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Abstract

Switched reluctance machines are appealing to the automotive industry due to their cost effi-
ciency. However, automotive traction is a very noise sensitive application where the acoustic
behavior of the power train may be the distinction between market success and market fail-
ure. Hence, much research has been carried out focusing on the acoustic behavior of this
machine type but mostly on small laboratory prototypes. Results have been assumed to be
generally valid also for larger-sized traction drives although their vibro-acoustic behavior
essentially differs from that of small machines. In fact, mode 0 is typically the most crucial
noise source of well-designed traction drives.

The aim of this thesis is to erase mode-0-borne noise of switched reluctance machines by
means of direct instantaneous force control. The proposed control scheme uses the fact that
holding the sum of all radial phase forces constant in time effectively eliminates the excita-
tion of mode 0.

A PWM-based approach and a hysteresis-based approach are introduced and evaluated by
simulation and test-bench measurements. Both methods are functional to reduce mode-0-
borne vibration. Beyond that, the hysteresis-based approach avoids distinct supply har-
monics and provides higher inverter efficiency than the PWM-based scheme.

The general direct-instantaneous-force-control concept proves competitive compared to stan-
dard hysteresis current control regarding the aspects of driving-cycle efficiency, torque ripple,
and DC-link stress. Therefore, direct instantaneous force control is deemed to be one of the
future keys to low-noise switched reluctance traction drives.

xi



xii



Contents

1 Introduction
1.1 Scope of the Work . . . . .. ... 1
1.2 Structure of the Work . . . . . . . . . ... 2

2 Fundamentals on Spatial and Temporal Harmonics in Electrical Machines 3

2.1 Modal Decomposition of Vibration . . . ... .. ... ... ... ... ... 3
2.1.1 System Transformation to Modal Coordinates . . . . . ... ... .. 4
2.1.2  Low-order Lumped-Parameter Approximation . . . . .. .. ... .. 8
2.1.3 Modal Properties . . . . . . . ... 11

2.2 Spatial and Temporal Force Harmonics in Electrical Machines . . . . . . . . 15
2.2.1 Spatial Harmonics — Force Shapes . . . . . . .. ... ... ... ... 19
2.2.2  Temporal Harmonics of Force Shapes . . . . . . ... ... ... ... 23
2.2.3  Spatial and Temporal Harmonics in Multiphase Operation . . . . . . 27
2.2.4  Asymmetrical Force Distributions in Electrical Machines . . . . . . . 33
2.2.5 Supply Harmonics . . . . .. ... oo 36

2.3 The Core Idea of DIFC . . . . . . . .. ... . 44

24 Conclusions . . . . . . . .. 46

3 Mode-Shape Zero in Automotive Traction Drives 49

3.1 Mode-shape 0 in the Current Electric-Vehicle Market . . . . .. ... . ... 50
3.1.1 Overview of the German Electric-Vehicle Market in 2014 . . . . . . . 51
312 BMWI3 ..o 52
313 VWeup! and VW e-Golf . . . . ... ... . 55
3.1.4  Smart Fortwo Electric Drive . . . . . . ... ..o 0000 55

3.2 Mode-shape 0 in automotive SRMs . . . . . . ... ... 57
3.2.1 This Thesis’ SRM —~ SR-A . . . . ... ... . ... 57
3.2.2  Further automotive SRMs . . . . ... ... oo 62

3.3 Conclusions . . . . ... L 64

4 PWM-Based Direct Instantaneous Force Control 65

4.1 Control Algorithm . . . . .. . .. ... 66
4.1.1 Force-Reference Generator . . . . . . . ... . ... ... ... ... . 66
4.1.2 Force Controller . . . . . . . . .. ... 69
4.1.3 Discussion of PWM-based DIFC . . . . . . ... ... ... ... ... 71

