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Abstract

The energy transition toward a sustainable future demands adopting effective carbon-
free solutions. Many governments are now focusing on achieving very low or net-zero
greenhouse gas emissions by mid-century, driven by the increasing awareness of
environmental concerns and the enactment of more stringent regulations. In this
scenario, a significant impact on the emissions is due to the transportation sector,
responsible for 23% of the global emissions of CO2. Most of the transportation
emissions are caused by cars, maritime transport, railways and heavy-duty vehicles.

In the path towards transport decarbonization, the production of green electric
transport uses critical materials, including rare-earth elements. These elements are
necessary for the production of permanent magnets, which are used in the majority of
electric traction motors. However, the use of rare-earth elements has raised concerns
related to environmental, economic, social, and technical sustainability, driving
towards alternative solutions.

Wound-field synchronous machines have recently been garnering attention from
the automotive industry as a compelling permanent magnet-free alternative motor,
showing the potential of playing a crucial role in decarbonizing transports in the
future. Wound-field synchronous motors have windings on the rotor, supplied in dc
to generate the excitation field, replacing the role of the permanent magnets. The
possibility of adjusting the excitation field simply by modifying the rotor current
allows for: (i) generating high torques at low speeds without having to inject strong
currents into the stator, (ii) extending the constant power speed range, maintaining
high efficiencies also at high speeds, (iii) avoiding the risk of uncontrolled generations
operations or demagnetization. However, the presence of a rotor current produces
additional losses in the rotor and necessitates a system to bring the current to rotating
parts, such as brushes and slip rings or wireless power transfer technologies.
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Designing wound-field synchronous motors from scratch can be a lengthy process
due to the additional degree of freedom introduced by the rotor current. This is
especially true when relying on finite element tools or optimization algorithms.
Although optimizations based on finite elements usually achieve the best results, the
required computational burden makes this procedure impractical for fast evaluations
intended for preliminary technical discussions. In this context, the main goal of this
thesis is to develop a fast electromagnetic sizing procedure for salient-pole wound-
field motors for traction applications. This process has been conceived to provide
motor designers and engineers with a reliable and efficient way of determining the
preliminary motor size, starting from a limited number of targets and constraints.

The process of designing wound-field machines requires accurate machine mod-
els able to predict the rated performance and assess the main characteristics and
capabilities. Therefore, the study initially focuses on selecting the most appropriate
machine modelling to be used in the sizing algorithm. In particular, an analytical
model, a magnetic equivalent circuit and a parametric finite element model have been
developed and compared in terms of accuracy and computational efficiency. The
comparison of the three models has led to the conclusion that a combination of the
analytical and finite element models represents the proper choice for the developed
sizing code of wound-field motors.

The proposed sizing methodology consists of progressively increasing the air gap
machine diameter until the desired performances are guaranteed while respecting
the constraints. The process is achieved following two distinct steps. Initially,
strictly analytical equations are used to establish a preliminary geometry under
no-load conditions and in a negligible computational time. The obtained geometry
is subsequently further refined through finite element simulations to ensure the
rated load performances. Therefore, starting from the analytically sized lamination
geometry, the second step only requires a limited computational time, albeit using
finite element simulations. The proposed methodology is validated considering,
as a case study, a reversely engineered salient-pole wound field traction motor,
specifically the electric motor equipping the Renault ZOE.

The final part of the thesis deals with the methodology for developing lumped
parameter thermal networks for synchronous machines, focusing on the identification
of the parameters by means of experimental and optimization approaches.



Contents

List of Figures x

List of Tables xvi

Nomenclature xviii

1 Introduction 1

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.1.1 Rare-earth elements in electric transport . . . . . . . . . . . 4

1.1.2 Alternatives to REE magnets in electrical machines . . . . . 7

1.2 The Wound-Field Synchronous Motor in traction applications . . . . 10

1.2.1 WFSM benefits . . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.2 WFSM limitations . . . . . . . . . . . . . . . . . . . . . . 11

1.2.3 Excitation systems . . . . . . . . . . . . . . . . . . . . . . 11

1.2.4 Transport applications . . . . . . . . . . . . . . . . . . . . 13

1.3 Reasearch objectives . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 The Wound-Field Synchronous Machine 16

2.1 Structural aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.1.1 WFSM topologies . . . . . . . . . . . . . . . . . . . . . . 17

2.1.2 Air gap of salient-pole machines . . . . . . . . . . . . . . . 18



Contents vii

2.2 Steady-state model in dq-axes . . . . . . . . . . . . . . . . . . . . 21

2.3 Steady-state machine performance . . . . . . . . . . . . . . . . . . 24

2.3.1 No-load characteristic . . . . . . . . . . . . . . . . . . . . 24

2.3.2 Short-circuit characteristic . . . . . . . . . . . . . . . . . . 25

2.3.3 The Potier diagram . . . . . . . . . . . . . . . . . . . . . . 27

2.3.4 The q-axis inductance . . . . . . . . . . . . . . . . . . . . 29

2.3.5 Common control strategies . . . . . . . . . . . . . . . . . . 31

2.4 Design procedures . . . . . . . . . . . . . . . . . . . . . . . . . . 31

3 Developed Machine Models 34

3.1 The analytical formulation . . . . . . . . . . . . . . . . . . . . . . 36

3.1.1 The no-load characteristic computation . . . . . . . . . . . 36

3.2 The magnetic equivalent circuit . . . . . . . . . . . . . . . . . . . . 46

3.2.1 The equivalent circuit . . . . . . . . . . . . . . . . . . . . . 46

3.2.2 The magnetic reluctances . . . . . . . . . . . . . . . . . . . 48

3.2.3 The system of non-linear equations . . . . . . . . . . . . . 57

3.2.4 The Newton-Raphson solution . . . . . . . . . . . . . . . . 60

3.2.5 The motion incorporation . . . . . . . . . . . . . . . . . . . 62

3.2.6 Comparison with FE simulations . . . . . . . . . . . . . . . 63

3.3 The finite element model . . . . . . . . . . . . . . . . . . . . . . . 67

3.3.1 The parametric design . . . . . . . . . . . . . . . . . . . . 67

3.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4 The Sizing Procedure 72

4.1 Procedure inputs & Assumptions . . . . . . . . . . . . . . . . . . . 73

4.2 The sizing algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.2.1 Preliminary analytical sizing . . . . . . . . . . . . . . . . . 77



viii Contents

4.2.2 The lamination design in load conditions . . . . . . . . . . 80

4.3 The sizing results . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.3.1 The resulting WFSM motor . . . . . . . . . . . . . . . . . 85

4.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

5 Validation Procedure 88

5.1 The baseline motor . . . . . . . . . . . . . . . . . . . . . . . . . . 88

5.1.1 Geometrical dimensions . . . . . . . . . . . . . . . . . . . 89

5.1.2 Stator and Rotor winding layout . . . . . . . . . . . . . . . 91

5.1.3 Measured magnetic material characteristic . . . . . . . . . . 95

5.2 Tests on the motor sample . . . . . . . . . . . . . . . . . . . . . . 99

5.2.1 Synchronous inductances . . . . . . . . . . . . . . . . . . . 100

5.2.2 Extracted rotor tests . . . . . . . . . . . . . . . . . . . . . 103

5.2.3 No-load test . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.3 The finite element model . . . . . . . . . . . . . . . . . . . . . . . 108

5.3.1 The simulated no-load characteristic . . . . . . . . . . . . . 110

5.3.2 Current-to-flux linkage model identification . . . . . . . . . 111

5.4 The validation of the sizing procedure . . . . . . . . . . . . . . . . 114

5.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6 Thermal Aspects & Modeling 119

6.1 The Lumped Parameter Thermal Network Approach . . . . . . . . 121

6.1.1 The thermal parameters . . . . . . . . . . . . . . . . . . . . 123

6.1.2 Validation on a synchronous machines case study . . . . . . 130

6.1.3 The performed thermal tests . . . . . . . . . . . . . . . . . 131

6.1.4 The obtained results . . . . . . . . . . . . . . . . . . . . . 132

6.2 The phase-split LPTN . . . . . . . . . . . . . . . . . . . . . . . . . 138



Contents ix

6.2.1 The optimization algorithm for the parameter identification . 139

6.2.2 The simplified phase-split LPTN . . . . . . . . . . . . . . . 140

6.3 Analytical computation of the housing thermal resistance . . . . . . 145

6.3.1 The validation procedure . . . . . . . . . . . . . . . . . . . 148

7 Conclusions and Future Works 151

References 155

Appendix A The Jacobian matrix 171

Appendix B Matlab code for WFSM drawing in FEMM 174

Appendix C Results of the phase-split Thermal Network for the Disk-
Shaped Motor 183



List of Figures

1.1 Global CO2 emissions from energy combustion and industrial pro-
cesses and their annual change, 1900-2022. . . . . . . . . . . . . . 1

1.2 Global CO2 emissions by sector, 2019-2022. . . . . . . . . . . . . . 2

1.3 Global CO2 emissions by sector, 2022. . . . . . . . . . . . . . . . . 2

1.4 EU GHG transport emissions share, 2019. . . . . . . . . . . . . . . 3

1.5 Rare Earth Element Production Share using data from the United
States Geological Survey. . . . . . . . . . . . . . . . . . . . . . . . 5

1.6 Most commonly used electric motors in EVs. . . . . . . . . . . . . 7

1.7 Simplified circuit of inductive (a) and capacitive (b) power transfers. 12

1.8 Commercial WFSMs: Renault Zoe, Brusa Elektronik, BMW iX3
motor, ZF Friedrichshafen. . . . . . . . . . . . . . . . . . . . . . . 14

2.1 Wound field synchronous machine topologies . . . . . . . . . . . . 17

2.2 BMW cylindrical rotor patent. . . . . . . . . . . . . . . . . . . . . 18

2.3 Circulation circuit C. . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.4 No-load induced voltage for circular and inverse cosine rotor shape . 20

2.5 Circular and inverse cosine rotor shape . . . . . . . . . . . . . . . . 20

2.6 Generic phasor diagram of wound-field motors. . . . . . . . . . . . 23

2.7 id, iq torque map for different rotor currents . . . . . . . . . . . . . 24

2.8 No-load characteristic. . . . . . . . . . . . . . . . . . . . . . . . . 25

2.9 Short-circuit characteristic. . . . . . . . . . . . . . . . . . . . . . . 26



List of Figures xi

2.10 Potier diagram. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.11 Air gap flux density and ampere-turns for the d-axis (a), and q-axis (b). 30

2.12 The output power coefficient for synchronous generators. . . . . . . 32

3.1 Geometry sketch of a wound-field machine. . . . . . . . . . . . . . 35

3.2 Magnetic circuit along the d-axis. . . . . . . . . . . . . . . . . . . 36

3.3 Scheme of no-load characteristic computation. . . . . . . . . . . . . 37

3.4 Shunt effect of the slot (a), teeth working point (b). . . . . . . . . . 39

3.5 Iterative procedure for the computation the magnetic flux density of
the i-th tooth layer considering the slot magnetic shunt. . . . . . . . 40

3.6 Air gap flux density distortion (a), typical air gap flux density (b). . 41

3.7 Distorted air gap flux density computation (a), computational proce-
dure for the stator yoke m.m.f. drop (b). . . . . . . . . . . . . . . . 42

3.8 Results for the 4-pole machine, and for the 6-pole machines. . . . . 45

3.9 Magnetic equivalent circuit of wound-field machines. . . . . . . . . 47

3.10 Stator reluctances. . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.11 Sketch of the is-th stator tooth and the ir-th rotor section. . . . . . . 50

3.12 Possible connection cases between the is-th stator tooth and the ir-th
rotor section. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.13 Rotor iron reluctances. . . . . . . . . . . . . . . . . . . . . . . . . 53

3.14 Rotor interpolar air reluctances. . . . . . . . . . . . . . . . . . . . 55

3.15 Newthon-Raphson procedure. . . . . . . . . . . . . . . . . . . . . 61

3.16 Rotor interpolar air reluctances. . . . . . . . . . . . . . . . . . . . 62

3.17 Sensitivity analysis of the parameter Nri. . . . . . . . . . . . . . . . 63

3.18 Comparison between MEC and FEM results for the air gap flux density. 64

3.19 Comparison between MEC and FEM dq-fluxes. . . . . . . . . . . . 66

3.20 Considered rotor slot geometries: Frot = 0 (a), and Frot = 1 (b) . . . 68



xii List of Figures

3.21 Conductors distribution for even and odd number of slots per pole
and per phase. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.1 Principle of operation of the sizing procedure. . . . . . . . . . . . . 75

4.2 Sizing algorithm flow-chart . . . . . . . . . . . . . . . . . . . . . . 76

4.3 The phasor diagram with negligible stator resistance changing the
angle of the stator current (a)-(b) or the rotor ampere-turns (b)-(c). . 81

4.4 Stator voltage (a) and power factor (b) as functions of the rotor
ampere-turns and the stator vector angle. . . . . . . . . . . . . . . . 82

4.5 Baseline motor for the preliminary validation of the sizing procedure. 83

4.6 Computed and reference geometry of the baseline motor. . . . . . . 85

4.7 Colour density map of the magnetic flux density of the computed
WFSM motor in no-load conditions. . . . . . . . . . . . . . . . . . 86

4.8 Phasor diagram (a) and output torque (b) of the computed WFSM
motor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5.1 Sample of the Renault ZOE R135 motor. . . . . . . . . . . . . . . . 89

5.2 3D scans of the ZOE motor. . . . . . . . . . . . . . . . . . . . . . 90

5.3 Dimensions of the ZOE motor geometry in mm. . . . . . . . . . . . 91

5.4 Rotor resistance measurements. . . . . . . . . . . . . . . . . . . . . 94

5.5 Machine winding for BH-curve measurement. . . . . . . . . . . . . 95

5.6 BH-curve measurement schematic. . . . . . . . . . . . . . . . . . . 96

5.7 BH-curve measurement results. . . . . . . . . . . . . . . . . . . . . 97

5.8 Measured and approximated BH-curve. . . . . . . . . . . . . . . . 98

5.9 Specific iron losses measurements. . . . . . . . . . . . . . . . . . . 99

5.10 Circuit used for the parallel (a) or perpendicular (b) rotor alignment
with the magnetic axis of phase one. . . . . . . . . . . . . . . . . . 100

5.11 Possible single-phase connection schemes. . . . . . . . . . . . . . . 101

5.12 dq-axis alignements. . . . . . . . . . . . . . . . . . . . . . . . . . 101



List of Figures xiii

5.13 Setup for the measurement of the unsaturated Ld and Lq inductances. 103

5.14 Locking of the rotor into a specific position. . . . . . . . . . . . . . 103

5.15 No-load test setup: the equipment. . . . . . . . . . . . . . . . . . . 106

5.16 No-load test setup: the motors. . . . . . . . . . . . . . . . . . . . . 106

5.17 Measured stator voltages for different rotor currents at 500rpm. . . . 107

5.18 Measured no-load characteristic at 500rpm. . . . . . . . . . . . . . 107

5.19 FE-model of the ZOE motor: in FLUX Altair (a) and FEMM (b). . . 108

5.20 Simulated and measured induced stator voltages at no-load. . . . . . 109

5.21 Simulated and measured no-load characteristic. . . . . . . . . . . . 110

5.22 Maps of the dq-axis flux for different rotor currents. . . . . . . . . . 112

5.23 dq-axis flux for 0A rotor current. . . . . . . . . . . . . . . . . . . . 112

5.24 dq-axis flux for 10A rotor current. . . . . . . . . . . . . . . . . . . 112

5.25 dq-axis magnetic inductances. . . . . . . . . . . . . . . . . . . . . 113

5.26 Computed and reference geometry of the baseline motor. . . . . . . 115

5.27 Colour density map of the magnetic flux density of the computed
WFSM motor in no-load conditions. . . . . . . . . . . . . . . . . . 116

5.28 Phasor diagram (a) and output torque (b) of the computed WFSM
motor. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

6.1 Lumped parameter thermal network for wound-field synchronous
machines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

6.2 Lumped parameter thermal network for permanent magnets syn-
chronous machines. . . . . . . . . . . . . . . . . . . . . . . . . . . 123

6.3 Sketch of a surface permanent magnet motor. . . . . . . . . . . . . 124

6.4 The SPM motors and their positioning inside the BBW actuators. . . 130

6.5 The performed thermal tests:(a) steady-state, (b) pulse-current, (c)
load cycle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

6.6 Results for the slender motor in ambient air. . . . . . . . . . . . . . 134



xiv List of Figures

6.7 Results for the slender motor in the climatic chamber. . . . . . . . . 135

6.8 Results for the disk-shaped motor in ambient air. . . . . . . . . . . 136

6.9 Results for the disk-shaped motor in the climatic chamber. . . . . . 137

6.10 Complete phase-split LPTN . . . . . . . . . . . . . . . . . . . . . 138

6.11 Simplified phase-split LPTN . . . . . . . . . . . . . . . . . . . . . 140

6.12 Simplified phase-split LPTN results for the slender motor in ambient
air for the tests used in the optimization. . . . . . . . . . . . . . . . 142

6.13 Simplified phase-split LPTN results for the slender motor in ambient
air for the load cycle 1. . . . . . . . . . . . . . . . . . . . . . . . . 142

6.14 Simplified phase-split LPTN results for the slender motor in ambient
air for the load cycle 2. . . . . . . . . . . . . . . . . . . . . . . . . 143

6.15 Simplified phase-split LPTN results for the slender motor in the
climatic chamber for the tests used in the optimization. . . . . . . . 143

6.16 Simplified phase-split LPTN results for the slender motor in the
climatic chamber for the load cycle 1. . . . . . . . . . . . . . . . . 144

6.17 Simplified phase-split LPTN results for the slender motor in the
climatic chamber for the load cycle 2. . . . . . . . . . . . . . . . . 144

6.18 Sketch of the motor housing. . . . . . . . . . . . . . . . . . . . . . 146

6.19 Measurements setup for the housing-ambient thermal resistance . . 148

6.20 Measured and computed housing-ambient thermal resistance. . . . . 149

C.1 Simplified phase-split LPTN results for the disk-shaped motor in
ambient air for the tests used in the optimization. . . . . . . . . . . 183

C.2 Simplified phase-split LPTN results for the disk-shaped motor in
ambient air for the load cycle 1. . . . . . . . . . . . . . . . . . . . 184

C.3 Simplified phase-split LPTN results for the disk-shaped motor in
ambient air for the load cycle 2. . . . . . . . . . . . . . . . . . . . 184

C.4 Simplified phase-split LPTN results for the disk-shaped motor in the
climatic chamber for the tests used in the optimization. . . . . . . . 185



List of Figures xv

C.5 Simplified phase-split LPTN results for the disk-shaped motor in the
climatic chamber for the load cycle 1. . . . . . . . . . . . . . . . . 185

C.6 Simplified phase-split LPTN results for the disk-shaped motor in the
climatic chamber for the load cycle 2. . . . . . . . . . . . . . . . . 186



List of Tables

3.1 Computation of the air gap reluctance for case (a). . . . . . . . . . . 52

3.2 Computation of the air gap reluctance for case (b). . . . . . . . . . . 52

3.3 Computation of the air gap reluctance for case (c). . . . . . . . . . . 52

3.4 Comparison between MEC and FEM results. . . . . . . . . . . . . 64

3.5 Comparison between MEC and FEM results for the electromagnetic
torque. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3.6 Required input variables for the FE model. . . . . . . . . . . . . . . 67

4.1 Sizing input data. . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

4.2 Main specifications of the baseline motor. . . . . . . . . . . . . . . 84

4.3 Main specifications of the baseline motor. . . . . . . . . . . . . . . 85

5.1 ZOE motor main dimensions. . . . . . . . . . . . . . . . . . . . . . 90

5.2 Stator winding characteristics. . . . . . . . . . . . . . . . . . . . . 92

5.3 Stator winding resistance. . . . . . . . . . . . . . . . . . . . . . . . 93

5.4 Rotor winding characteristics. . . . . . . . . . . . . . . . . . . . . 94

5.5 Parameters for the permeability characteristic approximation. . . . . 98

5.6 Results for the Ld inductance test. . . . . . . . . . . . . . . . . . . 102

5.7 Results for the Lq inductance test. . . . . . . . . . . . . . . . . . . 102

5.8 Results for the stator in the removed rotor test. . . . . . . . . . . . . 104

5.9 Results for the rotor in the removed rotor test. . . . . . . . . . . . . 105



List of Tables xvii

5.10 Results for the no-load test and simulation. . . . . . . . . . . . . . . 111

5.11 Measured and simulated dq-axes unsaturated inductances. . . . . . 113

5.12 Main specifications of the baseline motor. . . . . . . . . . . . . . . 114

5.13 Main specifications of the baseline motor. . . . . . . . . . . . . . . 115

6.1 Thermal network parameters. . . . . . . . . . . . . . . . . . . . . . 122

6.2 Thermal parameters of the LPTN for the baseline motors - capaci-
tances in J/◦C and resistances in ◦C/W . . . . . . . . . . . . . . . . 133

6.3 Thermal parameters of the phase-split LPTN for the baseline motors
- capacitances in J/◦C and resistances in ◦C/W . . . . . . . . . . . . 140

6.4 Results of the parameter Rhsg : part I . . . . . . . . . . . . . . . . . 149

6.5 Results of the parameter Rhsg : part II . . . . . . . . . . . . . . . . 149

6.6 Results of the parameter Rhsg : part III . . . . . . . . . . . . . . . . 149



Nomenclature

Roman Symbols

E Stator back e.m.f. phasor, (V)

Id d-axis current phasor, (A)

Iq q-axis current phasor, (A)

I Stator current phasor, (A)

