
ix

Preface xvii

C H A P T E R  1
Mechanical and Electromagnetic
Fundamentals 1

1.1 Electric Machines and Power Systems 1
Generators 1

Transformers 3

Power Lines 3

Loads 3

Protective Devices 3

The Structure of This Book 4

1.2 A Note on Units and Notation 4

1.3 Rotational Motion, Newton’s Law,
and Power Relationships 5
Angular Position � 5

Angular Velocity � 6

Angular Acceleration � 6

Torque � 7

Newton’s Law of Rotation 8

Work W 9

Power P 9

1.4 The Magnetic Field 10
Production of a Magnetic Field 11

Magnetic Circuits 13

Magnetic Behavior of 
Ferromagnetic Materials 24

Energy Losses in a Ferromagnetic Core 29

1.5 Faraday’s Law—Induced Voltage from a
Time-Changing Magnetic Field 31

1.6 Production of Induced Force on a Wire 35

1.7 Induced Voltage on a Conductor 
Moving in a Magnetic Field 37

1.8 Real, Reactive, and Apparent Power
in AC Circuits 39
Alternative Forms of the Power Equation 42

Complex Power 42

The Relationships between Impedance Angle,
Current Angle, and Power 43

The Power Triangle 44

1.9 Summary 45

1.10 Questions 46

1.11 Problems 47

1.12 References 55

C H A P T E R  2
Three-Phase Circuits 56

2.1 Generation of Three-Phase
Voltages and Currents 56
Phase Sequence 59

2.2 Voltages and Currents
in a Three-Phase Circuit 60
Voltages and Currents in the
Wye (Y) Connection 60

Voltages and Currents
in the Delta (�) Connection 62

2.3 Power Relationships in
Three-Phase Circuits 64
Three-Phase Power Equations
Involving Phase Quantities 66

Three-Phase Power Equations Involving
Line Quantities 67

2.4 Analysis of Balanced 
Three-Phase Systems 68

2.5 One-Line Diagrams 75

2.6 Using the Power Triangle 75

2.7 Questions 78

C O N T E N T S

cha91354_fm.qxd  4/27/2001  3:32 PM  Page ix



2.8 Problems 78

2.9 References 81

C H A P T E R  3
Transformers 82

3.1 Why Transformers Are Important
to Modern Life 82

3.2 Types and Construction of 
Transformers 83

3.3 The Ideal Transformer 85
Power in an Ideal Transformer 87

Impedance Transformation
through a Transformer 88

Analysis of Circuits Containing
Ideal Transformers 89

3.4 Theory of Operation of Real
Single-Phase Transformers 93
The Voltage Ratio across a Transformer 95

The Magnetization Current in a Real
Transformer 97

The Current Ratio on a Transformer
and the Dot Convention 100

3.5 The Equivalent Circuit of 
a Transformer 102
The Exact Equivalent Circuit of
a Real Transformer 103

Approximate Equivalent Circuits of
a Transformer 105

Determining the Values of Components in the
Transformer Model 105

3.6 The Per-Unit System 110

3.7 Transformer Voltage Regulation
and Efficiency 116
The Transformer Phasor Diagram 117

Transformer Efficiency 118

3.8 Transformer Taps and 
Voltage Regulation 125

3.9 The Autotransformer 126
Voltage and Current Relationships
in an Autotransformer 128

The Apparent Power Rating Advantage of
Autotransformers 128

The Internal Impedance of an 
Autotransformer 132

3.10 Three-Phase Transformers 133
Three-Phase Transformer Connections 135

The Per-Unit System for Three-Phase
Transformers 141

3.11 Transformer Ratings and 
Related Problems 143
The Voltage and Frequency Ratings of
a Transformer 143

The Apparent Power Rating of a 
Transformer 148

The Problem of Current Inrush 149

The Transformer Nameplate 150

3.12 Instrument Transformers 150

3.13 Summary 152

3.14 Questions 153

3.15 Problems 154

3.16 References 162

C H A P T E R  4
AC Machinery Fundamentals 163

4.1 The Rotating Magnetic Field 163
Proof of the Rotating Magnetic 
Field Concept 166

The Relationship between Electrical Frequency
and the Speed of Magnetic Field Rotation 167