4.2 Proof of Concept . . . . . . . ... 74
4.2.1 Simulation Results . . . . ... ... oo 74
4.2.2 Practical Implementation. . . . . ... ... 0oL 78
4.2.3 Measurement Results . . . . ... .. .. o000 79

xiil



Xiv Contents

4.3 Uncertainties in the DIFC Concept . . . . . . ... ... ... ... ..... 82
4.3.1 Flux-Linkage Estimation . . . . . . . . ... ... ... ... ..... 83
4.3.2 Position-Sensor Distortion . . . . . .. ... ... ... ... ... .. 88
4.3.3 Machine Parameters . . . . .. .. .. ... ... ... ... ..... 95
4.3.4 Rotor Eccentricity . . . ... ... o oo 104

4.4  Measurement Results with Tuned DIFC . . . . .. ... ... ... ..... 110

4.5 Conclusions . . . . . . . .. 115

5 Hysteresis-Based Direct Instantaneous Force Control 117

5.1 Control Algorithm . . . . . . .. ... 117
5.1.1 Force-Reference Generator . . . . . . . . . ... ... .. ....... 118
5.1.2  Hysteresis Force Controller . . . . . . ... ... ... ... .. .... 119
5.1.3 Force Estimator . . . . . . . . . .. ... ... ... 122

5.2 Proof of Concept . . . . . . . . . . .. 124
5.2.1 Simulation Results . . . . . . .. . ... ... ... ... ... 124
5.2.2 Measurement Results . . . . . . . .. ... ... ... ... 128

5.3 Conclusions . . . . . . . .. 132

6 Secondary Evaluation Aspects of Direct Instantaneous Force Control 133

6.1 Operating Range of DIFC . . . . . . . ... ..o L. 133
6.2 Losses and Efficiency . . . . ... ... o oo 136
6.2.1 Simulative Loss Analysis . . . . . ... ... ... o L. 137

6.2.2 Measurement Confirmation . . .. .. ... ... ... .. ...... 145

6.3 Torque Ripple . . . . . . . . 146
6.4 DC-Link Stress . . . . . . . ... 150
6.5 Conclusions . . . . ... .. 155

7 Conclusions and Future Work 157
7.1 Summary and Conclusions . . . . . . . . ... oL 157
7.2 Future Work . . . . . ..o 159
7.2.1 Enhancements for Switched Reluctance Machines . . . . . . . .. .. 160

7.2.2 DIFC for Permanently Excited Synchronous Machines . . . . . . .. 161

A Supplements: Theory Validation 165
A.1 Validation of the Multiphase-Operation Theory . . . . ... ... ... ... 165
A.2 Validation of the Asymmetrical-Force Theory . . . ... .. ... ... ... 166
A.3 Validation of the Theory Regarding Implementation-Caused Supply Harmonics169
A.4 Validation of the Theory Regarding PWM-Supply Harmonics . . . . . . . . . 171

B Supplements: Theoretical Background on Temporal Modulation 173
B.1 Discrete Control Implementation . . . .. .. ... ... ... ........ 173
B.2 Single-phase PWM . . . . .. ... o 175

C Supplements: DIFC Implementation 181
C.1 Measuring Machine Parameters . . . . . . ... ... ... ... .. ..... 181

C.1.1 Flux-Linkage Characteristic . . . . . . ... ... .. ... ... ... 181



Contents XV

C.1.2 Radial-Force Characteristic . . . . . .. . ... ... ... ... ... 185
C.2 Implementation Details on the Applied Position Filter . . . . . . . . ... .. 189
C.3 Discussion of Non-Functional Force-Range-Prediction Approaches for Hyst.-
DIFC . . . o e 191
D Fourier Series 193
D.1 Continuous-Time Fourier Series . . . . . . . . . . .. ... ... ... .... 193
D.2 Discrete-Time Fourier Series . . . . . . . . . . . . ... 195
E Data of the Investigated Electrical Machines 197
E.1 Switched Reluctance Machine SR-A . . . . . . .. ... ... . L. 197
E.2 Switched Reluctance Machine SR-B . . . . . . ... ... .. ... .. ... 198
E.3 Switched Reluctance Machine SR-C . . . . . . ... ... ... ... .. ... 198
E.4 Permanent Magnet Synchronous Machine PM-A . . . . ... ... ... ... 199
F Data of the Applied Measurement Equipment 201
G German Summary
(Deutsche Zusammenfassung) 205
Acronyms 209
Bibliography 211

Curriculum vitae 229



