicit methods are commonly used for solving power
system dynamical simulation in the literature.

In this chapter a new method which combines explicit methods and implicit methods to
solve the time domain simulation is proposed. The main motivation is to propose an
algorithm to take advantage of both the methods: efficiency and numerical stability. In the
dynamical simulation process, the large-scale differential and algebraic equations are
decoupled into two parts to treat them separately based on invariant subspace partition to

achieve the goals.

3.2 Conventional Explicit and Implicit Methods and Numerical
Stability

Consider a general ODE system with a given initial condition as described by (3.1):
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{56=f(x)
3.1

x(0) = x,

To solve the above initial value problem (IVP) the following two approaches are

commonly employed [70-75].
3.2.1 Explicit Method

Explicit methods typically replace the ordinary differential equations by nonlinear
recursive mappings

Xy = 8(x) (3.2)

Here the recursion is to be understood in the sense that from some initial value x,the

states x,,x,,---are generated as long as they remain in the domain of definition of the

mapping.

Some of the methods under this category include: forward Euler method, explicit Runge-
Kutta methods, and Adams-Bashforth methods.

The forward Euler method is formulated as:

Xy =X, +hf(t,,x,) (3.3)

The 4™-order Runge-Kutta method is formulated as:

K, = f(t,.%,)

K,=f(t +h/2,x, +hK, /2)

K,=f@ +h/2,x, +hK,/2) (3.4)

K,=f(t, +h,x, +hK,)

X, =x +h(K +2K,+2K,+K,)/6
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The advantage of explicit methods is that at each simulation step, the next step value can
be directly calculated from previous results. Thus explicit methods are very efficient with

fixed point iteration techniques.
3.2.2 Implicit Method

The implicit methods use both current state and past state to solve the initial value
problem. As a result, a set of nonlinear equations needs to be solved at each individual step
which causes higher computational burden compared with the explicit methods.

Backward Euler method, trapezoidal method, implicit Runge-Kutta method, Adams-
Moulton methods, backward differential formulae methods are part of the whole family of
the implicit methods.

The backward Euler method is formulated as:

X, =X Hhf (¢, %) (3.5)

The trapezoidal method is formulated as:

X=X +hlf@t, ,x)+f(t,,x.)]/2 (3.6)

In the formulae of implicit methods, the next step state cannot be obtained directly, and
Newton method is usually used to solve the nonlinear equations in the implicit methods.

However, the implicit methods have better numerical stability properties than explicit

methods despite their slow computational performance.
3.2.3 Numerical Stability Analysis: Stiffness and A-Stability

Power systems usually have components with vastly different time scales. The problems

of such systems are described as being stiff: the time constants of the various physical
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processes differ greatly (from tens of milliseconds for fast transients up to one hundred
seconds for slow adjustments). Physically speaking the stiffness is caused by the presence of
different time scale components; while mathematically speaking, the stiffness of the problem
is associated with the existence of both large and small eigenvalues. The quotient of the
largest and the smallest eigenvalues can be considered as the stiffness ratio to measure the
degree of stiffness [73].

The numerical methods may produce qualitatively wrong results for stiff problems due to
the error accumulations in the simulation steps. It is crucial that the numerical methods
correctly identify whether the system is stable or unstable. In some cases the numerical
solution may indicate unstable behavior for the case where the actual system is stable and
vice versa. Explicit methods may require a significant reduction of the step size to maintain
numerical stability such that the step size is smaller than the step size needed to represent the
solution accurately. The required step size for explicit methods to guarantee numerical
stability may be too small for practical implementation. The implicit methods are necessary
to guarantee the numerical stability for stiff systems

A simple example given in [73] is used to show the difference between explicit and

implicit methods for stiff systems.

x, =—100x, +x,
(3.7)
x, =—0.1x,

The initial value is (=3,—1)", and the step size is chosen as 0.1. The eigenvalues of (3.7)

are -100 and -0.1, which are both negative; therefore, the system trajectory should converge

to the origin as time goes into infinity. To obtain the time response both forward Euler
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method and trapezoidal method are applied. The result by forward Euler method is shown in
Fig. 3-1a. Actually in this case the forward Euler iterates grow geometrically in magnitude if
step size is greater than 0.02, in contrast with the asymptotic behavior of the true solution.
The simulation result by trapezoidal method is shown in Fig. 3-1b. which demonstrates

proper stable behavior.

x 10 (a) Forward Euler Method

[II]

Il

Fig. 3-1. The Simulation Results by Explicit and Implicit Methods

To analyze possible instability caused by numerical methods, the concepts of A-stability
and stability domain are proposed in the literature. Suppose that a given numerical method is
applied with a step size h>0 to the linear test system x = Ax, the stability domain of the

underlying numerical method is the set of all numbers hA such that x, approach zero as n—oo.
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In other words, the stability domain is the set of all hA for which the correct asymptotic
behavior is recovered, provided that the linear system is stable.

A method is A-stable if x, approach zero as n—oo for all values of the step size 4 when
this method is applied to the equation x = Ax for all Ae C with Re(A)<0. Note that for this
equation, the exact solution also goes to zero. In other words for Re(A)<0 the solution of
corresponding differential equations should be stable for any positive value of h. It implies
that the stability domain includes the whole left half plane. Thus whether a method is A-
stable or not can be judged from the stability domain. The stability domains of the forward
Euler and trapezoidal method are shown in Fig. 3-2. The forward Euler method is not A-
stable while trapezoidal method is A-stable. It is proven that no explicit Runge-Kutta method
may be A-stable [73]. In general, an A-stable linear multi-step method is necessarily implicit

but not every implicit method is A-stable.

Jm(z) _ Alm(z)
Re(z)<0 z=Ahh
0 .
Re(z)
Forward Euler Method Trapezoidal Method

Fig. 3-2. Stability Domain of Forward Euler and Trapezoidal Methods
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One of the drawbacks of A-stability is that the stability domain may include part of the
right half plane, thus the real unstable phenomena will be simulated as a stable one. The
spurious damping is called hyper stability [42]. Hyper stability can be avoided by reducing
the step size during the simulation on the basis of the experience of the end user or the

evaluation of eigenvalues.

3.3 Decoupled Method for ODE

Since power systems are stiff problems, implicit methods are commonly used to simulate
the dynamic behavior. Each integration step of a stiff equation involves the solution of a
nonlinear equation which leads to a set of linear problems involving the Jacobian of the
system. As a result, the methods for solving stiff systems spend most of the time solving
systems of linear equations. The numerical stability properties of the time domain simulation
algorithms are determined by the eigenvalues of the linearized matrix, and frequently the
eigenvalues which cause stiff problems are only a small portion of the whole spectra. It
seems inefficient to solve these problems only with implicit methods. If the problem can be

partitioned into a stiff part and a non stiff part such as

{xs = f.(x,,x,) (3.8)

)'Cn = fn(xx’xn)
where f,, f, are stiff and non stiff equations with variables x_and x, respectively, the system

can be treated with an implicit method for the stiff equations and an explicit method for the

non stiff equations [71].
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In the numerical stability analysis of the algorithms, it is required that eigenvalues are
located inside the stability domain to yield convergence behavior. If some eigenvalues are
outside the stability domain of explicit methods, numerical stability may not be revealed by
the dynamical simulation. However, the numerical results can be corrected by treating those
outside eigenvalues differently. The decoupled method is based on the idea of separating stiff
eigenvalues from the others.

From the geometric viewpoint, the solutions of the ODE and DAE systems are points or
vectors in the multi-dimensional space. This space can be divided into two or more subspaces
and the solution vectors can be decomposed into corresponding two or more sub-vectors in
each subspaces. Thus, by decomposing the space into a number of small subspaces, the
solution vectors can be divided into sub-vectors and the original ODE and DAE systems can
be decoupled into several small dimensional systems.

-,A be the eigenvalues of linearized n-dimensional

n

Denote A,---,A4,,4,.,.

matrix A= D _f(x), and suppose only first m eigenvalues are located outside the stability
domain of an explicit method. Let P be the invariant subspace corresponding to these m
eigenvalues and let Z; be an orthonormal basis in P. Thus Z; is n X m matrix which satisfies
the following conditions:
AZ, =ZA, (3.9)
z'z,=1, (3.10)
where I is m X m identity matrix, and A, is a square matrix with m eigenvalues outside the

stability domain.
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Furthermore, there exists an orthogonal complement Q such that Q = P--. And let Z, be

the orthonormal basis in Q, then

zZ,=1,_, (3.11)

And since Q is an orthogonal complement, it follows that

z'7,=0 2,Z,=0 (3.12)

Therefore, the n-dimensional space can be represented by the direct sum of P and Q
where Z; and Z, are the corresponding basis respectively. Moreover, nxn dimension
matrix Z,Z and Z,Z] are the orthogonal projectors into the two subspaces according to the
definition in [76].

Because Z,Z, and Z,Z, are the orthogonal projectors, any vector in the full space can be

projected into two subspaces by multiplying the projectors on the left. In other words, once
the projections in these two subspaces are known, the original vector in the full space can be
recovered. Let p and g be the vectors in m-dimensional and (n-m)-dimensional subspaces,

and the original n-dimensional vector x can be recovered from p and ¢ by setting

p=Z/xandg=Z]x .

Proposition 1: For each vector x in R" space, there exist unique vector pe R" and
ge R""suchthatx=Zp+Z7Z,q.

Proot:

Since Z/ (Z,Z/ +7,Z))=7[7Z] +7]Z,Z, = Z] , therefore (Z,Z| +Z,Z])=1,.

Letp=Z/x,q=Z,x,thusZ,p+2Z,q=2,7Z/ x+ 72,2, x=(ZZ| +Z,Z])x=x. O
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Since the vector in the original n-dimensional space can be decomposed into the sum of
two small dimension vectors, the original system can be split into two sub systems according
to Lyapunov-Schmidt decomposition:

[ (p.9)=Zf(Zp+Z,q) (3.13)

fp.) =2, f(Zp+2,9) (3.14)

And the ODE system equations can be decoupled into two systems

p=f"(p.@)=Z f(Zp+Z,q

G=rf°(p.9)=2, f(Z,p+Z,q9)

(3.15)

By solving the above equations, variables p and g can be calculated separately, and the
original states are givenasx =2 p+72,q .

For the decoupled systems, the second set of equations Z, f(Z,p+Z,q) has the
derivative Z, AZ, . It is desirable if the eigenvalues are still in the stability region of the

explicit methods. And we have the following conclusion:

Proposition 2: The matrix Z, AZ, has the remaining n-m eigenvalues 4, -+, A .

Proof is given in [77, 78].

Equation (3.15) has the desired form as (3.8) and the all the eigenvalues of the second

equation set are inside the stability domain of explicit method. Therefore, an explicit method
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can be applied to solve the second set of equations and an implicit method can be applied to
solve the first set of equations. To eliminate the need for Z, , letv = Z,q , thus

v=2,7Z, f(Z,p+v)=(U-ZZ ) f(Zp+v)

The new system is

P=Z f(Zp+v)

v=(-ZZ)f(Zp+v)

(3.16)

3.4 Decoupled Method for DAE

The simulation of differential algebraic equation systems involves solving of a set of
differential equations and a set of algebraic equations simultaneously. The solutions of
differential equations and algebraic equations can be obtained either separately or
simultaneously. The decoupled method can be applied to the differential equations in similar
way as applied to ODE systems. To demonstrate the approach forward Euler method is
chosen as an example of explicit method and trapezoidal method as an example of the
implicit method. Also we denote the number of differential equations as n, the number of the

algebraic equations as /, and the dimension of stiff invariant subspace P as m.
3.4.1 Decoupled Forward Euler-Trapezoidal Method for DAE

Similar to the ODE system, the DAE system can be decomposed into the following form

pP=Z f(Zp+v)
v=(1-2Z))f(Z,p+v) (3.17)

0=g(p,v,y)
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The initial conditions are given as

(x(0) = x,
y(0) =y,

J (3.18)
p0) = ZlTx0

v(0)=(I-Z,Z)x,

The decoupled forward Euler-Trapezoidal method is formulated as:
Voo =V, +h(I=ZZ)) f(Z,p, +V,)

Ja +thT (fZptv)+f(ZpiytVvi)]2 (3.19)

0=8g(Peiis Vs Yeur)
The first set of equations can be solved via fixed point iteration, and the second and third

sets of the equations actually are nonlinear equation and Newton method is needed to solve it.

The second and third equation sets are reformulated as:

1 1
P+t _Ehsz(z1pk+1 Vi) = Py +5hZ1Tf(lek +v)

(3.20)
8(PrsrsVests Vi) =0

where the unknowns are p,,andy,,,.

Whereas the full implicit method needs to solve the following nonlinear equation set

X —hf (X, )I2=x,+hf(x,)/2
(3.21)
8(X s Vi) =0

The dimension of the full implicit method is n+l while the dimension of the decoupled

system is m+/. Since m<<n, the dimension of the nonlinear systems can be significantly

reduced.

www.manharaa.com



44

3.4.2 Identification of Stiff Invariant Subspace

To identify the basis Z; of invariant subspace P, it is only required to identify the a few
eigenvectors of corresponding eigenvalues instead of all of the eigenvectors. As for the
forward Euler method, the stability domain boundary is a circle which has the center (-1/h, 0)
and radius 1/h for eigenvalue A. Thus the stiff invariant subspace is associated with
eigenvalues outside the circle. Because the algorithms for dominant eigenvalues calculation
such as Arnoldi method tend to converge to eigenvalues with largest moduli, it is not
straightforward to directly identify the invariant subspace if the center of the circle is not the
origin. The remedy is to shift the stability domain to the right direction so that the origin

becomes the center of the shifted circle by shifting the linearized matrix A.

Proposition 3: Let (4,v,)be the eigen-pair of n-by-n matrix A, then (4, +1/h,v,)is the
eigen-pair of matrix A+1/h.