Reversing the Direction of Magnetic Field
Rotation 170

4.2 Magnetomotive Force and Flux Distribution
on AC Machines 172

4.3 Induced Voltage in AC Machines 175
The Induced Voltage in a Coil on a
Two-Pole Stator 176

The Induced Voltage in a Three-Phase
Set of Coils 179

The RMS Voltage in a Three-Phase Stator 180

4.4 Induced Torque in an AC Machine 181

4.5 Winding Insulation in an AC Machine 185

4.6 AC Machine Power Flows 
and Losses 185
The Losses in AC Machines 186

x Contents

cha91354_fm.qxd  4/27/2001  3:32 PM  Page x



Contents xi

The Power-Flow Diagram 187

4.7 Voltage Regulation and 
Speed Regulation 188

4.8 Summary 188

4.9 Questions 189

4.10 Problems 190

4.11 References 191

C H A P T E R  5
Synchronous Machines 192

5.1 Synchronous Machine Construction 192

5.2 The Speed of Rotation of a
Synchronous Generator 196

5.3 The Internal Generated Voltage of a
Synchronous Generator 198

5.4 The Equivalent Circuit of a
Synchronous Generator 199

5.5 The Phasor Diagram of a
Synchronous Generator 204

5.6 Power and Torque in
Synchronous Generators 206

5.7 Measuring Synchronous Generator
Model Parameters 208

5.8 The Synchronous Generator
Operating Alone 214
The Effect of Load Changes on a
Synchronous Generator Operating Alone 214

Example Problems 217

5.9 Synchronous Motors 226
The Equivalent Circuit of a 
Synchronous Motor 227

The Synchronous Motor from a 
Magnetic Field Perspective 228

5.10 Steady-State Synchronous 
Motor Operation 229
The Synchronous Motor Torque–Speed
Characteristic Curve 229

The Effect of Load Changes on a
Synchronous Motor 231

The Effect of Field Current Changes on a
Synchronous Motor 235

The Synchronous Motor and
Power-Factor Correction 240

5.11 Starting Synchronous Motors 243
Motor Starting by Using Amortisseur of
Damper Windings 245

5.12 The Relationship Between Synchronous
Generators and Synchronous Motors 249

5.13 Synchronous Machine Ratings 250
The Voltage, Speed, and 
Frequency Ratings 250

Apparent Power and 
Power-Factor Ratings 251

Short-Time Operation and Service Factor 252

5.14 Summary 253

5.15 Questions 254

5.16 Problems 255

5.17 References 264

C H A P T E R  6
Parallel Operation of
Synchronous Generators 265

6.1 Paralleling Generators 265
The Conditions Required for Paralleling 265

The General Procedure for
Paralleling Generators 267

6.2 Frequency–Power and Voltage–Reactive
Power Characteristics of a
Synchronous Generator 269

6.3 Operation of Generators in Parallel with
Large Power Systems 272

6.4 Operation of Generators in Parallel with
Other Generators of the Same Size 277

6.5 Summary 284

6.6 Questions 284

6.7 Problems 284

6.8 References 287

C H A P T E R  7
Induction Motors 288

7.1 Induction Motor Construction 288

7.2 Basic Induction Motor Concepts 290

cha91354_fm.qxd  4/27/2001  3:32 PM  Page xi



The Development of Induced Torque
in an Induction Motor 291

The Concept of Rotor Slip 293

The Electric Frequency on the Rotor 294

7.3 The Equivalent Circuit of
an Induction Motor 296
The Transformer Model of 
an Induction Motor 296

The Rotor Circuit Model 298

The Final Equivalent Circuit 299

7.4 Power and Torque in an 
Induction Motor 301
Losses and the Power-Flow Diagram 301

Power and Torque in an Induction Motor 304

Separating the Rotor Copper Losses and the
Power Converted in an Induction Motor’s
Equivalent Circuit 306