V Stator voltage phasor, (V)

i Current vector, (A)

L Inductance matrix, (H)

M Mutual inductance matrix, (H)

R Resistance matrix, (Ω)

v Voltage vector, (V)

C Path of the circulation

As Stator linear current density, (A/m)

AT Ampere-Turns, (A)

ATg m.m.f. drop in the air gap, (A)

ATt m.m.f. drop in the stator teeth, (A)

ATgt Sum of the m.m.f. drop in air gap and in the stator teeth, (A)

ATrp m.m.f. drop in the rotor pole, (A)

ATry m.m.f. drop in the rotor yoke, (A)

ATsy m.m.f. in the stator yoke, (A)



Nomenclature xix

B Magnetic flux density, (T)

Bd d-axis magnetic flux density, (T)

Bg Air gap magnetic flux density, (T)

Bq q-axis magnetic flux density, (T)

Bs Magnetic flux density in the stator slot, (T)

Bt Magnetic flux density in the stator tooth, (T)

Bg1 Fundamental value of the air gap flux density, (T)

Brp Magnetic flux density in the rotor pole, (T)

Bry Magnetic flux density in the rotor yoke, (T)

Bsy Magnetic flux density in the stator yoke, (Wb)

Bt0 Magnetic flux density in the stator tooth portion closer to the air gap, (T)

Cs Machine constant, (kVAmin/m3)

Dg Diameter at the air gap centre, (m)

Dri Rotor inner diameter, (m)

Dso Stator outer diameter, (m)

Dsy Diameter at the centre of the yoke, (m)

dl Infinitesimal element of the circulation path, (m)

e.m. f . Electromotive Force, (V)

Es No-Load Stator Voltage, (V)

f Frequency, (Hz)

g Air gap length, (m)

g0 Minimum air gap length, (m)

H Magnetic field, (A/m)

h1 Inner tooth height, (m)

h2 Tooth tip height, (m)

hp1 Rotor pole body length, (m)

Hp Magnetic field in the rotor pole, (A/m)
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hp Rotor pole length, (m)

hre Lateral height of the rotor tip, (m)

Hry Magnetic field in the rotor yoke, (A/m)

hry Height of the rotor yoke, (m)

hry Rotor yoke height, (m)

Hst Magnetic field in the stator tooth, (A/m)

hst Stator tooth height, (m)

hsy Stator yoke height, (m)

hus Stator slot height occupied by the conductor, (m)

Id d-axis current, (A)

Iq q-axis current, (A)

Ir Rotor current, (A)

Isc Short-circuit current, (A)

Jr Rotor current density, (A/m2)

Js Stator current density, (A/m2)

kw Winding factor

kb Portion of one electric pole occupied by the pole tip

kst Lamination stacking factor

L Axial length, (m)

l Length, (m)

Ld d-axis inductance, (H)

Lq q-axis inductance, (H)

Lr Rotor inductance, (H)

Lσ Leakage inductance, (H)

Lmd d-axis magnetizing inductance, (H)

Lmq q-axis magnetizing inductance, (H)

m.m. f . Magnetomotive Force, (A)
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Msr Mutual inductance between the stator and the rotor, (H)

N Discretized layers of the stator tooth

n Rotational speed, (rpm)

N1 Stator equivalent number of turns in series per phase

Nr Number of rotor coil turns per pole

Ns Number of stator slots

Ny Discretized layers of the air gap circumference

p Pole pairs

Ps f Permenace of the fringing air gap flux tube, (H)

pss Specific permeance of the stator slot, (H/m)

Pst Permenace of the main air gap flux tube, (H)

Rm Magnetic reluctance, (H−1)

Rr Rotor resistance, (Ω)

Rs Stator resistance, (Ω)

Rss Stator slot magnetic reluctance, (H−1)

Rst Stator tooth magnetic reluctance, (H−1)

Rsy Stator yoke magnetic reluctance, (H−1)

S Surface, (m2)

Sn Rated apparent power, (VA)

Srs Rotor slot surface, (m2)

Sss Stator slot surface, (m2)

T Electromagnetic torque, (Nm)

Vd d-axis voltage, (V)

Vq q-axis voltage, (V)

Vr Rotor voltage, (V)

Vs Stator Voltage, (V)

ws Stator slot width, (m)
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wcu Rotor winding distance from tip, (m)

wp Width of the pole, (m)

ws1 Bottom stator slot width, (m)

ws2 Top stator slot width, (m)

wst0 Stator tooth width at the air gap, (m)

wst Stator tooth width, (m)

Xd d-axis reactance, (Ω)

Xq q-axis reactance, (Ω)

Zc Turns in series per slot

Greek Symbols

α Potier coefficient

λλλ Flux linkage vector, (Vs)

ΩΩΩ Speed matrix, (rad/s)

cosϕ Power factor

Λd d-axis flux linkage, (Vs)

Λq q-axis flux linkage, (Vs)

Λr Rotor flux linkage, (Vs)

µ0 Vacuum permeability, (H/m)

µr,st Relative permeability of the stator tooth, (H/m)

µr,sy Relative permeability of the stator yoke, (H/m)

ω Electrical speed, (rad/s)

Φp Magnetic flux per pole, (Wb)

Φs Magnetic flux in the stator slot, (Wb)

Φt Magnetic flux in the stator tooth, (Wb)

Φsp Magnetic flux relative to one slot pitch, (Wb)

τs Slot pitch

θ Mechanical angle, (rad)
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θe Electrical angle, (rad)

kC Carter factor

Thermal Symbols

αth Thermal diffusivity, (m2/s)

β Expansion coefficient, (1/◦C)

εr Emissivity coefficient

µ Fluid dynamic viscosity, (kg/s/m)

ν Fluid speed, (m/s)

νk Kinematic viscosity, (m2/s)

ρ Fluid density, (kg/m3)

σc Stefan-Boltzmann constant, (W/m2/K4)

ϑag Temperature of the air gap, (◦C)

ϑa Ambient temperature, (◦C)

ϑCu,r Temperature of the rotor copper, (◦C)

ϑCu,s Temperature of the stator copper, (◦C)

ϑhsg Temperature of the housing, (◦C)

ϑrot Temperature of the rotor core, (◦C)

ϑsy Temperature of the stator yoke, (◦C)

CCu,r Thermal capacitance of the rotor winding, (J/◦C)

CCu,s Thermal capacitance of the stator winding, (J/◦C)

Chsg Thermal capacitance of the housing, (J/◦C)

cp Specific heat capacity of the considered motor part, (kg/m3)

Crot Thermal capacitance of the rotor, (J/◦C)

Csha f t Thermal capacitance of the shaft, (J/◦C)

Csy Thermal capacitance of the stator yoke, (J/◦C)

Cteeth Thermal capacitance of the stator teeth, (J/◦C)

Cth Generic thermal capacitance, (J/◦C)
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ga Gravitational acceleration, (m/s2)

hc Thermal conduction coefficient, (W/K/m2)

hr Thermal radiation coefficient, (W/K/m2)

hag Thermal forced convection coefficient of the air, (W/m2/K)

hhsg Height of the housing, (m)

hPM Height of the permanent magnet, (m)

kair Thermal conduction coefficient of the air, (W/m/K)

kir Thermal conduction coefficient of the iron, (W/m/K)

kPM Portion of one electric pole occupied by the permanent magnet

Lsha f t Shaft length, (m)

nteeth Number of stator teeth

Nu Nusselt number

PFe,r Iron losses on the rotor, (W)

PFe,s Iron losses on the stator, (W)

PJ,r Rotor Joule losses, (W)

PJ,s Stator Joule losses, (W)

PPM Rotor losses on permanent magnets, (W)

Prot Rotor losses of PM machines, (W)

Pr Prandtl number

qr Surface heat density, (W/m2)

Rairgap Convection thermal resistance of the air gap, (◦C/W)

RCu,r Thermal resistance between rotor winding and rotor core, (◦C/W)

RCu,s Thermal resistance between stator winding and stator core, (◦C/W)

Rhsg Convection thermal resistance between housing and ambient, (◦C/W)

Rig Radial thermal resistance of the interface gap between stator core and housing,
(◦C/W)

Rsha f t Axial thermal resistance of the shaft, (◦C/W)
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Rsy1 Radial thermal resistance of the inner half of the stator yoke, (◦C/W)

Rsy2 Radial thermal resistance of the outer half of the stator yoke, (◦C/W)

Rteeth Radial thermal resistance of the stator teeth, (◦C/W)

Ra f Rayleigh number of front surface

Ral Rayleigh number of lateral surface

Re Reynolds number

Recr Critical Reynolds number

Stooth Cross-sectional area of one stator tooth, (m2)

v Volume of the considered motor part, (m3)

vhsg Volume of the housing, (m3)

vPM Volume of the permanent magnets, (m3)

vry Volume of the rotor yoke, (m3)

vsha f t Volume of the shaft, (m3)

vsy Volume of the stator yoke, (m3)

vteeth Volume of the stator teeth, (m3)

Acronyms / Abbreviations

BBW Brake By Wire

CFD Computational Fluid Dynamic

DC Direct Current

EU European Union

EV Electric Vehicles

FE Finite Elements

GDP Gross Domestic Product

GHG Greenhouse Gas

HDV Heavy-Duty Vehicles

IM Induction Motor

IPM Interior Permanent Magnet
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LPT N Lumped Parameter Thermal network

MEC Magnetic Equivalent Circuit

MT PA Maximum Torque Per Ampere

PM Permanent Magnet

PSO Particle Swarm Optimization

REE Rare-Earth Elements

SRM Switched Reluctance Motor

SynRM Synchronous Reluctance Motor

US United States

WFSM Wound-Field Synchronous Motor



Chapter 1

Introduction

1.1 Background

Nowadays, many jurisdictions are focused on achieving very low or net-zero green-
house gas (GHG) emissions by mid-century, driven by growing environmental
awareness and more stringent regulations [1]. According to the International Energy
Agency, global energy-related CO2 emissions grew by 0.9% in 2022, reaching a new
high of over 36.8 Gt, as depicted in Fig.1.1. Compared to the growth of the global
Gross Domestic Product (GDP) of 3.2%, the resulting growth of CO2 emissions in
2022 was significantly lower, a trend that had been in place for a decade until 2021.
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Fig. 1.1 Global CO2 emissions from energy combustion and industrial processes and their
annual change, 1900-2022 [2].
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Fig. 1.2 Global CO2 emissions by sector, 2019-2022 [2].
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Fig. 1.3 Global CO2 emissions by sector, 2022.

Increased deployment of clean energy technologies such as renewables, electric
vehicles, and heat pumps helped prevent an additional 550 Mt in CO2 emissions,
despite gas-to-coal switching in many countries [2]. In this scenario, a significant
impact on the emissions is due to the transportation sector, as shown in Fig.1.2 for
the years 2019-2022. Based on the data for the year 2022, it is possible to extrapolate
the pie-chart of Fig.1.3, concluding that the impact of the transportation sector on
the global CO2 emissions is 23%. According to a study of Transport & Environment,
whilst for sectors like power, there is a clear commitment by the European Union
(EU) to decarbonise by 2050, transport emissions are the only sector whose emissions
are above 1990 levels, and officially, the EU still assumes transport emissions will
only decrease by 60% [3].
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Fig. 1.4 EU GHG transport emissions share, 2019.

Figure 1.4 depicts the share of transport emissions in the EU for 2019; the data are
shared by the European Environment Agency [4]. The chart shows how the majority
of the emissions are caused by cars, maritime transport, aviation and heavy-duty
vehicles. Although all sectors are important, the data show that decarbonising cars
must represent a priority, also considering that the technology is already available.
In 2017, the European Federation for Transport and Environment compared conven-
tional diesel vehicles to Electric Vehicles (EVs) charging using different electricity
mixes across Europe. The study demonstrated that even when powered by the most
carbon-intensive electricity, the EVs still emit less GHG [5].

Heavy-duty vehicles (HDV) represent around a fifth of all EU transport emissions,
a quarter if only road transport is considered, and its importance is expected to in-
crease [3]. The future of climate action depends on the development and deployment
of zero-emission trucks. In February 2023, the European Commission proposed
to revise the HDV CO2 standards in order to decarbonise the sector. The revised
standards would set tailpipe CO2 reduction targets for new vehicle sales of -45%
in 2030, -65% in 2035, and -90% in 2040 [6]. City buses, urban delivery transport,
and equipment at ports are leaders in heavy vehicle decarbonisation, as they can
be recharged at a central location or at wireless pads along the way. Transport for
heavier loads and longer distances opens up new challenges, particularly concerning
the weight of the battery and the high power required for fast charging. To address
the issue, chargers rated 3MW are under development and grid updates are expected
to meet such challenging electrical requirements [1].
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Aviation emissions have been increasing in Europe since 1990 and could double
or triple by 2050 [7]. Aviation is at risk of having its emissions locked in due to
the growth in passenger numbers and aircraft fleet, consuming the limited carbon
budget to remain within the 1.5◦C and 2◦C targets [3]. Moreover, although electric
aeroplanes have the potential to reduce emissions considerably, there are still a
multitude of technological and regulatory issues that need to be addressed before
they can become viable commercial technology. These challenges include developing
more efficient batteries, creating new safety standards, and building the necessary
charging infrastructure [8].

Finally, shipping is one of the largest GHG emitting sectors of the global economy,
responsible for about 13% of the total EU GHG emissions. This speaks to the
absolute necessity of including maritime transport in the development of an EU 2050
economy-wide decarbonisation strategy and the subsequent financial, investment
and regulatory decisions that will be needed [3].

1.1.1 Rare-earth elements in electric transport

In the path towards transport decarbonisation, the production of electric transport
makes use of critical materials, including Rare-Earth Elements (REE). Rare-earth
elements are 17 chemical elements of the periodic table, sharing similar properties
and often found together in geological deposits [5]. The peculiarity of REE is the
capacity of generating a strong magnetic fields in limited volumes, allowing for the
production of high-quality Permanent Magnets (PMs). The application of REE-PMs
in electric motors increases torque and power density, resulting in compact and
high-performance machines. Although the undeniable performance benefits, the use
of REE-PMs has raised concerns related to environmental, economic, social, and
technical sustainability [9, 10].

Environmental unsustainability

The damaging effects on the environment that derive from the extraction and refining
of rare earth metals have been extensively documented [11–13]. Mining for REE
minerals generates large volumes of toxic and radioactive material, causing air and
water pollution, and land contamination [14].



1.1 Background 5

Fig. 1.5 Rare Earth Element Production Share using data from the United States Geological
Survey [17].

Life cycle assessment research suggests that NdFeB magnets may be more
damaging than other materials commonly used in electrical machines per unit mass.
Although the actual environmental impact of NdFeB magnets may be still unclear,
their elimination could still reduce the environmental footprint of electric traction
motor manufacture, which in turn would reduce the environmental footprint of
electrified transports [15]. In any case, mitigation of this phenomenon needs to be
achieved through emission treatment technologies and also recycling of chemicals,
closing illegal mines and raising environmental standards and regulations [16].

Unstable supply and fluctuation prices

Rare-earth elements are typically found in low concentrations and often mixed with
other materials, making them difficult and expensive to mine. Their availability has
raised concerns over the years and varies depending on the type of rare-earth element:
the US Department of Energy identified a risk of supply conditions for Neodymium
and Dysprosium, two of the principal components of PM motors [5].

Moreover, the total market capitalization of REE is mostly driven by China,
which supplies about 80% of the available rare-earth minerals [5, 18]. This is well
evident by looking at Fig.1.5. The lack of diversified suppliers and issues over
availability make the REE market more prone to shocks, which is a concern for REE
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buyers. Indeed, prices of rare-earth elements have experienced great fluctuations in
recent years. In 2010-2011 a 12-fold increase was observed, mainly initiated by a
strong reduction of Chinese exports and geopolitical tensions in a period of high
demand [19].

Regardless of the final price of rare-earth magnets, it is generally acknowledged
that their elimination from electrical machines will lead to a reduction in costs [20].
However, in choosing PM-free alternatives, attention must be paid not to shift the
cost benefit to other components, e.g. power electronics and battery.

Performance & Safety

Although rare-earth magnets enable electric motors to achieve high torque density,
some other performance aspects must be taken into account. First of all, their perfor-
mances are temperature-dependent and generally worse with higher temperatures.
The PMs are at risk for demagnetization, a process that will lead to a drastic drop in
the motor torque capability. Demagnetization will occur if the PMs exceed a certain
temperature threshold (Curie temperature), or if they are exposed to a high magnetic
field. Vibrations and bumps can also lead to PM damage.

Rare-earth magnets cannot be "shut down", regardless of the functioning of the
electric machine. Therefore, when rotating, PMs will generate voltages in the stator
terminals even without applied electrical currents. These uncontrolled generation op-
erations lead to a number of undesirable consequences and are especially dangerous
in case of fault.

Finally, it is often beneficial that electric machines feature a certain degree of
flux weakening capability, which is especially welcomed by the automotive sector.
Flux weakening consists of decreasing the magnetic flux, with the aim of increasing
the speed, as the motor reaches the available supply voltage. The presence of PMs
makes this process hard and energetically expensive, as part of the stator current
vector must be used with the scope of contrasting the PM magnetic flux. Moreover,
this procedure must be performed carefully to avert the risk of demagnetization.
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(a) (b) (c)

Fig. 1.6 Most commonly used electric motors in EVs: permanent magnet synchronous
motors (a), induction motors (b), salient-pole wound-field synchronous motors (c).

1.1.2 Alternatives to REE magnets in electrical machines

Although PM motors are still the most commonly used machines in electric transport,
the mentioned concerns related to REE-PMs are driving towards alternative solutions
that reduce or eliminate the use of REE materials. This is especially true for electric
vehicle applications, as the technology is more mature and ready for improvements.
In the automotive sector, the Interior Permanent Magnet (IPM) motor, shown in
Fig.1.6a, is the most preferred solution among the various PM motor topologies,
as it shows important advantages in terms of output torque and constant power
speed range [21]. For instance, Toyota Prius, Tesla Model 3, and Chevy Volt are
equipped with IPM motors [22–24]. The two most employed PM-free alternatives are
Induction Motors (IM) and salient-pole Wound-Field Synchronous Motors (WFSM),
whose schematic representation is reported in Fig.1.6b and Fig.1.6c, respectively.
Notable applications of IMs include the GM EV-1 vehicle and earlier models from
the Tesla Motor Corporation, while applications of WFSMs can be found in the
Renault ZOE and BMW iX3 [25–27]. Less common alternatives include both the
topologies of reluctance motors, i.e. Synchronous Reluctance Motors (SynRMs) and
Switched Reluctance Motors (SRMs), hybrid machine topologies with reduced REE
materials, and ferrite-based motors. The possible alternatives to PM motors from
the EV literature are discussed in the forthcoming, except for the WFSM, which is
covered separately in Section 1.2.
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Induction motors

Induction motors are free from permanent magnet materials. Their operating princi-
ple is based on inducing electrical currents in the rotor through the magnetic field
generated by the stator currents. The induced rotor currents generate a magnetic
field in turn, allowing for torque production. As the rotor current originates from the
stator side, induction motors generally feature low power factors, leading to a low
inverter usage factor. The absence of permanent magnets makes the IM a relatively
inexpensive electric machine. Moreover, it is a well-known and reliable technology
that does not need any system to bring current to the rotor side. However, rotor
winding losses in induction motors result in lower efficiency and reduced cooling
capabilities compared to PM motors. Improvements can be achieved with the use of
a copper rotor cage instead of an aluminium one, as done by Tesla [15]. The main
drawbacks of this option are the higher cost of copper and increased motor mass.

Reluctance motors

Reluctance Motors have a simple rotor structure only composed of steel laminations,
without the need for permanent magnets or windings. The production of the torque is
based on the particular rotor design, which exploits the physical property of magnetic
flux to concentrate in the least magnetic reluctant paths.

Out of the two available topologies, synchronous reluctance motors generally
use a conventional sinusoidally-fed stator, and the motor saliency allows locking the
rotor to the stator magnetic field, synchronously. SynRMs are appealing in terms of
robustness, high efficiency, low torque ripple, and simplicity [25]. However, they
also feature a low power factor, affecting both performance and power electronic
compactness, and reduced flux weakening capability.

Switched reluctance motors operate in a slightly different manner. The torque
production is obtained by using the tendency of the rotor iron to reach the position
of minimum reluctance. Concentrated stator windings are supplied by continuously
switching coils, forcing the rotor to maintain rotation. SRMs have been shown to
be robust and inexpensive to manufacture, and despite achieving high efficiency
and a suitable constant power speed range, acoustic noise and torque ripple remain
significant challenges to overcome.
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Hybrid motors

The term "hybrid motor" is used in this document to refer to those machines that can
operate with a reduced amount of REE permanent magnets. From this perspective,
one possibility is to doubly excite the rotor with windings and permanent magnets.
Using two excitation sources aims to combine the flux weakening capability of the
WFSMs and the high efficiency and torque density of PM motors [28, 29]. Although
the combination of the two sources opens up unlimited machine structures, generally,
this is achieved at the expense of higher topological complexity.

Another possibility is to embed PM into a salient rotor structure, similar to
SynRM rotor. Although one may categorize this motor simply as an IPM, the
required amount of PMs is reduced thanks to a higher reluctance torque offered by
the rotor saliency. This type of motor technology is used in the BMW i3 electric
vehicle [15, 30]. However, these solutions do not eliminate the presence of PMs
but only aim to decrease the required amount to different extents depending on the
topology.

