Table of Contents

Preface to the IEEE Reissued Edition

Preface

List of Symbols

Chapter 1. General Considerations

1.1
1.2
1.3
1.4
1.5
1.6
1.7
1.8

21
2.2
2.3
2.4
2.6
2.6
2.7

I

3.1
3.2
3.3
3.4
3.5
3.6

II.

3.1
3.8

Per UnitCalculations . .. .......... ... ... 5
Change 0f Base ........cuiuiiiinnnennineeneeennnnnnnnnn 7
Base Value Charts. . . ......... ittt iiiennnnnnn 7
Three-Phase Systems . ............c0 ittt iiinernnnnn.. 7
Converting from Per Unit Values to System Values............. 10
Examples of Per Unit Calculations . . ...............cvv..... 10
Phasor Notation............. ..ttt iiininnennnnn. 15
The Phasoraora-Operator ..................ciiuurunenn.. 16
Problems ... ... . e e e e 17
Chapter 2. Symmetrical Components
Symmetrical Components of an n-Phase system................ 19
Symmetrical Components of a Three-Phase System............. 23
Symmetrical Components of Current Phasors ................. 25
Computing Power of Symmetrical Components................ 25
Sequence Components of Unbalanced Network Impedances . ... .. 27
Sequence Components of Machine Impedances .. .............. 30
Definition of Sequence Networks .............. ... .. ... ... 31
Problems . ... ittt i i i it et et 33
Chapter 3. Analysis of Unsymmetrical Faults:
Three-Component Method
Shunt Faults . ......... ... . . . ittt 37
The Single-Line-to-Ground (SLG) Fault...................... 37
The Line-to-Line (LL) Fault. . . .......... ... . i, 42
The Double Line-to-Ground (2LG) Fault. .................... 44
The Three-Phase (3¢) Fault . ...... ... ... ... ... .. it 49
Other Typesof Shunt Faults .. ............ ... . ... it 52
Comments on Shunt Fault Calculation ...................... 53
Series Faults. .. ....... ... . . il i i ittt 53
Sequence Network Equivalents for Series Faults . .............. 55
Unequal Series Impedances .............. ..., 61
OneLine Open (1LO) . ... ..ttt ittt 63

3.9



Vi

3.10
3.11

Table of Contents

Two Lines Open (2LO) . ...ttt i neanns
OtherSeries Faults. . . . ......i ittt iniensnnne
 20'0) o) L= ¢ 4 V- 0 A

Chapter 4. Sequence Impedance of Transmission Lines

4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8
4.9
4.10
4.11
4.12
4.13
4.14
4.15
4.16

Positive and Negative Sequence Impedances of Lines. . .. ........
Mutual Coupling. . .. ... ottt it ittt i i
Self and Mutual Inductances of Parallel Cylindrical Wires ........
Carson’sLine.........coiiiiiii ittt iennenns
Three-Phase Line Impedances. . .......... .o,
Transpositions and Twists of Line Conductors ................
Completely Transposed Lines. . .. ...,
Circuit Unbalance Due to Incomplete Transposition . ...........
Sequence Impedance of Lines with Bundled Conductors.........
Sequence Impedance of Lines with One Ground Wire . ..........
Sequence Impedance of Lines with Two Ground Wires . .........
Sequence Impedance of Lines with n Ground Wires. ............
Zero Sequence Impedance of Transposed Lines with Ground Wires.
Computations Involving Steel Conductors . ...................
Parallel Transposed and Untransposed Multicircuit Lines. . . ... ...
Optimizing a Parallel Circuit for Minimum Unbalance . .. ........
Problems .. v vt i i e e e e s

Chapter 5. Sequence Capacitance of Transmission Lines

5.1
5.2
5.3
5.4
5.5
5.6
5.7
5.8

Positive and Negative Sequence Capacitance of Transposed Lines . .
Zero Sequence Capacitance of Transposed Lines . .. ............
Mutual Capacitance of Transmission Lines. . ..................
Mutual Capacitance of Three-Phase Lines without ground Wires . . .
Sequence Capacitance of a Transposed Line without Ground Wires.
Mutual Capacitance of Three-Phase Lines with Ground Wires . .. ..
Capacitance of Double Circuit Lines ........................
Electrostatic Unbalance of Untransposed Lines .. ..............
Problems ........ i i e e e e

Chapter 6. Sequence Impedance of Machines

L.

