CONTENTS

PREFACE

ACKNOWLEDGMENTS

OTHER BOOKS BY THE AUTHOR

1 CHARACTERISTICS OF 12-PULSE CONVERTERS

1.1 BACKGROUND DISCUSSION

1.2 INTRODUCTION

1.3 AUTO-CONNECTED METHODS (Paralleled 6-pulse converters)

1.4 AUTO-CONNECTED 12-PULSE WITH DC FILTER CAPACITOR

1.5 HYBRID DOUBLE-WOUND TRANSFORMER

1.6 DOUBLE-WOUND TRANSFORMER METHODS

1.7 COMPARISON OF SOME PRACTICAL 12-PULSE DIODE CONVERTERS
1.8 RECOMMENDED 12-PULSE METHODS

2 SERIES-CONNECTED MULTIPULSE CONVERTER

2.1 INTRODUCTION

2.2 ABOUT SERIES CONVERTERS

2.3 12-PULSE SERIES CONNECTED CIRCUIT MC-106

2.4 ANALYSIS

2.5 ADDITIONAL FILTERING

2.6 CALCULATED RESULTS

2.7 SUMMARY OF MC-106 12-PULSE CONVERTER FEATURES

3 TRADE-OFFS FOR HIGH POWER (1200 HP) MULTIPULSE CONVERTERS

3.1 INTRODUCTION
3.2 DESIGN PARAMETERS FOR TRADE-OFFS
3.3 TRADE-OFF METHODOLOGY
3.4 COSTING METHODOLOGY
3.4.1 Magnetic Component Cost
3.4.1.1 Calculation of Component kVA and Cost
3.4.2 Cost of Losses
3.5 12-PULSE WITH HALF-POWER STANDARD
DELTA/WYE TRANSFORMER
3.5.1 Computer Simulation and Results
3.5.2 Application Issues
3.5.3 Summary of Magnetic Component Costs
3.6 TWELVE-PULSE WITH DIFFERENTIAL-DELTA AUTOTRANSFORMER
3.6.1 Equivalent Double-Wound kV A of Phase-Shifting Transformer
3.6.2 Computer Simulation and Results
3.6.3 Application Issues
3.6.4 Summary of Magnetic Component Costs
3.7 EIGHTEEN-PULSE WITH FORK PHASE-SHIFTING
AUTOTRANSFORMER
3.7.1 Equivalent Double-Wound kVA of Phase-Shifting Transformer
3.7.2 Computer Simulation and Results
3.7.3 Application Issues
3.7.4 Summary of Magnetic Component Costs
3.8 NEW 18-PULSE "WINDMILL" AUTOTRANSFORMER

viii

xi

xii

1-1
1-2
1-3
1-4
1-8
1-10
1-10
1-11

2-1
2-1
2-2
2-3
2-5
2-5
2-5

3-1
3-1
3-2
3-2
3-2
3-2
3-3
3-3

3-5
3-7
3-7
3-8
3-9
3-10
3-12
3-12
3-13

3-14
3-16
3-17
3-18
3-18



3.8.1 Equivalent Double-Wound kVA of Phase-Shifting Transformer 3-19

3.8.2 Computer Simulation and Results 3-20
3.8.3 Application Issues 3-21
3.8.4 Summary of Magnetic Component Costs 3-22
3.9 SUMMARY OF TRADE-OFF STUDY 3-22
FOR 480-V 1200-HP CONVERTERS
3.10 SIZE AND WEIGHT CONSIDERATIONS FOR TRANSFORMERS 3-24
3.10.1 Idealized kVA and Size Factors 3-24
3.10.2 Practical Results 3-25

