
Contents

Preface xiii

Acknowledgments xiv

Nomenclature xv

Chapter 1 Introduction to Power Electronic Converters 1

1.1 Basic Converter Topologies 2
1.1.1 Switch Constraints 2

1.1.2 Bidirectional Chopper 4
1.1.3 Single-Phase Full-Bridge (H-Bridge) Inverter 5

1.2 Voltage Source/Stiff Inverters 7
1.2.1 Two-Phase Inverter Structure 7

1.2.2 Three-Phase Inverter Structure 8
1.2.3 Voltage and Current Waveforms in Square-Wave Mode ..9

1.3 Switching Function Representation of Three-Phase Converters 14

1.4 Output Voltage Control 17

1.4.1 Volts/Hertz Criterion 17
1.4.2 Phase Shift Modulation for Single-Phase Inverter 17
1.4.3 Voltage Control with a Double Bridge 19

1.5 Current Source/Stiff Inverters 21

1.6 Concept of a Space Vector 24

1.6.1 d-q-0 Components for Three-Phase Sine Wave Source/
Load 27

1.6.2 d-q-0 Components for Voltage Source Inverter Operated
in Square-Wave Mode 30

1.6.3 Synchronously Rotating Reference Frame 35

1.7 Three-Level Inverters 38

1.8 Multilevel Inverter Topologies 42

1.8.1 Diode-Clamped Multilevel Inverter 42
1.8.2 Capacitor-Clamped Multilevel Inverter 49
1.8.3 Cascaded Voltage Source Multilevel Inverter 51

V



vi Contents

1.8.4 Hybrid Voltage Source Inverter 54

1.9 Summary 55

Chapter 2 Harmonic Distortion 57

2.1 Harmonic Voltage Distortion Factor 57

2.2 Harmonic Current Distortion Factor 61

2.3 Harmonic Distortion Factors for Three-Phase Inverters 64

2.4 Choice of Performance Indicator 67

2.5 WTHD of Three-Level Inverter 70

2.6 The Induction Motor Load 73
2.6.1 Rectangular Squirrel Cage Bars 73
2.6.2 Nonrectangular Rotor Bars 78
2.6.3 Per-Phase Equivalent Circuit 79

2.7 Harmonic Distortion Weighting Factors for Induction Motor
Load 82
2.7.1 WTHD for Frequency-Dependent Rotor Resistance 82
2.7.2 WTHD Also Including Effect of Frequency-Dependent

Rotor Leakage Inductance 84

2.7.3 WTHD for Stator Copper Losses 88

2.8 Example Calculation of Harmonic Losses 90

2.9 WTHD Normalization for PWM Inverter Supply 91

2.10 Summary 93

Chapter 3 Modulation of One Inverter Phase Leg 95

3.1 Fundamental Concepts of PWM 96

3.2 Evaluation of PWM Schemes 97

3.3 Double Fourier Integral Analysis of a Two-Level Pulse Width-
Modulated Waveform 99

3.4 Naturally Sampled Pulse Width Modulation 105
3.4.1 Sine-Sawtooth Modulation 105
3.4.2 Sine-Triangle Modulation 114

3.5 PWM Analysis by Duty Cycle Variation 120
3.5.1 Sine-Sawtooth Modulation 120
3.5.2 Sine-Triangle Modulation 123



Contents vii

3.6 Regular Sampled Pulse Width Modulation 125
3.6.1 Sawtooth Carrier Regular Sampled PWM 130

3.6.2 Symmetrical Regular Sampled PWM 134
3.6.3 Asymmetrical Regular Sampled PWM 139

3.7 "Direct" Modulation 146

3.8 Integer versus Non-Integer Frequency Ratios 148

3.9 Review of PWM Variations 150

3.10 Summary 152

Chapter 4 Modulation of Single-Phase Voltage Source Inverters 155

4.1 Topology of a Single-Phase Inverter 156

4.2 Three-Level Modulation of a Single-Phase Inverter 157

4.3 Analytic Calculation of Harmonic Losses 169

4.4 Sideband Modulation 177

4.5 Switched Pulse Position 183

4.5.1 Continuous Modulation 184
4.5.2 Discontinuous Modulation 186

4.6 Switched Pulse Sequence 200

4.6.1 Discontinuous PWM — Single-Phase Leg Switched...200

4.6.2 Two-Level Single-Phase PWM 207

4.7 Summary 211

Chapter 5 Modulation of Three-Phase Voltage Source Inverters 215

5.1 Topology of a Three-Phase Inverter (VSI) 215

5.2 Three-Phase Modulation with Sinusoidal References 216

5.3 Third-Harmonic Reference Injection.... 226
5.3.1 Optimum Injection Level 226

5.3.2 Analytical Solution for Third-Harmonic Injection 230

5.4 Analytic Calculation of Harmonic Losses 241

5.5 Discontinuous Modulation Strategies 250

5.6 Triplen Carrier Ratios and Subharmonics 251
5.6.1 Triplen Carrier Ratios 251
5.6.2 Subharmonics 253


