
iii

Acknowledgements

I would first like to thank my committee members, Dr. Clint Coakley, Dr. Lamine Mili,

Dr. Jeffrey Birch, Dr. George Terrell, Dr. Hugh VanLandingham and Dr. Louis Beex for their

helpful contributions to my research.  I am truly appreciative.  I am especially grateful to Dr.

Coakley and Dr. Mili for their help, guidance, and patience; for opening a new world to me, both

in my mind and my profession; for their friendship.  Thank you.

I would like to thank my entire family and especially my mother, Sheryl Mae Hall-Clark,

for her love and support throughout the decades.  She is the driving force within me.

I have made many special friends in the Virginia Tech Statistics Department, and too

many to list.  However, I would like to acknowledge at least a couple.  To Chris Hughes, with

whom I spent many a morning in the gym, I’ll never forget all the friendly little monikers!

Thanks for being a great friend!  To the rest of my classmates from year one: Jennifer Huffman,

Jennifer Workinger, Stephanie Saxby, Stephanie Bogar, Susan Raught, Chad Wright, and Dan

Price.  We were a super class.  Of course, I cannot leave out Terry Castonguay for his

insightfulness, David Miller for his eccentricities and humor, Pat Carey for his weekend

festivities, Greg Ligozio for his accent, Pat Darken for his competitive fire, Steve Kathman for

‘The Deuce’, Lisa Chiacchierini for her witty sarcasm, Mike Chapman for his impersonations,

and Susan Harris and Shelia Faulk-Ligozio for their genuine sweetness!

I would also like to express my gratitude to the faculty and staff of the Virginia Tech

Department of Statistics and Department of Electrical and Computer Engineering for their

assistance both educationally and financially.  I couldn’t have chosen a better university.

Finally I would like to thank Heather McMahon for her love.  For her constant voice of

reason and support when things appeared turbulent.  For the countless games of air hockey at the

Hokie House (we are unbeatable).  For the great times we’ve had in the past and for the great

times we’ll have in the future.  I love you.                              



iv

Table of Contents

List of Figures vii

List of Tables ix

1 Introduction and Literature Review 1

1.1 Motivation............................................................................................................. 1

1.2 Statement of Problem............................................................................................ 3

1.3 Review of Topology Error Identification .............................................................. 4

1.4 Review of Test Resistance .................................................................................... 6

1.5 Goals..................................................................................................................... 7

2 Power Networks, State Estimation, & Topology Error 10

2.1 Power Networks.................................................................................................. 10

2.2 State Estimation .................................................................................................. 12

2.3 Topology Error Identification ............................................................................. 16

2.3.1 Rule-Based Methods ............................................................................... 17

2.3.2 Robust Topology Error Detection ........................................................... 18

2.3.3 WLS with Equality Constraints............................................................... 20

3 Robust Topology Error Identification 23

3.1 Motivation........................................................................................................... 23

3.2 Network Modeling.............................................................................................. 24

3.3 Modeling the Real Power.................................................................................... 26

3.4 Modeling the Reactive Power ............................................................................. 29

3.5 The Huber Estimator and IRLS Algorithm ......................................................... 32

3.6 Testing the Estimates .......................................................................................... 34

3.7 Zero-Injections.................................................................................................... 37

3.8 Simulation Results .............................................................................................. 38



v

4 Resistance Definitions and Concepts 42

4.1 Introduction......................................................................................................... 42

4.2 Test Resistance ................................................................................................... 42

4.3 Maximum and Expected Resistance.................................................................... 44

5 Maximum Resistances of the Friedman Two-Way Analysis of Variance by Ranks 47

5.1 Introduction......................................................................................................... 47