4 DESIGN FEATURES OF 18-PULSE CONVERTERS

4.1 INTRODUCTION AND HIGHLIGHTS 4-1
4.2 TESTING THE FORK PHASE-SHIFTING TRANSFORMER 4-5
4.2.1 Introduction 4-5
4.2.2 Open-circuit Tests 4-5
4.2.3 Commutating Reactance 4-5
4.2.4 Production Tests to Verify Phase Shift 4-6
4.2.5 Production Tests for Lumped Commutating Reactance 4-7
4.2.6 Prototype Transformer Tests 4-8
4.2.7 Prototype Tests to Establish Coil-to-Coil Coupling Factors 4-8
4.2.8 Conductor Eddy Currents, Stray Losses, and Skin Effects 4-9
4.2.8.1 Skin Effects 4-10
4.2.8.2 Eddy Currents 4-10
4.3 COMPUTER SIMULATION AND LEAKAGE CALCULATIONS 4-11
4.3.1 Summary 4-11
4.3.2 Lumped Impedance Simulation Method Using ECA 4-12
4.3.3 Coupled-Coil Simulation Method 4-12
4.3.4 Commutation Paths 4-12
4.3.5 Transformer Simulation with Lumped Parameters 4-13
4.3.6 Measured Results and Lumped Parameters for a 200-HP Design 4-13
4.3.7 Transformer Simulation with Coupled Coils 4-14
4.4 CALCULATION OF COIL LEAKAGES 4-15
4.4.1 Introduction 4-15
4.4.2 Method for Calculating Commutation Reactance 4-16
4.4.3 Applying the Formulas 4-16
4.4 4 Practical Example of Coil-to-Coil Leakage Reactance 4-18
4.4.5 Calculation of "Short" Commutation Reactance 4-19
4.4.6 Measurement of Coupling Factors 4-19
4.5 SIMULATIONS USING LUMPED AND COUPLED COIL PARAMETERS 4-21
4.5.1 Simulation Using Lumped Parameters 4-21
4.5.2 Calculated and Measured Converter Performance 4-22
4.5.3 Simulation Using Coupled Coils 4-23
4.6 REVIEW OF SIMULATION TECHNIQUES 4-25
4.7 CONCLUSIONS 4-26

5 MULTIPULSE CONCEPTS FOR SINGLE-PHASE LOADS

5.1 INTRODUCTION 5-1
5.2 TYPICAL SINGLE-PHASE SYSTEM INSTALLATIONS 5-1
5.3 MULTIPLE TRANSFORMERS FOR HARMONIC CANCELLATION 5-2
5.3.1 Harmonic Performance Using Two Transformers 5-3
5.4 SINGLE TRANSFORMER TO ACHIEVE 5-5

HARMONIC CANCELLATION



6 MULTIPULSE TRANSFORMER INRUSH CURRENT

6.1 INTRODUCTION 6-1
6.2 ESTIMATION OF MAXIMUM INRUSH CURRENT 6-2
6.2.1 Magnetic Materials 6-2
6.2.2 Estimation of Residual Flux 6-5
6.2.3 Estimation of Inductance with Current 6-5
6.2.4 Calculation of Three-Phase AC Line Reactor Inductance 6-6
Versus Current
6.2.5 Transformer Magnetizing Characteristics 6-8
6.2.6 Magnetizing Inductance as a Function of Current 6-8
6.3 SIMULATION OF TRANSFORMER AND CONVERTER 6-10
6.4 CALCULATION OF TRANSFORMER WINDING INDUCTANCE 6-11
6.4.1 Estimated Magnetizing Current using Calculated Inductance 6-13
6.5 MEASURED TRANSFORMER MAGNETIZING CURRENT 6-14
6.6 THREE-PHASE SIMULATION AND INRUSH CALCULATIONS 6-14
6.7 MEASUREMENT OF COIL SATURATION PARAMETERS 6-17
6.7.1 Estimation of Coil Inductance 6-18
6.7.2 Estimation of Maximum Residual Flux 6-19
6.8 SUMMARY 6-20

7 THE EFFECTS OF DC BIAS ON TRANSFORMER MAGNETIZING CURRENT

7.1 INTRODUCTION 7-1
7.2 GENERAL ANALYSIS 7-1
7.3 EXAMPLE OF DC BIAS ON A NONLINEAR CORE 7-2
7.4 COMPUTER SIMULATIONS OF DC BIAS EFFECTS 7-2
7.5 SUMMARY 7-5