Ferrite-based motors

Permanent magnets can also be manufactured without the use of REE materials,
turning to ferrite magnets. The ferrites are materials obtained from iron oxides
and metallic elements, such as Barium or Strontium. Their main weakness is the
low remanence flux density, which is about one-third of REE magnets. This poses
a major obstacle to achieving competitive torque densities. A possible solution
includes concentrating the flux from multiple magnets and exploiting rotor saliency
to obtain reluctance torque. These machines are generally referred to as "PM-assisted
motors", and it is worth noticing that they show improved efficiency and power factor
with respect to induction motors [31]. However, ferrites have low coercivity, about
one-fifth to one-third of REE magnets. Consequently, they are more susceptible to
demagnetization risks. However, differently from REE magnets, the ferrite coercivity
increases with temperature, making them less sensitive to sudden demagnetization.
Additionally, their Curie temperature is higher than REE magnets.
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1.2 The Wound-Field Synchronous Motor in traction
applications

Wound-field synchronous motors have windings on the rotor, which are supplied in
dc to generate the excitation field, eliminating the need for permanent magnets. The
possibility of adjusting the excitation field simply by modifying the rotor current
brings numerous advantages.

1.2.1 WFSM benefits

High torque at low speeds

The first advantage of the complete controllability over the excitation field is the
ability to generate high torques at low speeds, without having to inject strong currents
into the stator. Indeed, in the absence of the rotor winding, the maximum torque
is limited by the current rating of the source. In the case of inverter-fed motors,
oversizing the latter is often the solution adopted by designers to deal with the issue,
with an inevitable increase in costs [32].

High power factor

Moreover, it is possible to regulate the reactive power exchanged by the machine
through the rotor current and the value of the induced electromotive force associated
with it. A high power factor enables to reduction of the section of the conductors
of the stator winding and the size of the DC-link capacitor, with a clear saving in
economic terms on the entire powertrain [33].

Extended constant power speed range

Wound-field machines feature a very wide speed range in which they can operate
at constant power. In fact, by controlling the rotor current, it is possible to easily
reduce the magnetic flux, resulting in optimal flux weakening capability [34].

Safety

Uncontrolled generations operations, discussed in Section 1.1.1, are avoided as the
source of excitation can be easily removed by opening the rotor winding terminals.
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1.2.2 WFSM limitations

Limited cooling capability

Similarly to IMs, the presence of a rotor current produces additional losses in
the rotor. The heat extraction from the rotor conductors may become a limiting
factor. However, with a well-planned design project and a control strategy in place,
overheating can be prevented.

Additional switching devices

A further drawback is that additional switching devices are needed in the power
electronics in order to control the dc rotor current, resulting in increased system
complexity and, therefore, cost.

Supplying of rotating parts

The necessity to bring current to rotating parts may be the most limiting factor
in WFMS’s popularity in traction applications. This task has been historically
accomplished by stationary carbon brushes in contact with rotating conductive rings.
This technology generally arouses concerns about reliability and wear. However,
unlike the commutators of DC machines, the brushes and slip rings of WFSMs
are supplied with relatively low dc power, making their wear compatible with
the requirements of transportation applications. Moreover, this limitation can be
overcome by using wireless power transfer systems (see Section 1.2.3), as amply
demonstrated in the context of aircraft on-board auxiliary generation [35, 36].

1.2.3 Excitation systems

A fundamental component of wound-field synchronous machines is the selected
technology to excite the rotating rotor from the stationary source. The most common
and economic excitation system consists of sliding contacts between stationary
graphite brushes and rotating slip rings, which are also preferred when a fast dynamic
response is needed. For instance, Renault successfully mounts brushes and slip rings
to supply the rotor of the ZOE motor (see Chapter 5). However, sliding contacts
generally cause concerns about maintenance and safety due to brush wear and
possible sparking.
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Fig. 1.7 Simplified circuit of inductive (a) and capacitive (b) power transfers.

In the past two decades, the progress in power electronics and wireless technol-
ogy enabled the development of brushless exciters for WFSMs, overcoming these
issues [37]. For instance, Brusa Elektronik also developed a wound-field motor for
traction applications, namely the SSM 6.17.12, equipped with a contactless power
transfer system [38]. Nonetheless, they suffer from worse dynamic performance,
hinder access to the rotor winding for measurement and protection, and require
an exciter machine installed on the main motor or generator shaft [36]. Certain
applications, like aircraft power generation, employ an excitation system composed
of a permanent magnet generator, another electric generator (exciter), and a rotating
rectifier. Nevertheless, the resulting technology is more expensive [39]. namely the
SSM 6.17.12 [45]. The two most popular wireless methods to transfer power to the
rotor are currently rotary transformers and rotary capacitors, shown in Fig.1.7.

Inductive power transfer

The inductive power transfer is achieved through a rotary transformer and a rotating
rectifier, and they represent an efficient non-contact alternative to brushes and slip
rings [40–42]. The design of rotary transformers that operate at high frequencies is
challenging as leakage inductances and parasitic capacitances directly impact the
power converter performance. However, recent improvements in their performance
make this solution more attractive than in the past [39]. In fact, suitable positioning
of the conductors allows for to reduction of the leakage inductances and to improve
the coupling between the windings. As a consequence, a larger air gap can be used,
easing the strict construction tolerances of various components.
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Capacitive power transfer

The rotary capacitors are composed of two conductive materials (generally hoops or
parallel plates) separated by a dielectric material, in which one is rotating with respect
to the other. The distance and orientation of the two conductive elements remain
constant. The solution is mechanically robust and does not present structural integrity
problems due to high rotational speeds [43]. However, capacitive coupling needs
a large surface area and a small airgap length to transfer power efficiently, causing
concerns in the eventual presence of mechanical vibrations [44]. Additionally, when
a motor is spray-cooled or splashed with transmission oil, the capacitive coupler
poses a safety risk due to the possibility of arcing.

1.2.4 Transport applications

Wound-field synchronous machines have been most commonly used as alternators in
power plant applications, because of the ease of voltage regulation, simply achieved
by adjusting the rotor current. Synchronous generators produce almost 95% of
the world’s electricity [45]. Nonetheless, wound-field synchronous machines have
recently been garnering attention from the automotive industry as a compelling PM-
free alternative motor. In addition to the mentioned Renault ZOE, the BMW iX3, and
Brusa Elektronik SSM 6.17.12, General Motors has reported on the design and testing
of a traction WFSM with wireless power transfer exciter [46]. ZF Friedrichshafen,
a German multinational company producing components for the transport industry,
has also recently announced the production of wound-field synchronous motors [47].
Figure 1.8 recollects some of the mentioned commercial wound-field motors.

Apart from the automotive industry, wound-field machines are used in the naval
and aviation sectors. The use of electric propulsion systems in boats provides greater
flexibility in speed regulation, unlike conventional thermal solutions. Moreover,
simpler drivetrain solutions can be designed, thus increasing reliability [48, 49]. In
the aviation sector, the combination of WFSM and superconducting technologies is
the subject of various research activities, since high torques and power densities can
be obtained, paving the way towards all-electric solutions for the aerial mobility of
goods and people [50].
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(a) (b)

(c) (d)

Fig. 1.8 Commercial WFSMs: (a) Renault Zoe [51], (b) Brusa Elektronik [38], (c) BMW
iX3 motor [52], (d) ZF Friedrichshafen [47].

1.3 Reasearch objectives

In the described scenario, wound-field synchronous motors have proven to play a
crucial role in decarbonizing transports, as seen in the recent trend in the automotive
industry. The design of WFSMs is not a trivial task, as the third degree of freedom
introduced by the rotor current significantly enlarges the design space. Designing
WFSMs from scratch that cater to unique motor limitations, imposed by the specific
application, can be a lengthy process, especially when relying on finite element
(FE) tools or optimization algorithms. The most recent technical literature reports
different design methodologies for WFSMs; however, most of them are based on
finite element optimization procedures [49, 53–57]. Although optimizations based
on FE simulations usually achieve the best design solution with the most accurate
results, the required computational burden makes this procedure unpractical for
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fast evaluations intended for preliminary technical discussions or for initial cost
estimations. In this context, the aim of this thesis is to develop methodologies and
fast tools for the analysis and the preliminary electromagnetic sizing of salient-pole
wound-field synchronous motors for traction applications. The contributions of this
study are recollected in seven chapters.

• Chapter 1 presented the current environmental and technological background,
clearing the reasons that motivate this research to investigate salient-pole
wound-field synchronous motors and to develop tools for the analysis and
sizing.

• Chapter 2 focuses on the wound-field synchronous machine technology, high-
lighting specific structural and modelling aspects, representing the key ele-
ments for the development of the research objectives.

• Chapter 3 reports the adopted and developed analysis methodologies for
wound-field machines. The explanation of the proposed machine models
includes analytical equations, the magnetic equivalent circuit approach, and
finally, the parametric finite element method.

• Chapter 4 describes the WFSM sizing procedure proposed by this research.
The methodology is thoroughly explained, starting from the general algorithm
flow and proceeding to the employed analytical equations supported by the
machine finite element model.

• Chapter 5 deals with the validation of the sizing procedure. The commercial
traction motor of the Renault ZOE is used as a baseline for the verification.
The chapter also includes the analysis and reverse engineering of the ZOE
sample, along with the conducted experimental tests.

• Chapter 6 focuses on electric machine thermal aspects, in particular presenting
methodologies for the definition of the parameters of thermal models based on
the lumped parameter thermal network approach.

• Chapter 7 draws the conclusion and reports possible future works.



Chapter 2

The Wound-Field Synchronous
Machine

The wound-field synchronous machines are a well-known technology, as they have
been historically used as generators for power plant applications. The principle of
operation is based on the law of magnetic induction resulting from a uniform move-
ment of relative rotation between an inductive magnetic field and a system of induced
conductors properly connected. The electromechanical conversion is obtained by the
interaction between the stator and rotor magnetic fields. The frequency ( f ) of the
electromagnetic force (e.m.f.) induced is closely related to the rotation speed (n) and
the number of pole pairs (p) of the inductor

(
n = 60 f

p

)
. In this chapter, noteworthy

fundamentals of wound-field machines are provided for the sake of clarity. Important
structural machine aspects are reported, as the particular air gap shape of salient
pole-machines. Machine model and performance are therefore illustrated, together
with adopted design methodologies form literature.

2.1 Structural aspects

Although detailed information about the machine structure and working principle
are easily accessible through textbooks [58–60], most are intended for power plant
alternators. This section reports some machine generalities from the perspective of
traction motors and discusses notable structural aspects of salient-pole wound-field
machines.
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(a) (b)

Fig. 2.1 Wound field synchronous machine topologies: salient-pole (a), cylindrical rotor (b).

2.1.1 WFSM topologies

The WFSM has two possible rotor configurations: salient-pole machine, with pro-
jecting field poles, and non-salient pole machine (also called "cylindrical rotor"),
without projecting field poles. The salient-pole machine presents a variable air gap,
which contributes to its structural anisotropy, as depicted in Fig.2.1a. Consequently,
the output torque of the salient-pole machine also includes a quota due to the ma-
chine’s saliency. On the contrary, the cylindrical rotor machine (shown in Fig.2.1b)
is characterized by a constant air gap, excluding the negligible contribution of the
rotor slots, and therefore can be considered an isotropic machine.

The two rotor structures have been largely used in power plants with different
applications. The cylindrical alternators are characterized by a more complex con-
struction; they generally have smaller diameters and longer axial lengths, resulting in
less available space to fit the poles. Thus, they are generally constructed with a low
number of pole pairs (1 to 2); therefore, for a fixed frequency of 50-60Hz, they need
to rotate at high rotational speeds (1500-3000rpm). Distributing the winding over
the rotor surface results convenient to guaranteeing sufficient mechanical resistance,
better arrangement and securing of the excitation winding [61]. The salient-pole
motor is generally used for speeds around 100 to 400rpm, mainly for power stations
and hydraulic turbines.
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Fig. 2.2 BMW cylindrical rotor patent [62].

For what concerns the automotive application, the salient-pole motor has received
more attention than its counterpart, probably because of its simple structure and the
possibility of using the reluctance torque offered by the saliency. For instance, the
Renault ZOE is equipped with a salient-pole synchronous motor (details are provided
in Chapter 5). Brusa Elektronik and General Motors also reported on the design
and testing of salient-pole WFSM [38, 46]. According to Fig.1.8c from [52] and
considering [63], BMW is currently employing a salient-pole synchronous machine
for its 5th-generation motors to propel the BMW iX3.

To the best author’s knowledge, the cylindrical rotor machine cannot be currently
found in any commercial vehicle. However, one of the first investigations of a WFSM
with a cylindrical rotor as a potential solution for traction applications can be found
in a 2018 patent from BMW [62]. The mentioned machine is shown in Figure 2.2.

2.1.2 Air gap of salient-pole machines

The non-constant air gap of the salient-pole machine plays a major role in the
machine’s performance. Different methodologies can be adopted for defining the
shape of the air gap [64–67]. For instance, one common possibility is to shape the
pole as a circumference, whose centre does not coincide with the machine centre but
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Fig. 2.3 Circulation circuit C.

generally falls into the rotor pole body. Another alternative consists of calculating
the pole shaping by adopting a combination of different harmonics and optimizing
according to the desired performance.

However, the solution generally adopted is to shape the air gap as the inverse of
the cosine of the angle that starts from the d-axis. The machine d-axis is placed in
the axis of minimum reluctance, i.e. through the centre of the pole body, as shown
in Fig.2.3; the q-axis is electrically perpendicular to the d-axis. To understand the
reason for this shaping, let’s take into account Ampere’s circuital law, which relates
the circulation of a magnetic field around a closed loop to the electric current passing
through the loop surface. The formulation is reported in equation (2.1), where C is
the path of the circulation, H is the magnetic field, dl is the infinitesimal element of
C, NI is the total current passing through C.

∮
C

H · dl = NI (2.1)

Let’s apply Ampere’s law to a salient-pole machine considering as circulation
circuit the one shown in Fig.2.3, and suppose to supply the rotor turns Nr with the dc
current Ir. In the hypothesis of negligible magneto motive force (mmf) required to
magnetize the iron, the value of the air gap magnetic flux density B at the position θ

of Fig.2.3 can be obtained.

H(θe) ·g(θe) = Nr · Ir ⇒ B(θe) =
Nr · Ir ·µ0

g(θe)
(2.2)
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Fig. 2.4 No-load induced voltage for circular and inverse cosine rotor shape.

12
43

Fig. 2.5 Circular and inverse cosine rotor shape.

In equation (2.2), θe is the electrical angle p ·θ , g is the air gap length, µ0 is the
vacuum permeability. Thus, the rotor can produce a sinusoidal waveform of B in the
air gap (cosinusoidal for θ ) only if the air gap length is shaped as in equation (2.3),
resulting in a sinusoidal induced stator voltage.

g(θe) =
g0

cos(θe)
i f 0 ≤ θe ≤

π

2
(2.3)

For instance, Fig.2.4 shows the induced stator voltage for a circular and inverse
cosine of the rotor pole shape in a demonstrative case study obtained through finite
elements simulations. In particular, the effects of the circular shape rotor are reported
for different centres of the circumference; going from 1 to 4, the centre tends to
approach the air gap, as depicted in Fig.2.5. The reported results show how a more
sinusoidal waveform is obtained by shaping the air gap as the inverse cosine of θ .
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2.2 Steady-state model in dq-axes

The dq-model in steady-state conditions is used in the forthcoming chapters for the
analysis and design of wound-field synchronous machines. Electrical machines are
generally modelled through the electric and magnetic equations of the rotor and of the
three phases of the stator. The equations can be expressed in vector form, in which
the instantaneous values of any variables can be obtained as projections of the vector
onto the magnetic axis of the corresponding phase. However, a simplification of the
model can be obtained if the stationary frame of the three-phase windings (abc-frame)
is replaced with an equivalent system of two-phase rotating windings (dq-frame).
This can be achieved by applying the abc-αβ and αβ -dq transformations [68, 69].

The transformation adopted in this research is amplitude-invariant. The used
dq-frame model is individuated for sinusoidal steady-state conditions. The electric
and magnetic matrix vectorial equations are reported in (2.4). Note that while the
electric equations are always valid in steady-state conditions, the magnetic equations
consider constant inductances, thus neglecting the saturation effects.

v = Ri+ΩΩΩλλλ

λλλ = Li+Mi
(2.4)

The vectors of the voltage, current and flux linkages are expressed in terms of
the d-axis, q-axis and rotor components, as in (2.5).

v =

Vd

Vq

Vr

 , i =

Id

Iq

Ir

 , λλλ =

Λd

Λq

Λr

 (2.5)

The resistance, speed, inductance and mutual inductance matrices are reported in
equations (2.6) and (2.7), where Rs is the stator resistance, Rr is the rotor resistance,
ω = 2π f is the electrical speed, Ld and Lq are the d- and q-axis inductances, Lr is
the rotor inductance, Msr is the mutual inductance between the stator and the rotor.
Note that the cross-coupling inductances have been neglected.
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R =

Rs 0 0
0 Rs 0
0 0 Rr

 , ΩΩΩ =

0 −ω 0
ω 0 0
0 0 0

 (2.6)

L =

Ld 0 0
0 Lq 0
0 0 Lr

 , M =

 0 0 Msr

0 0 0
Msr 0 0

 (2.7)

The system of equations derived from (2.4) is reported in (2.8).
Vd = Rs · Id −ω ·Λq

Vq = Rs · Iq +ω ·Λd

Vr = Rr · Ir


Λd = Ld · Id +Msr · Ir

Λq = Lq · Iq

Λr = Lr · Ir +Msr · Id

(2.8)

Considering only the stator equations and substituting the magnetic equations
into the electric ones:Vd = Rs · Id −ω ·Lq · Iq

Vq = Rs · Iq +ω ·Ld · Id +ω ·Msr · Ir
(2.9)

Therefore, the stator equations can be written in the form of phasors and visual-
ized in the diagram of Fig.2.6.

V = E +Rs · I + jXdId + jXqIq (2.10)

In equation (2.11), E is the induced no-load voltage, and it is considered:

Id = Id + j0, Iq = 0+ jIq, E = jωMsrIr (2.11)

Xd = ωLd, Xq = ωLq (2.12)

The parameters Ld , Lq are the sum of two contributions: the leakage inductance
and the magnetizing inductance.

Ld = Lσ +Lmd, Lq = Lσ +Lmq (2.13)
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Fig. 2.6 Generic phasor diagram of wound-field motors.

Electromagnetic output torque

In the dq-frame, the output torque can be obtained through equation (2.14).

T =
3
2
· p · (Λd · Iq −Λq · Id) (2.14)

Substituting Λd and Λq into equation (2.14), the output torque can be alternatively
written as in (2.15).

T =
3
2
· p · (Msr · Ir · Iq +(Ld −Lq) · Id · Iq) (2.15)

Significant considerations can be extrapolated starting from the torque formula-
tion in (2.15). The output torque is composed of two terms: the torque due to the
excitation field and the torque due to the saliency. Supposing a zero rotor current,
the torque profiles in the dq-frame become symmetrical with respect to the q-axis, as
it is shown in Fig.2.7a; thus, the motor behaves as a synchronous reluctance motor.
As the rotor current positively increases, see 2.7b-d, the torque profiles become
asymmetric with respect to the q-axis and the Maximum Torque Per Ampere Profile
(MTPA) tends to rotate toward negative values of d-currents. In case of not too strong
iron saturation conditions, the d-axis inductance is greater than the q-axis inductance;
therefore, being Ld − Lq > 0, positive values of d-currents must be provided in
order to algebraically sum the reluctance and excitation torque contributions. The
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Fig. 2.7 id , iq torque map for different rotor currents: 0p.u.(a), 0.3p.u.(b), 0.7p.u.(c), 1p.u.(d).

maximum torque per stator ampere is, therefore, in the first quadrant of the dq-axes.
A further increase of the rotor current might cause a strong saturation of the machine
iron to an extent in which Ld ≈ Lq. In this case, the maximum torque per stator
ampere profile coincides with the q-axis, as for isotropic machines; therefore, the
motor behaves as a surface permanent magnet machine.

2.3 Steady-state machine performance

The fundamental parameters of the presented steady-state linear dq-model can be
found through a series of tests conducted on the machine operating in sinusoidal
steady-state conditions.

2.3.1 No-load characteristic

The no-load characteristic of wound-field machines refers to the correlation between
the rotor current and the induced voltage at the open stator terminals while maintain-
ing a fixed speed. During this state, the stator current does not circulate, resulting in
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Fig. 2.8 No-load characteristic.

both Id and Iq being equal to zero. Thus, the system of equations (2.8) transforms
into: 

Vd = 0

Vq = ω ·Λd

Vr = Rr · Ir


Λd = Msr · Ir

Λq = 0

Λr = Lr · Ir

(2.16)

The obtained equations can be represented by the diagram in Fig.2.8a. Figure 2.8
shows a typical example of a no-load characteristic. The curve profile corresponds to
the magnetization process of the machine and the saturation of the magnetic circuits.

Considering that the peak value of the induced no-load voltage coincides with
the q-axis voltage (being Vd = 0), the parameter Msr is expressed by equation (2.17).

Msr =
E

ω · Ir
(2.17)

2.3.2 Short-circuit characteristic

The short-circuit characteristic of wound-field machines refers to the correlation
between the rotor current and the current induced in the stator terminals closed in
short-circuit while maintaining a fixed speed. During this state, the stator voltage is
zero, resulting in Vd =Vq = 0.
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Fig. 2.9 Short-circuit characteristic.

Thus, the system of equations (2.8) transforms into:
0 = Rs · Id −ω ·Λq

0 = Rs · Iq +ω ·Λd

Vr = Rr · Ir


Λd = Ld · Id +Msr · Ir

Λq = Lq · Iq

Λr = Lr · Ir +Msr · Id

(2.18)

In the hypothesis of a negligible value of the stator resistance, substituting the
q-axis flux linkage equation into the d-axis voltage equation leads to (2.19), while
substituting the q-axis flux linkage equation into the d-axis voltage equation leads to
(2.20).