Proof: Let A4 , v, be the corresponding eigen-pair to matrix A, thus Av,=Av, .
Then Av,+v,/h=Av,+v,/h, that is (A+1/h)v,=(A4 +1/h)v, . Therefore A +1/h is the

eigenvalue of A+1/h. 0

Now the original problem is transformed into the new problem to find out a few

eigenvalues outside a circle of the matrix A+1/h . These eigenvalues can be computed

efficiently by the Arnoldi method.
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3.5 Numerical Examples

3.5.1 New England System Simulation Results

Numerical examples of New England power system is demonstrated here. New England
system has 39 buses and 10 generators. There are 9 differential states for each generator. As
there are 9 states for each generator, and the total number of differential states and algebraic
states are 90 and 78 respectively. The step size during the simulation is chosen as 0.025
second. The stiff invariant subspace is calculated at the initial state with dimension as 19,
thus the dimension of the nonlinear equation system is 97 for the decoupled method (19 stiff
differential states and 78 algebraic states), while the dimensions of the nonlinear equation
systems are 78 and 168 for the explicit method and implicit method respectively. The
computational time for stiff invariant subspace is 0.235 seconds.

In the following section, several disturbances and control actions are considered to
demonstrate both the accuracy and computational efficiency of decoupled method for New
England system. Here is a summary of the cases:

Case A: Line outage

Case B: Line outage with load variation

Case C: Line outage with load variation and shunt capacitor compensation

The contingency in case A is transmission line trip between bus 6 and bus 7 at 0.05

second, and the simulation duration is 20 seconds. The actual post-disturbance behavior is

that the system stability can be maintained. The simulation results of decoupled method and
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full implicit method yield stable cases; however, full explicit method fails to give correct
answer. Full explicit method (forward Euler method) diverges at about 1.1 second as shown
in Fig. 3-3. Before explicit method diverges, an oscillatory behavior can be observed from

the result which is only due to numerical error instead of real system response.

0.998

0.996

)

0.994

0.992

0.99

0.988

0.986

Bus6 Voltage Magnitude (p.u

0.984

0.982
0

Fig. 3-3. Case A Simulation Result by Forward Euler Method

The simulation results of decoupled method and full implicit method give the stable
system behaviors as shown in Fig. 3-4. Both methods give stable post disturbance behavior

and the results from two methods match very well.
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Fig. 3-4. Case A Simulation Results by Decoupled and Implicit Methods

The computational time of decoupled method, explicit method and full implicit method in
case A is shown in Table 3-1 (N/A means dynamical simulation cannot be finished due to
numerical divergence under the given step size; the maximum step size for forward Euler
method to give similar results as trapezoidal method is 0.002 second and the simulation time
is about 2800 seconds under such step size). It shows that decoupled method requires much
less time than implicit method to finish the dynamic simulation.

TABLE 3-1 COMPUTATIONAL TIME COMPARISON [

Methods CPU Time (s)
Explicit Method N/A
Implicit Method 745

Decoupled Method 405
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The disturbances in case B are both loss of transmission line and load increment. Line
between bus 6 and bus 7 is tripped off at 0.05 second as in case A, and the system loads also
increase by 10 percent per second until the end of simulation (5 seconds duration). The effect
of continuous load increment will cause system instability in this case. Here also explicit
method experiences convergence problems and provides the wrong result during the
simulation; while decoupled method and implicit method yield correct system behaviors as

shown.

I I I
—— Decoupled Method
--- Implicit Method

0.98

0.96

0.94

0.92

Bus6 Voltage Magnitude (p.u.)

0.9

0.88

Fig. 3-5. Case B Simulation Results by Decoupled and Implicit Methods

The computational time of decoupled method and full implicit method in case B is shown

in Table 3-2. The decoupled method is almost twice as fast as the implicit method.
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TABLE 3-2 COMPUTATIONAL TIME COMPARISON II

Methods CPU Time (s)
Implicit Method 230
Decoupled Method 130

49

In case C, the transmission line between bus 6 and bus 7 is tripped at 0.05 second and

system loads increase by 10 percent in the 1st second. At 1 second (right after the end of load

variation), a 250KV ARs shunt capacitor is switched on at bus 7. The dynamical response of

decoupled method and implicit method is shown in Fig. 3-6.

1.005

0.995

0.99

Bus6 Voltage Magnitude (p.u.)

0.985

0.98
0

T I I
—— Decoupled Method
-== Implicit Method

Fig. 3-6. Case C Simulation Results by Decoupled and Implicit Methods

The computational time of decoupled method and implicit method in case C is shown in

Table 3-3.
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TABLE 3-3 COMPUTATIONAL TIME COMPARISON III
Methods CPU Time (s)
Implicit Method 442
Decoupled Method 252

The simulation results summary of the above cases are given in Table 3-4. It includes the

dimension of the nonlinear equations for decoupled and implicit methods, computational

time and the computational errors between decoupled and implicit methods. The dimension

of stiff subspace is 19, and the computational time of decoupled method includes 0.235

seconds for the stiff subspace computation. The computational error in Table 3-4 is defined

as the infinity norm of the difference between implicit method and decoupled method.

TABLE 3-4 THE SUMMARY OF NEW ENGLAND SYSTEM RESULTS
Nonlinear Equations Computational Time .
. h Computational
Cases Dimension (s) Error
Implicit | Decoupled | Implicit | Decoupled
Case A 168 97 745 405 9-4689
e-004
9.0860
Case B 168 97 230 130 -004
12.0000
Case C 168 97 442 252 004

3.5.2 IEEE 118-bus System Simulation Results

IEEE 118-bus system has 118 buses and 48 generators, and the total number of

differential states and algebraic states are 432 and 236 respectively. The step size during the

simulation is chosen as 0.025 second. The stiff invariant subspace is calculated at the initial

state with dimension as 31, thus the dimension of the nonlinear equation system is 267 for

the decoupled method (31 stiff differential states and 236 algebraic states), while the
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dimensions of the nonlinear equation systems are 236 and 668 for the explicit method and
implicit method respectively. The computational time for stiff invariant subspace is 1.062
seconds.

Three cases are considered in IEEE 118-bus system. Here is a summary of the cases:

Case D: Line outage. In case D, the transmission line between bus 85 and bus 89 is
tripped off at the time of 0.05 second. The simulation duration is 2 seconds.

Case E: Line outage with shunt capacitor compensation. In case E, line 85-89 is tripped
off at the same time as in case D; after the line trip contingency, a 250KVARs shunt is
switched on at bus 85 at the time of 0.5 second. The simulation duration is 2 seconds.

Case F: Three-phase short circuit. In case F, a three-phase short-circuit fault occurs at the
middle point of line 85-89 at the time of 0.05 second. The fault duration is 0.1 second (6
cycles for 60Hz system), and the fault is cleared at the time of 0.15 second by opening line
85-89.

The simulation results in case D are plotted in Fig. 3-7 and Fig. 3-8. In Fig. 3-7, the
results by explicit method show oscillatory behavior near 1 second which is only due to
numerical error accumulation. The simulation results by both decoupled method and implicit
method are shown in Fig. 3-8, and both methods give similar results while decoupled method
requires much less time.

The simulation results in case E and case F are given in Fig. 3-9 and Fig. 3-10.

Decoupled method and implicit method also give very close results.
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Fig. 3-7. Case D Simulation Result by Forward Euler Method

The simulation results summary of the above IEEE 118-bus system cases are given in
Table 3-5. It includes the dimension of the nonlinear equations for decoupled and implicit
methods, computational time and the computational errors between decoupled and implicit
methods. The dimension of stiff subspace is 31, and the computational time of decoupled
method includes 1.062 seconds for the stiff subspace computation. The computational error is

the infinity norm of the difference between implicit method and decoupled method.
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Fig. 3-10. Case F Simulation Results by Decoupled and Implicit Methods

TABLE 3-5 THE SUMMARY OF IEEE 118-BUS SYSTEM RESULTS

Nonlinear Equations Computational Time .
. h Computational
Cases Dimension (s) Error
Implicit | Decoupled | Implicit | Decoupled
6.9335
Case D 668 267 956 247 -004
6.9335
Case E 668 267 997 246 -004
Case F 668 267 998 299 49.0000
e-004

3.6 Summary

In this chapter, a decoupled method is proposed to improve the computational efficiency

of the power system dynamical simulation. The method combines the advantages of explicit
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and implicit methods. The original power system equations are decoupled into two parts
which correspond to the stiff and non-stiff subspaces. For the stiff invariant subspace, the
implicit method is applied to achieve numerical stability and the explicit method is employed
to handle non-stiff invariant subspace for the computational efficiency. As a result, the new
hybrid method is both numerically stable and efficient. In the next chapter, optimization
method for dynamical systems will be formulated to prevent system instabilities based on the

simulation results from the time domain simulation.
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CHAPTER 4 TRAJECTORY OPTIMIZATION

4.1 Introduction

Power system behaviors subject to disturbances such as potential failure can be identified
by dynamical simulation such as decoupled dynamical simulation algorithm introduced in the
previous chapter. Once potential system failure has been identified, the next step is to find a
control method with which to mitigate system failure. This chapter proposes an optimization
method incorporating system dynamics for providing optimal control strategies with which to
prevent system failure caused by disturbances.

Control strategies may be simply based on steady state analysis using optimal power flow
calculations to minimize cost or maximize distance to a collapse point. However, the
complexity of power systems requires an additional consideration of dynamics, since
traditional steady state analysis may not be sufficient to judge power system dynamical
behavior. For example, power flow analysis only considers the existence of system
equilibrium. Equilibrium may exist for the post disturbance power system, but loss of
stability may still occur due to lack of attraction towards the post disturbance equilibrium.
Since power systems are dynamic, power system control strategies are time dependent, and
the representation of a dynamic system model should be taken into account for optimal
control guarding against system failure. The coordination over time of control amounts at a

variety of locations for power system security is quite a challenging problem. Often it is
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found that system collapse can be prevented by applying a small amount of control resource,
so it is important to discover the optimal control strategy by considering the system dynamics.

From the viewpoint of mathematical optimization, problems with optimization can be
classified into parameter optimization problems and trajectory optimization problems. In the
formulation of parameter optimization problems, feasible regions are represented by
algebraic conditions, while system dynamics are represented in the formulation of trajectory
optimization problems. The formulation of parameter optimization and trajectory

optimization is given in the following sections.
4.1.1 Parameter Optimization Problems

Parameter optimization problems, or static optimization problems, involve finding the
best values of an objective function in the feasible regions represented by algebraic
conditions. Such problems may be either unconstrained or constrained. In the unconstrained
case, the feasible regions of the control variables are unbounded, while in the constrained
case, a set of algebraic inequality and inequality conditions are imposed to describe the
allowed range of the control variables.

The general formulation of parameter optimization problems is as follows.

min  L(x,u)
subject to

0=c(x,u)
0<d(x,u)
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The objective L(x,u) defines the performance index to be optimized, while the equality
constraints c(x,u) and d(x,u) define the feasible regions of the problems.

Optimal power flow is the application of parameter optimization problem to power
systems. The aim of optimal power flow is to find the best power system control variables
with which to optimize the power system performance index while satisfying the power
system steady state constraints. The performance index in the optimal power flow may be the
total cost or the total system loss, and the constraints of the optimal power flow consist of
power flow equations and other conditions such as voltage profiles.

Parameter optimization problems can be further classified according to different criteria.
The classification of linear and nonlinear optimization problems is based on whether there
are nonlinear conditions in the formulation. In linear optimization problems, both objective
and constraints are linear, while nonlinear optimization problems include nonlinear
conditions. Nonlinear optimization problems may have a general formulation and some
special formulations, such as quadratic nonlinear optimization problems that have quadratic
objective function and linear constraints. Relative to the existence of discrete variables,
parameter optimization problems can be categorized as continuous problems and discrete
problems. The difference between global optimization and local optimization comes from the
contrast between the global solution and the local solution. There are also a variety of
numerical optimization techniques for parameter optimization problems, including simplex
method, sequential quadratic programming, interior point method, active set method, and

branch-and-bound method [79].
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Control strategies for dynamic security analysis in the literature either use a combination
of dynamical simulation and optimization techniques or transform a difficult problem with
system dynamics into the form of parameter optimization using existing optimization
methods.

In [55], an approach to load shedding control of voltage instability using sensitivity and
simulation is given. The sensitivity is first derived from a Jacobian matrix with respect to
control variables, and then the control amount is estimated to satisfy post-disturbance
stability based on the sensitivity. The method can be further expanded into the simulations
using trial and error method. The basic idea is to reduce the control amount needed through
iterations and to use dynamical simulation to verify the control effect. In [56], the sensitivity
information is used to rank load buses as candidates for load shedding. Then a binary search
relying on the results of time domain simulation is used to determine the minimal amount of
load shedding needed at a given time. The binary search continues building a smaller and
smaller interval of load shedding amount such that upper bound of the interval is stable
system response and lower bound is unstable system response. In the search procedure, the
load shedding locations and time are pre-specified, and only the load shedding amounts are
the decision variables. At each step, the mid-point of the search interval is tested through
dynamical simulations and taken as the new upper or lower bound according to simulation
results. A conceptual diagram of the trial and error method is shown in Fig. 4-1. In this figure
P1 is the upper bound and P2 the lower bound. In the simulation, first a large load shedding
amount P1 is identified through dynamical simulation such that the system equilibrium can

be recovered. The lower bound P2 corresponds to load shedding amount which is insufficient
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to reach an equilibrium conditions. Therefore, the best load shedding amount should lie in

between P2 and P1. In the following iteration, the midpoint amount of the load shedding

(P1+P2)/2 is tried, and the range containing the minimum load shedding amount is reduced

by half. The search procedure continues until the range is small enough. Trial and error

simulation methods can be very time consuming for large power systems, and transient

behaviors such as voltage dip or sag are not considered in these methods.

State

\ /" N_  Shedding P1

Vo N

/1,~ -

\
AR Shedding
(P1+P2)/2

Shedding P2

Time

Fig. 4-1. Trial and Error Method

In another approach, search and optimization techniques with modal predictive control

are used to determine control strategies as shown in Fig. 4-2. System responses are predicted

based on the current state for several different candidate control sequences. For example, the

solid line is the actual system trajectory until time 7y, and the dashed lines are the future

system trajectories and the corresponding controls. From initial state point A at time 7Ty, the
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future states at Tp+7), can be predicted as different trajectories under different controls. The
predicted trajectories are labeled T1, T2 and T3, with corresponding control outputs are Ul,
U2 and U3. In [57], a tree-search method is employed to determine the best control strategy
among all the control candidates. This tree-search method is similar to those used in chess
computers where each node in the tree corresponds to one possible control action. In [58], the
selection of the optimum control action in the complex optimization problem is achieved by
evolutionary programming. In [59], linear programming techniques are applied in each step
to determine the control actions. In modal predictive control, power system dynamic
behavior is approximated by simple responses such as straight lines in a discrete time
formulation, with a time interval usually set to be quite large, for example, 30-60 seconds in
[58]. Because of the large time horizons and straight line approximation, such methods are
suitable for system dynamics with relatively long term and monotonic change, but power

systems dynamic behaviors in short term cannot be represented and enhanced.

