TABLE OF CONTENTS

Preface xi 3.3.1 Saturation 54
. 332 Hysteresis 57
el L 3.33 CZrie temperature and
magnetostriction 57
Chapter 1 3.4 Magnetic Circuits 57
34.1 Analysis methodology 58
Introduction 1 342  Air gap fringing 60
1.1 What 1 343 Leakage flux 61
344 Series magnetic circuits 61
}g gﬂ:?e 22 34.5 Parallel magnetic circuits 69
14 How 3 3.5 Energy and Inductance 76
3.5.1 Inductance 76
352 Energy 80
Chapter 2 3.6 Sinusoidal Excitation 81
. . . . 3.7 Permanent Magnets 83
Sinusoidal SteadY'State Circuits 5 3.7.1 Classification and characteristics 83
2.1 Introduction 5 3.7.2 Performance 85
2.2 Phasor and Impedance Principles 5 3.8 Energy Conversion 90
2.3 Single-Phase Network Analysis 10 381 Model formulation 90
2.4 Three-Phase Networks 14 3.8.2 Force and energy 92
2.4.1 Connection arrangements 15 383 Force and cpenergy 98
249 Balanced conditions 16 3.8.4 Doubly excited systems 102
243 Connection transformations 21 3.9 Solenoid Design. ) 103
244 Analysis 23 3.9.1 Rough sizing .103
25 Power Flow 28 392 Magnetic c1.rcu1t 106
2.5.1 Single-phase circuits 28 3.9.3 Sample de.:s1gn 108
250 Three-phase circuits 32 3.10 Computer Analysis Code 113
253 Power measurement 34 Summary 126
254 Power factor correction 35 Problems 127
2.6 Multiple Frequency Circuits 38 References 130
2.7 Computer Analysis Code 39
Summary 43 Chapter 4

Problems 44

Transformers 131

4.1 Introduction 131

4.2 Physical Construction 132

Magnetic Circuits and Energy 4.3 The Ideal Transformer 133

. 4.3.1 Circuit diagrams 137
Conversion 49 432 Voltage and current relationships 137

3.1 Introduction 49 433 Power and impedance
3.2 Governing Laws and Rules 49 relationships 139
3.3 Ferromagnetism 54 4.4 The Practical Transformer 141

Chapter 3




CONTENTS

441 Lossless-core transformer 141
442 Ferromagnetic core properties 143
443 Goodness of performance
implications 152
444 Nameplate and coil polarity 155
4.5 Test Determination of Parameters 156
45.1 Preliminary tests 157
452 Short-circuit test 157
453 Open-circuit test 158
4.6 Performance Assessment 161
4.6.1 Voltage-current analysis 161
4.6.2 Approximate equivalent circuit 163
4.6.3 Efficiency 166
4.6.4 Voltage regulation 171
4.6.5 Inrush current 172
4.7 Residential Distribution Transformers 173
4.8 Autotransformers 175
4.8.1 Ideal autotransformer 176
4.8.2 Power flow 178
4.9 Three-Phase Transformers 179
4.9.1 Connection schemes 179
4.9.2 Performance analysis 182
4.10 Transformer Winding Taps 184
4.10.1  Fixed tap adjustment 184
4.10.2  Tap change under load 186
4.11 Instrument Transformers 187
4.11.1  Potential transformers 187
4.11.2  Current transformers 187
4.12 Transformer Design 188
4.12.1  Core volume sizing 188
4.12.2  Magnetic circuit analysis 190
4.12.3  Equivalent circuit parameters 192
4.124  Sample design 197
4.13 Computer Analysis Code 202
Summary 221

Problems 222
References 227

Chapter 5

DC Machines

5.1
52
53

229

Introduction 229

Physical Construction 229

Voltage and Torque Principles 232

5.3.1 No-load magnetic field 232

532 Armature coil induced voltage 234

5.33 Electromagnetic developed
torque 239
5.4 Classification by Field Winding 241
54.1 Basic field windings 241

542 Field connection arrangements 242
5.5 Nature and Interaction of Magnetic

Fields 243

5.5.1 Principal magnetic circuit 243

552 Magnetic field interaction 245

5.6  Generator Performance 251
5.6.1 Separately excited DC generator
5.6.2 Shunt DC generator 254
5.6.3 Series excited DC generator 256
5.6.4 Cumulative compound DC
generator 256
5.6.5 Differential compound DC
generator 258
5.7 Motor Performance 258
5.7.1 Shunt excited DC motor 260
572 Series excited DC motor 263
5.7.3 Cumulative compound DC motor
574 Differential compound DC motor
5.8 Motor Control 270
5.8.1 Starting control 270
5.8.2 Speed control 271
5.9 DC Motor Design 275
59.1 Classifications and standard-
izations 275
592 Volume and bore sizing 276
593 Armature design 278
594 Field pole design 285
595 Magnetic circuit analysis 287