Λq = Lq · Iq = 0 (2.19)

ω ·Λd = ω ·Ld · Id +ω ·Msr · Ir = 0 (2.20)

The obtained equations can be represented by the diagram in Fig.2.9a. Figure
2.9 shows a typical example of a short-circuit characteristic. Equation (2.20) and
Fig.2.9a show that the d-axis current tends to produce a magnetizing effect opposite
to that produced by the excitation current. The resulting magnetic flux is, thus,
modest, and the magnetic saturation is absent, regardless of the rotor current values.
The amplitude of the short-circuit current in steady-state conditions is generally not
dangerous for the machine and is comparable with its rated current.
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Note that the short-circuit test allows obtaining the value of the synchronous
inductance in the d-axis, using (2.20). In this case, the absolute value of the Id

current coincides with the peak value of the stator short-circuit current, being Iq = 0.

Ld =
Msr · Ir

Isc
(2.21)

2.3.3 The Potier diagram

Let’s suppose that the no-load characteristic of the machine is known and to operate
the machine as a generator closed on an inductive load, thus producing only negative
values of the Id current. As a consequence, a voltage V is obtained at the stator
terminals, certainly lower than E, for a fixed value of the excitation current. The
voltage V is represented by the ordinate of P in Fig.2.10. In this operation, the stator
ampere-turns are demagnetizing and act as a real counter-excitation. The resulting
total ampere-turns can be computed as an arithmetic difference:

ATt = ATr −ATs (2.22)

Dividing both members of this relation by the number of rotor turns, the analogous
equivalence relation between the excitation currents is obtained:

It = Ir −α · I (2.23)

Where α is the Potier coefficient and represents the value of the current, which,
circulating in the rotor coils, produces the same magnetic effect as the unit load
current circulating in the three stator phases.

α =
ATs

Nr · I
(2.24)

In the case of a negative current Id , the value α · I must therefore be subtracted
from the excitation current Ir to obtain the resulting excitation current It . This
excitation current is responsible for the production of the magnetic flux. On the
no-load characteristic, the e.m.f. corresponds to this excitation current is represented
by the ordinate MR of the graph in Fig.2.10. This e.m.f. is the result of the voltage



28 The Wound-Field Synchronous Machine

d
Ir

E
q

-RsI

αI

Ep
E
Ep

V

αIIt

-jXσI

O C A
M N

V

E

XσI

αIQ
O’

R

P

D

B

Ir

αI

αIIt
Isc,B

Fig. 2.10 Potier diagram.

V and the voltage drops RsI and jωLσ I, considering the phasor equation:

V = E p +Rs · I + jωLσ · I (2.25)

Neglecting the stator resistance, the voltage jωLσ I coincides with the arithmetic
difference E −V , i.e. the segment QR. The right-angled triangle PQR, also known
as the Potier triangle, has the property of representing the excitation current αI in the
side PQ and the voltage drop Xσ I in the side QR due to leakage reactance. By varying
the load and simultaneously acting on the rotor current in order to keep the stator
current fixed, the voltage at the stator terminals also varies. However, the voltage
drops remain unchanged, since they are caused by the same stator current, and so
does the Potier triangle. Therefore, the voltage at the terminals varies according
to the curve cosϕ = 0 in Fig.2.10, obtained by translating the Potier triangle from
point P. Its intersection with the abscissa axis determines a condition where the stator
voltage is zero, i.e. the short-circuit. The abscissa AO, thus, represents the value of
the excitation current necessary to obtain the current I in the short-circuited stator
winding. The current I is identified by the ordinate BA, measured on the short-circuit
characteristic in A.
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For the complete determination of the Potier triangle, it is sufficient to know
the no-load characteristic, the short-circuit characteristic and a point (P) of the
cosϕ = 0 characteristic related to a certain current I. By reporting this current on the
short-circuit characteristic in AB, the abscissa OA is determined, which represents
the short-circuit excitation Isc,B relative to the current I. Subsequently, moving
the segment OA to O′P and determining point R by the intersection of the no-load
characteristic with a line parallel to the linear part of the no-load characteristic and
starting from O’, the Potier triangle to be completed [70]. Based on this, since
QR = ωLσ I and QP = αI, the leakage reactance and the Potier coefficient also
remain determined, being simply the ratios:

Lσ =
QR
ωI

(2.26)

α =
QP
I

(2.27)

2.3.4 The q-axis inductance

The q-axis inductance can be computed considering the ratio betweeen the d- and q-
magnetic flux density in the air gap induced by sinusoidal ampere-turns, as depicted
in Fig.2.11, where kb represents the portion of one electric pole occupied by the pole
tip [60].

The d-axis magnetic flux density can be approximated as in (2.28), and therefore
it is possible to compute the fundamental value.

Bd(θe) =

Bcos(θe), −kb · π

2 ≤ θe ≤ kb · π

2

0, −π

2 < θe <−kb · π

2 ∨ kb · π

2 < θe <
π

2

(2.28)

Bd,1 =
2
π

∫
π/2

−π/2
Bd cos(θe)dθe =

2
π

∫ kbπ/2

−kbπ/2
Bcos2(θe)dθe (2.29)

Bd,1 =
kb ·π + sin(kb ·π)

π
·B (2.30)



30 The Wound-Field Synchronous Machine

d

θe

q q

π

2
−
π

2
0

𝑘𝑏π

𝑘𝑏
π

2
−𝑘𝑏

π

2

𝐵𝑑 θ𝑒

𝐴𝑇 θ𝑒

(a)

q

θe

d d

π

𝐵𝑞 θ𝑒

𝐴𝑇 θ𝑒

𝑘𝑏π𝑘𝑏π

0 𝑘𝑏
π

2 𝜋 1 −
𝑘𝑏
2

(b)

Fig. 2.11 Air gap flux density and ampere-turns for the d-axis (a), and q-axis (b).

Dually, the q-axis magnetic flux density can be approximated as in (2.31), and
therefore it is possible to compute the fundamental value.

Bq(θe) =

Bsin(θe), −kb · π

2 ≤ θe ≤ kb · π

2

0, −π

2 < θe <−kb · π

2 ∨ kb · π

2 < θe <
π

2

(2.31)

Bq,1 =
2
π

∫
π/2

−π/2
Bq sin(θe)dθe =

2
π

∫ kbπ/2

−kbπ/2
Bsin2(θe)dθe (2.32)

Bq,1 =
kb ·π − sin(kb ·π)

π
·B (2.33)

The d- and q-axis reactances can be thus computed by dividing the stator voltage
induced by the magnetic flux density computed above by the stator current producing
such flux density.

Xd =
2π f ·Ns · kw ·L · τp ·

( 2
π
·Bd,1

)
I

Xq =
2π f ·Ns · kw ·L · τp ·

( 2
π
·Bq,1

)
I

(2.34)
The q-axis inductance can, thus, be obtained as in (2.35).

Lq =
Bq,1

Bd,1
·Ld =

kb ·π − sin(kb ·π)
kb ·π + sin(kb ·π)

·Ld (2.35)
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2.3.5 Common control strategies

The third degree of freedom introduced by the presence of the rotor current opens up
many control strategies that can be implemented [55, 71–78].

• Loss Minimization, in which the aim is to minimize the total losses, both the
stator and the rotor, hence maximizing the motor efficiency.

• Maximum Torque Per Stator Ampere (Stator MTPA), used to achieve the
maximum torque for a fixed rotor current.

• Maximum Torque Per Rotor Ampere, used to achieve a certain torque with the
minimum amount of rotor current. As a consequence, if the required torque
can be achieved by purely reluctance torque, the rotor current is set to zero.
The stator current components must be chosen according to the MTPA.

• Zero d-Axis Current is a special case in which the current vector is set in the
q-direction. This methodology simplifies the control from three degrees of
freedom to two. The remaining variables can be set with the aim of minimizing
the losses.

• Unity Power Factor (UPF) control consists of maximizing the power factor,
which is generally applied to fully utilize the power capability of the inverter.

2.4 Design procedures

Wound-field synchronous machines have been historically used as generators for
power plant applications, where the rotor is connected to the prime mover, which
can be a steam turbine, gas turbine or diesel engine, and the stator is connected to
the power grid. In this scenario, the process of designing wound-field alternators is a
consolidated and reliable procedure that generally exploits well-known coefficients
and geometrical assumptions [58, 79, 80]. For example, the output power coefficient
Cs, shown in Fig.2.12 and also known as the machine constant, is defined as a function
of the apparent power and the number of poles, both dictated by the application.
The parameter Cs allows defining the electric and magnetic loadings, i.e. the linear
current density As and the air gap magnetic flux density Bg, ultimately obtaining a
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Fig. 2.12 The output power coefficient for synchronous generators [58].

fixed rotor volume. In (2.37), Dg is the air gap diameter, L is the axial length, Sn is
the nominal apparent power, cos(ϕ) is the power factor, and n is the rotational speed.

Cs =
π2
√

2
· kw ·As ·Bg (2.36)

D2
g ·L =

Sn · cos(ϕ)
Cs ·n

(2.37)

Although the procedure followed for generators can serve as a basic framework
for designing WFSM motors, it may not always align with the specific requirements
of the application. Indeed, wound-field motors are often designed to operate in heav-
ily saturated conditions, which is not a common assumption in designing generators.
Furthermore, since traction motors are relatively smaller in size when compared to
power plant alternators, some of the assumptions about the geometry of the machines
may also become invalid.

To the best author’s knowledge, the technical literature reports only a limited
amount of documents dealing with the design of wound-field motors. A compre-
hensive study is presented in [44, 81, 82], where high-performance WFSMs were
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designed, prototyped and experimentally characterized with brushes and slip rings
and brushless capacitive power couplers. The machine designs were obtained through
a mechanical, thermal and electromagnetic parametric model used in an optimization
algorithm. Electromagnetic and thermal evaluations have been conducted through
MATLAB, interfaced with FE and thermal equivalent circuit software.

FE optimization is also adopted in [83, 84], where genetic algorithms are used
to find the best candidate for traction drives in hybrid electric vehicles and for a
48V battery electric vehicle, respectively. The study [85] focuses on selecting the
number of stator slots and the number of poles, leading to three machine alternatives,
of which the best design is electromagnetically optimised for use as a wheel hub
drive in an electric vehicle. In [86], a wound-field synchronous motor is designed
and optimized using a metamodel-based approach to maximize its efficiency over a
custom set of load points, and the selected design is prototyped. In [87], six motor
options are compared (including the WFSM), also relying on FE optimizations. The
works presented in [53, 57] employ FE optimizations on predefined geometries
with the aim of optimizing two specific parameters in the former and considering
magnetic asymmetry in the latter. In [88], a wound-field motor is designed to be
compared to a baseline IPM motor, fixating the main dimensions and optimizing for
the peak torque and power and specific efficiency requirements.

An optimization algorithm is used on an analytical model in [89], where seven
parameters are optimized within a fixed machine volume to maximize efficiency. The
development of a population-based design tool that utilizes a magnetic equivalent
circuit is proposed in [90], where the design tool is applied to perform multiobjective
optimization of a 2-kW portable power generator, validated through the construction
of a prototype. In [91], a WFSM prototype is studied and improved also through a
magnetic equivalent circuit. The work [92] presents a specific design analysis on
the possibility of using a subharmonic component of the stator magnetomotive force
for brushless excitation, also proposed in [83], while [93] deals with a dual stator
winding with connections change.

The conclusion is that the literature scenario is mostly focused on optimization
algorithms generally coupled with FE simulations and, to a lesser extent, with
analytical or magnetic equivalent circuit models. Nonetheless, the literature is more
concentrated on papers dealing with the modelling of wound-field machines, as
described in Chapter 3.



Chapter 3

Developed Machine Models

The process of designing wound-field machines requires accurate machine models
able to predict the rated performance and assess the main characteristics and capabili-
ties. Several WFSM models have been proposed and documented in the literature. A
possible classification of the proposed models includes analytical models, magnetic
equivalent circuits, and finite element simulations, excluding those models that are
more suitable for control than design.

The analytical models generally require a certain number of assumptions to
achieve closed-form analytical formulations. For instance, the magnetic perme-
ability of iron is often assumed to be infinite. Neglecting the iron saturation may
strongly limit the model’s accuracy, depending on the actual machine operating
conditions. Nevertheless, equation-based models commonly reach the best computa-
tional performance, as the time required to solve the model is typically negligible
[94–100].

The Magnetic Equivalent Circuits (MECs) may represent a good compromise
between analytical models and finite element simulations. In MEC models, the
machine is partitioned into a finite number of magnetic reluctances connected through
a network. The solution of the system of non-linear equations associated with the
network provides the magnetic flux density of each discretized element, emulating
the machine’s behaviour. The computational time of MEC models is generally lower
compared to finite element simulations. However, the solving efficiency strongly
depends on the selected initial conditions and the adopted method for solving the
system, possibly resulting in convergence problems [101–113].
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Fig. 3.1 Geometry sketch of a wound-field machine.

The finite element analysis is a numerical method of solving partial differential
equations in two or three space variables. The popularity of finite element models
(FEMs) is certainly due to the achieved level of results accuracy. However, an
important role is played by the wide availability of both commercial and free FE
software, which eases the analysis process through user-friendly interfaces and the
possibility of communicating with other software, such as programming platforms.
Although many techniques can be used to optimize the solving procedure, such as
parallel computation and machine periodicity exploitation, the computational time
still remains a burden for FE tools [49, 53–55, 114–120].

In this scenario, even though not necessarily in the field of transportation applica-
tions, combined analytical-numerical approaches are proposed in the literature as
a trade-off between the computational speed of the analytical formulations and the
accuracy of the numerical analyses [121–125]. These hybrid models are generally
used in the modelling of wound-field synchronous generators rather than motors, as
they ease the computation of the damper bar currents.

The following sections describe the WFSM models conceived in this research
activity. In particular, an analytical model, a magnetic equivalent circuit and a
parametric FE model have been developed and compared in terms of accuracy and
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Fig. 3.2 Magnetic circuit along the d-axis.

computational efficiency in order to be used in a sizing algorithm for the design of
wound-field synchronous motors. The geometric variables employed by the proposed
machine models are recollected in Fig.3.1.

3.1 The analytical formulation

Analytical models often require complex mathematical formulations, which may not
always result in a level of accuracy that justifies the effort. Nonetheless, they can still
be a valuable tool in situations where symmetries can be exploited and assumptions
can be made. This is the case of the no-load characteristic, as the magnetic flux is
solely created by the rotor current and, therefore, directed along the d-axis. In this
context, a straightforward analytical procedure for the computation of the no-load
characteristic has been developed, considering the iron saturation, the distortion of
the air gap flux density and the magnetic shunt of the stator slots [126].

3.1.1 The no-load characteristic computation

The computation of the no-load characteristic requires the estimation of the values
{Ir,Es}, meaning the value of the induced stator voltage Es by the rotor current Ir, for
different values of Ir. This characteristic can be obtained by scaling the characteristic
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Fig. 3.3 Scheme of no-load characteristic computation.

{AT,Bg1}, where AT are the total ampere-turns required to magnetize the machine,
while Bg1 is the fundamental value of the magnetic flux density in the air gap.

The proposed computation of such characteristic is based on the segmentation of
the magnetic circuit along the d-axis into five different parts, as shown in Fig.3.2,
i.e. the air gap, the stator and rotor yoke, the stator teeth, and the rotor pole. The
computational process is reported in the scheme of Fig 3.3, where Bg,max is the
maximum value of the magnetic flux density, ATg and ATt are the magnetomotive
forces (m.m.f.) drop in the air gap and stator teeth, respectively, ATgt is the sum of
ATg and ATt .

The scheme shows that the procedure follows two different steps. In the first
step, the m.m.f. drops of the air gap and the stator teeth are computed for different
values of maximum magnetic flux density in the air gap. Therefore, assuming that
the distortion of the magnetic flux density in the air gap is solely due to the saturation
of the stator teeth, the remaining m.m.f. drops (rotor and stator yoke and rotor pole)
are computed in the second step. The sum of all the m.m.f. drops provides the value
of AT for a specific maximum magnetic flux density in the air gap. Repeating the
computation for different values of Bg,max, the characteristic {AT,Bg1} is obtained,
and thus {Ir,Es}. The following sections describe the procedure adopted in each of
the presented steps.
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STEP 1

Air Gap m.m.f. Drop

Step 1 starts with the computation of the m.m.f. drop in the air gap ATg. The air
gap length is assumed to be inversely proportional to the cosine of the angle that
starts from the d-axis, as explained in Chapter 2. For a specific value of Bg,max, the
value of the m.m.f. drop in the air gap is computed as in (3.1), where kC is the Carter
factor calculated for the average air gap length [79].

ATg =
Bg,max

µ0
· kC ·g0 (3.1)

Stator Teeth m.m.f. Drop

The m.m.f. drop in the stator teeth is required to complete the second step. The
amount of ampere-turns required to magnetize the circuit is significantly affected
by the saturation of the stator teeth. Typically, in mild saturation conditions, it
is assumed that the magnetic flux passing through one slot pitch (Φsp) is entirely
funnelled in the teeth. Therefore, the magnetic flux density in the portion of the
stator tooth closer to the air gap (Bt0) can be computed trough (3.2)-(3.3), where τs is
the slot pitch, kst is the lamination stacking factor and L is the machine axial length.

Φsp = Bg,max · τs ·L (3.2)

Bt0 =
Φsp

kst ·wst
(3.3)

Nevertheless, when the tooth becomes highly saturated, the amount of magnetic
flux in the slot becomes non-negligible, causing the magnetic shunt of the stator
slots. This phenomenon is evaluated in the proposed procedure through an iterative
method in order to consider the non-linear magnetic characteristic of the lamination
material.

The teeth and the slots are divided into N layers, as depicted in Fig.3.4a, assuming
parallel equipotential lines [127]. For each discretized layer, the magnetic flux of the
stator tooth Φt and of the stator slot Φs are computed through (3.4)-(3.5), where ws

is the slot width of the considered layer, Bt and Bs are the tooth and slot magnetic
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Fig. 3.4 Shunt effect of the slot (a), teeth working point (b).

flux density, respectively. In equation (3.5), the first term represents the flux share in
the stator slots, while the second is through the lamination sheets.

Φt = Bt ·L · kst ·wst (3.4)

Φs = Bs ·L ·ws +Bs ·L · (1− kst) ·wst (3.5)

The sum of Φt and Φs is the flux relative to one slot pitch Φsp.

Φsp = Φt +Φs (3.6)

Substituting (3.4) and (3.5) into (3.6), equation (3.7) can be obtained.

Bt0 = Bt(H)+
µ0

kst

(
ws

wst
+1− kst

)
·Hst = Bt(H)+m ·Hst (3.7)

For a given value of the magnetic field in the stator tooth Hst , the magnetic
flux density of the i-th layer of the tooth (Bt) can be found by intersecting the iron
magnetic characteristic with the line in (3.7), as depicted in Fig.3.4b.

Based on these premises, the iterative procedure is obtained as shown in Fig.3.5,
i.e. by implementing the following steps.

• Using equation (3.3), the value of Bt0 is computed and assumed as the first
initial guess of the magnetic flux density in the tooth (Bt).

• The magnetic field in the tooth Hst is computed entering the iron magnetic
characteristic curve with the assumed value of Bt .
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For i-th layer:

end
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Fig. 3.5 Iterative procedure for the computation the magnetic flux density of the i-th tooth
layer considering the slot magnetic shunt.

• The obtained value of Hst is used in equation (3.7) to compute the new value
of the magnetic flux density in the tooth (Bt,new).

• If the assumed Bt differs from Bt,new more than a defined tolerance ε , the pro-
cedure is repeated assuming Bt = Bt,new otherwise the procedure is completed.

Note that the described procedure applies to one layer of the stator tooth and slot
and for one value of the maximum magnetic flux density in the air gap. The total
m.m.f drop in the tooth is found by summing the contribution of each layer, as in
(3.8), where ATt is a function of Bg,max, Hi is the magnetic field of the i-th tooth layer
and ∆x is the length of the layer.

ATg(Bg,max) =
N

∑
i=1

Hst,i ·∆x (3.8)

The m.m.f. drop ATgt is therefore obtained by summing ATg and ATt , computed
through (3.1) and (3.8), for different values of Bg,max. This allows for the computation
of the characteristic {ATgt ,Bg,max}, necessary for the second step.
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Fig. 3.6 Air gap flux density distortion (a), typical air gap flux density (b).

STEP 2

Air Gap flux density waveform

Whereas the maximum value of the magnetic flux density was sufficient for obtain-
ing the {ATgt ,Bg,max} characteristic, an estimation of the actual distribution of the
magnetic flux density is needed in the second step to determine the m.m.f. drop in
the other parts of the machine. The adopted shape of the rotor pole as an inverse
cosine results in a sinusoidal distribution of the m.m.f. at the air gap, at least in the
area covered by the pole iron. In saturation conditions, the magnetic flux density
waveform resulting from a sinusoidal m.m.f. becomes distorted along the circum-
ference of the air gap, as shown in Fig.3.6a. Assuming the distortion to be caused
mainly by the saturation of the teeth, the maximum value of the m.m.f. distribution
at the air gap can be obtained from {ATgt ,Bg,max}, for a given value of Bg,max. The
waveform of m.m.f. at the air gap can be thus described by the function in (3.9),
where θ is the angle starting from the d-axis.

