Contents

1 Power SYSteIMS.......ooviiiiiiiti e 1
L1 INtrodUCtON «.o.ueeteee et 1
1.2 Power System Structure ............oovviiiiiiiiiiiiniiieneeneneennnn. 1

1.2.1  Physical Layer........ccooviiiiiiiiiiiiiiiiiiiiiiiiieeen, 1
1.2.2  Economic Layer..........ccoviiiiiiiiiiiiiiiiiiiiiinnnnnnnn. 5
1.2.3  Regulatory Layer.........ccooviiiiiiiiiiiiiiiiinnnnn... 7
1.3 Power System Operations .............c.ueeeeeeiniiiieeeernnnneeen.. 9
1.3.1 Day-Ahead Operation..........cccovviiiiiiiiiiiiiiiennnnnnn. 9
1.3.2  Hours Before Power Delivery ..........ccoovvvvviiiiinnn.... 10
1.3.3  Minutes Before Power Delivery....................ooooooet. 10
1.4 Power Markets ........oovviiiiiiiiiiiii e 10
1.4.1  Futures Market .........ccoovviiiiiiiiiiiiiiiiiiiiiiiiiieenns 11
142 POl ... 11
1.5 Scopeofthe BOOK .......cooviiiiiiiii e 12
151 What We Do. ..o 13
1.52 What We DoONotDO....ovvvviiiiiiiiiiiiiiiiiiiiiee 13
1.6 End-of-Chapter EXercises ...........ooovviiiiiiiiiiiiiiiininnnennnnnn. 14
References . .o.ueeeieie e 14

2 Power System Fundamentals: Balanced Three-Phase Circuits.......... 17
2.1 INrodUCHION ..oveeee et e 17
2.2 Balanced Three-Phase Sequences................oovvvvvvviieeennnn... 18
2.3 Balanced Three-Phase Voltages and Currents........................ 21

2.3.1 Balanced Three-Phase Voltages ..............cccovvvunnnnnn. 21
2.3.2  Balanced Three-Phase Currents ...............ccovvuuunnnn. 23
2.3.3  Equivalence Wye-Delta............ccooviiiiiiiiiiiiiinnnnn. 28
2.3.4  Common Star CONNECtION ......uuuvuuruuniiiiiiiiiiinnnnnnns 38
2.4  Instantaneous, Active, Reactive, and Apparent Power............... 42
241 DefinitionS . .....uuue e 42
2.4.2  How to Measure Power?............ccooviiiiiiiiiiinnnnnnn. 44
2.5  Why Three-Phase Power? ... 44

ix



Contents

2.6 Per-Unit SYStem ......ccoviiiiiiiiiiiiiiiiii e 46
2.6.1  MOtIVALION . ..t 46
2.6.2  Per-Unit System Definition...............ooooieeiiiiin... 46
2.6.3  Definition of Base Values...........ccoooviiiiiiiinnnnnnn. 48
2.6.4  Per-Unit Analysis Procedure ................oocceviiinae. 51
2.7  Summary and Further Reading....................oooooiiiin, 52
2.8  End-of-Chapter EXercises ..........oooouviiiiiiiiiiiiiiiiiiniiiee... 52
RETEIENCES ..ottt e 54
Power System Components: Models .........................ooooit. 55
3.1 INrodUuCtioN ..ot e 55
3.2 Generator and MOtOT ....ovviiiiiiiiii it 56
3.2.1 Three-Phase Generator ...........ccoevvvviiiiiiiiieinennnnn. 56
3.2.2  Three-Phase MOtOr.........cvvviiiiiiiiiiiiiiiiienennn. 57
3.3  Power Transformer .............oooviiiiiiiiiiiiiiiieeeenn, 58
33,1 DefINitionS . ..cvveiieiiittiiitieeeeas 59
3.3.2  Connections of a Three-Phase Power Transformer......... 61
3.3.3  Per-Unit ANalysis ...ovvvviiiiiiiiiiiiiiiieeeeeens 66
3.3.4  Model of a Three-Phase Power Transformer ............... 67
34 Load .o 68
34.1 Constant-Impedance Load.............covvvviiiiiiinnnn... 69
342  Induction MOtOT .....vvvviiiiiiiiiiiiiiiieeeeans 69
34.3 Load with Constant Power ..............cocevviiiiinnnn... 71
344  Load with Constant Voltage ...............ccceeviiiiee... 71
3.5 Electrical Line .........oooiiiiiiiii 71
3.5.1  Equivalent CirCuit........ovvviiiiiiieiiiiiiieeireeeeeeeeennns 71
3.5.2  Parameters of Electrical Lines.......................ooe.t. 75
3.5.3 Efficiency and Regulation ..............ccovviiiiiiinnnn... 80
3.54  Active and Reactive Power Decoupling .................... 81
3.6 Power System Examples ..............ooiiiiiiiiin 83
3.7  Summary and Further Reading..........................oeeeeieaa . 94
3.8  End-of-Chapter EXercises ..........oovvviiiiiiiiiiiiiiiinnnienanennn. 94
RETEIENCES ..ttt e 96
Power FIOW ... o s 97
4.1 INtrodUCHON . .vvvvtitittttttt s 97
4.2 Nodal EQUations .........coviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieees 98
4.2.1 Two-Node Power System...............oovvvvvviienenen.... 98
422  n-Node Power System ..........coovviiiiiiiiiiiinnnnnnnnnnn. 100
4.3 Admittance MatriX.......oovviiiiiiiiiiiiiiiiiiiiiiiiiiiieeas 101
4.3.1 Two-Node Power System...............oovvveiviieienenn... 102
4.3.2 n-Node Power System ..........ccovvviiviiiiiiiiiinnnnnnnnn. 102
4.4 Power Flow EQUationS.........ccooiiiiiiiiiiiiiiiiiiiiiiiiiieeenn, 104
4.4.1 Two-Node Power System...............oovvvviiiieeennnn.... 104