A
Actual Trajectory
T1
”~ - -
7
S NP
Refererjce Trajectory / —_— T2
~ N
A \
T3 N\ Predicted Trajectories
Ut-=====--- M-
Controls  Uo__________\
Ug=======--=-- i
T T g
Time

Fig. 4-2. Model Predictive Control
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In [60] the difficult problem of control for dynamical system is transformed into a
traditional nonlinear optimization problem. The transformation is based on discrete time
formulation, with control strategies subsequently obtained from the solution of the
transformed problem. However, the transformation tends to give a relatively inaccurate
solution compared with the true solution, with the inaccuracy due to the introduction of
pseudo minima from the transformation that are not the solutions of the original problem [61].

The control strategies proposed in the power system literature attempt to improve power
system dynamic security through simple sensitivity information or complex dynamics
transformation. In the simple schemes such as trial and error methods, the coordination
between control resources is very difficult, and no power system transitions are considered.
In the application of modal predictive control, the system states are predicted based on the
linearization, and actual system state trajectories may be different from those predicted. In
the method of problem transformation, inaccurate solutions may be reached due to the
pseudo minima from the transformation. Therefore, there still a room for improvement in
dynamic security analysis with accurate system dynamics representation and accurate

solution.
4.1.2 Trajectory Optimization Problems

Trajectory optimization problems, or optimal control problems, aim to find the time-
optimal solution for dynamical systems [80-83]. The history of trajectory optimization theory
can be traced back at least to the late seventeen century when Johann Bernoulli posed a
challenge to contemporary mathematicians to solve a simple problem considered from the

modern viewpoint. Based on the original works from pioneers such as Leibniz, Newton,
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Hospital, Jakob Bernoulli and Johann Bernoulli, the theory of the calculus of variation and
trajectory optimization was developed subsequently by mathematicians such as Euler,
Lagrange, Hamilton, Pontryagin, and so on. In trajectory optimization problems, the systems
in the study are governed by dynamics. Under the effect of control, there may be multiple
trajectories for the system state variables. A given performance index is defined for the
system trajectories, and, among all possible trajectories, one will have the best performance
according to the performance index. The task of trajectory optimization is to find the
trajectory with the optimal objective, and to identify the corresponding control actions.

The trajectories of power systems are the movements of power system variables such as
bus voltage and generator angles. Power system post-disturbance responses subject to
different control strategies can be formulated as trajectory optimization problems, and power
system dynamics can be represented in trajectory optimization formulation. In the trajectory
optimization problem, a cost function or an objective function associated with trajectories is
minimized or maximized under the constraints of dynamical state law, control variables, and
boundary conditions. Both power system equilibrium and state constraints such as voltage
dip can be considered in a unified way by imposing equality and inequality constraints on the
state and control variables. To solve the difficult problems with inequality constraints, the
extended penalty function method can be applied by transforming the original problem into a

sequence of trajectory optimization problems without inequality constraints.
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4.2 Formulation

Dynamical systems can be represented by a set of ordinary differential equations as
shown in (4.1) .

x=f(x) 4.1)

Considering the existence of control variables, the system can be reformulated in (4.2)

x=f(x,u) 4.2)
where u is the control vector.

The system may also have initial-time and end-time conditions. For example, the initial
time conditions may be the system states subject to disturbances, and the end time conditions
may be the post disturbance equilibrium. Initial time and end time conditions can be
represented in general form as:

b(x,,uy, x,,u;)=0 4.3)

Initial time and end time conditions are called boundary conditions. The general form of
the boundary conditions is the mixed conditions of initial time and end time, and the
boundary conditions of the initial time and the end time may be separable, such as
by(xy,u,) =0, b, (x,,u,)=0. The initial time conditions for given initial conditions can be
by(x,,u,) =x,—x(0)=0, and the end time conditions for the post disturbance equilibrium
can be written as b, (x;,u,;) =%, = f(x;,u;)=0

The problem of trajectory optimization is to find the optimal trajectory among all the

possible trajectories given the boundary (initial time and end time) conditions. The concept

of trajectory optimization is shown in Fig. 4-3. In the figure, there exist different trajectories
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connecting power system initial state and final state under different control strategies. The
objective of power system trajectory optimization problem is to find the best control strategy
and trajectory (for example, the solid line in Fig. 4-3) among all the possible candidates.

Conceptual control output from dynamical optimization is illustrated in Fig. 4-4.

A
System Trajectories
—_—— T T < -
, x : \ Power System

Q Final State
S

n

Power\System e d
Initial State< _ _ y— 7
>

Time

Fig. 4-3. Power System Dynamical Optimization Concept
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Control

Reactive Power
Compensation

Time

Fig. 4-4. Conceptual Dynamical Optimization Control Action

Control resources may be reactive power support, load, and the reference voltage of the
automatic voltage regulator (AVR) as functions of time. Reactive power compensation is a
control resource with which to enhance dynamic security by adjusting reactive power support.
Reactive power compensation can be achieved through the Flexible AC Transmission
Systems (FACTS) devices [84-86]. Through advances in power electronics, reactive power
support can be provided continuously for security control from devices such as Static VAR
Compensator and Static Synchronous Compensator (STATCOM). Load control such as non-
disruptive load is another alternative control resource for dynamic security enhancement.
Traditionally load control is achieved by load shedding, which leads to loss of power supply
for some customers. In contrast to load shedding, non-disruptive load control schedules load

usage for controllable load in the load center through high-speed communication technology.
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As a result, load level can be controlled with imperceptible consequence to mitigate system
stability by using non-disruptive load control [87-89]. The reference voltage set point control
is used in the secondary voltage control scheme in many European countries [90-96]. The
reference voltage set point control can adjust the generator terminal voltage through the
automatic voltage regulator. Continuous control of the reference voltage set point can adjust
the system voltage level in other buses through the generator terminal voltage control. In
additional to the control resources of reactive power compensation, load control and
reference voltage set point, it is still possible that, in the future, technology improvement in
related areas such as electronics and communication may provide even more control
resources that can be coordinated by the trajectory optimization method for power system
security enhancement.

The objective function measuring the cost of control and the performance is defined

T
as J =IL(x,u)dt. L(x,u) can include control amount and deviation from desirable states
0

depending on the functional forms along the trajectory. The control amount can be

represented as L =u’ Qu with Q as a weighting matrix; deviation from desirable states can be

represented as L= (x—Xx)" S(x—X)with X as a desirable state vector and S as a weighting

matrix. For example, the desirable value for voltage in power system is about 1 per unit. The
closer the actual voltage to the desirable voltage, the better the performance is.

In addition to the constraints of dynamical state law in (4.2), there also exist control and
state variables constraints such as control function, and upper and lower limits on control and

state variables. These additional constraints can be represented as a set of equalities or
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inequalities in the problem formulation. Thus, the mathematical formulation of trajectory

optimization is given as:
T
min J = [ L(x,u)dt (4.4)
0

subject to

x=f(x,u)

0=c(x,u)

0<d(x,u)
where c(x,u) =0 and d(x,u) >0 are the equality and inequality constraints respectively.

The necessary conditions for trajectory optimization problems with both equality and
inequality constraints are quite complex. Unconstrained trajectory optimization problems
with only equality constraints are considered first, and then inequality constraints are
incorporated into the formulation for constrained trajectory optimization problems.

Define multiplier A and p with the system differential equations x = f(x,u) and equality
constraints ¢(x,u) =0, and define a scalar function H (the Hamiltonian) as follows:
HOou, A, u)y=A"f+L+u"c 4.5)

The necessary conditions for trajectory optimization problems with only equality

constraints are:
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X=H§=f(x,u)

0=c(x,u)

: T oL ; Of oc.r (4.6)
:—H = —{—- —_ — _——

A . (ax) (ax) A (ax) u

_gT _ %T aiT %T

0=H, —(au) +(8u) /1+(au) U

The end conditions are b, (x,,u,) =0, b, (x,,u;)=0.

In power system application, algebraic equations in addition to the state law are the

power flow equations. The constrained problem formulation in power system is given as:
T
min J = j L(x, y,u)dt 4.7
0

subject to

x=f(x,y,u)
0=g(x,y,u)
0<d(x,y,u)

where x represents the system state variables, corresponding to dynamical states of
generators; y corresponds to algebraic variables, usually associated to the transmission
system and steady-state element models; vector u is used here to represent system parameters
such as reactive power compensation, load level of non-disruptive load control etc, that are
directly controllable. The necessary conditions for (4.7) without inequality constraints are
similar to the necessary conditions for (4.4) without inequality constraints. The Hamiltonian

is defined as:

Hyu, A, )=A"f+L+7"g (4.8)
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The necessary conditions for (4.7) without inequality constraints are:

k=Hj = f(x,y.u)

0=g(x,y,u)

A=—H! =—0L/dx)" —(of 10x)" A1—(dg /dx)" ¥ (4.9)
0=H" =(L/9u)" +(f /9u)" A+ (g /ou)" y

0=H =(dL/9dy)" +(9f /dy)" A+(dg/y)" ¥

4.3 Extended Penalty Function Equivalence

The necessary conditions for trajectory optimization problems with both equality and
inequality constraints are given by Pontryagin’s Minimum Principle [80, 82]. Considering
problem (4.4), the necessary conditions for inequality constraints with only state variables are
the requirements that the product of inequality constraints and multipliers must be zero; the
necessary conditions for inequality constraints with both state and control variables must
satisfy the requirement that specifies that the Hamiltonian must be minimized over the set of

all possible control resources. This can be formulated as:

)'c:Hfzf(x,u)
O0=c(x,u)
; oL of dc (4.10)
A=—H" = 2=y (Y g (&5
' (ax) (ax) (ax) u
H(x,u,ﬂ,ﬂ)zmi[ng(x,v,ﬂ,ﬂ)

where K is the feasible set of control variables.
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It is very difficult to solve trajectory optimization problems with inequality constraints
because Pontryagin’s Minimum Principle implies nonlinear optimization problems along the
trajectory. It is thus desirable to transform inequality constraints into equality constraints.
This transformation can be achieved via extended penalty function equivalence.

The inequality constrained trajectory optimization problem can be transformed into an
equality constrained problem using penalty functions [97]. The trajectory optimization

problem equivalent to (4.4) but without inequality constraints is as follows:
T
min J(pk):I[L(x,u)+kaDi(pk,x,u)]dt (4.11)
0

subject to

x=f(x,u)
O0=c(x,u)

where penalty parameter p, >0 and D, denote the penalty function terms that are added to
the original cost function. In general these penalty function terms are small if the inequality
constraints in the original optimization problem are satisfied and large if the inequality
constraints are violated. If the inequality constraints are violated, the cost function is
dominated by the penalty term. Therefore the optimization problem will tend to minimize the
penalty term and thus the amount of constraint violation. On the other hand, if the constraints
are satisfied, the penalty form remains small and makes no significant contribution to the cost

function in (4.11). By driving penalty parameter p, to zero, the influence of the penalty

term D, on the cost function becomes smaller and smaller, and the sequence of solution of
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penalized optimization problem converges to the solution of the original optimization
problem.

Penalty functions are usually classified as interior penalty function, exterior penalty
function and extended penalty function. The differences among three categories are shown in
Fig. 4-5. In the figure, the feasible region is defined as the domain of all trajectories that

satisfy the inequality constraints d(x,u) = 0. The infeasible region is defined as the domain of
all trajectories that violate the inequality constraintsd (x,u) >0 .

A popular exterior function 1is the quadratic loss function defined as
D, =(min(0,d,)/ p,)* . This penalty function is zero if the constraint is satisfied and non-
zero otherwise. A disadvantage in using this penalty function is that at the constraint
boundary d, =0 the first-order derivatives of the penalty function are discontinuous which
makes the necessary conditions difficult to solve. The interior penalty function is defined
only in the feasible region and is infinite on the constraint boundary d;, =0. The interior
penalty function can be defined as the inverse barrier function given by D, =1/d, or the
logarithmic barrier function given by D, =log(d,). A disadvantage of the interior penalty

function is that it is not defined for infeasible trajectories. Thus the numerical solution
procedure used must be such that all the intermediate solutions satisfy the inequality

constraints, a condition often difficult to accomplish in practice.
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Fig. 4-5. Penalty Functions

The extended penalty function combines the interior and exterior penalty functions. A

quadratic extended penalty function is given in [97] by
1/d, d; 2P,

A/POB=3d, 1\[p, +(d,1[p’1 d,<\p,

The extended penalty function uses |/, as a transition point and extends the range from

D,

l

4.12)

the feasible region to the infeasible region. This allows trajectories that do not satisfy
inequality constraints to be treated at intermediate steps of the optimization process. The first
and second derivatives of the extended penalty function are continuous at the transition point,
which is sufficient for the continuation technique to solve the necessary conditions.

The Hamiltonian of the transformed trajectory optimization problem with equality

constraints only is H(x,u,A,p)=A"f+L+p, > D(p,,x,u)+u'c , and the necessary

conditions are defined as follows:
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x=H"=f(x,u)

O0=c(x,u)

i __gr__OLy af aD; (4.13)
A=-H, (ax) ax) Z( ) ( )

-7 =y e Ly W, e,

0=H =~ )+ ) z+pk2<au>+<au> u

The constrained trajectory optimization problem for differential and algebraic equations
in (4.7) can be formulated in a similar way using the penalty function. For the inequality

constraints 0 < d(x, y,u) , define the penalty term:

l/di diZ P
U1pOB=3d, I \[p, +(d, 1 {p 1 d,<\p,

The Hamiltonian is H(x,y,u,A,y)=A"f +L+pk2Dl.(pk,x, y,u)+7 g , and the

D. =

1

necessary conditions are given in (4.14).

x:ngf(x’y,M)
0=g(x,y,u)
A=-H! =-L/0x)" —(0f /9x)" A—(9g/0x)" y—p,>_.dD, / ox (4.14)

0=H] =(OL/0u)" +(f /ou)" A+ (dg/0u)" y+ p, > 0D,/ ou

0=H! =(dL/9dy)" +(3f /9y)" A+ (g /0y) y+p,> 0D, /9y

The formulation of necessary conditions in (4.13) and (4.14) is a two-point boundary
value problem (TPBVP). Such a problem can be solved by finite difference methods or by

shooting methods [98, 99]. Solutions of transformed trajectory optimization problems with
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equality constraints only will approach the solutions of original trajectory optimization

problems with both equality and inequality constraints as the penalty parameter p, goes close

to zero.