AT (θ) = ATgt(Bg,max) · cos(θ) (3.9)

Considering that in the area between two consecutive poles, i.e. in the q-axis
direction, the presence of a large region of air causes the air gap flux density to drop
abruptly, as depicted in Fig.3.6b, the distribution of Bg can be approximated as a
piecewise function. The air gap flux density is considered different from zero only
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Fig. 3.7 Distorted air gap flux density computation (a), computational procedure for the
stator yoke m.m.f. drop (b).

for those values of θ in which the iron pole is present, as in (3.10), where Bg,0 is the
air gap flux density when kb → 1, i.e. when the rotor pole tip tends to occupy the
whole pole pitch.

Bg(θ) =

Bg,0(θ), θ ≤ kb · π

2

0, θ > kb · π

2

(3.10)

The magnetic flux density waveform Bg,0 is built considering the distorted distri-
bution, following the procedure shown in Fig.3.7a [128]. At this stage, knowing the
distribution of the magnetic flux density in the air gap, the m.m.f. drop of the stator
and rotor yoke and rotor pole can be obtained, as well as the fundamental value of
Bg. The formulation of the latter is expressed in (3.11).

Bg1 =
4
π

∫ π

2

0
Bg(θ) · cos(θ) ·dθ (3.11)

The computation of Bg1 is discretized by dividing the air gap of half the pole
into Na layers, defining the variable θi as the angular coordinate of the centre of each
layer.

Discetizing equation (3.11), the value of Bg1 is determined.

Bg1 =
2

Na

Na

∑
i=1

Bg(θi) · cos(θi) (3.12)
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Stator Yoke m.m.f. Drop

The magnetic flux density in the stator yoke is lowest in the d-axis and progressively
increases towards the q-axis, as shown in Fig.3.7b. The value of the magnetic flux
density in the stator yoke Bsy at the angular position α , referred to the d-axis, can be
computed as in (3.13), where Dg is the diameter at the air gap centre, hsy is the stator
yoke height.

Bsy(α) =
∫

α

0
Bg(θ) ·

Dg

2 ·hsy
· 1

kst · p
·dθ (3.13)

For a discrete variable θ , the magnetic flux density in the yoke can be computed
as in (3.14), where ny is the number of considered yoke pieces at the coordinate α .

Bsy(α) =
ny(α)

∑
i=1

Bg(θi) ·
Dg

2 ·hsy
· 1

kst · p
·∆θ (3.14)

Ultimately, the required value of the m.m.f. drop in the stator yoke is obtained as in
(3.15), where Dsy is the diameter at the centre of the yoke.

ATsy(Bg,max) =
Na

∑
i=0

H(Bsy(θi)) ·
Dsy

2p
·∆θ (3.15)

Rotor Yoke and Pole m.m.f. Drop

The computation of the m.m.f. drop in the rotor yoke (ATry) and rotor pole (ATrp)
follows an easier procedure. Indeed, because of the absence of slots, a constant value
of magnetic flux is assumed for each of the two machine parts, as depicted by the
red flux lines in Fig.3.7b. Therefore, the required m.m.f. drop ATry and ATrp depend
on the flux per pole, which can be obtained through equation (3.16), while the value
of the integral for the discrete variable θ is found as expressed in (3.17).

Φp = 2
∫ π

2

0
Bg(θ) ·Dg ·L · 1

2p
·dθ (3.16)

Φp = 2
Na

∑
i=1

Bg(θi) ·Dg ·L · 1
2p

· π

2
(3.17)
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Therefore, the values of the magnetic flux density in the rotor yoke and pole are
computed as in equations (3.18) and (3.19), where hry is the height of the rotor yoke
and wp is the width of the pole, and the same stacking factor is assumed for the stator
and rotor cores.

Bry =
Φp

2
· 1

hry ·L · kst
(3.18)

Bp = Φp ·
1

wp ·L · kst
(3.19)

From the magnetic characteristic, the magnetic field in the rotor yoke (Hry) and
in the pole (Hp) is obtained, and thus the values of the m.m.f. drop, considering Dri

the rotor inner diameter, hry the rotor yoke height and hp the rotor pole length.

ATry = Hry
(Dri +hry) ·π

4p
(3.20)

ATp = Hp ·hp (3.21)

No-Load Characteristic

Finally, the {Bg,AT} characteristic can be obtained by summing all the computed
m.m.f. drops and repeating the procedure for different values of Bg,max.

ATtot = ATd +ATt +ATsy +ATry +ATp (3.22)

The obtained curve is manipulated to obtain the no-load characteristic {Ir,Es} for
a given speed. The rotor current value is simply obtained by dividing AT by the
number of rotor turns Nr. The no-load voltage Es is obtained through (3.23), where
kw is the winding factor, and N1 is the equivalent number of turns in series per phase.

Es =
2π√

2
· f · kw ·N1 ·

(
2
π
· τp ·L ·Bg1

)
(3.23)

The proposed procedure is validated by means of simulations with the FE method,
for two case study machines of 4 and 6 poles. Figure3.8 shows the obtained results,
particularly the obtained no-load characteristic and the magnetic flux density distribu-
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Fig. 3.8 Results for the 4-pole machine (a)-(c)-(e), and for the 6-pole machines (b)-(d)-(f).

tion for Bg,max = 1T , in terms of instantaneous values and fundamental components.
The proposed procedure features low percentage errors in the whole range of the
no-load characteristic. Specifically, in the saturation region, the maximum percent-
age error is 2.9%, reached by the highest rotor current of the 6-pole machine. Low
percentage errors in this region are especially welcomed for this kind of motor that
generally works in high saturation conditions. Slightly higher percentage errors occur
in the linear part of the curve, albeit lower than 5%. The increase in the percentage
errors is mainly due to the relatively small values of the measured quantities used
as the reference for the error computation, considering that the maximum absolute
error is lower than 3V.
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3.2 The magnetic equivalent circuit

Magnetic equivalent circuits are based on the duality between electric and magnetic
circuits. Voltages, currents and resistances become m.m.f. drops, magnetic fluxes
and reluctances, respectively, in the magnetic circuit. In case saturation is taken into
account, the magnetic reluctances are non-linear elements; thus, solving the circuit
means solving a system of non-linear equations.

The most common method for solving the system is to apply Kirchoff’s current
law to find the unknown m.m.f. drops of each node of the circuit. In this model, the
system is built using magnetic permeances to relate m.m.f. to source magnetic fluxes.
An alternative to the nodal-based approach is the mesh-based approach, in which
Kirchoff’s voltage law is used to find the unknown magnetic fluxes in each loop of
the circuit using the magnetic reluctances. Although the nodal-based MEC features
an easier implementation due to the fact that the number of nodes in the circuit is
fixed (while loops depend on the position between stator and rotor), the mesh-based
model results in much better convergence performance. The reason is due to the
different residual functions of the two approaches [107, 129].

In the context of magnetic equivalent circuits, a mesh-based model that includes
rotation has been developed for wound field synchronous motors and presented in
the forthcoming sections.

3.2.1 The equivalent circuit

Figure 3.9 shows the developed magnetic equivalent circuit. The circuit models one
machine periodicity, and therefore, it is suitable for an arbitrary number of poles.
The total number of reluctances depends on the machine geometry. To be specific,
the stator yoke (Rsy) and the stator tooth reluctances (Rst) are equal to the number
of teeth in one machine pole (ns). The reluctances of the air gap (Rag) depend on
the connections between the stator teeth and the discretized number of elements of
the rotor pole (Nri) and interpolar air (Nra). Leakage reluctances are also included
according to [108]. These are considered in the stator slots (Rss), in the rotor slots
(Rsr), in the interpolar air (Rias and Rpp). The pole body is approximated as one
single reluctance (Rrp), while the rotor yoke is divided into three parts (Rry).
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Fig. 3.9 Magnetic equivalent circuit of wound-field machines.

Depending on the number of magnetic reluctances and their connections, the total
number of flux loops, shown with red arrows in Fig.3.9, is determined. In particular,
based on the defined circuit, the number of stator flux loops Φs coincides with ns, and
the number of rotor flux loops is 3. However, the number of flux loops in the air gap
Φa is not known a priori, as it depends on how many connections are formed between
the stator teeth and the rotor sections. The reluctances representing a part of the
machine composed of magnetic material are non-linear elements of the circuit. These
are reported in the blue regions of Fig.3.9. The remaining reluctances, reported in
the white regions, represent non-magnetic materials and thus are considered constant
values.

The branches highlighted in orange and green include border reluctances. The
border reluctances in the orange branch are in a position of magnetic symmetry.
Hence, the same behaviour is expected by the two branches on the side of the
modelled machine portions. The border reluctances in green belong to the same loop,
namely "r,3". In both cases, the adjacent pole features an antiperiodic behaviour with
respect to the modelled one, as shown by the change in the direction of the flux loop
arrows on the right border of Fig.3.9. Therefore, a sign minus will be included for
the border reluctances in building the reluctance matrix of the magnetic equivalent
circuit.
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Fig. 3.10 Stator reluctances.

3.2.2 The magnetic reluctances

In order to solve the MEC, each magnetic reluctance of the circuit must be computed.
The general formulation for the computation of magnetic reluctance is shown in
(3.24), where l is the length of the considered magnetic flux tube, S is its surface,
and µr is the relative magnetic permeability. The equation is simplified in the case
of prismatic or cylindrical volumes where the surface is constant along the variable
l, leading to (3.25). In the following sections, the computation of each magnetic
reluctance is explained.

Rm =
∫ dl

µ0 ·µr(l) ·S(l)
(3.24)

Rm =
l

µ0 ·µr ·S
(3.25)

Stator reluctances

The computation of the stator reluctances Rsy, Rst , Rss is a relatively straightforward
process. The considered flux tubes are shown in Fig.3.10. The stator tooth and stator
yoke reluctances are computed through (3.26) and (3.27), where Ns is the number of
stator slots, Dso is the stator outer diameter, hst is the stator tooth height.

Rst =
hst

µ0 ·µr,st · (L · kst ·wst)
(3.26)

Rsy =
π · (Dso −hsy)/Ns

µ0 ·µr,sy · (L · kst ·hsy)
(3.27)
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The stator slot leakage reluctance is computed through the formulation of the spe-
cific permeance of slots reported in [130]. In (3.28), the formulation for trapezoidal-
shaped slots is shown, according to the geometric variables defined in Fig.3.1.

pss = µ0 ·
hus

ws2
·


(

ws1
ws2

)2
− w4

s1
4w4

s2
− ln

(
ws1
ws2

)
− 3

4(
1−
(

ws1
ws2

))(
1−
(

ws1
ws2

)2
)2

 (3.28)

Rss =
1

pss ·L
(3.29)

Air gap reluctances

The air gap reluctances are formed between the stator teeth and the rotor sections.
The connection between the is-th stator tooth and the ir-th rotor section is supposed
to exist only if a part of the rotor section is between the centres of the two adjacent
slots, as shown in Fig.3.11a. In the figure, for instance, the rotor sections ir −1 and
ir are connected to the is tooth, but no connection exists with the ir +1 rotor section.
The air gap reluctances are computed as the parallel combination of two reluctances,
i.e. the inverse of the sum of two permeances (Pst and Ps f ), as depicted in Fig.3.11a.
The first permeance Pst represents the main flux between the stator tooth and the
portion of the rotor section placed directly under the tooth. The second permeance
Ps f represents the fringing flux from the tooth sides to the rotor section. Different
scenarios can occur depending on the mutual position of the is-th stator tooth and
the ir-th rotor section, as later addressed.

The computation of the air gap permeance associated with the main flux is
expressed in (3.30), where wsr is the width of the overlapping portion of the stator
tooth and the rotor section, and g is the air gap length. In the developed model,
the air gap is assumed to be shaped as an inverse cosine; therefore, the value of g
depends on the angular coordinate θ .

Pst =
µ0 ·L ·wsr

g(θ)
(3.30)

The fringing permeance is obtained by integration over the width of the flux tube.
The length of the flux is considered to be the sum of the air gap length and a quarter of
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Fig. 3.11 Sketch of the is-th stator tooth and the ir-th rotor section.

a circumference starting from the side of the slot and radius r, which thus represents
the variable for the integration, as shown in white in Fig.3.11a.

Ps f =
∫ r2

r1

µ0 ·L
π

2 · r+g(θ)
dr (3.31)

Through 3.30 and 3.31, the magnetic permeances Pst and Ps f are known if the
width of the main tube flux wsr and the bounds of integration r1 and r2 of the fringing
flux are determined. The air gap reluctance is thus computed as in (3.32).

Rag =
1

Pag
=

1
Pst +Ps f

(3.32)

According to Fig.3.11b, let’s consider the variable xs the angular position of the
stator teeth, identified by the coordinates of the centres of the adjacent slots. The
variable xr identifies the angular position of the rotor sections. The angle αs is the
angular slot pitch in radians, and αt is the angle of the tooth width at the air gap
(wst0).

αs =
2π

Ns
(3.33)

αt = 2arcsin
(

wst0

Dg

)
(3.34)
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Fig. 3.12 Possible connection cases between the is-th stator tooth and the ir-th rotor section.

In order to compute the air gap permeance, one must know how the is-th stator
tooth connects to the ir-th rotor section. Figure 3.12 shows eight of the thirteen
considered possible cases of connection. For the economy of space, the conditions
symmetric to the cases (d) to (h) are not reported. For example, Fig.3.12g has a dual
case in which the fringing flux is on the right side of the tooth. The computation of
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Table 3.1 Computation of the air gap reluctance for case (a).

CASE (a)

Case conditions

{
xr(ir)> xs(is)+ αs−αt

2
xr(ir +1)< xs(is +1)− αs−αt

2

Main flux permeance Pst =
µ0·L

g

[
(x2(ir +1)− x2(ir)) ·

Dg
2

]
Fringing flux permeance Ps f = 0

Table 3.2 Computation of the air gap reluctance for case (b).

CASE (b)

Case conditions

{
xr(ir)< xs(is)
xr(ir +1)> xs(is +1)

Main flux permeance Pst =
µ0·L

g

[
αs ·

Dg
2

]
Fringing flux permeance


r′1 = r′′1 = 0
r′2 = r′′2 = αs−αt

2 · Dg
2

Ps f = 2 ·
∫ r′2

r′1

µ0·L
π

2 ·r+gdr

Table 3.3 Computation of the air gap reluctance for case (c).

CASE (c)

Case conditions

{
xr(ir)> xs(is) & xr(ir)< xs(is)+ αs−αt

2
xr(ir +1)> xs(is +1)

Main flux permeance Pst =
µ0·L

g

[
αs ·

Dg
2

]

Fringing flux permeance


r′1 = r′′1 = 0
r′2 =

(
xs(is)+ αs−αt

2 − xr(ir)
)
· Dg

2
r′′2 =

(
xr(ir)− xs(is +1)+ αs−αt

2

)
· Dg

2

Ps f =
∫ r′2

r′1

µ0·L
π

2 ·r+gdr+
∫ r′′2

r′′1

µ0·L
π

2 ·r+gdr

the air gap permeances is shown only for the first three cases since the others can be
obtained through the same methodology. The case conditions, the computation of
the main flux permeance and the fringing flux permeance are recollected in Table
3.1, Table 3.2, and Table 3.3 for cases (a), (b), and (c), respectively.
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Fig. 3.13 Rotor iron reluctances.

Rotor iron reluctances

The values of the rotor reluctances are computed according to [108]. The configu-
ration of the rotor iron reluctances is shown in Fig.3.13. The total number of pole
tip reluctances depends on the selected number of discretized elements of the rotor
pole Nri. In particular, selecting Nri nodes on the rotor pole tip leads to Nri + 2
reluctances considering the two external ones, as shown in Fig.3.9, in which Nri = 8.
The configuration is designed so that flux flows tangentially in the pole tip on both
sides of the pole body, while it flows radially directly above the rotor pole body, as
indicated by the arrows in in Fig.3.13. The width of a pole tip section is computed as
in (3.35), in which the numerator is the geometric arc occupied by the rotor pole tip.

wri =
Dg · sin(kb · π

2p)

Nri
(3.35)

The value wri represents the length of the flux tubes of the tangential reluctance
and the width of the flux tubes of the radial reluctances.

The height of each pole tip section can be evaluated through (3.36), where hp1

and the variable x are shown in Fig.3.13. The value hp2 represents the length of the
flux tubes of the radial reluctance and the width of the flux tubes of the tangential
reluctances.

hp2(x) =

√(
Dro

2
−g(x)

)2

− x2 −
(

Dri

2
+hry +hp1

)
(3.36)
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The flux tubes of the reluctances at the extremities of the pole tip have half the
length of the other tangential reluctances.

Rri,1 =
wri/2

µ0 ·µri(1) ·L · kst ·hp2

(
wri ·

(
Nri
2 − 1

4

)) (3.37)

Rri,Nri+2 =
wri/2

µ0 ·µri(Nri +2) ·L · kst ·hp2

(
wri ·

(
Nri
2 − 1

4

)) (3.38)

The number of tangential reluctances depends on the machine geometry. Specif-
ically, one can compute the total length occupied by the tangential reluctances as
in (3.39), where lt refers to half of the pole tip, and the variable h1 = 1/2 ·hp2(Nrt ·
wrt/4) is reported in Fig.3.13.

lt =
Nri ·wri −wp

2
+min

(wp

4
,h1

)
(3.39)

Therefore, the number of tangential reluctances on half of the pole, excluding
the extremity one, is the next higher integer of (3.40).

nt =
lt

wri
− 1

2
wri (3.40)

The length of the innermost tangential reluctance lti cannot then be wri, but it is
determined by the remaining length from lt . Accordingly, the value of the reluctance
is computed as in (3.42).

lti = lt − (0.5+nt −1) ·wri (3.41)

Rri(nt) =
lti

µ0 ·µri(nt) ·L · kst ·hp2

(
wri · (0.5+nt)− lti

2

) (3.42)

The remaining tangential reluctances are computed similarly to (3.37), (3.38)
and (3.42), but considering the length equal to wri and updating the function hp2

according to the position of the reluctance. The radial reluctance can also be obtained
similarly, but using hp2(x)−h1 as length and wri as width of the flux tubes.
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Fig. 3.14 Rotor interpolar air reluctances.

The computation of the rotor pole body reluctance is a straightforward procedure,
as shown in (3.43).

Rp =
hp1

µ0 ·µri(nt) ·L · kst ·wp
(3.43)

The rotor yoke reluctances, Rry,1, Rry,2 and Rry,3 feature that same flux tube
surface, whose width coincides with the rotor yoke width, but different flux tube
length. The length of Rry,1 and Rry,2 can be computed as in (3.44), while that of Rry,3

as in (3.45).

lry,12 = wp · arcsin
(

wp

Dri +hry

)
(3.44)

lry,3 =
Dri +hry

2
·
(

π

2
−2 · arcsin

(
wp

Dri +hry

))
(3.45)

Rotor air reluctances

The configuration of the reluctances in the interpolar air is shown in Fig.3.14, where
Rra represents the rotor fringing, Rpp the rotor pole leakage, Rias the fringing from
the bottom of the pole, Rsr the rotor winding leakage [108].

The reluctances in the interpolar region Rra are defined starting from the line that
connects the corner of the rotor tip, point A of Fig.3.14, to the centre of the interpolar
region at the radius Dsi/2− gmax, point C of Fig.3.14. The parameter gmax is the
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maximum air gap length inside the rotor pole tip, computed as g(kb ·π/2). Therefore,
the reluctances Rra are not considered part of the air gap, with the advantage of
simplifying the model [108]. The number of the reluctances in the interpolar region
coincides with the discretized elements Nra, as depicted in Fig.3.9.

The widths of the interpolar flux tubes wra are considered to be uniform and equal
to the interpolar region length of both sides divided by the number of discretized
elements Nra. The length is approximated as the length of the arc centred with
respect to the flux tube.

lra,i = θra

(wra

2
+wra · (i−1)

)
(3.46)

The angle θra is shown in Fig.3.14, and its value can be computed by summing
θra,1 and θra,2.

AB = (Dsi −2 ·gmax) · sin
(

1
2
· (1− kb) ·

π

p

)
(3.47)

CD =

(
Dsi

2
−gmax

)
−

√(
Dsi

2
−gmax

)2

−
(

AB
2

)2

(3.48)

θra,1 = arctan
(

CD
AB/2

)
(3.49)

θra,2 =
1
2
·
(

π − π

p

)
(3.50)

The reluctance representing the fringing through the bottom of the pole tip Rias is
computed as in (3.51), considering that the width of the flux tube includes the entire
bottom of the pole tip except for a small section of length wri/4 at the outside edge.

Rias =
2
π
·L · ln

(
(wri ·Nri −wp)/2

wri/4

)
(3.51)

The width of the flux tube that represents the leakage pole-to-pole (Rias) is set
to one-third of the height of the pole hp [108]. The flux tube length is computed
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through equation (3.52), considering the placement of the flux tube centre at the end
of the fringing reluctances.

lpp =
AB
3

·
(

1
cos(θra,2)

−1
)
· sin

(
π

2p

)
(3.52)

Finally, the field leakage reluctance is obtained considering a rectangular geome-
try. The value of the reluctance Rsr is computed as in (3.53), where w f is the field
winding width.

Rsr =
3hp

µ0Lw f
(3.53)

3.2.3 The system of non-linear equations

The solution of the circuit in Fig.3.9 is obtained by applying the Kirchhoff’s voltage
law to each loop, creating a system of non-linear equations, as in (3.54). The matrix
AAARRR is the reluctance matrix, ΦΦΦ is the vector containing the loop fluxes, and FFF is the
vector of the m.m.f. sources, nl is the sum of ns, nr and na, i.e. the total number of
flux loops in the circuit.