4.42  n-Node Power System ..........coovvviiiiiieiiinninnnnnnnnn. 107



Contents xi
4.5 Slack, PV,and PQNodes.........ccooeiiiiiiiiiiiiiiiiiie e 109
TN o) L1 15 10 o 110

4.6.1  Direct SOIUtiON .....oovviiiiiii i 110
4.6.2  Newton-Raphson Method ................coiiiiiiiiin 111
4.6.3 Software ToOIS .....coovviiiiiiii 114
A O 11 1770 33T P 114
4.8 Decoupled Power FIOW...........ccooiiiiiiiiiiiiiiiiiiiiiii i 119
4.9  Distributed SIack .......oiiiiiiiii s 120
410 dcPower FIOW ...ooviiiiiiii s 121
4.10.1 Two-Node Power System............ccceviiiiiiiiiieennnnnnn. 121
4.10.2 n-Node Power System ..........c.oooviiiiiiiiiiiiiieeannnn. 125
4.11 Summary and Further Reading.................coooiiiiiiiiii.. 130
412 OCtave COES ..vvvvrieitiiitttttteeeeeeeeeeeeeees 130
4.12.1 Calling SUBIOUtINE «.....uvveieeeiiii e eeeana 131
4.12.2 Power Flow Function ................coovviiiiiiiiiininnn.. 131
4.13  End-of-Chapter EXercises ..........ccoovviitiiiiiiiiiiiieninnnn.. 132
REfEIENCES ..ottt e 135

5 Power System State Estimation ............................................ 137
5.1 INtroduCtion ...oovviiiiii i e 137
IV (7 T 1155 11 1<) 1| 1 138
5.3 BStMatioN....ooviiiiiiii i e 140
54 Observability........oooiiiiiiiii 145
5.5  Erroneous Measurement Detection ..................covveeeeeinnn... 152
5.6  Erroneous Measurement Identification ............................... 154
5.7  Summary and Further Reading....................ooooooiiiiii., 158
5.8 GAMS and Octave Codes .......oovvvveiiiiiiiiiiiiiiiiie e, 158

5.8.1  Estimation Example in GAMS .........cccoviiiiiiiiiinnnnn. 158
5.8.2  Observability Example in Octave .............cccovvuvnnnnn. 159
5.8.3  Erroneous Measurement Detection Example in Octave.... 160
5.9  End-of-Chapter EXercises ...........oovvviiiiiiiiiiiiiiiiiiinennnnnnn. 160
RETOIENCES ..ottt e 163

6 Optimal Power Flow .......... ... o i 165
6.1  INtrodUuCtion .......coviiiiiiiiiiii e 165
6.2 Optimal Power Flow...............ooooiiiiiiiiii 166

6.2.1  DESCIIPHON ..ttt 166
6.2.2  Formulation ............ccooueeuuuuuniiiiiiiiiiiiinnas 170
6.2.3  SOIUION. ...ttt e 171
6.2.4  dc Formulation ...........ccoooiiiiiiiiiiiiiiiiiiiiinan 177
6.3  Security-Constrained Optimal Power Flow .......................... 179
6.3.1  DESCIIPHON ..ttt 180
6.3.2  Formulation ............ccooeueuuuuuiiiiiinaas 180
6.4  Summary and Further Reading..........................oeeiena . 185



xii

Contents

6.5  GAMS COdES .. .uneiiiitiii e 185
6.5.1  Simple OPFCode........ccooviiiiiiiiiiiiiiiiiiii i, 186

6.5.2 GenericOPF Code ........ccovviiiiiiiiiiiiiiiiiiii i 187

6.53 dcOPFCOde ...covvnniiiiiiiiiiiiiiii e 189

6.54 SCOPFGAMS Code .....covviiiiiiiiiiiiiiiiiiiiiiias 190

6.6  End-of-Chapter EXercises ..........oooouuiiiiiiiiiiiiiiininiiiee... 194
References . .o.ueeei i 196
Unit Commitment and Economic Dispatch ............................... 197
Tl INrOdUCHION ..ottt e 197
7.2 Unit COMMItMENt ...ovvririreeiiiiieeteteeeteeeeeeeeeeeeeeeeaeaeaannn, 198
72,1 DESCIIPHON ..ttt 198