4.4 Numerical Solution of Boundary Value Problem

The necessary condition of trajectory optimization is a boundary value problem (BVP),
more specifically, a two-point boundary value problem (TPBVP) for differential algebraic

equations. The boundary value problem in (4.13) and (4.14) can be written in a general form

as follows.
x=f(xy) (4.15)
0=g(x,y) (4.16)
0=>b(x,, Yys Xp» Yr) (4.17)

In the formulation of (4.15)-(4.17), the compact forms of system representation and
variable representation are used. For example, the variable vector x include both the system
differential states and the co-states or the multiplier in the trajectory optimization. The
variable vector y represents power flow variables, control variables and the co-states. The
power flow variables may be bus voltage magnitude and bus voltage angle, and the control
variables may be reactive power compensation, generator reference voltage, and load. The
boundary conditions (4.17) are also in a compact form consisting of both initial time and end
time conditions for power system differential states and algebraic states.

The boundary value problem can be solved by finite difference methods or by shooting

methods [98, 99]. Finite difference methods aim to find a numerical approximation over the
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entire time interval, and these methods are thus sometimes referred to as global methods. The
shooting methods employ numerical solutions of the initial value problem to find the solution
of boundary value problems. In the mathematical literature, both methods are applied to
solve the boundary value problem, and there is no well established conclusion as to whether
one method is superior to the other. In this section, finite difference methods are applied to
solve the boundary value problem from the necessary condition of the trajectory optimization.
A survey of some global methods to solve BVP-ODE is shown in [100].

The basic idea of the finite difference methods is to transform a boundary value problem
into a set of nonlinear equations in a mesh of the time interval. The differential quotients in
the differential equations are replaced by the finite difference quotients. For a time interval
defined as [0, T], a mesh or a sequence of steps is defined with N subintervals:

O=t,<t, <<ty <ty =T

The corresponding differential and algebraic states at the mesh points are denoted as:
Xy <X < <Xy <Xy =X,
Vo< < <Vyy<Iy=D)r
The differential operator x= f(x,y) can be numerically approximated by the finite
difference FD(x,, -, xy,¥,,"**»Yy)=0. Then the boundary value problem in (4.15)-(4.17)

can be replaced by the nonlinear equation set as:

0=FD,(xy, ", Xy, Y5> s V) 1<i<N (4.18)
0=g(x,y) 0<i<N 4.19)
0=>b(xy, Yos Xy Yy) (4.20)
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By using finite difference methods, a compact form of the finite difference equations can

be written as a set of nonlinear equations in (4.21).

d(X,Y)=0 4.21)
where
X:[XOT,"',XNT]T Y:[y()T"”’yNT]T

The finite difference quotients may be defined by the trapezoidal method, that is,
FD.(xy, Xy, Yoo Yn) =X =X, —hl f(x,y)+ f(x_,,y_)]/2 for 1ISi<N . Thus the

general form of nonlinear equations ®(V,W) becomes:

b(Xy, Yos Xy> Yy)
P, (X,Y)=
8(xy, )
xi _xi—l _h[f(xi’ yi)+f(xi_1, yi—l)]/2
P (X,Y)= 1<i<N
g(x,y)

In the trajectory optimization application, the common boundary conditions are the given
initial time conditions and the equilibrium conditions at the end time. The general form of

nonlinear equations ®(X,Y)=0 may be written in the expanded form in (4.22)-(4.24) for

x€ R"and ye R" with N subintervals.

0="5b(xy, Yo Xy Yy) (4.22)
O=x—x_ —hlf(x,y)+f(x_,v._)/2 1<i<N (4.23)
0=g(x,y,) 0<i<N (4.24)

For the boundary value problem, there are (n+m)X(N +1) total unknowns for the

differential states X =[x, ,---,x,’]" and the algebraic states ¥ =[y,",---,y,’ ] . In the
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expanded form of the finite difference method, there are n equations defined in (4.22) for the
boundary value conditions. There are nXN equations defined in (4.23) for the finite

difference operators, and there are nX(N +1) equations defined in (4.24) for the algebraic
equations. Therefore, the total number of equations is (n+m)X(N +1) for the corresponding
(n+m)X(N +1) unknowns.

By solving the nonlinear equation set ®(X,Y)=0, the solution of the two-point

boundary value problem for differential algebraic equation can be obtained, which gives the

optimal control strategy for power system dynamics.

4.5 Numerical Examples

4.5.1 Trajectory Optimization Results for Simple Mathematical Example

A simple mathematical example [97] is shown to demonstrate the trajectory optimization.
The problem has two states and one control variable. The objective is to minimize control
over the time period from 0 to 1 by moving from a set of initial time state conditions to the
specified end time state conditions. The initial time and end state requirements are listed in

(4.26). Besides state law, there is an additional inequality constraint of state variable x;.

J ==\ uldt (4.25)

subject to
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0<0.1-x,

x,(0)=0 (4.26)
x,(0)=1

x1H=0

x,(H=-1

The numerical examples of the optimal solution are shown in Fig. 4-6 and Fig. 4-7. It can

be observed that both conditions at the initial time and the end time are satisfied. Also there

is no violation of the inequality constraint for state variable x;.
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Fig. 4-6. Optimal State Trajectories for Simple Mathematical Example
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Fig. 4-7. Optimal Control Trajectory for Simple Mathematical Example

4.5.2 Trajectory Optimization Results for 2-Bus System

In this section, trajectory optimization is applied to a simple 2-bus power system [15]. In
the power system, a load bus is connected with a generator through a transmission line as

shown in Fig. 4-8. The control resource is a reactive power compensation device Be with

continuous output at the load bus.
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Fig. 4-8. Two-Bus Power System Diagram

The system dynamics are represented by a set of ordinary differential equations in (4.27).

1
&=—I[P, —-P.-D.w
M m G G ]

: 1
§=w-—IP,-F)] (4.27)

L

V=10, -0,]
where
P, =V’G-V\V,(Gcosd,, — Bsind,,)
Q,=V;’B-V\V,(Gsiné,,+ Bcosd,,)
P, =-V}G+V\V,(Gcosd, + Bsind,,)
Q, =-V,(B—B.)-V\V,(Gsind,, — Bcos ,,)

G=R/IR*+X]) B=X,/(R*+X})
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The disturbance of the system is the transmission line impedance change from 0.5 to 0.6.
The system will experience collapse if no control is applied, and the collapse trajectory is

shown in Fig. 4-9.

States (p.u.)

Time (s)

Fig. 4-9. Trajectories after Disturbance without Control

The system can reach post disturbance equilibrium if reactive power compensation is
T
applied at the load bus. The objective chosen is to minimize the cost function O.SJO B dt

where the end time is specified as 10 seconds, that is, the system will restore to a new
operating point after 10 seconds.

The detailed formulation of the trajectory optimization for the 2-bus system is shown as

follows in (4.28)-(4.31).
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min % [ Bdr (4.28)

subject to:

System Dynamics:

-

. 1
=[P, = F; = D;0]
: 1
<5=w_D_L[PL_Pd] (4.29)
o1
V2 =_[QL _Qd]
T

Initial time conditions:

@, =0
5, =0.4636 (4.30)
V,, =0.7826

End time conditions:

-

1
Ozﬁ[PmT —Fyr — D]
1
<O=a)T_F[PLT_PdT] 4.31)

L

1
0=—[0,; =01

T
In the formulation, the objective function is given in (4.28), and the system dynamics are
represented in (4.29). The initial time conditions for the system are shown in (4.30), and the

end time conditions are given in (4.31). The boundary conditions are the combination of

(4.30) and (4.31).
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Three co-state variables associated with dynamical equations (4.29) are defined

as . Ay, Ay

The Hamiltonian associated with the trajectory optimization problem is:

c

H(x,u)=%Bz+/le(x,u)
—132+,?1i(P -P.-D a))+,77(a)—i(P —P))+,131(Q -0,
_2 c M m G G DL L d T L d

The derivatives of Hamiltonian with respect to state variables and control variable are:

OH 9H
=A—(-D

*x oo ’21 D)+,

OH oH 1 9P . 190

1 g 1 190,
ox, 08 ’%M(__) A D, Y MCPEY:

=1 ﬁVIV2 (-Gsind—Bcosd) + &(—Di)VlVZ (=Gsin o+ Bcos 0)

L

+ A, l(—VIVZ)(G cos d + Bsin J)
T

o _on 190,
ox, aV, _&M av v, ﬂ%avz
=/11ﬁ(—vl)(GCOS5—Bsin5)+/?2(—Di)[—2V2G+Vl(Gcosé'+Bsin§)]
L
+/?3%[—ZVZ(B—BC)—Vl(Gsiné'—Bcosé')]
oH OoH 1.,
du OB, C+ﬂ31’ g

The compact form of the necessary conditions of the trajectory optimization problem is:
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x=f(x,u)

A=-V _H(x,u)
0=V H(x,u)

The necessary conditions can be expanded as:

(o=[P,—P.-D,0)/M
d=w-[P,-P1/D,

Vz =[QL_Q4]/T

A =—(4(=D,)IM +2,) (4.32)

Ay =—(A(=0P,138)/ M + A,(~1)(dP/35)1 D, + 1,(9Q, /38)/ 7)

Ay =—(A4(<0P, 19V,)/ M + A4,(-1)(OF, 1 dV,)/ D, + 4,(3Q, 1 V,)/ T)

0=B.+AV,) /It
The boundary conditions are:

@, =0
0, =0.4636
V,, =0.7826

1
J0=—I[P,-P,-D.w] (4.33)
M

1
0=, _F[PLT — Pyl

L

0 =1[QLT -0,

T
By solving the boundary value conditions defined in (4.32) and (4.33), The optimal

control action of the reactive power compensation and the corresponding system trajectories

are plotted in Fig. 4-9.
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Fig. 4-10. Optimal Trajectories with Reactive Power Compensation

In the second optimization case, a lower limit is imposed on load bus voltage during the
transition, and all the other requirements remain the same as in the first optimization case.

The problem can be formulated as follows.

min % [ B di (4.34)
subject to:

x=f(x,u) (4.35)

1y (Xo,1y) =0 (4.36)

r(x,,u;)=0 4.37)

d=0 (4.38)
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where dynamical equations (4.35) are the same as those in the detailed form in (4.29), and
boundary conditions (4.36) and (4.37) are the same as those in the detailed form in (4.30) and
(4.31) respectively. The voltage constraint is represented by (4.38), which can be written as

d=V,—-0.75>0.

The penalty form can be represented as:

1/d d>c=\p
D:

1/63=3d/o+(d/0)*) d<o=+p

The Hamiltonian is defined as:
H(x,u) = %Bﬁ + A" f(x,u)+ p,D,

Again the necessary conditions can be written in (4.39) for the optimal control solution.

x=f(x,u)
A==V _H(x,u) (4.39)
0=V H(x,u)

During the numerical experiment, the penalty parameter p, approaches zero. Initially the

boundary value problem is solved for a large penalty parameter. Then the penalty parameter
is reduced, and the boundary value problem is solved for the new parameter. The procedure
continues until the penalty parameter reaches a very small number close to zero. The
optimization results are shown in Fig. 4-11, from which it can be observed that load bus

voltage satisfied the imposed constraints.
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Fig. 4-11. Constrained Optimal Trajectories with Reactive Power Compensation

The trajectory optimization theory can be also applied with a particular time delay with
respect to the control actions. If a control delay exists, the system trajectories will remain the
same as the uncontrolled post disturbance trajectory during the period of delay, and then the
system trajectories and conditions can be changed when control is applied after the delay. In
the following example, a two-second reactive power compensation delay is applied, and
under the delayed control, the optimal system trajectories and control is shown Fig. 4-12. It
can be observed that in the first 2 second period, the control output is zero, and system states
such as bus voltage and generator angle is the same as in the post disturbance case without
control. The control is activated after 2 seconds, and the system states therefore change
correspondingly. It can also be observed that, with the existence of the delay, the maximum

amount of reactive compensation is larger than that of the case without delay.
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Fig. 4-12. Optimal Trajectories with Delayed Reactive Power Compensation

In the Table 4-1, the maximum reactive compensation amounts are shown with respect to
the delay period. It can be shown that the required control amount increases as the control is
delayed. The result in Table 4-1 is also plotted in Fig. 4-13.

TABLE 4-1 CONTROL AMOUNT WITH RESPECT TO DELAY

Delay (s) Maximum Control Amount (p.u.)
0 0.1178
2 0.1612
7 0.2116
8 0.4065
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Fig. 4-13. Control Amount with respect to Control Delay

In addition to the reactive power compensation, load control is also a possible control
resource with which to mitigate system failure. The effect of load control is shown in Fig.
4-14. The initial load level is 0.7 p.u., and the minimum load level during the control is 0.63
p-u., which is only a 10% load level change. It is thus demonstrated that a slightly reduced

load level can save the system from collapse.

o AJLb
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Fig. 4-14. Optimal Trajectories with Load Control

Control resource such as reactive power compensation and load can be used together as a

combined control strategy. The effect of such combined control is shown in Fig. 4-15.

Compared with the control strategies with only reactive power compensation and only load

control shown in Fig. 4-10 and Fig. 4-14, the combined control strategy needs less reactive

power compensation and can serve more load. In Table 4-2, a comparison of individual

control strategies and combined strategies is given. It can be observed that the combined

control strategy requires less individual control resources compared with the individual

control actions.