AAA[nl x nl ]
RRR ΦΦΦ

[nl x 1] = FFF [nl x 1] (3.54)

The vector of the loop fluxes ΦΦΦ contains the ns loops in the stator, the nr = 3
loops in the rotor, and the na loops in the air gap. These loop fluxes represent the
unknowns of the problem to be solved.

ΦΦΦ = [Φs,1 ... Φs,ns Φa,1 ... Φa,na Φr,1 ... Φr,nr ]
T (3.55)

Similarly, the vector of the m.m.f. sources FFF contains the ns m.m.f sources in the
stator, the nr = 3 m.m.f. loops in the rotor, and the na m.m.f. loops in the air gap.
These values represent the inputs of the circuit.

FFF = [Fs,1 ... Fs,ns Fa,1 ... Fa,na Fr,1 ... Fr,nr ]
T (3.56)
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The m.m.f. sources can be grouped into three sub-matrices associated with the stator,
the rotor and the air gap. However, as no conductors are present in the air gap
region, no m.m.f source exists in the air gap loops. The vector FFF can be then simply
converted into (3.57).

FFF =
[
FFF [1 x ns]

s FFF [1 x nr]
r 000[1 x na]

]T
(3.57)

The m.m.f sources in the stator depend on the stator winding matrix NNNabc and
the stator phase currents iiiabc.

FFF [1 x ns]
s = iii[1 x 3]

abc NNN[3 x ns]
abc (3.58)

The stator winding matrix NNNabc is built depending on the specific machine stator
winding arrangement, for instance, distributed or concentrated, double or single
layer, and ultimately depends on the number of slots per pole and per phase q, and
the number of turns in series per phase in one slot Zc. An example is provided in
(3.59), relative to a 2-poles per slot per phase machine with single-layer distributed
winding. The stator phase currents iiiabc vector contains the instantaneous values of
the currents, here developed as a consequence of imposing dq-currents.

NNNabc =

Zc 0 0 0 0 −Zc

0 0 0 Zc Zc 0
0 −Zc −Zc 0 0 0

 (3.59)

The rotor m.m.f. sources exist only in the first two loops of the three rotor
loops, according to Fig.3.9. In particular, the rotor m.m.f. sources vector is obtained
through (3.60), considering that no m.m.f. source is present in the third loop of the
rotor flux loops, see Fig.3.9.

FFF [1 x nr]
r = [−1 1 0] ·Nr · Ir (3.60)

The value of the unknowns can be computed through (3.54), if the reluctance
matrix AAARRR is determined. The matrix of reluctances is based on the network topology
and calculated through the reluctances computed in the previous section. A division
into sub-matrices is reported in (3.61), in which AAAs is associated with the stator



3.2 The magnetic equivalent circuit 59

reluctances, AAAr with the rotor reluctances, AAAa with the air gap reluctances, while the
off-diagonal matrices AAAa,s and AAAa,r represent the connection between the air gap and
the stator, and the air gap and the rotor, respectively. No direct connection exists
between the stator and the rotor.

AAAR =


AAA[ns x ns]

s 000[ns x nr] AAA[ns x na]
a,s

000[nr x ns] AAA[nr x nr]
r AAA[nr x na]

a,r

AAAT
a,s AAAT

a,r AAA[na x na]
r

 (3.61)

The matrix is populated according to the circuit theory for mesh-based solutions
of networks. In particular, the generic element of the main diagonal in position (i,i)
is the sum of all the reluctances of the i-th loop. The generic off-diagonal element in
position (j,k) is the opposite of the sum of the reluctances in common between the
j-th loop and the k-th loop. An example is given by equations (3.62) and (3.63).

AAAs(1,1) = Rst,1 +Rsy,1 +Rst,2 +Rss (3.62)

AAAs(1,2) = AAAs(2,1) =−Rst,2 (3.63)

However, attention must be paid to the off-diagonal elements that include border
reluctances. Let’s consider the border reluctance Rst,1 of the circuit in Fig.3.9. A
fictitious connection is imagined between loop 1 and loop ns. Yet, loop ns is actually
connected to the loop ns+1, whose flux has the same value as loop 1 but the opposite
sign, because of the machine’s antiperiodicity. Therefore, the connection between
loop 1 and loop ns must be corrected by changing the sign of the corresponding
off-diagonal element.

AAAs(1,ns) = AAAs(ns,1) = +Rst,1 (3.64)

The same concept applies to the border reluctances of the air gap and of the rotor,
as shown, for example, in (3.65) and (3.66).

AAAa(1,na) = AAAs(na,1) = Rag,1 +Rra,1 (3.65)

AAAr(1,nr) = AAAr(nr,1) = +Rsr (3.66)
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Therefore, by inspection of the circuit, the reluctance matrix is automatically
populated following the procedure explained in the previous sections. Based on how
many reluctances are formed and which stator tooth and rotor section they connect,
the topology changes and, therefore, the reluctance matrix. The key to considering
this aspect is to verify whether two consecutive rotor sections connect to the same
stator tooth. If such a connection exists, two consecutive air gap reluctances are
included in the reluctance matrix element together with one or more rotor reluctance.
On the contrary, if two consecutive stator teeth connect to the same rotor section, the
element must include the two consecutive air gap reluctance and the stator leakage
reluctance. Otherwise, if none of these two possibilities is verified, the element must
include two consecutive air gap reluctances, one or more stator leakage reluctances,
and one or more rotor reluctances.

3.2.4 The Newton-Raphson solution

The solution of the circuit is obtained through the Newton-Raphson method, whose
complete procedure is shown in Fig.3.15. Rearranging equation (3.54), it is possible
to obtain the residual function to be used in the procedure.

f (ΦΦΦ) = AAARRRΦΦΦ−FFF = 0 (3.67)

The procedure consists of iteratively approximating f (ΦΦΦ) near the current iterate ΦΦΦ
k

by the linear function fl(ΦΦΦ), and then using the solution as the next iterate until a
certain tolerance is reached. The function fl(ΦΦΦ) is obtained as in (3.68), where JJJRRR is
the Jacobian matrix.

fl(ΦΦΦ) = f (ΦΦΦk)+ JJJRRR(ΦΦΦ
k) · (ΦΦΦ−ΦΦΦ

k) (3.68)

As a first step, an initial guess of ΦΦΦ must be assumed. In particular, it is considered
that the iron is unsaturated, and the relative permeability of each reluctance is equal
to the maximum offered by the material. Based on this assumption, each reluctance
of the circuit is computed, and the reluctance matrix is built. Using equation (3.54),
the initial guess of the loop fluxes is obtained.

The subsequent step is to compute the flux flowing through each reluctance of
the circuit. For instance, taking the circuit of Fig.3.9 as a reference, the flux in the
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Fig. 3.15 Newthon-Raphson procedure.

reluctance Rsy,1 coincides with the flux loop 1, Φs,1. On the contrary, the flux in Rst,2

is the difference between the flux in loop 1 and in loop 2, as in (3.69).

Φst,2 = Φs,1 −Φs,2 (3.69)

Once the reluctance fluxes are known, the associated magnetic flux density is
obtained by dividing by the surface of the corresponding flux tube. Thanks to the
material magnetic characteristic, the magnetic permeability is retrieved, together
with its derivative with respect to the magnetic flux density.
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Fig. 3.16 Rotor interpolar air reluctances.

The obtained magnetic permeability is used to update the values of the reluc-
tances, and, ultimately, the matrix AAARRR. The derivative is used to update the Jacobian,
as more thoroughly explained in Appendix A.

Finally, the new values of the loop flux vector are obtained as in (3.70), and
compared to the starting values or the values of the previous iteration. If the defined
tolerance is respected, the procedure is complete and the final results are obtained.
Otherwise, the new loop flux vector is assumed as input, and the procedure is
repeated.

ΦΦΦnew = ΦΦΦ− JJJ−1
RRR (AAARRRΦΦΦ−FFF) (3.70)

3.2.5 The motion incorporation

At this stage, the model works only for a determined rotor position. In order to
incorporate the motion in the magnetic equivalent circuit, a relative movement
between the stator and the rotor must exist.

Although the rotor circuit can be built as a function of the rotor position [107],
the alternative method proposed in this research is to slide the rotor circuit depending
on the selected angular position and to connect the rotor to the corresponding stator
section, as shown in Fig.3.16. This approach fixes the rotor network in the space and,
therefore, the position of the rotor iron and the rotor air reluctances. The stator iron
is repeated along the θ coordinate, while the rotor section coordinates are increased
by θ . Then, the procedure to determine the air gap reluctances explained in Section
3.2.2 maintains its validity.
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Fig. 3.17 Sensitivity analysis of the parameter Nri.

However, the winding matrix Nabc must be built consistently when repeating
the stator structure. For example, the matrix Nabc in (3.59) should be completed by
appending by row the matrix NNN”abc, and then repeated as long as the selected angular
position is included.

NNN”abc =

−Zc 0 0 0 0 Zc

0 Zc Zc 0 0 0
0 0 0 −Zc Zc 0

 (3.71)

3.2.6 Comparison with FE simulations

The accuracy of the proposed magnetic equivalent circuit model depends on the
selected discretization of the rotor sections, and in particular on the rotor iron
elements Nri. Figure 3.17 shows the impact of Nri on the air gap flux density of a
case study machine. The higher the number of rotor iron sections, the more accurate
results are obtained, albeit with larger computational time. For example, for the cases
with Nri ≤ 30 the time required to build the matrix and find the first solution is around
10ms, while for the case Nri = 1000 is around 300ms, therefore 30 times more. Note
that, to reach the convergence, the procedure is repeated a certain number of times,
which may lead to significant differences in the final solving time. Nonetheless, it
has been noted that generally less iterations are required with a higher number of
rotor elements. A good compromise has been individuated in the case Nri = 30.

The MEC model has been tested for different wound-field machines, including
different numbers of poles, slots per pole and per phase, and slot dimensions. In
particular, the results for a 4-pole, 2 slots per pole and per phase, distributed winding
motor are shown in Fig.3.18. The model has been tested in different supplying
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Fig. 3.18 Comparison between MEC and FEM results for the air gap flux density.

Table 3.4 Comparison between MEC and FEM results.

CASE
Execution time Flux density fundamental

FEM MEC FEM MEC Err%

(a) 12.50s 1.22s 0.815T 0.787T -3.5%

(b) 12.16s 0.59s 0.645T 0.619T -4.0%

(c) 13.06s 1.03s 0.536T 0.556T 3.7%
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conditions, aiming at producing a maximum value of the air gap magnetic flux
density above 1T. The results are shown for two different rotor positions, i.e. 0◦ and
30◦. Table 3.4 lists the achieved results for the cases at position 0◦. The obtained
errors with respect to FE simulations are lower than 5%, while the execution time is
significantly reduced. Approximately 13s are necessary to obtain the results with the
FE simulations, while less than 2s is the time required by the MEC, as evident from
Table 3.4.

The case study machine has also been used to test the MEC in load conditions.
Different rotor and stator current values have been assessed, considering the stator
current vector to be placed in the q-axis. Starting from the loop fluxes in the stator,
the flux linkages in the abc frame can be computed as in (3.72).

ΛΛΛabc = p ·NNNabc ·ΦΦΦsss (3.72)

Knowing the values of the abc fluxes, it is possible to compute the dq fluxes
and, therefore, the electromagnetic torque through (2.14). The computation has been
performed for different rotor positions. The magnetic reluctances of the MEC have
been initialized in unsaturated conditions (with the maximum value of the material
magnetic permeability) only for the first rotor position. For other rotor positions, the
magnetic reluctances have been initialized with the magnetic permeability obtained
in the previous step, as this represents a more realistic condition. This is done with
the aim of easing the convergence process.

An example of the obtained magnetic fluxes is shown in Fig.3.19, together with
the corresponding results obtained via finite element simulations. The obtained
results in terms of electromagnetic torque and execution time are listed in Table 3.5
for different supply conditions. The magnetic fluxes of Fig.3.19 correspond to the
second supply condition.

The results exhibit consistency with the data obtained through finite element
analysis, with significantly reduced computational time. To be specific, half of the
electric period has been simulated with a step of 1 electrical degree. Both the MEC
and FEM have been tested without parallelization of the cores. The data in Table 3.5
show that the time required by the FEM to complete the simulation is approximately
15 minutes, while the MEC takes less than 1 minute. However, it must be noted
that by increasing the currents, and therefore by increasing the machine saturation
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(a) (b)

Fig. 3.19 Comparison between MEC and FEM dq-fluxes.

Table 3.5 Comparison between MEC and FEM results for the electromagnetic torque.

Conditions
Execution time Electromagnetic torque

FEM MEC FEM MEC Err%

Iq = 38.2A
919.5s 4.6s 18.47Nm 17.81Nm -3.6%

Ir = 1.7A

Iq = 50.6A
913.4s 41.5s 35.81Nm 34.17Nm -4.6%

Ir = 2.6A

*Iq = 61.0A
919.9s 25.1s 47.26Nm 43.94Nm -7.0%

Ir = 3.0A

Iq = 76.3A
921.0s DNC 77.66Nm DNC -

Ir = 5.2A

*The number of rotor sections has been increased to reach convergence.

level, the MEC encounters difficulties in finding convergence. For example, in the
third case, the number of rotor sections has been doubled to reach the convergence
condition. In this case, the time required by each iteration is still greater, but fewer
iterations are needed to find the solution. This is the reason why the third condition,
albeit more saturated, takes less than the second one. Finally, in the fourth case,
the model does not converge, even with many rotor sections (>1000). To solve the
problem, relaxation factors can be implemented in the Newton-Raphson method
[131], which will be the object of future studies.



3.3 The finite element model 67

Table 3.6 Required input variables for the FE model.

Main dimensions Detailed dimensions
p Number of pole pairs Fstat Shape of the stator slot
q Slots per pole and per phase Frot Shape of the rotor coil
m Number of phases hst Tooth height
L Machine axial length h1 Inner tooth height

Dso Stator outer diameter h2 Tooth tip height
Dsi Stator inner diameter wst Stator tooth width
g0 Minimum air gap length wst0 Stator tooth width at the air gap
Dri Rotor inner diameter wp Pole body width
hp Rotor pole tip height hp1 Rotor pole body height
kb Extension of the pole tip hre Lateral height of the rotor tip

BH Magnetic characteristic wcu Rotor winding distance from tip

3.3 The finite element model

In this research context, the last developed wound-field machine model is the finite
element simulation, which has already been used as a validation tool for the analytical
model and the magnetic equivalent circuit. The FE project is created using the
software Matlab linked to the software FEMM, a popular open-source static FE
solver [132]. Although the creation of finite element models is a self-explanatory
procedure, this section provides a brief description of the parametric definition of
the machine geometry and general information on the adopted solving process of
the developed FE model. For further information, the complete Matlab code can be
found in Appendix B.

3.3.1 The parametric design

The inputs required by the drawing code are listed in Table 3.6. The main machine
dimensions and the detailed dimensions are the geometric variables shown in Fig.3.1
and Fig.3.20. The machine geometry is thus built in FEMM by Matlab, on the basis
of these variables. The stator and rotor turns are not required by the code as they are
fixed numbers. In particular, one turn is considered for the rotor winding and two
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Fig. 3.20 Considered rotor slot geometries: Frot = 0 (a), and Frot = 1 (b)

turns in series per slot for the stator winding (the reason is explained later), which
are then coherently supplied during the solving process.

The proposed FE model exploits the machine’s periodicity to draw only one
geometry sector, reducing the required computational time. Moreover, the machine
air gap is divided into three regions, and the rotor motion is simulated through
the sliding band model [133]. The sliding band model allows keeping the same
mesh regardless of the angular position of the rotor, therefore removing a significant
cause of numerical errors. Among the inputs of Table 3.6, the only material-related
information is the magnetic characteristic of the stator and rotor laminations. The
rotor and stator windings are assumed to be made of copper, while air is assigned to
the non-conductive and non-magnetic regions.

The two inputs Fstat and Frot are two flag variables. If Fstat = 0 the stator
lamination is built with rectangular teeth and trapezoidal slots; otherwise, the slots
are considered rectangular and the teeth trapezoidal. Conversely, the variable Frot

affects the rotor coil shape. If Frot = 0 the rotor coil is assumed to be rectangular;
otherwise, the coil sides are drawn as radial lines, as shown in Fig.3.20. The figure
also reports the same letters used in the drawing code of Appendix B. Although
some error cases are already included and corrected in the drawing of the rotor, the
recommendation is to use Frot = 0 for small values of kb, i.e. when the rotor pole tip
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Fig. 3.21 Conductors distribution for even and odd number of slots per pole and per phase.

occupies a small percentage of the pole pitch. In contrast, the geometry with Frot = 1
is more suitable for greater values of kb.

The rotor pole

The considered rotor pole geometry is the inverse of the cosine of the angular
coordinate starting from the d-axis, as for the models presented in the previous
sections. In the FE model, the rotor pole profile is approximated as a series of arcs
built over three points; each point is obtained through the cosine inverse function.
The number of discretized points in the rotor profile is the variable "n_points" of the
drawing code.

The d-axis alignment

The drawing code automatically aligns the rotor pole, i.e. the d-axis, with the
magnetic axis of phase A. In particular, for single-layer distributed winding, the
conductor distribution of phase A leads to a position of the corresponding magnetic
axis in the centre of the tooth between B positive and C negative, as shown in
Fig.3.21. Therefore, in order to verify the alignment, a stator tooth must always
be placed in the direction of the rotor pole. This leads to two different geometries
depending on the value of q, as depicted in Fig.3.21. In particular, for an even value
of q, the geometry borders contain stator teeth. On the contrary, for an odd value of
q, stator slots must be placed at the machine borders. This is evidenced by the blue
lines of the figure, which delimit the drawn machine sector.
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Being the rotor geometry fixed, the phases in the slots are thus allocated properly
to verify the described alignment. Moreover, as an integer number must be used
for the definition of the winding, and in the case of an odd number of q, only half
slot is drawn for slot A positive and negative, the fixed number of turns in series per
slot for the stator winding is two. Therefore, if Is is the desired value of the stator
current, and Zc is the turns in series per slot, the stator winding of the FEMM project
is supplied with:

Is,FEMM = Is ·
Zc

2
(3.73)

The solving process

The solving procedure of the machine obtained from the drawing model exploits
the parallelization over multiple cores. The parallel computing allows for carrying
out different computational processes simultaneously. Therefore, once the model
is created, the simulations, for instance, of different rotor positions can be run
independently and at the same time. This is accomplished by means of the Matlab
function "parfor", which divides the tasks assigned to a for loop over the available
cores. Therefore, different FE simulations are performed contemporaryly, reducing
the required computational time.

3.4 Conclusion

Different WFSM models have been developed and presented with the aim of selecting
the most appropriate to be used in a sizing algorithm for the design of wound-field
motors for traction applications. The proposed models include an analytical model, a
magnetic equivalent circuit and a parametric FE model, which have proven to reach
comparable results.

The analytical model features the lowest computational time, even considering
the lamination saturation, the distortion of the air gap flux density and the magnetic
shunt of the stator slots. However, the procedure is based on the assumption that the
magnetic flux is placed only in the d-axis, which makes it unsuitable for evaluations
in load conditions, where Iq ̸= 0. However, the analytical model can efficiently assess
the machine’s performance in no-load conditions.
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The magnetic equivalent circuit requires higher execution times since it is based
on the solution of a system of non-linear equations through an iterative procedure,
although still significantly reduced if compared to the finite element model. The
MEC can asses the no-load and load machine’s performance with output results
comparable to finite element simulations. However, the main drawback is the
difficulty in reaching the convergence for high saturation conditions.

The finite element model has been developed using the FEMM software, and a
Matlab code has been built to automate the project creation process. The FEM repre-
sents the most accurate and time-consuming model. To address the computational
burden, the model has been created by exploiting the machine periodicity, and the
solving process has been achieved through parallelization over multiple cores.

The comparison of the three models has led to the conclusion that a combination
of the analytical and finite element models represents the winning choice for the
sizing code of wound-field motors. Indeed, although the MEC model reaches
satisfactory results, further improvements in the convergence procedure are still
needed in order to be used in an iterative sizing procedure. Therefore, the idea is to
obtain a preliminary lamination geometry only relying on analytical equations in a
negligible computational time and subsequently to refine the obtained machine with
a limited number of FE simulations. The complete sizing procedure is described in
Chapter 4.



Chapter 4

The Sizing Procedure

The focus of this research project has been on the electromagnetic sizing of wound-
field synchronous motors. The ultimate goal of this endeavor has been to develop a
preliminary, yet accurate, fast-sizing process, presented in [134]. This process has
been conceived to provide motor designers and engineers with a reliable and efficient
way of determining the preliminary size for these types of motors, starting from a
limited number of machine specifications, such as targets and constraints.

The proposed methodology consists of a combination of the analytical and
numerical approaches addressed in Chapter 3, to trade-off the fast computation time
of the analytical formulations with accurate FEM analyses. The procedure of sizing
progressively increases the machine diameter in order to ensure that all the input
constraints are met and that the rated performances are guaranteed.

The process of determining the appropriate size for the lamination involves
two distinct steps. Initially, strictly analytical equations are utilized to establish a
preliminary geometry under no-load conditions. This geometry is then further refined
through a limited number of FE simulations to ensure the rated load performances.

The proposed methodology was validated considering, as a case study, a reversely
engineered salient-pole wound field synchronous motor used for traction applications,
specifically the electric motor that equips the Renault ZOE. The electromagnetic
information gathered from the actual machine was utilized as input for the sizing code,
obtaining a lamination that closely matches the reference WFSM. The validation is
covered in Chapter 5.
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Table 4.1 Sizing input data.

