Contents

Abstract 1

1 Introduction 3

1.1 Standardization of Short-Circuit Withstand Capability . . . . . . . 5

1.2 Thesis Objectives . . . . . . . . . .. ... . 6

1.2.1 Current State of Science . . . . . . . .. .. ... ... ... 6

1.2.2 Buckling Analysis on Transformer Windings . . . . . . . . . 7

1.2.3 Characterization of Conductors . . . . . . . .. .. .. ... 7

1.2.4 Impact of Insulating Paper Aging . . . . . . ... ... ... 8

2 Fundamentals 9

2.1 Power Transformer Windings . . . . . . ... ... .. ... .... 9
2.1.1 Winding Types . . . . . . . . . . . oo

2.1.2 Conductor Types . . . . . . .. ... ... L. 11

2.1.3 Copper for Electric Applications . . . . . ... ... .. .. 14

2.2 Short-Circuit Considerations . . . . . . ... ... ... ...... 15

2.2.1 Short-Circuit Current . . . . . . .. .. .. ... ... ... 15

2.2.2  Short-Circuit Forces . . . . . ... ... ... ... ..... 16

2.2.3 FailuresModes . . . . . ... ... ... .. 19

2.3 Mechanics of Materials . . . . . ... ... oo 20

2.3.1 Elastic Behavior of Materials . . . . .. ... ... ..... 20

2.3.2 Theory of Plasticity . . . ... ... ... ... ....... 22

2.3.3 Ramberg-Osgood Equation . . . . ... ... ... ... ... 22

2.3.4 Strain Rate and Temperature Dependency of Copper . . . . 25

2.4 Method of Finite Element Analysis . . . . . . ... ... ...... 27

2.4.1 Magnetic Formulation . . . . . .. .. ... ... ... 28

Dieses Werk ist copyrightgeschitzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergeg}eben werden.
Es qilt nur fur den persénlichen Gebrauch. 1



CONTENTS

2.4.2
2.4.3
24.4

Structural Mechanics Formulation . . . . ... ... ....
Coupling of the Magnetic and Mechanical Field . . . . . . .
Eigenvalue Buckling Analysis . . . . . ... ... ......

3 Buckling Analysis

3.1 Analytical Approach . . . . . ... ... ... 0o

3.1.1
3.1.2
3.1.3
3.1.4
3.1.5
3.1.6

Bending Stiffness of Conductors . . . . .. ... ... ...
Antisymmetric Buckling . . . . ... .00 0L
Symmetric Buckling . . . .. ... ... ...,
Transition from Buckling to Pure Bending . . . . . . . . ..
Involving Elastoplastic Properties. . . . . . . .. .. .. ..
Dynamic Buckling Analysis . . . . . ... .. ... .....
3.1.6.1 Hydrodynamic Damping and Inertial Mass . . . .
3.1.6.2 Governing Equation . . . . ... ... ... ...
3.1.6.3 Mathieu Equation . . . . .. ... ... ... ...
3.1.6.4 Stability Analysis . . . .. ... ... ... .. ..

3.2 Finite Element-Based Analysis . . . ... ... ... ........

3.2.1
3.2.2

3.2.3

Simplified CTC Model . . . . . . ... ... ... .. ....
Strain Rate Estimation . . . . . ... ... ... ... ...
3.2.2.1 Elastic Vibration . . . . . . .. .. ... ..., ..
3.2.2.2 Elastoplastic Buckling . . . . ... ... ... ...
Buckling of CTC Windings . . . . . ... ... ... ....
3.2.3.1 Geometry and FEA Setup . ... ... ......
3.2.3.2 Linear Analysis . . .. ... ... ... ......
3.2.3.3 Nonlinear Analysis . . . . . . ... ... ......
3.2.34 Modal Analysis. . . . ... ... ... ... ...,

4 Static Characterization of Conductors
4.1 Testing Methods and Standards . . . . . . ... .. ... ......

4.1.1
4.1.2
4.1.3
4.14

Tensile Test . . . . . . .. ..
Three-Point Bending Test . . . . . . ... ... ... ....
T-Peel Test . . . . .. .. . .
Overlap Shear Test . . . . . . .. .. .. ... ... ....

4.2 Preliminary Investigations . . . . . . . . ... ... ... ... ..

4.2.1
4.2.2

Dieses Werl&st copyrightgeschitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.

Copper Characterization . . . . . . . ... ... ... ....
Validation of Simplified CTC Model . . . . .. ... .. ..

Es qilt nur fur den persénlichen Gebrauch.