TABLE 4-2 COMPARISON OF CONTROL STRATEGIES

Control Maximum Bc (p.u.) | Load Variation (%)
Reactive Control Only 0.1588 -
Load Control Only - 9.94
Combined Control 0.14 0.91
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Fig. 4-15. Optimal Trajectories with Combined Control

4.5.3 Trajectory Optimization Results for 3-Bus System

A simple three bus power system shown in Fig. 4-16 is used to demonstrate the optimal
control effect after the disturbance. There are two generators and one load in the system. In
the dynamic security analysis, the disturbance is the branch reactance change of the
transmission line between bus 2 and bus 3. Before the disturbance, the reactance is 0.1 p.u.,
and the reactance becomes 0.125 p.u. after the disturbance. The system experiences an

instability problem after the disturbance, as shown in Fig. 4-17.
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To prevent instability due to the disturbance, several control strategies are applied. In the
control cases, an equilibrium condition at the end time is imposed and the bus voltage is set
to be no less than 0.85 per unit. In the first numerical experiment, reactive support at bus 3 is
chosen as the control resource. Using continuous reactive power compensation, a new
equilibrium point with improved voltage profile is reached for all three buses. The bus
voltage trajectories, generator relative angle, and control trajectory are shown in Fig. 4-18,

Fig. 4-19 and Fig. 4-20 respectively.
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Time (s)

Fig. 4-18. Bus Voltage Trajectories with Reactive Power Compensation
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In the next numerical experiment, the load at bus 3 is chosen as the control resource.
Under continuous load control, a new equilibrium point is reached with improved voltage
profile for all three buses. The bus voltage trajectories, generator relative angle, and control

trajectory are shown in Fig. 4-21, Fig. 4-22 and Fig. 4-23 respectively.

1.1 T T T T T T

—— -Bus1 Voltage
e Bus2 Voltage
el -7 Bus3 Voltage |
1.05+ - - g
(0]
(=)
8
o
>
o 0.95F R
=)
[a]
085 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10

Fig. 4-21. Bus Voltage Trajectories with Load Control
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In the next example for the 3-bus power system, a combined control strategy using

reactive power compensation and load control is applied. The bus voltage trajectories and

generator relative angle are plotted in Fig. 4-24 and Fig. 4-25 respectively. The control

trajectories for combined reactive power compensation and load control are shown in Fig.

4-26 and Fig. 4-27 respectively. It can be observed that the reactive power compensation

variation and load variation are reduced under the combined strategy in contrast with the

control strategies with single control resource.
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Fig. 4-24. Bus Voltage Trajectories with Combined Control
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Fig. 4-27. Load Control Trajectory

Control delay can be also applied in the 3-bus system to study the control effect. In Table
4-3, the maximum control amounts for different control resources are listed with respect to
delay time. It can be observed that the required control amount generally increases with
respect to increased delay.

TABLE 4-3 MAXIMUM CONTROL AMOUNT WITH RESPECT TO DELAY

Delay (s) | Reactive Power (p.u.) | Load Variation (%)

0 0.4546 0.3
2 0.6841 0.58
5 1.1288 3.1
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4.5.4 Trajectory Optimization Results for New England System

The trajectory optimization method is applied to the New England system using reactive
power support and load control. There are 39 buses and 10 generators in the New England
system. The disturbance is the loss of two transmission lines, that is, line 6-7 and line 2-25.
The system response after line loss is shown in Fig. 4-28 and Fig. 4-29. It is shown that

system failure occurs in less than 5 seconds.

1.1

1.05+ b

0.95 J

0.9 J

Bus 7 Voltage (p.u.)

0.85 B

0.8} J

0.75 L L 1 L L L 1 1 L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Time (s)

Fig. 4-28. Voltage Trajectory after Disturbance without Control
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Fig. 4-29. Generator Angle Trajectory after Disturbance without Control

The sudden system failure can be mitigated by applying reactive power compensation
control. Since there are 39 buses in the New England system, any bus can be a potential
location for the reactive power compensation. There is a tradeoff between possible control
candidate location and the optimal control solution. On one hand, the control strategy can
benefit from adding more control candidates producing a larger feasible region for the
system. On the other hand, having only a limited set of control locations with a relatively
narrow feasible region adds implementation convenience. One way to handle the tradeoff
between the large feasible region and the limited set of control locations is to consider all the
possible location candidates first. Then, from the result produced by trajectory optimization,
the locations with relatively large control output can be selected for further analysis. Based

on this procedure of location selection, all the buses in the New England system are
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considered in the first trajectory optimization application, and subsequently those locations
with relatively large control output are selected in order until system failure can be mitigated.
The results showing reactive power outputs at all buses are shown in Table 4-4. From the
control output at all the locations, locations are selected and added into the list by the order of
the output until the trajectory optimization solution is reached. With this selection method,
the reactive power compensation can be located at bus 19, 25, 26, 28, 29, 31, 33, 34, 35, 36,
37, 38 to mitigate system failure. This is the minimum set of control locations capable of
mitigating system failure in the sense that the control locations are selected in descending
order from large output to small output. It is noted that these locations are close to the
generator buses, as equilibrium conditions with respect to the generation states are to be
reached in the optimization formulation. For example, bus 31, 33, 34, 35, 36, 37, 38 are
generation buses, while the remaining buses are near generation buses. The voltage trajectory
with the control at limited control locations is shown in Fig. 4-30, demonstrating the
transition from the post disturbance state to the new operating state. The generator relative
angle showing the synchronized generator angles is plotted in Fig. 4-31. From the control
trajectories, it is seen that reactive power compensations vary from positive values to
negative values, that means the reactive power compensation devices can either absorb or
produce reactive power. The optimal trajectory is achieved by the corresponding optimal

control actions, as shown in Fig. 4-32 and Fig. 4-33.
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TABLE 4-4 MaxXiMUM CONTROL AMOUNT AT ALL BUSES

Reactive Reactive Reactive
Bus Bus Bus

Power Power Power
1 0.0263 14 0.0333 27 0.0680
2 0.0242 15 0.0402 28 0.1688
3 0.0295 16 0.0468 29 0.1891
4 0.0333 17 0.0458 30 0.0155
5 0.0338 18 0.0391 31 0.0793
6 0.0342 19 0.0743 32 0.0373
7 0.0316 20 0.0572 33 0.0738
8 0.0313 21 0.0546 34 0.0637
9 0.0220 22 0.0600 35 0.0626
10 0.0335 23 0.0617 36 0.0631
11 0.0323 24 0.0479 37 0.0983
12 0.0339 25 0.0898 38 0.2009
13 0.0329 26 0.0896 39 0.0257
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Fig. 4-30. Bus Voltage Trajectory with Reactive Power Compensation
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Fig. 4-31. Generator Relative Angle Trajectory with Reactive Power Compensation
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Fig. 4-32. Optimal Reactive Power Support Trajectories
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Fig. 4-33. Optimal Reactive Power Support Trajectories

The combined control of reactive power compensation and the non-disruptive load
control of real power can also be applied using trajectory optimization theory. Similar to the
selection of the reactive power compensation locations, the load control locations are chosen
as bus 25, 26, 28, 29, each of which has relative large control output. The system state

trajectories and the control trajectories are shown in the following figures.
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Fig. 4-37. Optimal Reactive Power Support Trajectories
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Fig. 4-38. Optimal Load Control Trajectories

The combined control of reactive power compensation and load control can also be
applied with a certain time delay. In the delayed example, different delay intervals are shown
to demonstrate the relationship between delay and the amount of maximum control. As it is
shown in Table 4-5, there is a correlation between the objective value, the maximum control
amount and the delay. More delay usually means greater amount of control. Delay also
influences system states such as bus voltage. When there is control delay, the system states
will not be changed during the delay period. Thus system states such as bus voltage will
remain the same as the ones without control actions during the delay period, and an
undesirable outcome occurring during the delay period cannot be eliminated. For example, if

there is no delay, the lowest bus voltage is 0.9131 per unit under the control. However, if
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there is a 2.5 second delay, the lowest bus voltage can drop to 0.8844 per unit. The summary

of the delay effects is shown in Table 4-5 and Table 4-6.

TABLE 4-5 MAaXIMUM REACTIVE CONTROL AMOUNT WITH RESPECT TO DELAY
AQ19 AQ25 AQ26 AQ28 AQ29 AQ31
Dela
YO puy | puw | euw | @uw | eu | (u
0 0.0710 0.0821 0.0879 0.1224 0.1356 0.1067
0.5 0.1032 0.1033 0.1332 0.1904 0.2104 0.1497
1 0.1559 0.1296 0.1756 0.2648 0.2946 0.2168
0.2393 0.1990 0.2091 0.2662 0.2913 0.4302
Delay (s) AQ33 AQ34 AQ35 AQ36 AQ37 AQ38
(p-u.) (p-u.) (p-u.) (p-u.) (p-u.) (p-u.)
0 0.0547 0.2154 0.1141 0.1271 0.0760 0.1494
0.5 0.0752 0.2960 0.1161 0.1634 0.0951 0.2310
1 0.1086 0.4036 0.1404 0.2271 0.1181 0.3272
0.1508 0.6003 0.1749 0.2955 0.1707 0.3321
TABLE 4-6 MAaXIMUM LOAD CONTROL AMOUNT WITH RESPECT TO DELAY
Delay (s) AP25 (%) AP26 (%) AP28 (%) AP29 (%)
0 5.25 8.04 3.57 2.96
0.5 7.73 9.88 4.25 3.66
1 11.3 14.13 4.7 472
11.6 11.14 8.08 7.03

4.5.5 Trajectory Optimization Results for IEEE 118-Bus System

In the section the trajectory optimization method is applied for the IEEE 118-Bus system.
There are 118 buses and 48 generators in this system. The system sustains voltage decline
and generator angle increase subject to the disturbance of line 8-9 trip. The bus voltage and

generator relative angle following the disturbance are shown in Fig. 4-39 and Fig. 4-40.
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With the application of trajectory optimization theory, system failure of the IEEE 118-
bus system can be avoided by reactive power compensation and load control. In the initial
optimization run, all control locations are considered, and the control locations with
relatively large output are selected to reduce the number of control locations in the
subsequent optimization run. The control locations for the reactive power compensation are
located from bus 1 to bus 60, and from bus 72 to bus 118. The real power load control
locations are from bus 1 and bus 36, and from bus 72 and bus 118. The bus voltage and
generator relative angle are shown in Fig. 4-41 and Fig. 4-42. The reactive power and load
control trajectories at the buses with relatively large control output are shown in Fig. 4-43
and Fig. 4-44, and among these buses, bus 8, 9, and 10, happen to be the buses very close to

the disturbance.
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www.manaraa.com



113

1.85 : : : : \ \
S 1.8} R
g
2
(o))
c
<C
(0]
=
B 1.75- .
Q
o
[Te]
5
s
[0}
&
& 17t .
165 I I I I I I I I I

0 0.1 02 03 04 05 06 07 08 09 1
Time (s)

Fig. 4-42. Optimal Generator Relative Angle Trajectory

Reactive Power at Bus8 ’

0 0.1 0.2 0.3 0.4 0.5 0.6 07 0.8 0.9 1
0-6 T T T T T T

Reactive Power at Bus9 ’ i

Reactive Power (p.u.)
o
n

o L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

06 T T T T T T T T
04l ‘ Reactive Power at Bus10 L

o | | L | | | L L |
0 0.1 0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1

Time (s)

Fig. 4-43. Optimal Reactive Power Compensation Trajectories

www.manharaa.com




114

0.8

Load at Bus8 ’

0.6 b
\/

0_4 L L L L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
— 0.6 T T
=
\9' B 7/,
2 04} \
ie)
pe)
2 ‘ Load at Bus9 ‘
(/) 0 2 | | | | | | | | |
< 0.
I 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
-
0.8 T T : : : : : :
NLOEMJ at Bus10 ‘
0.6+ B
0'4 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

Fig. 4-44. Optimal Load Control Trajectories

The control delay effect is also studied for the IEEE 118-bus system. Different delays are
tried to in this study, and it is found that the system failure could be avoided if the delay is
less than 0.3 second. The maximum control amount with respect to delay effect is shown in

Table 4-7, and generally more control amount is needed as control is increasingly delayed.

TABLE 4-7 MAXIMUM CONTROL AMOUNT WITH RESPECT TO DELAY
AQS8 AQ9 AQ10 AP10
Del APS (% AP9 (%
y® 1 oy | pu) | pu) (%) @ (%)
0 0.7201 0.3883 0.3646 51.83 66.75 56.44
0.1 0.7035 0.3782 0.4056 52.48 63.61 61.24
0.2 0.7050 0.4813 0.5752 39.36 73.25 79.60
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4.6 Summary

A coordinated control strategy to restore power system operating equilibrium after
disturbances has been proposed. In this strategy, both post disturbance equilibrium conditions
and dynamic transitions are considered. Power system control strategy is formulated as a
trajectory optimization problem with both inequality and equality constraints, and an
extended penalty function is applied to transform the original constrained problem into the
optimization problem with equality constraints only. The two-point boundary value problem
arising from necessary conditions in the trajectory optimization is solved by the finite
difference method. As a result, the solution offered by the proposed method provides the
optimal control actions consisting of control locations, amount, and time to restore the

system operating state and satisfy transitional requirements after disturbances.
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CHAPTER S CONCLUSION

5.1 Contributions

This dissertation proposes advanced computational and optimization techniques that can
be applied to mitigate instabilities in power systems subject to disturbances. The research
work has been integrated into a general framework for power system dynamic security
analysis. The proposed methods cover strategies for both power system instability
identification and control, and provide a fast simulation algorithm and coordinated
optimization techniques to improve power system security.

The main contributions of the dissertation can be summarized as:

e Fast algorithm is proposed to identify power system dynamic behavior using the
decoupled time domain simulation method. The computational efficiency of the
dynamic equations is improved through decoupled time domain simulation method.
For the large power systems, there may be tens of equations for each generator, and
the total number of dynamic equations may be quite large. Thus the application of the
decoupled time domain simulation method for the large system is promising.

e A coordinated control strategy combining control amount of a variety of control
locations over time with the incorporation of power system dynamics is presented as

a method for mitigation of power system instability by trajectory optimization.
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e Power system dynamic performance is improved by the proposed method within the
constraints imposed on system transition. In addition to the equilibrium conditions,
the inequality constraints can also be considered. As one of the applications, power
quality such as voltage dip in power system dynamics can be improved by imposing
the inequality constraints. Cascading events may also be prevented by including

transitional constraints in the trajectory optimization.