7.5 Induction Motor Torque–Speed
Characteristics 309
Comments on the Induction Motor 
Torque–Speed Curve 312

Maximum (Pullout) Torque
in an Induction Motor 314

7.6 Variations in Induction Motor
Torque–Speed Characteristics 321
Control of Motor Characteristics by
Squirrel-Cage Rotor Design 322

Deep-Bar and Double-Cage Rotor 
Designs 322

Induction Motor Design Classes 325

7.7 Starting Induction Motors 329

7.8 Speed Control of Induction Motors 332
Induction Motor Speed Control
by Pole Changing 332

Speed Control by Changing 
the Line Frequency 332

Speed Control by Changing 
the Line Voltage 336

Speed Control by Changing 
the Rotor Resistance 336

7.9 Determining Circuit Model 
Parameters 337
The DC Test for Stator Resistance 337

The No-Load Test 339

The Locked-Rotor Test 340

7.10 Induction Motor Ratings 345

7.11 Summary 347

7.12 Questions 347

7.13 Problems 348

7.14 References 353

C H A P T E R  8
DC Motors 355

8.1 The Simplest Possible DC Machine:
A Simple Rotating Loop between
Curved Pole Faces 356
The Voltage Induced in a 
Rotating Loop 356

Getting DC Voltage Out of the Rotating 
Loop 361

The Induced Torque in the 
Rotating Loop 361

8.2 Commutation in a Simple Four-Loop
DC Machine 367

8.3 Problems with Commutation in
Real Machines 372
Armature Reaction 373

L di/dt Voltages 376

Solutions to the Problems 
with Commutation 378

8.4 Power Flow and Losses in 
DC Machines 382
The Losses in DC Machines 383

The Power-Flow Diagram 385

8.5 Types of DC Motors 386

8.6 The Equivalent Circuit of a 
DC Motor 386

8.7 The Magnetization Curve of a 
DC Machine 389

8.8 Separately Excited and Shunt 
DC Motors 390
The Terminal Characteristic of a 
Shunt DC Motor 390

Nonlinear Analysis of a Shunt DC Motor 396

xii Contents

cha91354_fm.qxd  4/27/2001  3:32 PM  Page xii



Contents xiii

Speed Control of Shunt DC Motors 400

The Effect of an Open Field Circuit 411

8.9 The Permanent-Magnet DC Motor 412

8.10 The Series DC Motor 414
Induced Torque in a Series DC Motor 414

The Terminal Characteristic of a 
Series DC Motor 415

Speed Control of Series DC Motors

8.11 The Compounded DC Motor 420
The Torque–Speed Characteristic of a
Cumulatively Compounded DC Motor 421

The Torque–Speed Characteristic of a
Differentially Compounded DC Motor 423

The Nonlinear Analysis of Compounded 
DC Motors 423

Speed Control in the Cumulatively Compounded
DC Motor 425

8.12 DC Motor Starters 425
DC Motor Problems on Starting 426

DC Motor Starting Circuits 430

8.13 DC Motor Efficiency 
Calculations 432

8.14 Summary 436

8.15 Questions 437

8.16 Problems 438

8.17 References 445

C H A P T E R  9
Transmission Lines 446

9.1 Resistance 448

9.2 Inductance and Inductive Reactance 450
Internal Inductance 450

External Inductance between 
Two Points Outside of the Line 452

Inductance of a Single-Phase 
Two-Wire Transmission Line 454

Understanding the Inductance of a 
Transmission Line 455

Inductive Reactance 456

9.3 Capacitance and Capacitive 
Reactance 456

The Electric Field Around a 
Long, Straight Conductor 458

The Capacitance of a Single-Phase 
Two-Wire Transmission Line 460

Understanding the Capacitance of a
Transmission Line 462

Shunt Capacitive Admittance 462

9.4 Transmission Line Models 464

9.5 The Short Transmission Line 466
The Phasor Diagram of a 
Short Transmission Line 466

9.6 Transmission Line Characteristics 467
The Effect of Load Changes on a 
Transmission Line 467

Power Flows in a Transmission Line 469

Transmission Line Efficiency 472

Transmission Line Ratings 472