5.2 The Friedman Two-Way Analysis of Variance by Ranks ................................... 48

5.3 Maximum Resistance.......................................................................................... 49

5.4 The Maximum Resistance to Rejection............................................................... 50

5.4.1 The Maximum Resistance to Rejection (b = t case) ................................ 52

5.4.2 The Maximum Resistance to Rejection (b = nt case)............................... 59

5.5 The Maximum Resistance to Acceptance............................................................ 63

5.5.1 The Maximum Resistance to Acceptance (b = t case) ............................. 64

5.5.2 The Maximum Resistance to Acceptance (b = nt case) ........................... 71

5.6 Concluding Remarks........................................................................................... 76

6 Expected Resistances of the Friedman Two-Way Analysis of Variance by Ranks 78

6.1 Introduction......................................................................................................... 78

6.2 The Expected Resistance to Rejection for the Friedman Test ............................. 79

6.3 The Expected Resistance to Acceptance for the Friedman Test .......................... 83

6.3.1. Friedman ERA with Uniform, Exponential, Normal and Laplace Errors 86

6.3.2 Friedman ERA with Contaminated Normal Errors.................................. 91

7 Maximum Resistances of the Brown-Mood Test for the Two-Way Layout 95

7.1 Introduction......................................................................................................... 95

7.2 Average Internal Score Correlation and the Brown-Mood Test .......................... 96

7.3 The Maximum Resistance to Rejection (b = t case) ........................................... 97

7.4 The Maximum Resistance to Rejection (b = nt case) .........................................102

7.5 The Maximum Resistance to Acceptance...........................................................108



vi

7.6 Concluding Remarks..........................................................................................115

8 Expected Resistance Comparisons of the Brown-Mood and Friedman Tests 116

8.1 Introduction........................................................................................................116

8.2 Expected Resistance to Rejection for the Brown-Mood Test .............................116

8.3 The Expected Resistance to Acceptance for the Brown-Mood Test...................120

8.3.1 Brown-Mood ERA with Uniform, Exponential, Normal and

Laplace Errors ........................................................................................120