7.2.2  Formulation ............ccoeeeeenuiiiiiiiiiiiiiiinnans 204

7.3  Economic Dispatch .............cooooiiiiiiiii i 209
7.3.1  Economic Dispatch Without Network Constraints ......... 209

7.3.2  Economic Dispatch Considering Network Constraints .... 211

7.4  Network-Constrained Unit Commitment............................. 216
7.5  Summary and Further Reading..................oooooooiiin, 222
7.6 GAMS COLS ...t 222
7.6.1  Unit COMMIMENT . ... ..uuuetttetaeaaaas 223

7.6.2  Economic Dispatch .........cccoiiiiiiiiiiiiiiiiiiiiii 225

7.6.3  Network-Constrained Unit Commitment ................... 226

7.7  End-of-Chapter EXercises ..........oovvviiiiiiiiiiiiiiiiniinaennnnnn. 228
REfEIENCES ..ttt e 232
Self-Scheduling and Market Clearing Auction ........................... 233
8.1 INtrodUCHION .. ... 233
8.2 Self-Scheduling ..........ceviiiiiiiiii i 234
8.2.1  DeSCIIPLON ...vvvvviiiiiiiiiiiieeeeas 234

8.2.2  NOLALION ..ttt eeeeas 235

8.2.3  Formulation ..........ccoviiiiiiiiiiiiiiiiiiiiiiiiies 236

8.3  Market Clearing AUCtiON .........uuuuuuunniiiiiiiiiiiiiiiiinas 242
8.3.1  Market Participants ..........cccooiiiiiiiiiiiiiiiiiiinn... 242

8.3.2  Production Offer Curves.........ccoevvviiiiiiiiiniiinnnnn... 243

8.3.3  Consumption BidCurves ..........ccoovvvviiiiiiiiiiinnnn... 244

8.3.4  Social Welfare ..o 244

8.3.5  Formulation .........ccoeiiiiiiiiiiiiiiiiiiiiiiiies 246

8.4  Summary and Further Reading..................cooviiiiiiiiiiiinn.. 262
8.5  GAMS COdES ..ottt 262
8.5.1  Self-Scheduling .........c.coeiiiiiiiiiiiiiiiiiiii ., 263

8.5.2  Market Clearing AUCHON ........ovvvviiiiiiiiiiiiiiieennnnn. 264

8.6  End-of-Chapter EXercises .......ovvvvveiiiiiiiiiiiiiiiiaaaaaaeaannnn. 267

R erenCes ..o 269



Contents xiii

Appendix A Solving Systems of Nonlinear Equations..................... 271
A.1  Newton-Raphson Algorithm .............ccociiiiiiiiiiiiiiii.., 271
ALl OneUnknown........oooeeeiiiiiiiiiiiiiiiiiiiiieininnne. 271

A.12  Many UnKnowns ........oeeeiiiiiiiieieiiiiiiieeennnne. 274

A2 DIrect SOIUHON . ...ttt 278
A21 OneUnknown.........oooeeiiiiiiiiiiiiiiiiiiiiieeinnnnne. 278

A22 Many UnKnowns ........ceeeeiiiiiiiieeiiiiiiieeeennnnne. 279

A.3  Summary and Further Reading...................ooooooiiiin, 279
References «....ueeee e 279
Appendix B Solving Optimization Problems ............................... 281
B.1  Linear Programming Problems ....................oocooii, 281
B.1.1  Formulation ............oooiiiiiiiiiiiiiiiiiiiiii i 281

B.1.2  SOIUtON. ... 282

B.2  Mixed-Integer Linear Programming Problems....................... 284
B.2.1  Formulation ..........cooeiiiiiiiiiiiiiiiiiiiiii i 284

B.2.2  SOIUHON....eeeiie i 286

B.3  Nonlinear Programming Problems...................cooooiiiiioo.. 288
B.3.1  Formulation ..........cooceiiiiiiiiiiiiiiiiiiiiii i 288

B.3.2  SOIUtON.....ueiit i 289

B.4  Summary and Further Reading..........................oeieena. 291
References ........ooiii 291



2 Springer
http://www.springer.com/978-3-319-69406-1

Fower System Operations

Conejo, A Baringo, L

2018, X, 296 p. 109 illus., Hardcowver
ISBENM: 978-3-319-69406-1