5.2 Further Research Directions

Based on the proposed research work in the dissertation, further research might be done
in a variety of directions. Potential research focus could include the following areas:
® Inclusion of explicitly stability index in combination with equilibrium condition (as
boundary conditions) in trajectory optimization
e Trajectory optimization with a mixture of continuous and discrete variables for better
coordination of available control resources
® (Global solution of trajectory optimization for better performance

e Power market related issues for dynamic security resources such as prices, allocation,

etc
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APPENDIX A: TRAJECTORY OPTIMIZATION WITH Vref
CONTROL

In addition to the reactive power compensation control and load control, generator
reference voltage set point control of the exciter can also be applied as the control resource in
the trajectory optimization. In this section, generator Vref control is demonstrated in the 3-
bus power system. The voltage reference set points of the two generators are used to mitigate
the instability. The results show that a new equilibrium can be restored by adjusting voltage
reference set points. The bus voltage trajectories, the relative generator angle, and the control

trajectories are shown in the following figures.
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Fig. A-1. Bus Voltage Trajectories with Vref Control
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APPENDIX B: SYSTEM DATA

System Data for New England Power System:
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Fig. B-1. New England 39-Bus System One-Line Diagram
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TABLEB-1  NEW ENGLAND SYSTEM POWER FLOW DATA |
Voltage | Angle Bloaa Oioaa Peen Qeen
Bus # & &
(pu) | (degree) | (MW) | (MVAR) | (MW) | (MVAR)
1 1.0436 -13.39 0.00 0.00 0.00 0.00
2 1.0378 -11.21 0.00 0.00 0.00 0.00
3 1.0056 -13.87 322.00 122.40 0.00 0.00
4 0.9864 -14.01 500.00 184.00 0.00 0.00
5 0.9924 -12.24 0.00 0.00 0.00 0.00
6 0.9956 -11.40 0.00 0.00 0.00 0.00
7 0.9851 -13.75 233.80 84.00 0.00 0.00
8 0.9843 -14.32 522.00 176.00 0.00 0.00
9 1.0233 -14.58 0.00 0.00 0.00 0.00
10 1.0060 -9.41 0.00 0.00 0.00 0.00
11 1.0013 -10.10 0.00 0.00 0.00 0.00
12 0.9876 -10.23 8.50 88.00 0.00 0.00
13 1.0014 -10.23 0.00 0.00 0.00 0.00
14 0.9947 -12.18 0.00 0.00 0.00 0.00
15 0.9909 -13.33 320.00 153.00 0.00 0.00
16 1.0043 -12.16 329.40 132.30 0.00 0.00
17 1.0076 -13.11 0.00 0.00 0.00 0.00
18 1.0055 -13.85 158.00 30.00 0.00 0.00
19 1.0432 -7.90 0.00 0.00 0.00 0.00
20 0.9938 -9.51 680.00 103.00 0.00 0.00
21 1.0122 -9.83 274.00 115.00 0.00 0.00
22 1.0387 -5.44 0.00 0.00 0.00 0.00
23 1.0322 -5.65 247.50 84.60 0.00 0.00
24 1.0029 -12.07 308.60 92.20 0.00 0.00
25 1.0461 -10.01 224.00 47.20 0.00 0.00
26 1.0299 -11.38 139.00 47.00 0.00 0.00
27 1.0136 -13.39 281.00 75.50 0.00 0.00
28 1.0308 -8.00 206.00 27.60 0.00 0.00
29 1.0318 -5.22 283.50 126.90 0.00 0.00
30 1.0475 -8.96 0.00 0.00 230.00 206.87
31 0.9820 0.00 0.00 0.00 722.53 274.61
32 0.9831 -1.58 0.00 0.00 630.00 254.00
33 0.9972 -2.84 0.00 0.00 612.00 152.86
34 1.0123 -4.50 0.00 0.00 488.00 236.74
35 1.0493 -0.58 0.00 0.00 630.00 290.62
36 1.0635 2.00 0.00 0.00 540.00 148.33
37 1.0278 -3.42 0.00 0.00 520.00 48.40
38 1.0265 1.74 0.00 0.00 810.00 138.33
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| 39 | 1.0300 | -14.68 | 1104.00 | 250.00 | 1000.00 | 12330 |
TABLEB-2  NEW ENGLAND SYSTEM POWER FLOW DATA II
From To Resistance | Reactance | Line Charge Tap Ratio
Bus Bus (p.u.) (p.u.) (p.u.)
1 2 0.003500 0.041100 0.69870 0.0000
1 39 0.002000 0.050000 0.37500 0.0000
1 39 0.002000 0.050000 0.37500 0.0000
2 3 0.001300 0.015100 0.25720 0.0000
2 25 0.007000 0.008600 0.14600 0.0000
3 4 0.001300 0.021300 0.22140 0.0000
3 18 0.001100 0.013300 0.21380 0.0000
4 5 0.000800 0.012800 0.13420 0.0000
4 14 0.000800 0.012900 0.13820 0.0000
5 6 0.000200 0.002600 0.04340 0.0000
5 8 0.000800 0.011200 0.14760 0.0000
6 7 0.000600 0.009200 0.11300 0.0000
6 11 0.000700 0.008200 0.13890 0.0000
7 8 0.000400 0.004600 0.07800 0.0000
8 9 0.002300 0.036300 0.38040 0.0000
9 39 0.001000 0.025000 1.20000 0.0000
10 11 0.000400 0.004300 0.07290 0.0000
10 13 0.000400 0.004300 0.07290 0.0000
13 14 0.000900 0.010100 0.17230 0.0000
14 15 0.001800 0.021700 0.36600 0.0000
15 16 0.000900 0.009400 0.17100 0.0000
16 17 0.000700 0.008900 0.13420 0.0000
16 19 0.001600 0.019500 0.30400 0.0000
16 21 0.000800 0.013500 0.25480 0.0000
16 24 0.000300 0.005900 0.06800 0.0000
17 18 0.000700 0.008200 0.13190 0.0000
17 27 0.001300 0.017300 0.32160 0.0000
21 22 0.000800 0.014000 0.25650 0.0000
22 23 0.000600 0.009600 0.18460 0.0000
23 24 0.002200 0.035000 0.36100 0.0000
25 26 0.003200 0.032300 0.51300 0.0000
26 27 0.001400 0.014700 0.23960 0.0000
26 28 0.004300 0.047400 0.78020 0.0000
26 29 0.005700 0.062500 1.02900 0.0000
28 29 0.001400 0.015100 0.24900 0.0000
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2 30 0.000000 0.018100 0.00000 1.0250
6 31 0.000000 0.050000 0.00000 1.0700
6 31 0.000000 0.050000 0.00000 1.0700
10 32 0.000000 0.020000 0.00000 1.0700
12 11 0.001600 0.043500 0.00000 1.0060
12 13 0.001600 0.043500 0.00000 1.0060
19 20 0.000700 0.013800 0.00000 1.0600
19 33 0.000700 0.014200 0.00000 1.0700
20 34 0.000900 0.018000 0.00000 1.0250
22 35 0.000000 0.014300 0.00000 1.0250
23 36 0.000500 0.027200 0.00000 1.0000
25 37 0.000600 0.023200 0.00000 1.0250
29 38 0.000800 0.015600 0.00000 1.0250

TABLE B-3 NEW ENGLAND SYSTEM GENERATOR DATA |

Bus#| Xd Xq Xd | Xq Rs | Tdo | Tqo | Mg Dg
30 | 0.1000 | 0.0690 | 0.0310 | 0.0690 | 0.0002 | 10.200 | 0.010 | 84.000 | 5.000
31 | 0.2590 | 0.2820 | 0.0700 | 0.1700 | 0.0002 | 6.5600 | 1.5000 | 60.600 | 5.000
32 | 0.2500 | 0.2370 | 0.0530 | 0.0880 | 0.0002 | 5.7000 | 1.5000 | 71.600 | 5.000
33 | 0.2620 | 0.2580 | 0.0440 | 0.1660 | 0.0002 | 5.6900 | 1.5000 | 57.200 | 5.000
34 | 0.6700 | 0.6200 | 0.1320 | 0.1660 | 0.0002 | 5.4000 | 0.4400 | 52.000 | 5.000
35 |0.2540 | 0.2410 | 0.0500 | 0.0810 | 0.0002 | 7.3000 | 0.4000 | 69.600 | 5.000
36 | 0.2950 | 0.2920 | 0.0490 | 0.1860 | 0.0002 | 5.6600 | 1.5000 | 52.800 | 5.000
37 | 0.2900 | 0.2800 | 0.0570 | 0.0910 | 0.0010 | 6.7000 | 0.4100 | 48.600 | 5.000
38 | 0.2110 | 0.2050 | 0.0570 | 0.0590 | 0.0002 | 4.7900 | 1.9600 | 69.000 | 5.000
39 | 0.0200 | 0.0190 | 0.0060 | 0.0080 | 0.0002 | 7.0000 | 0.7000 | 1000.0 | 10.000

TABLE B-4 NEW ENGLAND SYSTEM GENERATOR DATA II

Bus # Ke Te Se Ka Ta Kf Tf Tch Tg Rg

30 | 1.0000 | 0.2500 | 0.0000 | 20.000 | 0.0600 | 0.0400 | 1.0000 | 1.6000 | 0.2000 | 0.0500

31 1.0000 | 0.4100 | 0.0000 | 40.000 | 0.0500 | 0.0600 | 0.5000 | 54.100 | 0.4500 | 0.0500

32 | 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.000 | 3.0000 | 0.0500

33 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.180 | 0.2400 | 0.0500

34 1.0000 | 0.7900 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 9.7900 | 0.1200 | 0.0500

35 1.0000 | 0.4700 | 0.0000 | 40.000 | 0.0200 | 0.0800 | 1.2500 | 10.000 | 3.0000 | 0.0500

36 1.0000 | 0.7300 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 7.6800 | 0.2000 | 0.0500

37 1.0000 | 0.5300 | 0.0000 | 40.000 | 0.0200 | 0.0900 | 1.2600 | 7.0000 | 3.0000 | 0.0500

38 1.0000 | 1.4000 | 0.0000 | 20.000 | 0.0200 | 0.0300 | 1.0000 | 6.1000 | 0.3800 | 0.0500

39 1.0000 | 1.0000 | 0.0000 | 20.000 | 0.0200 | 0.0300 | 1.0000 | 10.000 | 2.0000 | 0.0500
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TABLEB-5  IEEE 118-BUSs SYSTEM POWER FLOW DATA |
Voltage | Angle Bloaa Ooaa Peen Qeen
Bus # & &
(p-u.) (degree) | (MW) | (MVAR) | (MW) | (MVAR)
1 0.9550 0.98 61.20 27.00 0.00 2.21
2 0.9708 1.81 24.00 9.00 0.00 0.00
3 0.9670 2.05 46.80 10.00 0.00 0.00
4 0.9980 6.38 36.00 12.00 -9.00 -13.69
5 1.0021 6.87 0.00 0.00 0.00 0.00
6 0.9900 3.81 62.40 22.00 0.00 19.19
7 0.9892 3.38 22.80 2.00 0.00 0.00
8 1.0150 12.45 42.00 5.00 -28.00 97.46
9 1.0399 19.88 30.50 10.00 0.00 0.00
10 1.0500 28.15 50.00 5.00 540.00 -33.99
11 0.9843 3.61 84.00 23.00 0.00 0.00
12 0.9900 3.11 56.40 10.00 102.00 98.60
13 0.9665 2.34 40.80 16.00 0.00 0.00
14 0.9831 2.68 16.80 1.00 0.00 0.00
15 0.9700 3.55 108.00 30.00 0.00 19.67
16 0.9822 3.28 30.00 10.00 0.00 0.00
17 0.9933 6.64 13.20 3.00 0.00 0.00
18 0.9730 4.02 72.00 34.00 0.00 35.09
19 0.9621 3.56 54.00 25.00 0.00 -8.00
20 0.9532 4.82 21.60 3.00 0.00 0.00
21 0.9523 6.88 16.80 8.00 0.00 0.00
22 0.9633 10.16 12.00 5.00 0.00 0.00
23 0.9972 16.41 8.40 3.00 0.00 0.00
24 0.9920 16.83 0.00 0.00 -13.00 -12.66
25 1.0500 24.32 0.00 0.00 264.00 53.31
26 1.0150 26.24 0.00 0.00 376.80 22.75
27 0.9680 8.99 74.40 13.00 -9.00 14.90
28 0.9608 6.84 20.40 7.00 0.00 0.00
29 0.9627 5.58 28.80 4.00 0.00 0.00
30 0.9806 12.52 0.00 0.00 0.00 0.00
31 0.9670 5.70 51.60 27.00 8.40 37.76
32 0.9630 8.33 70.80 23.00 0.00 -5.31
33 0.9693 3.82 27.60 9.00 0.00 0.00
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34 0.9840 5.71 70.80 26.00 0.00 -4.09
35 0.9801 5.17 39.60 9.00 0.00 0.00
36 0.9800 5.16 37.20 17.00 0.00 12.74
37 0.9896 6.32 0.00 0.00 0.00 0.00
38 0.9537 12.38 0.00 0.00 0.00 0.00
39 0.9690 3.04 32.40 11.00 0.00 0.00
40 0.9700 2.22 24.00 23.00 -46.00 33.52
41 0.9658 1.94 44.40 10.00 0.00 0.00
42 0.9850 4.59 44.40 23.00 -59.00 50.55
43 0.9721 6.40 21.60 7.00 0.00 0.00
44 0.9763 10.54 19.20 8.00 0.00 0.00
45 0.9792 13.15 63.60 22.00 0.00 0.00
46 1.0050 16.75 33.60 10.00 22.80 3.60
47 1.0156 19.58 40.80 0.00 0.00 0.00
48 1.0199 18.79 24.00 11.00 0.00 0.00
49 1.0250 20.06 104.40 30.00 244.80 137.34
50 0.9997 17.62 20.40 4.00 0.00 0.00
51 0.9638 14.45 20.40 8.00 0.00 0.00
52 0.9532 13.30 21.60 5.00 0.00 0.00
53 0.9436 12.14 27.60 11.00 0.00 0.00
54 0.9550 13.28 135.60 32.00 57.60 11.30
55 0.9520 12.95 75.60 22.00 0.00 8.58
56 0.9540 13.16 100.80 18.00 0.00 8.18
57 0.9693 14.59 14.40 3.00 0.00 0.00
58 0.9569 13.55 14.40 3.00 0.00 0.00
59 0.9850 18.59 332.40 113.00 186.00 84.34
60 0.9927 23.26 93.60 3.00 0.00 0.00
61 0.9950 24.35 0.00 0.00 192.00 -40.23
62 0.9980 23.58 92.40 14.00 0.00 6.96
63 0.9671 22.78 0.00 0.00 0.00 0.00
64 0.9826 24.99 0.00 0.00 0.00 0.00
65 1.0050 28.96 0.00 0.00 469.20 137.36
66 1.0500 28.44 46.80 18.00 470.40 -8.02
67 1.0187 25.26 33.60 7.00 0.00 0.00
68 0.9996 29.66 0.00 0.00 0.00 0.00
69 1.0350 30.00 0.00 0.00 437.65 -73.43
70 0.9840 20.79 79.20 20.00 0.00 21.36
71 0.9868 20.16 0.00 0.00 0.00 0.00
72 0.9800 17.99 0.00 0.00 -12.00 -10.71
73 0.9910 19.95 0.00 0.00 -6.00 9.81
74 0.9580 20.06 81.60 27.00 0.00 2.92
75 0.9657 21.80 56.40 11.00 0.00 0.00
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76 0.9430 20.95 81.60 36.00 0.00 14.32
77 1.0060 28.03 73.20 28.00 0.00 35.20
78 1.0028 27.74 85.20 26.00 0.00 0.00
79 1.0082 28.25 46.80 32.00 0.00 0.00
80 1.0400 31.40 156.00 26.00 572.40 104.03
81 0.9946 30.34 0.00 0.00 0.00 0.00
82 0.9846 29.68 64.80 27.00 0.00 0.00
83 0.9802 31.34 24.00 10.00 0.00 0.00
84 0.9774 34.73 13.20 7.00 0.00 0.00
85 0.9850 36.77 28.80 15.00 0.00 4.09
86 0.9858 35.15 25.20 10.00 0.00 0.00
87 1.0150 35.50 0.00 0.00 4.80 11.37
88 0.9853 40.91 57.60 10.00 0.00 0.00
89 1.0050 46.05 0.00 0.00 728.40 -13.34
90 0.9850 38.85 93.60 42.00 -85.00 65.53
91 0.9800 38.69 0.00 0.00 -10.00 -13.11
92 0.9900 38.95 78.00 10.00 0.00 1.92
93 0.9828 35.12 14.40 7.00 0.00 0.00
94 0.9867 32.37 36.00 16.00 0.00 0.00
95 0.9761 30.87 50.40 31.00 0.00 0.00
96 0.9884 30.33 45.60 15.00 0.00 0.00
97 1.0089 30.44 18.00 9.00 0.00 0.00
98 1.0224 30.26 40.80 8.00 0.00 0.00
99 1.0100 30.76 0.00 0.00 -42.00 -17.53
100 1.0170 32.26 44.40 18.00 302.40 125.05
101 0.9902 34.02 26.40 15.00 0.00 0.00
102 0.9884 37.18 6.00 3.00 0.00 0.00
103 0.9938 28.65 27.60 16.00 48.00 40.00
104 0.9710 25.47 45.60 25.00 0.00 15.01
105 0.9650 24.39 37.20 26.00 0.00 21.66
106 0.9599 24.22 51.60 16.00 0.00 0.00
107 0.9503 22.42 33.60 12.00 0.00 0.00
108 0.9473 23.32 2.40 1.00 0.00 0.00
109 0.9404 22.92 9.60 3.00 0.00 0.00
110 0.9266 22.27 46.80 30.00 0.00 0.00
111 0.9273 22.26 0.00 0.00 0.00 0.00
112 0.9110 21.14 30.00 13.00 0.00 0.00
113 0.9902 6.84 0.00 0.00 0.00 0.00
114 0.9596 7.92 9.60 3.00 0.00 0.00
115 0.9595 7.91 26.40 7.00 0.00 0.00
116 0.9999 29.66 0.00 0.00 0.00 0.00
117 0.9723 1.23 24.00 8.00 0.00 0.00
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| 118 | 09480 | 2084 | 3960 | 1500 | 000 | 000 |
TABLEB-6  IEEE 118-BUS SYSTEM POWER FLOW DATA II
From To Resistance | Reactance | Line Charge Tap Ratio
Bus Bus (p.u.) (p.u.) (p.u.)

