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Abstract

Motivation, Goal and Task of the Dissertation

In the design stage of electrical machines, the Finite Element Analysis is one
of the most widely used numerical simulation tools to analyse electromagnetic
fields and the machines’ behaviour. It is able to compute complicated
geometries in two- and three-dimensions with a good accuracy. However,
this numerical approach may involve a huge number of unknowns, which have
to be determined. To give general answers to physical and technical relevant
questions, several problem classes can be distinguished. Basically, there are
transient processes resulting in eddy currents, which have to be resolved in
space and time. The non-linearity of the flux-guiding ferromagnetic material
has to be considered and the relative motion between static and moving
parts of the machine is crucial. Here, parameters vary depending on time or
space. The degrees of freedom associated with the simulations, particularly
if many operating points or machine design parameter combinations have to
be studied, increases significantly.

To reduce the degrees of freedom of the set model, model order reduction
techniques can be applied. Most of the reduction approaches are limited
to linear problem formulations. This means that the achieved reduction
of degrees of freedom comes at the cost of a decreased accuracy, which is
unwanted. This is due to the fact that the model order reduction approach
requires the underlying problem to be separable. This is not given if a
problem class with non-linear material characteristics or relative motion is
involved. The non-linear saturation depends on the operating point and
is in general non-separable. Non-linear iteration schemes are obligatory to
resolve the material behaviour, which can introduce numerical instabilities
and increase the computational effort of the reduced model significantly.
If the number of degrees of freedom or the connection of these changes,
due to geometrical adjustments or relative motion, the underlying system
of equations varies in size and sparsity pattern, which interferes with the
required separation property.

A promising model order reduction technique to enable the computation
of electromagnetic fields is the Proper Generalized Decomposition. It can
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Abstract

be adapted and extended with dedicated numerical techniques to cancel
these limitations to be employable in the simulation of electrical machines.
To cope with the computational load of the evaluation of the non-linear
material saturation, the Proper Generalized Decomposition is combined
with the Discrete Empirical Interpolation Method. To lift the limitation
of the Proper Generalized Decomposition to conformal meshes, techniques
such as inhomogeneous Dirichlet constraints and Lagrange Multipliers are
employed. The Proper Generalized Decomposition is adapted and extended
with these methods to consider the different requirements of the numerical
field model to reduce the degrees of freedom as well as the computational
effort while keeping a technical relevant accuracy.

Scientific Contributions

The field of model order reduction techniques states an area of conflict
between decreasing the degrees of freedom and computational effort while
keeping a desired technical accuracy of the solutions. In order to obtain a
reduced representation, the Proper Generalized Decomposition is employed.
It is based on an enrichment process, which does not rely on the knowledge
of previously computed solutions and enriches information until the defined
accuracy is achieved. In this work, the Proper Generalized Decomposition
is implemented with particular focus on the simulation of low frequent
electromagnetic fields as can be found in electrical machines. A combination
of the Proper Generalized Decomposition with three-dimensional magneto-
dynamic formulations is constructed and studied on a benchmark problem
in terms of accuracy of local and global quantities and reduction of degrees
of freedom. To enable the parametric study of electrical machines, the
Proper Generalized Decomposition is extended to field excitation related
parameters, such as the current angle and amplitude in the rotating system of
the machine’s rotor, the direct current of an electrically excited synchronous
machine and the magnetic remanence flux density of hard magnetic material.
An approach is developed to include the relative motion of the rotor as a
parameter into the Proper Generalized Decomposition by using the Sliding
Interface Technique, which is based on Lagrange Multipliers, to lift the
restriction to conformal meshes. The derived algorithms are applied to the
example simulation of a synchronous generator coupled to the grid. To be
able to assess the maximum possible factor of reduction in terms of degrees
of freedom and computational effort, the standard Finite Element analysis
is compared to the Proper Generalized Decomposition in detail.

viii



Contents

List of Abbreviations

1.

2.

Introduction

Fundamentals of Electromagnetic Fields in Electrical Machines

2.1. Maxwell Equations . . . . ... ... ... ... ... .. ...
2.2. Non-linear Materials . . . . . . ... .. ... ... .......
2.3. Problem Classes . . .. .. ... ... ...
2.4. Fields and Potentials . . ... ... .. ... .. ........
24.1. A-V-formulation . .. ... ... ............
2.4.2. T -Q-formulation . . ... ... ... ..........
2.4.3. Galerkin Method . . ... ... .............
2.4.4. Weak Form: A-V . ... ... ... ... ... ....
2.4.5. Weak Form: T-Q . ... ... ... ..........
2.4.6. System Symmetrization . ... ... ..........

Finite Elements

3.1. Nodal Elements . . . ... ... ... .. .............
3.2. Edge Elements . . ... .. ... ... ... ... .. ...
3.3. Change of Coordinates . ... ..................
3.4. GauB Integration . . . . . ... ... ... L L
3.5. Finite Element Analysis . . . . . ... ... ... ........