8.3.2 Brown-Mood ERA with Contaminated Normal Errors ..........................123

9 Conclusions and Future Research 126

9.1 Topology Error Summary and Future Work.......................................................126

9.2 Statistical Resistance Summary and Future Work..............................................127

A. Derivation of the Real and Reactive Power from a Pi Equivalent Circuit Model 129

B. Proofs of Lemmas in Chapter 5 and Chapter 7 133

C. Tables of Maximum and Expected Resistances to Rejection and to Acceptance 147

D. Solutions to fA(m) - cα and Corresponding MRAs 205

E. Observability for the Proposed Topology Error Identification Method 209

Bibliography 214

Vitae 220



vii

List of Figures

2.1 IEEE Standard 5-Bus System................................................................................ 9

2.2 Plot of Two Voltage Sine Curves........................................................................ 10

2.3 IEEE Standard 5-Bus System with Topology Error ............................................ 15

3.1 Example of Kirchhoff’s Current Law.................................................................. 23

3.2 Example of a Substation...................................................................................... 23

3.3 State Variable Assignment for One Observation................................................. 27

3.4 Detailed Substation ............................................................................................. 37

5.1 Friedman Maximum Resistance to Rejection for 3-6 Treatments ....................... 49

5.2 Plot of α− cmfR )(  vs. m (b = t = 5).................................................................... 56

5.3 Plot of α− cmfR )(  vs. m (b = 25, t = 5) .............................................................. 60

5.4 Plot of α− cmf A )(  vs. m (b = t = 5).................................................................... 68

5.5 Plot of Maximum MRA of the Friedman Test .................................................... 73

6.1 Plot of Friedman MRR and ERR (t = 5).............................................................. 80

6.2 Simulated ERA with Six Treatment Effects (b = 24, t = 6) ................................. 87

6.3 Simulated ERA with One Treatment Effect (b = 24, t = 6) ................................. 87

6.4 ERA Comparisons Between One and Six Effects (b = 24, t = 6) ........................ 88

6.5 ERA Comparisons Between Distributions with Six Effects (b = 24, t = 6) ......... 88

6.6 ERA Comparisons Between 6, 18, and 30 Blocks (t = 6).................................... 89

6.7 ERA Comparisons Between Contaminated Normal Errors ................................ 91



viii

6.8 ERA Comparisons Between One and Six Effects with CN Errors ...................... 91

6.9 ERA Comparisons Between 6, 18, and 30 Blocks with CN Errors ..................... 92

7.1 Maximum Number of Contaminants for Rejection (b = t) .................................. 99

7.2 MRR of the Brown-Mood and Friedman Tests (b = t) ........................................ 99

7.3 Maximum Number of Contaminants for Rejection (b = 2t) ...............................104

7.4 MRR of the Brown-Mood and Friedman Tests (b = 2t) .....................................104

7.5 Maximum Number of Contaminants for Rejection (b = 5t) ...............................105

7.6 MRR of the Brown-Mood and Friedman Tests (b = 5t) .....................................105

7.7 MRA of the Brown-Mood and Friedman Tests (b = t) .......................................112

7.8 MRA of the Brown-Mood and Friedman Tests (b = 5t) .....................................112

8.1 ERR of the Brown-Mood and Friedman Tests (t = 6) ........................................117

8.2 Brown-Mood Comparisons ERA Between Distributions...................................119

8.3 Brown-Mood and Friedman ERA with Six Effects............................................120

8.4 Brown-Mood and Friedman ERA with One Effect ............................................121

8.5 Brown-Mood and Friedman ERA with Six Effects and CN Errors ....................122

8.6 Brown-Mood and Friedman ERA with One Effect and CN Errors ....................123

A.1 Model of a Pi-Equivalent Circuit .......................................................................128

E.1 An Observable 5-Bus System.............................................................................213

E.2 An Unobservable 3-Bus System.........................................................................214

E.3 Identification of Meshes in 5-Bus System..........................................................215



ix

List of Tables

3.1 Power Rescaled Residuals for the 125-Bus System............................................. 38

3.2 Standardized Flows and Branch Statuses ............................................................ 39

5.1 Most Resistant Configuration of the Ranks for Rejection (b = t = 4) .................. 50

5.2 Configuration of the Ranks After One Contaminant ........................................... 51

5.3 Configuration of the Ranks After Two Contaminants......................................... 52

5.4 Most Resistant Configuration of the Ranks for Acceptance (b = t = 4) ............... 62

5.5 Configuration of the Ranks at m = 0 ................................................................... 63

5.6 Optimal Placement of First and Second Contaminants ....................................... 63

5.7 Optimal Placement of Third Through Sixth Contaminants ................................. 64

5.8 Treatment Rank Sums After the mth Contaminant (b = 12, t = 6) ........................ 70

7.1 Conversion of Friedman Ranks to Brown-Mood Scores ..................................... 95

7.2 Brown-Mood Scores Before Contamination (even t case) .................................107

7.3 Brown-Mood Scores After Contamination (even t case)....................................107

7.4 Brown-Mood Scores Before Contamination (odd t case) ...................................109

C.1 Maximum Resistance to Rejection for T=3 Treatments (α=0.05) ......................147

C.2 Maximum Resistance to Rejection for T=4 Treatments (α=0.05) ......................147

C.3 Maximum Resistance to Rejection for T=5 Treatments (α=0.05) ......................147

C.4 Maximum Resistance to Rejection for T=6 Treatments (α=0.05) ......................147

C.5 Maximum Resistance to Rejection for T=7 Treatments (α=0.05) ......................148



x

C.6 Maximum Resistance to Rejection for T=8 Treatments (α=0.05) ......................148

C.7 Maximum Resistance to Rejection for T=9 Treatments (α=0.05) ......................148

C.8 Maximum Resistance to Rejection for T=10 Treatments (α=0.05) ....................148

C.9 True and Estimated Maximum Resistance to Acceptance (b = t, α=0.05)..........149

C.10 True and Estimated Maximum Resistance to Acceptance (b = nt, α=0.05)........150

C.11 Friedman Expected Resistance to Acceptance (α=0.05) ....................................151

C.12 Brown-Mood Expected Resistance to Acceptance (α=0.05)..............................177