8 IRON-CORE, AIR-GAPPED INDUCTORS

8.1 INTRODUCTION 8-1
8.2 INDUCTOR WITH 2 WINDINGS 8-1
8.3 THREE-LIMB REACTOR 8-2
8.4 ANALYSIS OF 3-LIMB, 3-COIL REACTOR 8-4
8.5 VARIATIONS ON A 3-LIMB, 3-COIL REACTOR 8-5
8.6 MULTI-LIMB CORES FOR INTERPHASE REACTORS/TRANSFORMERS 8-7

9 PHASE-STAGGERED LOADS FOR HARMONIC AND NOTCH REDUCTION

9.1 INTRODUCTION 9-1
9.2 SINGLE SYSTEM TRANSFORMER FOR MULTIPLE 6-PULSE LOADS 9-3
9.2.1 Transformer Impedance and Load Effects 9-3
9.3 SINGLE TRANSFORMER FOR MULTIPLE 12-PULSE LOADS 9-4
9.4 PHASE STAGGERING WITH UNCONVENTIONAL PHASE SHIFTS 9-7
9.4.1 Analysis 9-7
9.4.2 Example of Multipulse by Staggering with Unconventional Phase Angles 9-9

10 BACKGROUND DISTORTION AND HARMONIC MEASUREMENT

10.1 INTRODUCTION 10-1
10.2 GENERAL OBSERVATIONS 10-1
10.2.1 The Position of Measurements 10.1
10.2.2 Measurement of Voltage Distortion 10-1

10.2.3 Measurement of Harmonic Currents 10-1



10.3 HARMONIC EFFECTS OF DIFFERENT LOADS
10.4 STANDARDIZING CURRENT HARMONIC MEASUREMENTS
10.5 EQUIVALENT HARMONIC CURRENT
10.6 VOLTAGE UNBALANCE
10.6.1 Distortion Measurements in the Presence of Voltage Unbalance
10.6.2 Determining the Amount of Voltage Unbalance
10.7 DESIGN GUIDES FOR COMPUTER SIMULATION AND DESIGN
10.8 SUMMARY
10-9 VOLTAGE UNBALANCE AND SEQUENCE CALCULATIONS

APPENDIXES

A-1 SHORT CIRCUITS IN MULTIPULSE AUTOTRANSFORMERS
A-2 PHASE-SHIFTING TRANSFORMERS
NOTES ON TRANSFORMER CONNECTIONS
A-3 MODELING TRANSFORMERS WITH COUPLED COILS
2-COIL, 3-COIL, 4-COIL INDUCTORS
5-COIL, 6-COIL, 7-COIL INDUCTORS
MODELING A COMPLETE CIRCUIT

MODELING IDEAL AND NEAR-IDEAL COUPLED COILS/TRANSFORMERS

A-4 THREE-LIMB, THREE-PHASE TRANSFORMERS
CALCULATION OF ZERO-SEQUENCE IMPEDANCE
A-5 THIRD HARMONICS IN THREE-PHASE SYSTEMS
RATIONALE FOR 3rd HARMONIC LIMITS TO BE INCLUDED IN IEEE519
A-6 VOLTAGE UNBALANCE AND SEQUENCE CALCULATIONS
A-7 APPLYING LEAKAGE REACTANCE CALCULATION FORMULAS
A-8 GTO/SCR SIMULATION
A-9 TOTAL HARMONIC DISTORTION FACTORS
A-10 HIGHER PULSE NUMBER CONVERTERS
A-11 CURRENTS IN A DELTA WITH UNBALANCED IMPEDANCES

BIBLIOGRAPHY

INDEX

10-2
10-3
10-4
10-5
10-5
10-6
10-6
10-7
10-7

Al-1
A2-1
A2-3
A3-1
A3-1
A3-6

A3-11
A3-17

A4-1
A4-3
AS5-1
A5-6
A6-1
A7-1
A8-1
A9-1

A10-1
All1-1

I-1



	Page 1
	Page 2
	Page 3
	Page 4