Transmission Line Limits 472

Example Problem 473

9.7 Two-Port Networks 
and the ABCD Model 477

9.8 The Medium-Length 
Transmission Line 478

9.9 The Long Transmission Line 482
9.10 Summary 487
9.11 Questions 488
9.12 Problems 489
9.13 References 491

C H A P T E R  10
Power System Representation
and Equations 492

10.1 One-Line or Single-Line Diagrams 492

10.2 Per-Phase, Per-Unit 
Equivalent Circuits 494

10.3 Writing Node Equations for 
Equivalent Circuits 498

10.4 Solving Power System Node Equations
with MATLAB 501

10.5 Summary 508
10.6 Questions 508

cha91354_fm.qxd  4/27/2001  3:32 PM  Page xiii



xiv Contents

10.7 Problems 509
10.8 References 511

C H A P T E R  11
Introduction to
Power-Flow Studies 512

11.1 Basic Techniques for 
Power-Flow Studies 513
Constructing Ybus for 
Power-Flow Analysis 514

Power-Flow Analysis Equations 516

A Warning about Network Equation 
Solutions 526

Speeding Up Network Equation Solutions 526

11.2 Adding Generator Busses to 
Power-Flow Studies 530

11.3 The Information Derived from 
Power-Flow Studies 537

11.4 A Simple Power-Flow Program 538

11.5 Additional Features of 
Power-Flow Programs 549

11.6 Summary 549

11.7 Questions 550

11.8 Problems 550

11.9 References 554

C H A P T E R  12
Symmetrical Faults 555

12.1 Fault Current Transients in Machines 556
Fault Transients in Synchronous Motors 560

Fault Transients in Induction Motors 560

12.2 Internal Generated Voltages of Loaded
Machines under Transient Conditions 564
Internal Generated Voltages of
Synchronous Motors 566

12.3 Fault Current Calculations using
the Bus Impedance Matrix 568

12.4 A Simple Fault Current 
Analysis Program 575

12.5 Comments on Fault 
Current Calculations 582

12.6 Short-Circuit MVA 583

12.7 Summary 585

12.8 Questions 586

12.9 Problems 586

12.10 References 590

C H A P T E R  13
Unsymmetrical Faults 591

13.1 Symmetrical Components 591
The a Constant 592

Representing Symmetrical Components with
the a Constant 593

Finding the Symmetrical Components of an
Unbalanced Three-Phase Voltage 594

Finding the Symmetrical Components of an
Unbalanced Three-Phase Current 595

13.2 Calculating Real and Reactive Power from
Symmetrical Components 597

13.3 Sequence Impedances and Sequence
Networks 599
Positive-, Negative-, and Zero-Sequence
Equivalent Circuits of Generators 599

Positive-, Negative-, and Zero-Sequence
Equivalent Circuits of Transmission Lines 602

Zero-Sequence Equivalent Circuits of 
Y and � Connections 603

Positive-, Negative-, and Zero-Sequence
Equivalent Circuits of Transformers 603

Building Zero-Sequence 
Equivalent Circuits 606

13.4 Single Line-To-Ground Fault 
on an Unloaded Generator 609

13.5 Line-To-Line Fault 
on an Unloaded Generator 614

13.6 Double Line-To-Ground Fault 
on an Unloaded Generator 618

13.7 Unsymmetrical Faults on
Power Systems 623

cha91354_fm.qxd  4/27/2001  3:32 PM  Page xiv



Contents xv

Single Line-to-Ground Faults on a Power
System 625

Line-to-Line Faults on a Power System 625

Double Line-to-Ground Faults 
on a Power System 627

13.8 Analysis of Unsymmetrical Faults
Using the Bus Impedance Matrix 637

13.9 Fault Current Analysis Program for
Unsymmetrical Faults 641

13.10 Summary 643

13.11 Questions 646

13.12 Problems 646

13.13 References 651

A P P E N D I X  A
Tables of Constants and
Conversion Factors 653

Appendix B
Thevenin’s and Norton’s 
Theorems 655

A P P E N D I X  C
Faults Through and 
Impedance 657

A P P E N D I X  D
Trigonometric Identities 663
Index 665

cha91354_fm.qxd  4/27/2001  3:32 PM  Page xv