5.9.6 Field winding design 288
5.9.7 Design refinement 289
5938 Sample design 290

5.10 Computer Analysis Code 298
Summary 310

Problems 311

References 316

Chapter 6

Induction Motors 317

6.1 Introduction 317
6.2 Classification and Physical
Construction 317



6.3

6.4

6.5
6.6

6.7

6.8

6.9

6.10

6.11

6.12

Stator Winding and MMF 319

6.3.1 Stator windings 319

6.3.2 Winding MMF 319

6.3.3 Stator air gap traveling wave 326
6.3.4 Synchronous speed 327

Rotor Action and Slip 328

6.4.1 Rotor coil induced voltages 328
6.4.2 Rotor air gap traveling wave 331
Equivalent Circuit 333

Test Determination of Parameters 335
6.6.1 Blocked rotor test 336

6.6.2 No-load test 337

Performance Calculations and Nature 340

6.7.1 Induction motor power flow 340

6.7.2 Developed torque determination 341

6.7.3 Developed torque nature 348

6.7.4 Frequency sensitivity of rotor
parameters 351

6.7.5 Machine performance evaluation 353

Reduced Voltage Starting 355

6.8.1 Autotransformer starting 357
6.8.2 Solid-state starter 358
Speed Control 358

6.9.1 Rotor resistance control 359
6.9.2 Voltage control 359

6.9.3 Pole changing 360

6.9.4 Frequency control 361

Single-Phase Motors 366

6.10.1  Air gap field 367

6.10.2  Equivalent circuit 368

6.10.3  Performance nature 370
6.10.4  Auxiliary starting winding 373

Induction Motor Design 375

6.11.1  Classifications and
standardizations 375

6.11.2  Volume and bore sizing 377

6.11.3  Stator design 379

6.11.4  Rotor design 384

6.11.5  Equivalent circuit parameters 389

6.11.6  Design refinement 395

6.11.7  Sample design 395

Computer Analysis Code 404

Summary 417
Problems 417
References 420

CONTENTS ix

Chapter 7

Synchronous Machines

7.1
7.2

7.3

7.4

7.5

7.6
1.7
7.8

7.9

421

Introduction 421

Classification and Physical

Construction 422

7.2.1 Stator winding and MMF 424

7.2.2 Rotor windings and air gap fields 426
Generated Voltages and Equivalent

Circuit 428

7.3.1 Coil fluxes and voltages 429

732 Per phase equivalent circuit: round
rotor case 432

7.3.3 Magnetic linearization 434

Equivalent Circuit Parameters from Test
Data 437
Generator Performance 440

7.5.1 Synchronous generator phasor
diagram 441
752 Electromechanical developed
torque 441
7.5.3 Isolated synchronous generators 445
7.54 Interconnected synchronous

generators 448
Motor Performance 455
Salient-Pole Machine Performance 457
Self-Synchronous Motors 464
7.8.1 Brushless DC motors 465
7.8.2 Switched reluctance motors 470

Synchronous Machine Design 476

7.9.1 Standards and classifications 476
7.9.2 Volume and bore sizing 477
7.9.3 Stator design 479

7.9.4 Air gap sizing 483

7.9.5 Rotor design 483

7.9.6 Equivalent circuit parameters 491
7.9.7 Design refinement 491

7.9.8 Sample design 492

7.10 Computer Analysis Code 499
Summary 511

Problems 511

References 515



x CONTENTS

Appendix A

Winding Factors 517

A.1 Distribution Factor 517
A.2 Pitch Factor 520
A.3 Winding Factor 521

Appendix B
Conversion Factors 523

Appendix C

Magnetic Wire Tables 525

C.1 Round Wire with Film Insulation 525
C.2  Square Wire with Film Insulation 526

Index 527



