
(vii)

Contents 

Preface ............................................................................................................................ (xv) 

CHAPTER 1: INTRODUCTION 
 1.1 The Electrical Power System ................................................................................. 1 
 1.2 Network Models ..................................................................................................... 3 
 1.3 Faults and Analysis ................................................................................................ 3 
 1.4 The Primitive Network ........................................................................................... 4 
 1.5 Power System Stability .......................................................................................... 5 
 1.6 Deregulation ........................................................................................................... 5 
 1.7 Renewable Energy Resources ................................................................................ 6 

CHAPTER 2: GRAPH THEORY 
 2.1 Introduction ............................................................................................................ 7 
 2.2 Definitions .............................................................................................................. 7 
 2.3 Tree and Cotree ...................................................................................................... 9 
 2.4 Basic Loops ............................................................................................................ 9 
 2.5 Cut-Set .................................................................................................................. 10 
 2.6 Basic Cut-Sets ...................................................................................................... 10 
 Worked Examples......................................................................................................... 12 
 Problems ...................................................................................................................... 16 
 Questions ..................................................................................................................... 17 

CHAPTER 3: INCIDENCE MATRICES 
 3.1 Element Node Incidence Matrix .......................................................................... 19 
 3.2 Bus Incidence Matrix ........................................................................................... 20 
 3.3   Branch-Path Incidence Matrix K .......................................................................... 21 
 3.4  Basic Cut-Set Incidence Matrix ........................................................................... 22 
 3.5 Augmented Cut-Set Incidence Matrix B  ............................................................ 23 
 3.6 Basic Loop Incidence Matrix ............................................................................... 24 
 3.7 Augmented Loop Incidence Matrix ..................................................................... 25 
 3.8 Network Performance Equations ......................................................................... 26 
 Worked Examples......................................................................................................... 29 
 Problems ...................................................................................................................... 33  
 Questions ..................................................................................................................... 33 



  Contents (viii) 

CHAPTER 4: NETWORK MATRICES 
 4.1 Introduction .......................................................................................................... 35 
 4.2 Network Matrices ................................................................................................. 35 
 4.2.1 Network Matrices by Singular Transformations ..................................... 35 
 4.2.2 Network Matrices by Non-Singular Transformation............................... 40 
 4.3 Bus Admittance Matrix by Direct Inspection ....................................................... 46 
 Worked Examples......................................................................................................... 50 
 Problems ...................................................................................................................... 69 
 Questions ..................................................................................................................... 70 

CHAPTER 5: BUILDING OF NETWORK MATRICES 
 5.1 Introduction .......................................................................................................... 71 
 5.2 Partial Network .................................................................................................... 71 
 5.3 Addition of a Branch ............................................................................................ 73 
 5.3.1 Calculation of Mutual Impedances .......................................................... 74 
 5.3.2 Calculation of Self Impedance of Added Branch Zab .............................. 76 
 5.3.3 Special Cases ........................................................................................... 77 
 5.4  Addition of a Link ............................................................................................... 78 
 5.4.1 Calculation of Mutual Impedances .......................................................... 79 
 5.4.2 Computation of Self-impedance .............................................................. 80 
 5.4.3 Removal of Elements or Changes in Element ......................................... 83 
 5.5 Removal or Change in Impedance of Elements with Mutual Impedance ............ 84 
 Worked Examples......................................................................................................... 88 
 Problems .................................................................................................................... 113 
 Questions ................................................................................................................... 114 

CHAPTER 6: SYMMETRICAL COMPONENTS 
 6.1 The Operator “a” ................................................................................................ 116 
 6.2 Symmetrical Components of Unsymmetrical Phases ........................................ 117 
 6.3 Power in Sequence Components ........................................................................ 119 
 6.4 Unitary Transformation for Power Invariance ................................................... 120 

CHAPTER 7: THREE-PHASE NETWORKS 
 7.1 Three-Phase Network Element Representation .................................................. 123 
 7.1.1 Stationary Network Element ................................................................. 125 
 7.1.2 Rotating Network Element .................................................................... 125 
 7.1.3 Performance Relations for Primitive Three-Phase Network Element ... 126 
 7.2 Three Phase Balanced Network Elements.......................................................... 126 
 7.2.1 Balanced Excitation ............................................................................... 126 
 7.2.2 Transformation Matrices ....................................................................... 128 



    Contents  (ix)

 7.3 Three-Phase Impedance Networks ..................................................................... 129 
 7.3.1 Incidence and Network Matrices for Three-Phase Networks ................ 129 
 7.3.2 Algorithm for Three-Phase Bus Impedance Matrix .............................. 130 
 Summary of the Formulae .......................................................................................... 136 
 Worked Examples....................................................................................................... 138 
 Problems .................................................................................................................... 150 
 Questions ................................................................................................................... 150 