1 2 0.030300 0.099900 0.02540 0.0000
1 3 0.012900 0.042400 0.01082 0.0000
2 12 0.018700 0.061600 0.01572 0.0000
3 5 0.024100 0.108000 0.02840 0.0000
3 12 0.048400 0.160000 0.04060 0.0000
4 5 0.001760 0.007980 0.00210 0.0000
4 11 0.020900 0.068800 0.01748 0.0000
5 6 0.011900 0.054000 0.01426 0.0000
8 5 0.000000 0.026700 0.00000 0.9850
5 11 0.020300 0.068200 0.01738 0.0000
6 7 0.004590 0.020800 0.00550 0.0000
7 12 0.008620 0.034000 0.00874 0.0000
8 9 0.002440 0.030500 1.16200 0.0000
8 30 0.004310 0.050400 0.51400 0.0000
9 10 0.002580 0.032200 1.23000 0.0000
11 12 0.005950 0.019600 0.00502 0.0000
11 13 0.022250 0.073100 0.01876 0.0000
12 14 0.021500 0.070700 0.01816 0.0000
12 16 0.021200 0.083400 0.02140 0.0000
12 117 0.032900 0.140000 0.03580 0.0000
13 15 0.074400 0.244400 0.06268 0.0000
14 15 0.059500 0.195000 0.05020 0.0000
15 17 0.013200 0.043700 0.04440 0.0000
15 19 0.012000 0.039400 0.01010 0.0000
15 33 0.038000 0.124400 0.03194 0.0000
16 17 0.045400 0.180100 0.04660 0.0000
17 18 0.012300 0.050500 0.01298 0.0000
30 17 0.000000 0.038800 0.00000 0.9600
17 31 0.047400 0.156300 0.03990 0.0000
17 113 0.009130 0.030100 0.00768 0.0000
18 19 0.011190 0.049300 0.01142 0.0000
19 20 0.025200 0.117000 0.02980 0.0000
19 34 0.075200 0.247000 0.06320 0.0000
20 21 0.018300 0.084900 0.02160 0.0000
21 22 0.020900 0.097000 0.02460 0.0000
22 23 0.034200 0.159000 0.04040 0.0000
23 24 0.013500 0.049200 0.04980 0.0000
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23 25 0.015600 0.080000 0.08640 0.0000
23 32 0.031700 0.115300 0.11730 0.0000
24 70 0.002210 0.411500 0.10198 0.0000
24 72 0.048800 0.196000 0.04880 0.0000
26 25 0.000000 0.038200 0.00000 0.9600
25 27 0.031800 0.163000 0.17640 0.0000
26 30 0.007990 0.086000 0.90800 0.0000
27 28 0.019130 0.085500 0.02160 0.0000
27 32 0.022900 0.075500 0.01926 0.0000
27 115 0.016400 0.074100 0.01972 0.0000
28 29 0.023700 0.094300 0.02380 0.0000
29 31 0.010800 0.033100 0.00830 0.0000
30 38 0.004640 0.054000 0.42200 0.0000
31 32 0.029800 0.098500 0.02510 0.0000
32 113 0.061500 0.203000 0.05180 0.0000
32 114 0.013500 0.061200 0.01628 0.0000
33 37 0.041500 0.142000 0.03660 0.0000
34 36 0.008710 0.026800 0.00568 0.0000
34 37 0.002560 0.009400 0.00984 0.0000
34 43 0.041300 0.168100 0.04226 0.0000
35 36 0.002240 0.010200 0.00268 0.0000
35 37 0.011000 0.049700 0.01318 0.0000
38 37 0.000000 0.037500 0.00000 0.9350
37 39 0.032100 0.106000 0.02700 0.0000
37 40 0.059300 0.168000 0.04200 0.0000
38 65 0.009010 0.098600 1.04600 0.0000
39 40 0.018400 0.060500 0.01552 0.0000
40 41 0.014500 0.048700 0.01222 0.0000
40 42 0.055500 0.183000 0.04660 0.0000
41 42 0.041000 0.135000 0.03440 0.0000
42 49 0.071500 0.323000 0.08600 0.0000
42 49 0.071500 0.323000 0.08600 0.0000
43 44 0.060800 0.245400 0.06068 0.0000
44 45 0.022400 0.090100 0.02240 0.0000
45 46 0.040000 0.135600 0.03320 0.0000
45 49 0.068400 0.186000 0.04440 0.0000
46 47 0.038000 0.127000 0.03160 0.0000
46 48 0.060100 0.189000 0.04720 0.0000
47 49 0.019100 0.062500 0.01604 0.0000
47 69 0.084400 0.277800 0.07092 0.0000
48 49 0.017900 0.050500 0.01258 0.0000
49 50 0.026700 0.075200 0.01874 0.0000
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49 51 0.048600 0.137000 0.03420 0.0000
49 54 0.073000 0.289000 0.07380 0.0000
49 54 0.086900 0.291000 0.07300 0.0000
49 66 0.018000 0.091900 0.02480 0.0000
49 66 0.018000 0.091900 0.02480 0.0000
49 69 0.098500 0.324000 0.08280 0.0000
50 57 0.047400 0.134000 0.03320 0.0000
51 52 0.020300 0.058800 0.01396 0.0000
51 58 0.025500 0.071900 0.01788 0.0000
52 53 0.040500 0.163500 0.04058 0.0000
53 54 0.026300 0.122000 0.03100 0.0000
54 55 0.016900 0.070700 0.02020 0.0000
54 56 0.002750 0.009550 0.00732 0.0000
54 59 0.050300 0.229300 0.05980 0.0000
55 56 0.004880 0.015100 0.00374 0.0000
55 59 0.047390 0.215800 0.05646 0.0000
56 57 0.034300 0.096600 0.02420 0.0000
56 58 0.034300 0.096600 0.02420 0.0000
56 59 0.082500 0.251000 0.05690 0.0000
56 59 0.080300 0.239000 0.05360 0.0000
59 60 0.031700 0.145000 0.03760 0.0000
59 61 0.032800 0.150000 0.03880 0.0000
63 59 0.000000 0.038600 0.00000 0.9600
60 61 0.002640 0.013500 0.01456 0.0000
60 62 0.012300 0.056100 0.01468 0.0000
61 62 0.008240 0.037600 0.00980 0.0000
64 61 0.000000 0.026800 0.00000 0.9850
62 66 0.048200 0.218000 0.05780 0.0000
62 67 0.025800 0.117000 0.03100 0.0000
63 64 0.001720 0.020000 0.21600 0.0000
64 65 0.002690 0.030200 0.38000 0.0000
65 66 0.000000 0.037000 0.00000 0.9350
65 68 0.001380 0.016000 0.63800 0.0000
66 67 0.022400 0.101500 0.02682 0.0000
68 69 0.000000 0.037000 0.00000 0.9350
68 81 0.001750 0.020200 0.80800 0.0000
68 116 0.000340 0.004050 0.16400 0.0000
69 70 0.030000 0.127000 0.12200 0.0000
69 75 0.040500 0.122000 0.12400 0.0000
69 77 0.030900 0.101000 0.10380 0.0000
70 71 0.008820 0.035500 0.00878 0.0000
70 74 0.040100 0.132300 0.03368 0.0000
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70 75 0.042800 0.141000 0.03600 0.0000
71 72 0.044600 0.180000 0.04444 0.0000
71 73 0.008660 0.045400 0.01178 0.0000
74 75 0.012300 0.040600 0.01034 0.0000
75 77 0.060100 0.199900 0.04978 0.0000
75 118 0.014500 0.048100 0.01198 0.0000
76 77 0.044400 0.148000 0.03680 0.0000
76 118 0.016400 0.054400 0.01356 0.0000
77 78 0.003760 0.012400 0.01264 0.0000
71 80 0.017000 0.048500 0.04720 0.0000
71 80 0.029400 0.105000 0.02280 0.0000
77 82 0.029800 0.085300 0.08174 0.0000
78 79 0.005460 0.024400 0.00648 0.0000
79 80 0.015600 0.070400 0.01870 0.0000
81 80 0.000000 0.037000 0.00000 0.9350
80 96 0.035600 0.182000 0.04940 0.0000
80 97 0.018300 0.093400 0.02540 0.0000
80 98 0.023800 0.108000 0.02860 0.0000
80 99 0.045400 0.206000 0.05460 0.0000
82 83 0.011200 0.036650 0.03796 0.0000
82 96 0.016200 0.053000 0.05440 0.0000
83 84 0.062500 0.132000 0.02580 0.0000
83 85 0.043000 0.148000 0.03480 0.0000
84 85 0.030200 0.064100 0.01234 0.0000
85 86 0.035000 0.123000 0.02760 0.0000
85 88 0.020000 0.102000 0.02760 0.0000
85 89 0.023900 0.173000 0.04700 0.0000
86 87 0.028280 0.207400 0.04450 0.0000
88 89 0.013900 0.071200 0.01934 0.0000
89 90 0.051800 0.188000 0.05280 0.0000
89 90 0.023800 0.099700 0.10600 0.0000
89 92 0.009900 0.050500 0.05480 0.0000
89 92 0.039300 0.158100 0.04140 0.0000
90 91 0.025400 0.083600 0.02140 0.0000
91 92 0.038700 0.127200 0.03268 0.0000
92 93 0.025800 0.084800 0.02180 0.0000
92 94 0.048100 0.158000 0.04060 0.0000
92 100 0.064800 0.295000 0.04720 0.0000
92 102 0.012300 0.055900 0.01464 0.0000
93 94 0.022300 0.073200 0.01876 0.0000
94 95 0.013200 0.043400 0.01110 0.0000
94 96 0.026900 0.086900 0.02300 0.0000
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94 100 0.017800 0.058000 0.06040 0.0000