6.1
6.2
6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10

II.

Synchronous Machine Impedances. . ........................

General Considerations .............ccoutii it iiinnnennnn
Positive Sequence Impedance. ................. ..o,
Negative Sequence Impedance . . ............... ...,
Zero SequenceImpedance .. ..........ci ittt
TimeConstants . ...........ccitiiiiiiiinr o nnnnnns
Synchronous Generator Equivalent Circuits ..................
Phasor Diagram of a Synchronous Generator..................
Subtransient Phasor Diagram and Equivalent Circuit . ...........
Armature Current Envelope. . . .. ........... .. . . o oo,
Momentary Currents . .......... .00 uiiiiiinrennnennnnn.



Table of Contents vii

6.13 Induction Motor Subtransient Fault Contribution.............. 226
6.14 Operation withOnePhaseOpen.............. ..., 227
Problems ......... . i i e 228
Chapter 7. Sequence Impedance of Transformers
I. Single-Phase Transformers ....................ciiiiuunnn. 231
7.1 Single-Phase Transformer Equivalents ....................... 231
7.2 Transformer Impedances . ..........vviiiniiinnnernenneenn 233
7.3 Transformer Polarity and Terminal Markings.................. 234
7.4 Three-Winding Transformers ................cciivvirnenn.. 236
7.5 Autotransformer Equivalents.............................. 239
7.6 Three-Phase Banks of Single-Phase Units . .................... 243
II. Three-Phase Transformers ............ccoiuitirninnnnenn.. 2417
7.7 Three-Phase Transformer Terminal Markings .. ................ 247
7.8 Phase Shift in Y-A Transformers ............... ..., 248
7.9 Zero Sequence Impedance of Three-Phase Transformers ......... 251
7.10 Grounding Transformers . ...........couiiieeerennnnnnns 255
7.11 The Zigzag-A Power Transformer ..................c.cco.... 257
III. Transformersin System Studies............................ 260
7.12 Off-Nominal TurnsRatios ................. ..., 260
7.13 Three-Winding Off-Nominal Transformers .. .................. 265
Problems .........0i i i e e et e 265
Chapter 8. Changes in Symmetry
8.1 Creating Symmetry by Labeling. ................ ... ...... 273
8.2 Generalized Fault Diagrams for Shunt (Transverse) Faults. .. ... .. 273
8.3 Generalized Fault Diagrams for Series (Longitudinal) Faults ... ... 278
8.4 Computation of Fault Currents and Voltages.................. 280
8.5 A Fundamental Result: The Invariance of Power .............. 284
8.6 ConstraintMatrix K. ............. ... . i iirinnn. 286
8.7 Kron’s Primitive Network ............. ... ... . .. it 288
8.8 Other Useful Transformations .................. .. ccvvo.n. 291
8.9 Shunt Fault Transformations................ ... ... . 294
8.10 Transformations for Shunt Faults with Impedance ............. 298
8.11 Series Fault Transformations . . ............ . ... . i 304
812 SUMMAIY &ttt iti et ittt ttneeeenonenooneasssseenansans 304
Problems .. ... ...t i i i e e e 305
Chapter 9. Simultaneous Faults
I. Simultaneous Faults by Two-Port Network Theory............. 308
9.1 Two-Port Networks ... .....cciiiiitiiiiinnnnnernnnroennns 308
9.2 Interconnection of Two-Port Networks . ..................... 319
9.3 Simultaneous Fault Connection of Sequence Networks.......... 323
9.4 Series-Series Connection (Z-Type Faults) .................... 325
9.5 Parallel-Parallel Connection (Y-Type Faults) .................. 330
9.6 Series-Parallel Connection (H-Type Faults) ................... 334