CHAPTER 8: SYNCHRONOUS MACHINE 
 8.1 The Two-Axis Model of Synchronous Machine ................................................ 153 
 8.2 Derivation of Park’s Two Axis Model ............................................................... 155 
 8.3 Synchronous Machine Analysis ......................................................................... 157 
 8.3.1 Voltage Relations–Stator or Armature .................................................. 158 
 8.3.2 Flux Linkage Relations ......................................................................... 159 
 8.3.3 Inductance Relations ............................................................................. 159 
 8.3.4 Flux Linkage Equations ......................................................................... 162 
 8.4 The Transformations .......................................................................................... 162 
 8.5 Stator Voltage Equations .................................................................................... 164 
 8.6 Steady-State Equation ........................................................................................ 165 
 8.7 Steady-State Vector Diagram ............................................................................. 166 
 8.8 Reactances .......................................................................................................... 167 
 8.9 Equivalent Circuits and Phasor Diagrams .......................................................... 170 
 8.9.1 Model for Transient Stability ................................................................ 170 
 8.10 Transient State Phasor Diagram ......................................................................... 172 
 8.11 Power Relations ................................................................................................. 174 
 8.12 Synchronous Machine Connected through an External Reactance .................... 176 
 Worked Examples ......................................................................................................... 178 
 Problems ....................................................................................................................... 180 
 Questions ...................................................................................................................... 180 

CHAPTER 9: LINES AND LOADS 
 9.1 Lines ................................................................................................................... 181 
 9.1.1 Short Lines ............................................................................................ 181 
 9.1.2 Medium Lines........................................................................................ 181 
 9.1.3 Long Lines ............................................................................................. 181 
 9.2 Transformers ...................................................................................................... 184 
 9.2.1 Transformer with Nominal Turns Ratio ................................................ 184 
 9.2.2 Phase Shifting Transformers ................................................................. 186 
 9.3 Load Modeling ................................................................................................... 188 
 9.3.1 Constant Current Model ........................................................................ 191 



  Contents (x) 

 9.3.2 Constant Impedance Model ................................................................... 192 
 9.3.3 Constant Power Model .......................................................................... 193 
 9.4 Composite Load ................................................................................................. 193 
 9.4.1 Dynamic Characteristics ........................................................................ 194 
 9.5  Induction Machine Modeling ............................................................................ 194 
 9.6  Model with Mechanical Transients ................................................................... 195 
 9.6.1 Power Torque and Slip .......................................................................... 197 
 9.6.2 Reactive Power and Slip ........................................................................ 198 
 9.6.3 Synchronous Motor ............................................................................... 204 
 9.7 Rectifiers and Inverter Loads ............................................................................. 205 
 9.7.1 Static Load Modeling for Load Flow Studies ....................................... 205 
 9.7.2 Voltage Dependence of Equivalent Loads ............................................ 205 
 9.7.3 Derivation for Equivalent Load Powers ................................................ 206 
 Worked Examples....................................................................................................... 209 
 Problems .................................................................................................................... 210 
 Questions ................................................................................................................... 210 

CHAPTER 10: POWER FLOW STUDIES 
 10.1 Necessity for Power Flow Studies ..................................................................... 211 
 10.2 Conditions for Successful Operation of a Power System ................................... 212 
 10.3 The Power Flow Equations ................................................................................ 212 
 10.4 Classification of Buses ....................................................................................... 214 
 10.5 Bus Admittance Formation ................................................................................ 215 
 10.6 System Model for Load Flow Studies ................................................................ 217 
 10.7 Gauss-Seidel Method ......................................................................................... 219 
 10.8 Gauss-Seidel Iterative Method ........................................................................... 220 
 10.8.1 Acceleration Factor ............................................................................... 221 
 10.8.2  Treatment of a PV Bus ......................................................................... 222 
 10.9 Newton-Raphson Method .................................................................................. 224 
 10.9.1 Rectangular Coordinates Method .......................................................... 225 
 10.9.2 The Polar Coordinates Method .............................................................. 227 
 10.10 Sparsity of Network Admittance Matrices ......................................................... 231 
 10.11 Triangular Decomposition .................................................................................. 231 
 10.12 Optimal Ordering ............................................................................................... 233 
 10.13 Decoupled Methods ........................................................................................... 235 
 10.14 Fast Decoupled Methods .................................................................................... 236 



    Contents  (xi)

 10.15 Load Flow Solution using Z Bus ........................................................................ 237 
 10.15.1 Bus Impedance Formation .................................................................. 237 
 10.15.2 Addition of a Line to the Reference Bus ............................................ 238 
 10.15.3 Addition of a Radial Line and New Bus ............................................. 238 
 10.15.4 Addition of a Loop Closing Two Existing Buses in the System ........ 239 
 10.15.5 Gauss – Seidel Method using Z-bus for Load Flow Solution ............. 240 
 10.16 Convergence Characteristics .............................................................................. 240 
 10.17 Comparison of Various Methods for Power Flow Solution ............................... 241 
Worked Examples ............................................................................................................ 243 
Problems ......................................................................................................................... 276 
Questions ......................................................................................................................... 286 