95 96 0.017100 0.054700 0.01474 0.0000

96 97 0.017300 0.088500 0.02400 0.0000

98 100 0.039700 0.179000 0.04760 0.0000

99 100 0.018000 0.081300 0.02160 0.0000

100 101 0.027700 0.126200 0.03280 0.0000

100 103 0.016000 0.052500 0.05360 0.0000

100 104 0.045100 0.204000 0.05410 0.0000

100 106 0.060500 0.229000 0.06200 0.0000

101 102 0.024600 0.112000 0.02940 0.0000

103 104 0.046600 0.158400 0.04070 0.0000

103 105 0.053500 0.162500 0.04080 0.0000

103 110 0.039060 0.181300 0.04610 0.0000

104 105 0.009940 0.037800 0.00986 0.0000

105 106 0.014000 0.054700 0.01434 0.0000

105 107 0.053000 0.183000 0.04720 0.0000

105 108 0.026100 0.070300 0.01844 0.0000

106 107 0.053000 0.183000 0.04720 0.0000

108 109 0.010500 0.028800 0.00760 0.0000

109 110 0.027800 0.076200 0.02020 0.0000

110 111 0.022000 0.075500 0.02000 0.0000

110 112 0.024700 0.064000 0.06200 0.0000

114 115 0.002300 0.010400 0.00276 0.0000

TABLE B-7 IEEE 118-BUS SYSTEM GENERATOR DATA 1

Bus # Xd Xq X'd X'q Rs T'do T'qo Mg Dg
1 0.1000 | 0.0690 | 0.0310 | 0.0690 | 0.0002 | 10.200 | 0.010 | 84.000 | 5.000
4 1.2590 | 1.2820 | 0.0700 | 0.1700 | 0.0002 | 6.5600 | 1.5000 | 60.600 | 5.000
6 1.2500 | 1.2370 | 0.0530 | 0.0880 | 0.0002 | 5.7000 | 1.5000 | 71.600 | 5.000
8 1.2620 | 1.2580 | 0.0440 | 0.1660 | 0.0002 | 5.6900 | 1.5000 | 57.200 | 5.000
10 1.6700 | 1.6200 | 0.1320 | 0.1660 | 0.0002 | 5.4000 | 0.4400 | 52.000 | 5.000
12 1.2540 | 1.2410 | 0.0500 | 0.0810 | 0.0002 | 7.3000 | 0.4000 | 69.600 | 5.000
15 1.2950 | 1.2920 | 0.0490 | 0.1860 | 0.0002 | 5.6600 | 1.5000 | 52.800 | 5.000
18 1.2900 | 1.2800 | 0.0570 | 0.0910 | 0.0010 | 6.7000 | 0.4100 | 48.600 | 5.000
19 1.2110 | 1.2050 | 0.0570 | 0.0590 | 0.0002 | 4.7900 | 1.9600 | 69.000 | 5.000
24 0.0200 | 0.0190 | 0.0060 | 0.0080 | 0.0002 | 7.0000 | 0.7000 | 1000.0 | 10.00
25 0.1000 | 0.0690 | 0.0310 | 0.0690 | 0.0002 | 10.200 | 0.010 | 84.000 | 5.000
26 1.2590 | 1.2820 | 0.0700 | 0.1700 | 0.0002 | 6.5600 | 1.5000 | 60.600 | 5.000
27 1.2500 | 1.2370 | 0.0530 | 0.0880 | 0.0002 | 5.7000 | 1.5000 | 71.600 | 5.000
31 1.2620 | 1.2580 | 0.0440 | 0.1660 | 0.0002 | 5.6900 | 1.5000 | 57.200 | 5.000
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32 | 1.6700 | 1.6200 | 0.1320 | 0.1660 | 0.0002 | 5.4000 | 0.4400 | 52.000 | 5.000
34 | 1.2540 | 1.2410 | 0.0500 | 0.0810 | 0.0002 | 7.3000 | 0.4000 | 69.600 | 5.000
36 | 1.2950 | 1.2920 | 0.0490 | 0.1860 | 0.0002 | 5.6600 | 1.5000 | 52.800 | 5.000
40 | 1.2900 | 1.2800 | 0.0570 | 0.0910 | 0.0010 | 6.7000 | 0.4100 | 48.600 | 5.000
42 1 1.2110 | 1.2050 | 0.0570 | 0.0590 | 0.0002 | 4.7900 | 1.9600 | 69.000 | 5.000
46 | 0.0200 | 0.0190 | 0.0060 | 0.0080 | 0.0002 | 7.0000 | 0.7000 | 1000.0 | 10.00
49 1 0.1000 | 0.0690 | 0.0310 | 0.0690 | 0.0002 | 10.200 | 0.010 | 84.000 | 5.000
54 | 1.2590 | 1.2820 | 0.0700 | 0.1700 | 0.0002 | 6.5600 | 1.5000 | 60.600 | 5.000
55 | 1.2500 | 1.2370 | 0.0530 | 0.0880 | 0.0002 | 5.7000 | 1.5000 | 71.600 | 5.000
56 | 1.2620 | 1.2580 | 0.0440 | 0.1660 | 0.0002 | 5.6900 | 1.5000 | 57.200 | 5.000
59 | 1.6700 | 1.6200 | 0.1320 | 0.1660 | 0.0002 | 5.4000 | 0.4400 | 52.000 | 5.000
61 1.2540 | 1.2410 | 0.0500 | 0.0810 | 0.0002 | 7.3000 | 0.4000 | 69.600 | 5.000
62 | 1.2950 | 1.2920 | 0.0490 | 0.1860 | 0.0002 | 5.6600 | 1.5000 | 52.800 | 5.000
65 | 1.2900 | 1.2800 | 0.0570 | 0.0910 | 0.0010 | 6.7000 | 0.4100 | 48.600 | 5.000
66 | 1.2110 | 1.2050 | 0.0570 | 0.0590 | 0.0002 | 4.7900 | 1.9600 | 69.000 | 5.000
69 | 0.0200 | 0.0190 | 0.0060 | 0.0080 | 0.0002 | 7.0000 | 0.7000 | 1000.0 | 10.00
70 1 0.1000 | 0.0690 | 0.0310 | 0.0690 | 0.0002 | 10.200 | 0.010 | 84.000 | 5.000
72 1 1.2590 | 1.2820 | 0.0700 | 0.1700 | 0.0002 | 6.5600 | 1.5000 | 60.600 | 5.000
73 ] 1.2500 | 1.2370 | 0.0530 | 0.0880 | 0.0002 | 5.7000 | 1.5000 | 71.600 | 5.000
74 |1 1.2620 | 1.2580 | 0.0440 | 0.1660 | 0.0002 | 5.6900 | 1.5000 | 57.200 | 5.000
76 |1 1.6700 | 1.6200 | 0.1320 | 0.1660 | 0.0002 | 5.4000 | 0.4400 | 52.000 | 5.000
77 |1 1.2540 | 1.2410 | 0.0500 | 0.0810 | 0.0002 | 7.3000 | 0.4000 | 69.600 | 5.000
80 | 1.2950 | 1.2920 | 0.0490 | 0.1860 | 0.0002 | 5.6600 | 1.5000 | 52.800 | 5.000
85 | 1.2900 | 1.2800 | 0.0570 | 0.0910 | 0.0010 | 6.7000 | 0.4100 | 48.600 | 5.000
87 | 1.2110 | 1.2050 | 0.0570 | 0.0590 | 0.0002 | 4.7900 | 1.9600 | 69.000 | 5.000
89 10.0200 | 0.0190 | 0.0060 | 0.0080 | 0.0002 | 7.0000 | 0.7000 | 1000.0 | 10.00
90 | 0.1000 | 0.0690 | 0.0310 | 0.0690 | 0.0002 | 10.200 | 0.010 | 84.000 | 5.000
91 1.2590 | 1.2820 | 0.0700 | 0.1700 | 0.0002 | 6.5600 | 1.5000 | 60.600 | 5.000
92 | 1.2500 | 1.2370 | 0.0530 | 0.0880 | 0.0002 | 5.7000 | 1.5000 | 71.600 | 5.000
99 | 1.2620 | 1.2580 | 0.0440 | 0.1660 | 0.0002 | 5.6900 | 1.5000 | 57.200 | 5.000
100 | 1.6700 | 1.6200 | 0.1320 | 0.1660 | 0.0002 | 5.4000 | 0.4400 | 52.000 | 5.000
103 | 1.2540 | 1.2410 | 0.0500 | 0.0810 | 0.0002 | 7.3000 | 0.4000 | 69.600 | 5.000
104 | 1.2950 | 1.2920 | 0.0490 | 0.1860 | 0.0002 | 5.6600 | 1.5000 | 52.800 | 5.000
105 | 1.2900 | 1.2800 | 0.0570 | 0.0910 | 0.0010 | 6.7000 | 0.4100 | 48.600 | 5.000

TABLE B-8 IEEE 118-BUS SYSTEM GENERATOR DATA II

Bus # Ke Te Se Ka Ta Kf Tf Tch Tg Rg

1 1.0000 | 0.2500 | 0.0000 | 20.000 | 0.0600 | 0.0400 | 1.0000 | 1.6000 | 0.2000 | 0.0500

4 1.0000 | 0.4100 | 0.0000 | 40.000 | 0.0500 | 0.0600 | 0.5000 | 54.100 | 0.4500 | 0.0500

6 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.000 | 3.0000 | 0.0500
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8 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.180 | 0.2400 | 0.0500

10 | 1.0000 | 0.7900 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 9.7900 | 0.1200 | 0.0500

12| 1.0000 | 0.4700 | 0.0000 | 40.000 | 0.0200 | 0.0800 | 1.2500 | 10.000 | 3.0000 | 0.0500

15 1.0000 | 0.7300 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 7.6800 | 0.2000 | 0.0500

18 1.0000 | 0.5300 | 0.0000 | 40.000 | 0.0200 | 0.0900 | 1.2600 | 7.0000 | 3.0000 | 0.0500

19 | 1.0000 | 1.4000 | 0.0000 | 20.000 | 0.0200 | 0.0300 | 1.0000 | 6.1000 | 0.3800 | 0.0500

24 | 1.0000 | 1.0000 | 0.0000 | 20.000 | 0.0200 | 0.0300 | 1.0000 | 10.000 | 2.0000 | 0.0500

25 | 1.0000 | 0.2500 | 0.0000 | 20.000 | 0.0600 | 0.0400 | 1.0000 | 1.6000 | 0.2000 | 0.0500

26 | 1.0000 | 0.4100 | 0.0000 | 40.000 | 0.0500 | 0.0600 | 0.5000 | 54.100 | 0.4500 | 0.0500

27 1 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.000 | 3.0000 | 0.0500

31 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.180 | 0.2400 | 0.0500

32 |1 1.0000 | 0.7900 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 9.7900 | 0.1200 | 0.0500

34 | 1.0000 | 0.4700 | 0.0000 | 40.000 | 0.0200 | 0.0800 | 1.2500 | 10.000 | 3.0000 | 0.0500

36 | 1.0000 | 0.7300 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 7.6800 | 0.2000 | 0.0500

40 | 1.0000 | 0.5300 | 0.0000 | 40.000 | 0.0200 | 0.0900 | 1.2600 | 7.0000 | 3.0000 | 0.0500

42 | 1.0000 | 1.4000 | 0.0000 | 20.000 | 0.0200 | 0.0300 | 1.0000 | 6.1000 | 0.3800 | 0.0500

46 | 1.0000 | 1.0000 | 0.0000 | 20.000 | 0.0200 | 0.0300 | 1.0000 | 10.000 | 2.0000 | 0.0500

49 | 1.0000 | 0.2500 | 0.0000 | 20.000 | 0.0600 | 0.0400 | 1.0000 | 1.6000 | 0.2000 | 0.0500

54 11.0000 | 0.4100 | 0.0000 | 40.000 | 0.0500 | 0.0600 | 0.5000 | 54.100 | 0.4500 | 0.0500

55 | 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.000 | 3.0000 | 0.0500

56 | 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.180 | 0.2400 | 0.0500

59 | 1.0000 | 0.7900 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 9.7900 | 0.1200 | 0.0500

61 1.0000 | 0.4700 | 0.0000 | 40.000 | 0.0200 | 0.0800 | 1.2500 | 10.000 | 3.0000 | 0.0500

62 | 1.0000 | 0.7300 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 7.6800 | 0.2000 | 0.0500

65 | 1.0000 | 0.5300 | 0.0000 | 40.000 | 0.0200 | 0.0900 | 1.2600 | 7.0000 | 3.0000 | 0.0500

66 | 1.0000 | 1.4000 | 0.0000 | 20.000 | 0.0200 | 0.0300 | 1.0000 | 6.1000 | 0.3800 | 0.0500

69 | 1.0000 | 1.0000 | 0.0000 | 20.000 | 0.0200 | 0.0300 | 1.0000 | 10.000 | 2.0000 | 0.0500

70 | 1.0000 | 0.2500 | 0.0000 | 20.000 | 0.0600 | 0.0400 | 1.0000 | 1.6000 | 0.2000 | 0.0500

72 | 1.0000 | 0.4100 | 0.0000 | 40.000 | 0.0500 | 0.0600 | 0.5000 | 54.100 | 0.4500 | 0.0500

73 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.000 | 3.0000 | 0.0500

74 | 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.180 | 0.2400 | 0.0500

76 | 1.0000 | 0.7900 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 9.7900 | 0.1200 | 0.0500

77 1.0000 | 0.4700 | 0.0000 | 40.000 | 0.0200 | 0.0800 | 1.2500 | 10.000 | 3.0000 | 0.0500

80 | 1.0000 | 0.7300 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 7.6800 | 0.2000 | 0.0500

85 1.0000 | 0.5300 | 0.0000 | 40.000 | 0.0200 | 0.0900 | 1.2600 | 7.0000 | 3.0000 | 0.0500

87 | 1.0000 | 1.4000 | 0.0000 | 20.000 | 0.0200 | 0.0300 | 1.0000 | 6.1000 | 0.3800 | 0.0500

89 | 1.0000 | 1.0000 | 0.0000 | 20.000 | 0.0200 | 0.0300 | 1.0000 | 10.000 | 2.0000 | 0.0500

90 | 1.0000 | 0.2500 | 0.0000 | 20.000 | 0.0600 | 0.0400 | 1.0000 | 1.6000 | 0.2000 | 0.0500

91 1.0000 | 0.4100 | 0.0000 | 40.000 | 0.0500 | 0.0600 | 0.5000 | 54.100 | 0.4500 | 0.0500

92 | 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.000 | 3.0000 | 0.0500

99 | 1.0000 | 0.5000 | 0.0000 | 40.000 | 0.0600 | 0.0800 | 1.0000 | 10.180 | 0.2400 | 0.0500

100 | 1.0000 | 0.7900 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 9.7900 | 0.1200 | 0.0500
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103 | 1.0000 | 0.4700 | 0.0000 | 40.000 | 0.0200 | 0.0800 | 1.2500 | 10.000 | 3.0000 | 0.0500
104 | 1.0000 | 0.7300 | 0.0000 | 30.000 | 0.0200 | 0.0300 | 1.0000 | 7.6800 | 0.2000 | 0.0500
105 | 1.0000 | 0.5300 | 0.0000 | 40.000 | 0.0200 | 0.0900 | 1.2600 | 7.0000 | 3.0000 | 0.0500
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