Design targets Electromagnetic loading limits

Torque (T ) Air-gap flux density at no-load (Bg,max)

Speed (n) Stator yoke flux density at no-load (Bsy,max)

Stator phase voltage (Vs) Rotor yoke flux density at no-load (Bry,max)

Rotor voltage (Vr) Teeth flux density at no-load (Bt,max)

BH-curve and stacking factor (kst) Rotor pole flux density at no-load (Bp,max)

Power factor, (cosϕ) Stator current density (Js,max)

Target efficiency (η) Rotor current density (Jr,max)

Operating temperature (θo) Linear current density (As,max)

Geometrical and winding specifications

Machine aspect ratio (λ = L/Dg) Stator slot opening dimensions (h1, h2, wt0)

Pole pairs number (p) Stator slot filling factor (k f s)

Slots per pole per phase (q) Rotor slot filling factors (k f r)

Minimum inner diameter (Dri) Rotor pole span (kb)

Minimum air gap thickness (g0) Rotor slot detailed dimensions (hre, wcu)

4.1 Procedure inputs & Assumptions

The input data of the electromagnetic sizing algorithm comprehend the desired
rated performances, the admissible electromagnetic loadings, some geometrical
specifications, and a basic winding layout. Table 4.1 lists all the requested input data.

The rated torque and the rated speed are fundamental inputs to start the sizing
process of any kind of rotating electrical motor, as they determine the rated shaft
output power. In particular, the electromagnetic torque represents the ultimate target
of the proposed algorithm. The stator and rotor voltages are also input data that must
be chosen according to the available power source. The power factor is an important
parameter to consider, and this is especially true for wound-field synchronous motors,
as its value significantly impacts the resulting rotor and stator currents.

Regarding the electromagnetic loadings, which include the stator and rotor
current densities, the linear current density, and magnetic flux densities, the maximum
allowable values are contingent upon the insulation and cooling of the machine.
These factors play a critical role in determining the safe limits for these loadings.
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Empirically defined variation ranges of the electromagnetic loadings are well-known
to electric machine designers, and their typical values can also be found in textbooks.
It is worth noting that low surface current density and high linear current density
values are suitable for large machines. Conversely, high current density and low
linear current density values are suitable for small machines. In well-designed
electric machines, both linear current density and flux density increase proportionally
with machine size [79].

Among the geometrical specifications, the machine aspect ratio λ is defined as the
ratio of the active core length (L) and the air gap diameter (Dg). Its value characterizes
the shape of the machine (pancake or tubular shape) and can be fixed according to the
volume constraints dictated by the specific application. The minimum inner diameter
is also fixed, depending on the mechanical layout as well as on the shaft diameter
that is required to deliver the output torque. The number of poles is also an input
for the developed sizing procedure since it must be chosen as a trade-off between
the required rotational speed and the supply frequency. Similarly, the slot enclosure
dimensions are also imposed by the user according to the winding construction
process that is intended to be used.

In the salient-pole WFSMs sizing process, the pole shoe is considered to be
shaped such that the magnetic flux density at the air gap is proportional to the
cosine of the electrical angle pθ , as described in Section 2.1.2. The value of the
minimum air gap length g0 of equation (2.3) is set as an input. Theoretically, in
order to minimize the magnetizing current, it is ideal for g0 to be as small as possible.
Nevertheless, smaller air gaps produce larger eddy current losses because of the
permeance harmonics of the slot openings. According to [79], the minimum value
of the air gap length of synchronous machines can be found by imposing the rotor
ampere-turns to be higher than the armature ampere-turns, with the aim of limiting
the armature reaction. Its formulation is reported in (4.1), where γ is a coefficient that
depends on the type of the machine (for the salient pole WFSM, its value is 7 ·10−7,
reported in [79]), and As is the stator linear current density. However, in many cases,
the definitive minimum air gap also depends on mechanical considerations.

g0 ≥ γ · τp ·
As

Bg
(4.1)
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Fig. 4.1 Principle of operation of the sizing procedure.

Finally, the pole shoe width as a fraction of the pole pitch, kb, is defined by (4.2),
where β is the angular span occupied by the rotor pole. Higher values of kb mean
lower values of the saliency ratio; in this case, the resulting geometry features a
better mechanical enclosure of the rotor conductors, but also a larger leakage flux
among the poles.

kb =
β

π/p
(4.2)

4.2 The sizing algorithm

The proposed electromagnetic sizing procedure has been implemented in Matlab.
However, any programming language or numerical computing language can be used
for this purpose. The algorithm considers an initial air gap diameter that is slightly
greater than the constrained minimum inner rotor diameter. Therefore, its value
is iteratively increased of a predefined quantity until all the input constraints are
respected, as shown in Fig.4.1. This methodology allows obtaining the smallest
feasible motor for the required input constraints. In achieving the final machine size,
the algorithm pursues two subsequent steps. In the first step, a preliminary design
is obtained through analytical sizing; while refinements are obtained in the second
step with limited FE simulations. The complete procedure is described hereafter and
shown in the flow chart of Fig.4.2.
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4.2.1 Preliminary analytical sizing

The first step of the sizing procedure consists of creating a preliminary lamination
geometry only relying on analytical equations and considering the machine magnetic
loadings in no-load conditions.

The sizing process starts by computing the main machine’s dimensions (Dro, Dsi

and L of Fig.3.1), knowing the air gap diameter.

Dro = Dg −g0 (4.3)

Dsi = Dg +g0 (4.4)

L = λ ·Dg (4.5)

Therefore, the value of the flux per pole is computed on the basis of the imposed
maximum air gap flux density as in (4.6). The parameter αs is the coefficient of
the arithmetical average of the magnetic flux density, which is equal to 2/π for a
sinusoidal distribution, assumed as first initial guess. When the iron lamination
saturates, the air gap flux density is distorted, affecting the value of αs. Therefore,
in the developed sizing procedure, the correct value of αs is iteratively determined
once the geometric dimensions are defined, as later explained.

Φp = αs · τp ·L ·Bg,max (4.6)

The number of turns in series per phase is determined as in (4.7), where f is
the electrical frequency, and Es is the electromotive force in no load conditions.
Considering the impact of the armature reaction, it is assumed that the value of
the no-load voltage Es might exceed of 1.2-1.3 times the stator voltage Vs in load
conditions. Such a range is considered reasonable also for high-armature reaction
machines [79].

N1 =
Es

2π/
√

2 · kw · f ·Φp
(4.7)

The theoretically obtained value of N1 is then rounded up to the nearest integer,
and the computation of the flux per pole is adjusted accordingly.
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The value of the stator current is obtained considering the required stator active
power and neglecting the rotor power. Knowing the imposed stator phase voltage,
the rotational speed, the efficiency, and the power factor, the stator current amplitude
can be computed as:

Is =
T ·n · π

30
3 ·Vs ·η · cosϕ

(4.8)

On the basis of the turns in series per phase and the amplitude of the stator
current, the stator linear current density is computed through (4.9).

As =
Is ·m ·2N1

πDg
(4.9)

If the resulting linear current density exceeds the corresponding imposed con-
straint (As,max), the air gap diameter is increased by a defined step size ∆Dg, and the
computation is repeated. Once the loop is solved, the main preliminary dimensions
of the lamination geometry are obtained.

Additional calculations

The remaining geometrical variables are found on the basis of the resulting flux per
pole. In detail, the tooth width wst is computed by (4.10), considering the magnetic
flux related to one slot pitch.

τs ·L ·Bg,max = wst ·L · kst ·Bt,max (4.10)

The stator slot area is determined by the stator current density Js and the linear
current density As.

Sss =
As · τs

k f s · Js
(4.11)

Therefore, the stator slot height hus can be simply determined by geometrical
considerations, depending on the desired slot shape. For instance, for a trapezoidal
slot shape, knowing the surface (Sss) and the width of both the bases (ws1 and ws2) of
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the slot trapezoid, the height is simply obtained by solving the second-order equation
resulting from (4.12), considering x the unknown value of the slot height.


Sss =

1
2 (ws1 +ws2(x)) · x

ws1 ≃ (Dg +2 ·h2) · π

Ns
−wst

ws2(x)≃ (Dg +2 ·h2 +2 · x) · π

Ns
−wst

(4.12)

Taking into account that the developed code is intended for fast lamination sizing,
only simple slot geometries, such as rectangular or trapezoidal shapes, have been
considered. Further detailed refinements, such as fillets or particular slot shapes,
can then be addressed in the project finalization stage without heavily impacting the
machine’s performance [135, 136].

Once the tooth dimensions have been defined, the teeth’ magnetic voltage and the
air gap magnetic voltage are computed, as per the explanation provided in Section
3.1.1. Considering ksat to be the ratio between the m.m.f. drop in the teeth and the
m.m.f. drop in the air gap, and assuming that the distortion of the magnetic flux
density in the air gap is mainly due to the saturation of the teeth, the parameter αs is
updated as in (4.13), according to [79].

αs =
1.24ksat +1

1.42ksat +1.57
(4.13)

Therefore, a new value for the air gap flux density is computed by (4.6), and
the lamination design is recomputed. The process is iteratively repeated until the
convergence on αs is achieved with a defined tolerance.

The width of the rotor yoke, rotor pole and stator yoke are obtained by solving
the magnetic circuit in the d-axis for the magnetic flux per pole.

hry =
Φp/2

Bry,max ·L · kst
(4.14)

wp =
Φp

Bsy,max ·L · kst
(4.15)

hsy =
Φp/2

Bsy,max ·L · kst
(4.16)
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Finally, the machine geometry is completed by computing the rotor pole height
and the stator outer diameter.

hp =
Dro

2
−hry −

Dri

2
(4.17)

Dso = Dro +2 ·g+2 ·h2 +2 ·hus +2 ·hsy (4.18)

The rotor pole height hp is then divided into hp1 and hp2, depending on the
selected value of hre and the chosen rotor geometry, according to the two alternatives
of Fig.3.20. Also, the rotor ’slot’ area Sr is calculated based on the chosen geometry.
For example, for the rotor case Frot = 1, the surface is computed as in (4.19), where
P is the quadrilateral perimeter. For the case Frot = 0, Sr is simply the surface of a
rectangle.

Sr =

√
(P/2−ST ) · (P/2−TU) · (P/2−UR) · (P/2−RS) (4.19)

4.2.2 The lamination design in load conditions

The second step of the sizing process involves assessing the load conditions to
determine the appropriate stator and rotor currents required to ensure the desired
rated performance. This is a crucial aspect of the process as it ensures that the
machine is capable of handling the required electromagnetic torque. In fact, although
the magnitude of the stator current vector has already been defined through (4.8),
its orientation in the dq reference frame is still indeterminate. Moreover, the rotor
ampere-turns NrIr, and ultimately, the rotor current, must be determined with the
aim of providing the required machine magnetization.

In order to gain a deeper comprehension of the factors involved in the determi-
nation of the stator current angle Ψ and the rotor ampere-turns NrIr, it would be
beneficial to rearrange equation (4.8) into (4.20). From this perspective, it is clear
that the desired output torque can only be achieved if both the imposed stator voltage
Vs and the power factor cosϕ are respected, for a fixed efficiency η .

T =
3 ·Vs · Is ·η · cosϕ

n · π

30
(4.20)
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Fig. 4.3 The phasor diagram with negligible stator resistance changing the angle of the stator
current (a)-(b) or the rotor ampere-turns (b)-(c).

However, the two unknown variables Ψ and NrIr affect both the stator voltage
and the power factor, as can be seen from the phasor diagram in Fig. 4.3. For finding
the correct pair of Ψ - NrIr that achieve the requested Vs - cosϕ , the developed FE
model presented in Section 3.3 is utilized.

Finite element simulations are run for different values of the stator current
vector angle and different values of the rotor ampere-turns. In detail, the geometry
obtained from the preliminary analytical design is built through the finite element
model presented in Chapter 3, and a grid of different combinations of Ψ and NrIr is
simulated for one magnetic periodicity of the machine [137, 138]. It is worth noticing
that, for high power factor values, the investigation range for the stator current vector
can be limited to the second quadrant of the dq-frame [139]. Indeed, the stator
voltage vector Vs is found in the second quadrant, as it leads the no-load voltage
vector Es, which is placed in the q-axis, as in Fig.4.3. For the rotor ampere-turns, the
investigation range is set according to the ampere-turns computed for the no-load
operation, as explained in Section 3.1.1. For each rotor position, the Λd and Λq

magnetic linkage fluxes are computed and then averaged over all the simulated rotor
positions. From the magnetic flux values, the d- and q-axis voltages are obtained
using (2.8), neglecting the stator resistance.

Vd =−ωΛq

Vq = ωΛd

(4.21)
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(a) (b)

Fig. 4.4 Stator voltage (a) and power factor (b) as functions of the rotor ampere-turns and the
stator vector angle.

The obtained dq voltages allow for the computation of the stator voltage ampli-
tude and angle matrices. The stator voltage angle is then used to compute the matrix
of the angle ϕ , subtracting the matrix of the stator current angle. An example of
the obtained results is shown in Fig.4.4. For negative values of the stator current
angle, the magnetic flux created by the stator is opposite to that produced by the rotor
current, as evident from 4.4a. Indeed, considering, for example, the voltage profile
at Ψ =−90◦, increasing the rotor ampere-turns leads to a decrease of the main flux
and thus of the induced voltage, at least for low values of the rotor ampere-turns. An
additional increase in the rotor ampere-turns causes the magnetic flux created by the
rotor to exceed that generated by the stator current, increasing the stator voltage. On
the contrary, for positive values of the stator current angle, the d-component of the
flux created by the stator is concordant with the rotor flux, which in turn saturates
the machine more easily, as demonstrated by the practically flat surface of the stator
voltage in this region.

Among all the simulated points, the sizing algorithm identifies the pair of Ψ and
NrIr values that satisfies the imposed Vs and cosϕ for the specific load condition.

Knowing the requested rotor ampere-turns at load and being ρ the copper resis-
tivity at the selected operating temperature θo, the value of the rotor turns is obtained
by applying the Ohm law:

Nr =
Vr ·Srs · k f r

2p ·ρ ·L · (NrIr)
(4.22)
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Fig. 4.5 Baseline motor for the preliminary validation of the sizing procedure [140].

The rotor current is obtained by dividing the ampere-turns by the number of rotor
turns. Finally, the value of the rotor current density can be easily computed by (12).

Jr =
NrIr

Srs · k f r
(4.23)

The rotor current density is thus compared to its maximum value set as input. If
the obtained value exceeds the limit, as depicted in Fig.4.2, the air gap diameter is
again increased of the step size ∆Dg and the computation is repeated; otherwise, the
algorithm is ended, and the machine sizing completed.

4.3 The sizing results

Preliminary validation of the sizing tool is achieved by considering as reference the
motor shown in Fig.4.5. For this motor, the required specifications are readily avail-
able in the literature [38, 140, 141]. According to the torque-speed profile in Fig.4.5,
the input operating point for the sizing code is set at an output torque of 100Nm and
a base speed of 6000rpm, which means an output power of approximately 60kW.
The information on the lamination geometry and material have been recollected from
[141], originally obtained through [38]. The supply conditions of such operating
point are extrapolated from [38], where the rotor and dq-currents are provided in
tabular form for different torques and speeds, allowing for the computation of the
linear and surface current densities, as in equations (4.24)-(4.25). The magnetic flux
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Table 4.2 Main specifications of the baseline motor.

Sizing code inputs
Torque (T ) 100Nm
Speed (n) 6000rpm
Stator phase voltage (Vs) 160Vrms

Power factor, (cosϕ) 1.0
Efficiency, (η) 0.95
Pole pairs number (p) 3
Slots per pole per phase (q) 3
Minimum air gap thickness (g0) 0.5mm
Rotor pole span (kb) 0.9

Variables for electromagnetic loadings extrapolation
Stator current (Is) 160Arms

Turns in series per slot (Zc) 7/3
Rotor current (Ir) 1.42A
Rotor turns per pole (Nr) 843

Electromagnetic loadings limits
Stator current density (Js,max) 9A/mm2

Rotor current density (Jr,max) 5A/mm2

Linear current density (As,max) 389A/cm
Air-gap flux density at no-load (Bg,max) 0.98T
Stator yoke flux density at no-load (Bsy,max) 1.7T
Rotor yoke flux density at no-load (Bry,max) 2.0T
Teeth flux density at no-load (Bt,max) 1.6T
Rotor pole flux density at no-load (Bp,max) 1.8T

densities, required as inputs, have been obtained through an FE-simulation performed
in no-load conditions for a rotor current equal to its value at load, i.e. Ir = 1.42A.
Table 4.2 recollects the extrapolated main specifications and the electromagnetic
loadings limits of the baseline motor.

Js,max =
Zc · Is

Sss · k f s
= 9A/mm2, As,max = Js,max

k f s ·Sss

τs
= 389A/cm (4.24)

Jr,max =
Nr · Ir

Srs · k f r
= 5A/mm2 (4.25)
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Reference

Computed

Fig. 4.6 Computed and reference geometry of the baseline motor.

Table 4.3 Main specifications of the baseline motor.

Geometric variable Computed (mm) Reference (mm) Error (%)
L 126.2 123.0 2.6

Dso 239.2 240.0 -0.3
Dg 169.0 164.7 2.6
hsy 16.07 16.40 -2.0
hp 28.00 24.85 12.7
hry 13.74 14.75 -6.8
wst 5.622 5.459 3.0
wp 30.16 32.00 -5.8

4.3.1 The resulting WFSM motor

Figure 4.6 shows in dashed red the sized motor using the discussed variables as input
for the proposed algorithm, together with the baseline motor. Table 4.3 recollects the
main machine dimensions of both the computed and the reference machine, showing
the relative percentage errors. The largest error occurs for the length of the rotor
pole. This parameter is the consequence of the definition of the air gap diameter and
the rotor yoke height, as in equation (4.17). Therefore, also, a limited error in the air
gap diameter (2.6%) heavily reflects on the pole height. In any case, the proposed
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Fig. 4.7 Colour density map of the magnetic flux density of the computed WFSM motor in
no-load conditions.
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Fig. 4.8 Phasor diagram (a) and output torque (b) of the computed WFSM motor.

sizing algorithm must be intended as a preliminary design tool, and nonetheless, the
obtained motor geometry well matches the baseline machine.

Figure 4.7 shows the magnetic flux density colour map of the sized motor in
no-load conditions, while the phasor diagram (in rms values) and the output torque
in load conditions are shown in Fig.4.8. The value of the average output torque is
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103.5Nm, meaning an error of 3.45%. The output torque is reached with a linear
current density of 355.5A/cm and rotor current density of 4.86A/mm2. The value
of the stator current density is not used as a check condition, as evident from the
flow chart of Fig.4.2; therefore, its value is exactly the requested 9A/mm2. Figure
4.8a also shows how the stator voltage limit and the power factor are respected with
a margin error of less than 0.4%.

4.4 Conclusion

This chapter presented a fast tool for the preliminary electromagnetic sizing of
wound-field synchronous motors. The rated data, the permissible electromagnetic
loadings, and a few initial geometry and winding specifications are requested as
input for the algorithm. The procedure consists of increasing the machine air gap
diameter until the performances are obtained, respecting all the imposed constraints.
The proposed methodology is based on an analytical-numerical approach, in which
analytical equations establish a preliminary geometry and, subsequently, refinements
are achieved through finite element simulations. Specifically, a fully analytical pro-
cedure establishes the preliminary geometry based on the magnetic flux density in
no-load conditions. Subsequently, the rated working point of the preliminary-sized
machine is evaluated through finite element simulations, eventually leading to a
further increase in the machine’s air gap diameter. Although the procedure is vali-
dated by means of a motor sample in the following chapter, a preliminary validation
has already been presented in this chapter on a case study, whose characteristics
were available in the literature. On the basis of the retrieved electromagnetic and
geometrical input for the sizing algorithm, the procedure obtains a final geometry
comparable to the case study motor.



Chapter 5

Validation Procedure

In order to validate the sizing code presented in Chapter 4, a practical examination
was conducted using a WFSM that is typically employed in traction applications. In
particular, the Renault ZOE motor R135 has been used as a case study to prove that
the machine volume obtained by the sizing code has a valid correspondence with
existing machines.

The following sections will then firstly focus on the work of reverse engineering
conducted on the ZOE motor and the performed tests, leading to the definition of
a reliable FE model. Subsequently, on the basis of the retrieved electromagnetic
and geometrical information, the code inputs are defined and given to the sizing
algorithm. Finally, the obtained geometry is compared to the actual ZOE motor.

5.1 The baseline motor

The considered wound-field synchronous machine is a 3-phase, 4-pole motor that
features a rated power of 51 kW with a base speed of 4000 rpm. The motor is part of
a drivetrain architecture supplied by a 400V dc-link [142]. The cooling is achieved
through the use of a forced air system. The rotor excitation system is composed
of brushes and slip rings. The lamination geometry and materials, as well as the
winding layout, have been reversely engineered on the sample shown in Fig.5.1.
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Fig. 5.1 Sample of the Renault ZOE R135 motor.

5.1.1 Geometrical dimensions

The geometrical motor dimensions have been obtained by both direct measurements
with a gauge on the machine sample and through a 3D optical scanner, whose scans
are shown in Fig.5.2. The 3D optical scanner provided files containing information
on the coordinates, in three-dimensional space, of points belonging to the surface
of the real component. The retrieved information was obtained in the SolidWorks
environment by sectioning the 3D geometry with a plane perpendicular to the axis of
the shaft. The recollected geometrical characteristics and dimensions of the machines
are shown in Fig.5.3 and listed in Table 5.1.