CHAPTER 11: SHORT CIRCUIT ANALYSIS 
 11.1 Per Unit Quantities ............................................................................................. 289 
 11.2 Advantages of Per Unit System ......................................................................... 290 
 11.3 Three Phase Short Circuits ................................................................................. 291 
 11.4 Reactance Diagrams ........................................................................................... 292 
 11.5 Percentage Values .............................................................................................. 292 
 11.6 Short Circuit kVA .............................................................................................. 293 
 11.7 Importance of Short Circuit Currents ................................................................. 294 
 11.8 Analysis of R-L Circuit ...................................................................................... 295 
 11.9 Three-Phase Short Circuit on Unloaded Synchronous Generator ...................... 296 
 11.10 Effect of Load Current or Prefault Current ........................................................ 299 
 11.11 Reactors .............................................................................................................. 299 
 11.11.1 Construction of Reactors .................................................................... 300 
 11.11.2 Classification of Reactors ................................................................... 300 
Worked Examples ............................................................................................................ 303 
Problems ......................................................................................................................... 329 
Questions ......................................................................................................................... 329 

CHAPTER 12: UNBALANCED FAULT ANALYSIS 
 12.1 Sequence Impedances ........................................................................................ 331 
 12.2 Balanced Star Connected Load .......................................................................... 331 
 12.3 Transmission Lines ............................................................................................ 333 
 12.4 Sequence Impedances of Transformer ............................................................... 334 
 12.5 Sequence Reactances of Synchronous Machine ................................................ 335 
 12.6 Sequence Networks of Synchronous Machines ................................................. 335 
 12.6.1 Positive Sequence Network ................................................................ 336 
 12.6.2 Negative Sequence Network ............................................................... 336 
 12.6.3 Zero Sequence Network ...................................................................... 337 



  Contents (xii)

 12.7 Unsymmetrical Faults ........................................................................................ 339 
 12.8 Assumptions for System Representation ............................................................ 339 
 12.9 Unsymmetrical Faults on an Unloaded Generator ............................................. 339 
 12.10 Line-to-Line Fault .............................................................................................. 342 
 12.11 Double Line-to-Ground Fault ............................................................................. 345 
 12.12 Single-Line-to-Ground Fault with Fault Impedance .......................................... 348 
 12.13 Line-to-Line Fault with Fault Impedance .......................................................... 349 
 12.14  Double Line-to-Ground Fault with Fault Impedance ........................................ 350 
Worked Examples ............................................................................................................ 352 
Problems ......................................................................................................................... 365 
Questions ......................................................................................................................... 365 

CHAPTER 13: POWER SYSTEM STABILITY 
 13.1 Elementary Concepts.......................................................................................... 367 
 13.2 Illustration of Steady State Stability Concept .................................................... 368 
 13.3 Methods for Improcessing Steady State Stability Limit .................................... 369 
 13.4 Synchronizing Power Coefficient ...................................................................... 369 
 13.5 Short Circuit Ratio and Excitation System......................................................... 370 
 13.6 Transient Stability .............................................................................................. 371 
 13.7 Stability of a Single Machine Connected to Infinite Bus ................................... 371 
 13.8 The Swing Equation ........................................................................................... 372 
 13.9 Equal Area Criterion and Swing Equation ......................................................... 376 
 13.10 Transient Stability Limit .................................................................................... 378 
 13.11 Frequency of Oscillations ................................................................................... 379 
 13.12 Critical Clearing Time and Critical Clearing Angle .......................................... 380 
 13.13 Fault on a Double-Circuit Line .......................................................................... 383 
 13.14 Transient Stability when Power is Transmitted During the Fault ...................... 384 
 13.15 Fault Clearance and Reclosure in Double-Circuit System ................................. 385 
 13.16   First Swing Stability ........................................................................................... 386 
 13.17 Solution to Swing Equation Step-by-Step Method ............................................ 386 
 13.18 Factors Affecting Transient Stability ................................................................. 389 
 13.18.1 Effect of Voltage Regulator ................................................................ 390 
13.19   Excitation System and the Stability Problem ...................................................... 391 
13.20  Dynamic Stability ................................................................................................ 393 
 13.20.1 Power System Stabilizer ..................................................................... 394 
 13.21 Small Disturbance Analysis ............................................................................... 394 
 13.22 Node Elimination Methods ................................................................................ 397 



    Contents  (xiii)

 13.23 Other Methods for Solution of Swing Equation ................................................. 399 
 13.23.1 Modified Euler’s Method .................................................................... 399 
Worked Examples ............................................................................................................ 401 
Problems ......................................................................................................................... 420 
Questions ......................................................................................................................... 420 

INDEX ................................................................................................................. 421  
 

 
 

 
 
 

 
 

 
 
 

 

 
 

 
 

 
 
 
 
 

 
 
 

 