II. Simultaneous Faults by Matrix Transformations ............... 336



viii Table of Contents
9.7 Constraint Matrix for Z-TypeFaults ........................ 337
9.8 Constraint Matrix for Y-Type and H-Type Faults .............. 339
Problems ........ ittt i e e e 341
Chapter 10. Analytical Simplifications
101 Two-ComponentMethod................. ... ... . it 345
I. ShuntFaults ....... ... .. i ittt 347
10.2 Single-Line-to-Ground Fault ............... ... ... ......... 3417
10.3 Lineto-LineFault ......... ... . 0 . i i, 349
10.4 Double Line-to-Ground Fault .................... ... ... 350
105 Three-Phase Fault .......... ... it 352
II. SeriesFaults......... ... . it 353
10.6 TwoLinesOpen (2LO) . ... ... ittt 353
107 OnelLineOpen (1LO) ...... ... ittt 354
III. Changes in Symmetry with Two-Component Calculations........ 355
10.8 Phase Shifting Transformer Relations. . ...................... 356
10.9 SLG Faults with Arbitrary Symmetry ....................... 357
10.10 2LG Faults with Arbitrary Symmetry ....................... 358
10.11 Series Faults with Arbitrary Symmetry ...................... 360
IV. Solution of the Generalized Fault Diagrams .................. 362
10.12 Series Network Connection—SLG and 2LO Faults. . ............ 362
10.13 Parallel Network Connection—2LG and 1LO Faults ............ 363
Problems . ... e 363
Chapter 11. Computer Solution Methods Using the Admittance Matrix
11.1 Primitive Matrix . ... ... ... . i i e 366
11.2 NodelIncidence Matrix.......... ...ttt 369
11.3 Node Admittance and Impedance Matrices ................... 373
11.4 Indefinite Admittance Matrix ............. ... ... ..., 375
11,5 Definite Admittance Matrix ........... ... . i i, 386
Problems . ........c0iiiiii i i e et e e 389
Chapter 12. Computer Solution Methods Using the Impedance Matrix
12.1 Impedance Matrix in Shunt Fault Computations . .............. 393
12.2 An Impedance Matrix Algorithm . .......................... 401
12.3 Adding a Radial Impedance to the Reference Node............. 401
12.4 Adding a Radial BranchtoaNewNode...................... 402
12.5 Closinga LooptotheReference ................c0cviivunn. 403
12.6 Closing a Loop Not Involving the Reference .................. 404
12,7 Adding a Mutually Coupled Radial Element .................. 408
12.8 Adding a Group of Mutually Coupled Lines .................. 415
12.9 Comparison of Admittance and Impedance Matrix Techniques .... 418
Problems ... ... i e e e e 419
Appendix A, Matrix Algebra ............c.0t it 421
Appendix B. Line Impedance Tables ..................ciiiiinv.o.. 436
Appendix C. Trigonometric Identities for Three-Phase Systems .......... 467



Table of Contents ix

Appendix D. Self Inductance of a Straight Finite Cylindrical Wire ........ 470
Appendix E. Solved Examples. . ......... ..ttt 474
Appendix F. A-Y Transformations ........... ... i i, 502
Bibliography. . . ..o it i e it et e 503






List of Symbols

1. CAPITALS

ampere, unit symbol abbreviation for current

complex transformation matrix; transmission parameter
matrix; node incidence matrix

magnetic vector potential

inverse transmission parameter matrix

= §m Y, susceptance

complex transformation matrix; shunt susceptance matrix
capacitance

coulomb, unit symbol abbreviation for charge

complex transformation matrix; Maxwell’s coefficients; ca-
pacitance coefficients

distance or separation

source emf; voltage

primitive source voltage vector

farad, unit symbol abbreviation for capacitance

fault point designation

rotor circuits of a synchronous machine

= ReY, conductance

inverse hybrid parameter matrix

mutual geometric mean distance, geometric mean radius
henry, unit symbol abbreviation for inductance

hertz, unit symbol abbreviation for frequency

hybrid parameter matrix

rms phasor current

=[I, I, I.]%, line current vector

= [I,0 I,; I, 1, sequence current vector

base line current, A

joule, unit symbol abbreviation for energy

primitive current source vector

dielectric constant

Kron’s transformation or connection matrix

inductance

line-to-line

line-to-neutral

inductance matrix

=10°, mega, a prefix
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