33
35
35
37
39
41
41
42
42
44
46
46
49
49
52
52
54
55
55
56
58
60



CONTENTS

4.2.3 Oil Impregnation Effects . . . . . . .. ... ... 69

4.3 Stiffness Contribution of Insulating Paper . . . . . . .. ... ... 71
4.3.1 Measurement Results . . . . .. ... ... ... ... ... 71
4.3.2 Equivalent Stiffness Evaluation . . . . . ... ... ... .. 73

4.4 Impact of Insulating Paper Aging . . . . . . .. ... ... ... .. 75
4.4.1 Accelerated Aging Procedure . . . . .. ... ... ... .. 75
4.4.2 Bending Test Results. . . . . . ... ... ... ... .... 75
4.4.3 Insulating Paper Characterization . . . ... ... ... .. 7
4.4.4 Tensile and Bending Test Correlation . . . . ... ... .. 79
4.4.5 FEA-Based Failure Analysis . . . . . .. ... ... ..... 82

4.5 Characterization of Epoxy Bonded CTCs . . . . ... ... .... 85
451 TestResults. . . . .. .. .. ... ... ... ... 85
4.5.2 Adhesive Layer Parameterization . . . . . .. .. ... ... 87
4.5.3 FEA Model Validation . . . . . ... ... ... ... .... 89
4.5.4 FEA Model for Bonded CTCs. . . . . ... ... ... ... 91

5 Dynamic Short-Circuit Forces Test Stand 95
5.1 Design and Principal Functionality . . . . . . ... ... ... ... 95
5.2 Deformation Measurement Systems . . . . . . ... ... ... ... 98
5.2.1 Acceleration Sensors . . . . . .. .. .. Lo 98
5.2.1.1 Immunity to Magnetic Fields . . . . . . ... ... 98

5.2.1.2 Mounting to the Windings . . . . . . ... .. .. 99

5.2.1.3 Signal Processing . . ... .. .. ... ...... 99

5.2.2 High-Speed Camera-Based Deformation Tracking . . . . . . 102
5.2.2.1 Principal Functionality . . ... ... ... . ... 102

5.2.2.2 Marker Mounting and Image Calibration . . . . . 103

5.2.2.3 Displacement Calculation Algorithm . . . . . . .. 104

5.2.3 Comparison of Both Systems . . . . ... ... ... .... 106

5.3 Measurement Data Evaluation . . ... ... ... ... ..... 108
5.4 Experimental Results. . . . . .. .. ... .. ... 108
5.4.1 Testing Method Validation . . . .. .. .. ... ... ... 108
5.4.2 Influence of Paper Insulation . . . . ... ... ... .... 109
5.4.2.1 Double-Sector Tests . . . . . .. ... ... .... 109

5.4.2.2 Single-Sector Tests . . . . . . .. ... ... ... 110

5.4.3 Tests on Stripped CTCs . . . . . .. .. ... ... ..... 114

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
Es qilt nur fur den persénlichen Gebrauch. v



CONTENTS

55 FEA Model . . . ... . .. 114
5.5.1 2D Magnetostatic Analysis . . . . ... ... ... ... 115

5.5.2 3D Static Structural Analysis . . . . . . ... ... ... .. 119

5.5.3 Simulation Results . . . . ... ... ... ... ... ... 121

5.6 Analytic Verification of Test Stand Results . . . . ... ... ... 124

6 Conclusion 125
A Analytic Derivations 129
A.1 Composed Cross-Sections Under Pure Bending . . . . ... . ... 129
A.2 Integration of Bubnov-Galerkin Integral . . . . .. ... ... ... 131
A.3 Rise and Span of a Winding Sector . . . . . ... ... ... ... .. 133
A.4 Winding Sector Under a Radial Compressive Load . . . . ... .. 133
A.5 Correlation Between Tensile Strength and DP . . . . . . .. .. .. 137

B Tables and Datasheets 139
C Bibliography 143
C.1 References . . . . . . . . . . e 143
C.2 Standards . . . . . ... L 148
C.3 Author’s Journal Publications . . . . . ... ... ... .. ..... 149
C.4 Author’s Conference Proceedings . . . . . .. ... ... ... ... 149
C.5 Supervised Theses Contributing to This Work . . . . . . . . .. .. 151
Nomenclature 152

Dieses Werk ist copyrightgeschiitzt und darf in keiner Form vervielfaltigt werden noch an Dritte weitergegeben werden.
v Es qilt nur fur den persénlichen Gebrauch.