Model Order Reduction

4.1. Proper Orthogonal Decomposition . ... ... ........
4.2. Proper Generalized Decomposition . . ... ... .......

Theoretical Examples

5.1. Transient Problems . ... ... ... ... .. .........

xiii

27
27

5.1.1. Magnetic Vector Potential and Electric Scalar Potential 28

5.1.1.1. Combining PGD and A -V formulation . . .
5.1.1.2. Update Function . . . ... ... ... ....
5.1.1.3. Convergence Criteria, . . . . ... ... ...

5.1.1.4. Two-Dimensional Eddy Current Problem

28
33
34
35

ix



Contents

5.1.2. Electric Vector Potential and Scalar Magnetic Potential 40
5.1.2.1. Employing the PGD in the T-Q-formulation 41
5.1.2.2.  Application to Three-Dimensional Eddy Cur-

rent Problem . . ... ... ... .. ...... 43

5.1.3. TEAM Workshop Problem No. 7. .. ... ... .. .. 52

5.1.4. General Feasibility for Transient Problems . .. . . .. 60

5.2. Non-linear Problems . . . . .. ... ... ... ... ... .... 61

5.2.1. Fixed-Point Iteration . ... ... ... ... ....... 61

5.2.2. Newton Method . . . ... ... ... ... ... ..... 63

5.2.3. Consideration of Non-linearities in the PGD . . . . .. 64

5.2.4. Discrete Empirical Interpolation Method . . . ... .. 65

5.2.5. Synchronous Machine with Surface Mounted Magnets 68

5.2.6. Synchronous Machine with Buried Magnets . . .. .. 75

5.2.7. Feasibility for Non-linear Problems . . . . . ... .. .. 80

5.3. Parametric Problems . . ... ... ... ... ... .. .... 81

5.3.1. Remanence Flux Density of Hard Magnetic Materials 81

5.3.2. Current Excitation . ... ... ... ... ........ 83

5.3.3. Application to Surface PMSM . . ... ... ... ... 84

5.3.4. General Feasibility for Parametric Problems . . . . .. 89

5.4. Non-conform Problems . ... ... ................ 90

5.4.1. Definition of Motion . . ... ... ... ... ...... 91

5.4.2. Treatment of Non-connected Domains in the PGD . . 91
5.4.2.1. Inhomogeneous Dirichlet Conditions . . . . . 92
5.4.2.2. Bidirectional Interface with Lagrange Mul-

tipliers . . . . .. ... 95

5.4.3. Stationary Application . . . .. ... ... ... ... .. 99

5.4.4. Application to Surface-PMSM involving Rotational
Motion . . ... ... 105

5.4.5. Conclusions . . . . ... ... ... 107

6. Simulation of a Synchronous Generator With a Connected Passive

Rectifier 109
6.1. Coupling Types . . . . . . ... ... . .. L 109
6.2. Weak Coupled Simulation of a Synchronous Generator . . . . 110
6.2.1. Case 1: Without Connected Filter . . . ... ... ... 113
6.2.2. Case 2: With Connected Filter . . ... ... ... ... 115
6.2.3. Case 3: Operating Point at Reduced Speed . . . . . . . 118
6.2.4. Conclusions for the Technical Application . ... ... 121



Contents

7. Computational Effort

7.1. O-notation. . . . ... ... ... ... ... .....
7.2. Complexity of the FE-System . ... ... ......
7.3. Complexity of the POD . . . ... ... ... .....
7.4. Complexity of the PGD . . . . ... ... .. ... ...
7.4.1. Space Computation . . . ... ... ......
7.4.2. Parameter Computation . . ... .......

7.4.3. Matrix Properties of Selected Examples

7.5. Evaluation of Computational Effort . . . . . ... ..

8. Conclusions and Outlook

A. Consideration of Boundary Constraints

A.1l. Unary Boundary Conditions . . . ... ........
A.2. Binary Boundary Conditions . . . . . . ... .....

Symbols

Bibliography

Own Publications
Supervised final theses

Curriculum Vitae

137

141

...... 141
...... 142

145
149
163
169

171

xi






List of Abbreviations

ADS

DEIM
DOF

FEM
GP

IEM
iMOOSE/pyMOOSE

MOR
NoS
PGD
PMSM
POD
ROM
RSST
RWTH
SVD

TEAM

Alternative Direction Scheme

Discrete Empirical Interpolation Method
degrees of freedom

finite element method
Gauf} points

Institute of Electrical Machines
innovative Modern Object Oriented Solver Environment

model order reduction

number of snapshots

Proper Generalized Decomposition
permanent magnet synchronous machine
Proper Orthogonal Decomposition

reduced order model

Rotational Single Sheet Tester
Rheinisch-Westfilische Technische Hochschule

singular value decomposition

Testing Electromagnetic Analysis Methods

xiii