The scanner also provided the values of the external rotor diameter and the
internal stator diameter, defining the value of the minimum air gap length. However,
despite the accuracy of the scanning process, even small errors on the value of g0 may
have a significant impact on the machine model. Therefore, the actual value of the
air gap length has been obtained by calibrating the measured no-load characteristic,
as later discussed, leading to a value of 0.78mm.

On the contrary, the scanning process is fundamental to determining the rotor
pole shape. In particular, Fig.5.2d depicts the sketch of the rotor pole tip obtained in
the SolidWorks environment. The final rotor pole profile is then approximated as a
group of 20 segments in order to be manageable by FE software.
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(a) (b)

(c) (d)

Fig. 5.2 3D scans of the ZOE motor.

Table 5.1 ZOE motor main dimensions.

Parameter Value

Number of pole pairs, p 2

Number of phases, m 3

Number of stator slots, Ns 48

Machine axial length, L 175 mm

Stator outer diameter, Dso 262.2 mm

Stator inner diameter, Dsi 156.15 mm

Rotor outer diameter, Dro 154.59 mm

Rotor inner diameter, Dri 41.0 mm
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Fig. 5.3 Dimensions of the ZOE motor geometry in mm.

5.1.2 Stator and Rotor winding layout

By inspection of the winding in both the stator and rotor, it was possible to deduce
their respective configurations. The details of these configurations are provided in
the following sections.

The stator winding

After examining the machine under investigation, it was found that it presents a
single-layer distributed stator winding with a total of 48 stator slots. As this is a
3-phase, 4-pole motor, it was deduced that there are 4 slots per pole and per phase,
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Table 5.2 Stator winding characteristics.

Parameter Value
Slots per pole and per phase, q 4
Number of conductors in one slot, Z f 108
Number of external parallels, ae 4
Number of internal parallels, ai 12

as indicated in equation (5.1). Upon further inspection, it was observed that there
are 108 conductors in each slot, with 4 external parallels (allowing all poles to be in
parallel) and 12 internal parallels.

q =
Ns

2 · p ·m
=

48
2 ·2 ·3

= 4 (5.1)

The extrapolated data of the stator winding layout are recollected in Table 5.2.
Starting from these values, it is possible to compute the number of turns in series per
phase and the number of turns in series per slot:

N1 = p ·q ·
Z f

ai ·ae
= 18 (5.2)

Zc =
Z f

ai ·ae
=

9
4

(5.3)

On the basis of the measured conductor diameter, the conductor cross-sectional
area, excluding the insulation, can be obtained:

Scu,s =
π ·d2

cu,s

4
= 0.5027mm2 (5.4)

The cross-sectional area of the equivalent conductor in the series equivalent stator
winding can be computed as in (5.5).

Scu,eq = ai ·ae ·Scu,s = 24.13mm2 (5.5)
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Table 5.3 Stator winding resistance.

Parameter Value
Phase 1 resistance , Rs1 9.745 mΩ

Phase 2 resistance , Rs2 9.816 mΩ

Phase 3 resistance , Rs3 9.830 mΩ

θa = 19.80◦C

The value of the dc resistance of each phase has been measured on the machine
sample, employing the accessible star point. The obtained values are reported in
Table 5.3, together with the measured ambient temperature.

Therefore, it is possible to compute the average length of the stator turn, consid-
ering Rs the average of the measured resistances of Table 5.3:

lat,s =
Rs ·Scu,eq

N1 ·ρ
= 763.5mm (5.6)

The end-winding length is:

lew,s =
lat,s

2
−L = 207.3mm (5.7)

The end-winding shape coefficient can be obtained considering the radius at the
centre of the slot (rs). The obtained value falls into the typical range of variation of
kew,s, i.e. 1.45-1.6, as reported in [143].

kew,s =
lew,s

2 ·πrs
·2 · p = 1.463mm (5.8)

Finally, on the basis of the retrieved information, it is possible to compute the
winding factor of the machine under analysis. Considering that the stator winding
is a single-layer, the winding factor coincides with the distribution factor, being the
pitch factor unitary.

kw =
sin(π

6 )

qsin( π

6q)
= 0.9577 (5.9)
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Fig. 5.4 Rotor resistance measurements.

Table 5.4 Rotor winding characteristics.

Parameter Value
Number of rotor turns per pole, Nr 195
Rotor resistance, Rr 5.673 @ θa = 19.80◦C
Cross-sectional area of the rotor conductor, Scu,r 1.131 mm2

The rotor winding

The assessment of the rotor winding only consists of counting the number of turns
per pole, as all the poles are connected in series. All the extrapolated information is
gathered in Table 5.4.

The value of the rotor resistance was evaluated by conducting dc tests on both
the disassembled and complete samples. In the former case, the measured voltage
actually corresponds to the rotor winding resistance, obtaining the value reported
in Table 5.4. In the closed sample, however, the voltage measurement includes the
voltage drop on the brushes. To account for this, different rotor currents have been
tested, and the results are shown in Fig.5.4. By linearly extrapolating the results to
zero rotor current, it was possible to separate the voltage contribution of the brushes
(the y-intercept) by the actual rotor resistance (the angular coefficient), yielding
similar Rr values of Table 5.4.
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Fig. 5.5 Machine winding for BH-curve measurement.

5.1.3 Measured magnetic material characteristic

The magnetic characteristic of the lamination material has been determined by
experimental measurements conducted on the stator core [144]. The measurement
of the BH-curve of the core requires the creation of two windings around the stator,
forming a ferromagnetic core of toroidal shape. When one winding is supplied
in ac, an induced voltage is created in the other winding. The test is based on the
measurements of the peak values of sinusoidal variables. Therefore, strong saturation
conditions of the magnetic material invalidate the measurement results, as the current
absorbed on the primary side and the induced voltages at the secondary become
distorted. The harmonic content of the induced voltage depends on the operating
point of the core on the BH curve, which in turn depends on the values of the
excitation field and magnetic flux density in the material. To guarantee the validity
of the measurements, it is necessary to evaluate the distortion of the voltage induced
on the secondary, verifying that the ratio between the peak value and the rms value
remains in the interval 1.1±1%, being 1.1 the value for a perfect sinusoid.

The number of turns of the primary and secondary windings is chosen according
to the limits of the available power source. Being the stator inserted into the housing,
the conductors are wound on the motor sample through the air gap and the cooling
slots, which are circumferentially distributed over the stator yoke. Figure 5.5 shows
the cross-section surfaces of the conductors with green circles in the air gap and
the cooling slots with red areas. This placement limits the leakage flux with respect
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Power source Power meter

Np Ns

Oscilloscope

Motor

Fig. 5.6 BH-curve measurement schematic.

to positioning the winding externally to the housing. Indeed, through the 2D FE
simulation of the stator shown in Fig.5.5, it can be observed that most of the magnetic
flux is concentrated internally with respect to the cooling slots.

The adopted measurement setup is shown in Fig.5.6. The equipment consists
of a linear power source able to generate sinusoidal voltages used to supply the
primary winding, and a high-precision power meter necessary for the measurement
of the current absorbed by the primary winding and the voltage induced in the
secondary. The voltage measurement is taken in the secondary winding because of
the absence of Joule losses. The oscilloscope is used for monitoring the current of
the primary side to prevent exceeding the power meter current limits when highly
distorted currents are absorbed. Figure 5.6 also shows the motor sample, wound
with the primary (in red) and secondary (in blue) winding of Np and Ns number of
turns, respectively. Starting from the measurement of the peak value of the current
in the primary winding I1 and considering l the average length of the stator yoke
circumference, the value of the magnetic field H can be computed as in (5.10).

H =
N1I1

l
(5.10)
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Fig. 5.7 BH-curve measurement results.

The peak value of the magnetic flux in the stator yoke is computed through (5.11),
thanks to the measurement of the rectified mean value of the secondary voltage |V 2|.

Φ =
|V 2|
4 f N2

(5.11)

Therefore, the magnetic flux density can be obtained diving by the cross-section
area of the stator yoke.

B =
Φ

hsy ·L · kst
(5.12)

Measurement results

The BH-curve obtained from the experimental test can be observed in Fig.5.7. In
addition, two reference BH-curves of the M270-35A and M330-35A have been
included for comparison. Indeed, although the thickness of the actually used lami-
nation material is unknown, based on the inspection of the sample, it is estimated
to be around 0.35mm thick. The magnetic properties of the sample are inferior to
those of the reference materials, which can be attributed to the material processing
and treatment.

Compatible with the limits of the power source, the BH-curve has been measured
up to a maximum magnetic flux density of 1.56T, which corresponds to a relative
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Fig. 5.8 Measured and approximated BH-curve.

permeability value of 525, still far from strong saturation conditions where the
relative permeability is close to one. Therefore, using the measured characteristic
within finite element software, which extrapolates linearly from the final data points,
can result in notable inaccuracies. In order to solve this issue, the relative magnetic
permeability µr is approximated using the estimation shown in equation (5.13), as
proposed in the reference [107].

µr(B) =
(1/K)∑

K
k=1(|B/mk|nk +ank

k )1/nk

(1/K)∑
K
k=1(|B/mk|nk +ank

k )1/nk −1
(5.13)

The values of the parameters mk, nk and ak are obtained through the Particle
Swarm Optimization (PSO) technique applied to the error function between the
measured and approximated characteristics.

The PSO technique yielded to the set of parameters listed in Table 5.5. In Fig.5.8,
both the approximated and measured BH-curves are presented.

Table 5.5 Parameters for the permeability characteristic approximation.

k mk nk ak

1 8.305 98.93 1.676x103/(1.676x103)

2 9.892 64.33 3.878x103/(3.878x103)

3 2.042 11.33 2.132x103/(2.132x103)
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Fig. 5.9 Specific iron losses measurements.

The experiment has been conducted for different frequencies, in order to evaluate
the material specific losses, obtained through (5.14), where P12 is the power measured
by the power meter considering the excitation current and the induced voltage, and
msy is the mass of the stator yoke. The obtained results are shown in Fig.5.9.

p f e =
1

msy
·

Np

N2
·P12 (5.14)

As expected, larger iron losses are obtained for higher frequencies. Comparing
these specific losses with those of the catalogues of the M270-35A and M330-35A,
the sample presents larger iron losses, which again can be attributed to the material
processing and treatment.

5.2 Tests on the motor sample

Several experimental tests have been carried out to define the fundamental properties
of the baseline motor. These tests involve experiments performed exclusively on
the stator and the rotor, as well as experiments conducted on the complete machine
sample. The performed tests allowed for the extrapolation of the machine inductances
in non-saturation conditions, and the no-load characteristics, as presented in the
following sections.
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Fig. 5.10 Circuit used for the parallel (a) or perpendicular (b) rotor alignment with the
magnetic axis of phase one [145].

5.2.1 Synchronous inductances

The measurement of the inductances Ld and Lq is performed by orienting and locking
the rotor in two different positions [145]. The first rotor position consists of aligning
the d-axis with the magnetic axis of phase 1, and it can be found supplying the
stator winding with a dc source according to the circuit depicted in Fig.5.10a. The
second rotor position is perpendicular to the magnetic axis of phase 1, obtained by
reconfiguring the circuit into the one shown in Fig.5.10b. Although the rotor saliency
is already sufficient to drag the rotor into the desired position, the process can be
further aided by providing dc power supply also to the rotor winding, leading to a
more accurate alignment. Injecting the dc currents in the rotor winding and in the
stator windings as described, the rotor rotates to align the d-axis with the m.m.f.
vector, as a consequence of the alignment of the excitation field and the minimization
of the magnetic circuit reluctance.

Figure 5.10b illustrates that the three stator windings can be connected as single-
phase electrical loads in two fundamental ways: utilizing all three windings (case
A) or only two (case B). This gives rise to six possible connection arrangements,
as depicted in Fig.5.11. It follows that the space vector produced by a single-phase
ac current can be oriented in six defined directions, regardless of the rotor position,
while considering the m.m.f. sign convention. The d- and q-axis alignment is
established only for a relative shift angle of 0◦ or 90◦ between the stator m.m.f. and
the rotor axis. Thus, among the six configurations displayed in Fig.5.11, only four
m.m.f.-rotor relative positions adhere to these conditions, as summarized in Fig.5.12.
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Fig. 5.11 Possible single-phase connection schemes [145].

Fig. 5.12 dq-axis alignements [145].

In the cases A1-d and B2-d, the d-axis is placed in the same direction as the
magnetomotive force vector m.m.f.generated by the stator windings. In the cases
A1-q and B2-q, the d-axis is in quadrature with respect to the m.m.f. vector, i.e. the
magnetomotive force vector is oriented along the q-axis. The conditions A1-d and
B2-d allow obtaining Ld , while the conditions A1-q and B2-q allow obtaining Lq.
The two cases (A and B) are described by equations (5.15) and (5.16), respectively.

V 12 =
3
2

[
Rs + jωe

(
Lσ ,s +

3
2

M
)]

I1 (5.15)



102 Validation Procedure

V 22 =
1
2

[
Rs + jωe

(
Lσ ,s +

3
2

M
)]

I2 (5.16)

The coefficients 3/2 and 1/2 are the result of the corresponding circuit connections.
Depending on the position of the rotor, the equations present Ld (A1-d and B2-d) or
Lq (A1-q and B2-q) as the sum of two terms, one associated with magnetization and
one associated with leakage fluxes.

Figure 5.13 depicts the used test setup for the inductances measurement. After
supplying the circuits of Fig5.10 with a dc power, the rotor is aligned into the
desired position and mechanically locked, as shown in Fig.5.14. Therefore, the stator
windings have been supplied through the ac power source, using PC1, according to
the circuits of 5.10b. The power meter is used to measure the current, the voltage
and the reactive power absorbed by the stator winding, thus obtaining the value of
the inductances. The tests have been performed at a frequency of 50Hz and in the
linear region of the material characteristic. The results for the Ld and Lq inductances
are reported in Table 5.6 and Table 5.7, respectively.

Table 5.6 Results for the Ld inductance test.

Is,(A) Vs,(V) Q,(var) Ld,(mH)

A1-d 42.59 37.67 1594 1.865

B2-d 34.06 41.20 1394 1.913

Table 5.7 Results for the Lq inductance test.

Is,(A) Vs,(V) Q,(var) Lq,(mH)

A1-q 36.02 11.76 422.6 0.6913

B2-q 39.02 16.86 656.9 0.6869
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Fig. 5.13 Setup for the measurement of the unsaturated Ld and Lq inductances.

Fig. 5.14 Locking of the rotor into a specific position.

5.2.2 Extracted rotor tests

The extraction of the rotor from the stator allowed for performing tests on the separate
motor parts. The test with the removed rotor is also recognized by the standard IEEE
Std 112-2017 [146], for determining stray-load loss in polyphase induction motors.
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Table 5.8 Results for the stator in the removed rotor test.

f ,(Hz) Is,(A) Vs,(V) Ps,(W) Zs,(mΩ) cosϕs Ls,(µH) Rs,ac,(mΩ)

50 24.76 2.009 22.54 46.86 0.2620 144.0 12.26
50 35.88 2.904 47.23 46.73 0.2620 143.6 12.23
50 50.13 3.978 89.25 45.82 0.2580 140.9 11.84

100 15.46 2.385 8.860 89.08 0.1390 140.4 12.36
100 30.48 4.575 33.44 86.65 0.1380 136.6 12.00
100 45.20 6.756 72.85 86.29 0.1380 136.0 11.88
200 16.85 4.972 11.19 170.4 0.0770 135.2 13.14
200 32.93 9.676 42.59 169.6 0.0770 134.6 13.09
200 49.16 14.43 94.37 169.4 0.0770 134.4 13.02
300 17.79 7.808 14.14 253.4 0.0590 134.2 14.89
300 35.12 15.40 55.10 253.1 0.0590 134.1 14.90
300 52.34 22.95 121.9 253.1 0.0590 134.1 14.83

Test on the machine stator

The three-phase stator winding is supplied with three symmetrical sinusoidal voltages.
By measuring the phase currents and the active power, once the line-to-line voltages
and the supply frequency are known, the real and imaginary parts of the stator
impedance Zs in this configuration are obtained through the following relations. The
obtained results are shown in Table 5.8.

|Zs|=
∣∣∣∣Vs

Is

∣∣∣∣ (5.17)

cosϕs =
Ps√

3 ·Vs · Is
(5.18)

Xs = |Zs|sinϕs (5.19)

Ls =
Xs

2 ·π · f
(5.20)

Rs,ac = |Zs|cosϕs (5.21)
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Table 5.9 Results for the rotor in the removed rotor test.

f ,(Hz) Ir,(A) Vr,(V) Pr,(W) Zr,(mΩ) cosϕr Lr,(µH) Rr,ac,(mΩ)

10 2.435 34.48 35.17 14.16 0.4190 204.6 5.931
10 3.706 51.85 81.17 13.99 0.4220 201.8 5.911
50 1.319 86.56 16.13 65.62 0.1410 206.8 9.269
50 2.708 173.5 57.55 64.06 0.1230 202.4 7.847
50 4.123 260.9 126.2 63.26 0.1170 200.0 7.422
50 5.529 347.0 221.7 62.77 0.1160 198.5 7.253
50 6.966 434.8 349.0 62.41 0.1150 197.4 7.192
50 8.393 521.5 508.0 62.14 0.1160 196.5 7.212

Test on the machine rotor

The real and imaginary parts of the rotor impedance Zr are obtained by supplying the
rotor winding with a sinusoidal voltage, following a procedure similar to that used
for the stator. The following equations refer to a single-phase winding, representing
the only difference with respect to the previous formulations. The obtained results
are shown in Table 5.9.

|Zr|=
∣∣∣∣Vr

Ir

∣∣∣∣ (5.22)

cosϕr =
Pr

Vr · Ir
(5.23)

Xr = |Zr|sinϕr (5.24)

Lr =
Xr

2 ·π · f
(5.25)

Rr,ac = |Zr|cosϕr (5.26)

5.2.3 No-load test

In order to perform the no-load test on the machine sample, the measurement setup
shown in Fig.5.15 and in Fig.5.16 has been used. In particular, the rotor of the
motor under test has been kept rotating at a fixed speed (500rpm) using the prime
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Fig. 5.15 No-load test setup: the equipment.

Fig. 5.16 No-load test setup: the motors.

mover, while the rotor winding has been supplied with a dc power source. The
phase stator voltage has been measured for different values of the rotor current. The
rotor current has been measured using the closed-loop current transducer IT200-S
Ultrastab from LEM. The three stator phase voltages have been measured using
shielded cables connected to voltage cards GN610B from HBM Gmbh. All the
data have been measured with a sampling frequency of 500kS/s and collected by
the data acquisition system GEN2tB from HBM Gmbh. Figure 5.17 shows four
obtained measurements of the induced stator voltage selected from a total number of
eighteen tests. Extrapolating the fundamental component of the measured voltages,
the no-load characteristic depicted in Fig.5.18 is obtained.
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Fig. 5.17 Measured stator voltages for different rotor currents at 500rpm.

Fig. 5.18 Measured no-load characteristic at 500rpm.
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Fig. 5.19 FE-model of the ZOE motor: in FLUX Altair (a) and FEMM (b).

5.3 The finite element model

Based on the recollected information and measurements, the finite element model
of the ZOE motor is developed. The geometric dimensions are the values reported
in Fig.5.3, the magnetic material that of Fig.5.8, the stator conductors per slot is
Zc = 9/4 and the rotor conductors per pole is Nr = 195. Although the proposed
drawing code (Section 3.3) could be used to create the FE model of the ZOE motor,
many geometry details would be approximated, as only a limited amount of options
have been developed. In any case, the main aim of the developed Matlab-FEMM
model is to be used in the sizing algorithm. In order to build an accurate FE model,
the software FLUX Altair is used for its simplicity in building and modifying the
machine geometry with software overlays, except for the rotor pole profile, which
is imported via the 3D scans. The parametric FLUX model was also used to easily
calibrate the air gap length, which is difficult to obtain from direct measurements on
the sample. The calibration has been conducted based on the comparison with the
linear part of the measured no-load characteristic. Subsequently, the final machine
has been imported into a FEMM model to exploit the parallelization over multiple
cores and, above all, to obtain the results as MATLAB data, instead of memory-
consuming FE simulations. This is especially welcome in the computation of
the current-to-flux linkage model, which requires a significantly large quantity of
simulations, particularly for wound-field machines, as the model must be computed
for three current variables. Both models are shown in Fig.5.19.
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Fig. 5.20 Simulated and measured induced stator voltages at no-load.
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Fig. 5.21 Simulated and measured no-load characteristic.

5.3.1 The simulated no-load characteristic

The induced stator voltages in no-load conditions both measured and simulated via
FEMM are shown in Fig.5.20 for a limited number of rotor currents. Figure 5.20 also
exhibits the corresponding spectra of the selected results. As shown by the matching
between the measured and simulated voltage waveforms, both the air gap length and
the rotor pole shape have been modelled with satisfactory accuracy.

The resulting no-load characteristic is shown in Fig.5.21, along with the measured
one. The results obtained from the simulations and the no-load test are listed in
Table 5.10, together with the percentage error over the peak fundamental induced
voltages. From the reported values, it can be seen that the percentage error, as an
absolute value, does not exceed 2.2%, while the average error is 0.75%. These
values demonstrate that the developed FE-model accurately represents the real motor
sample and can be considered reliable, at least in no-load conditions.

On the basis of the FE-model, the current-to-flux linkage model can be computed.
The current-to-flux linkage model is the correlation of the dq-fluxes with the d-, q-
and rotor currents, generally in the form of lookup tables or multidimensional maps.
This is needed for the identification of the rated load point of the motor, used to find
the electromagnetic loadings to be used in the sizing algorithm.



5.3 The finite element model 111

Table 5.10 Results for the no-load test and simulation.

Measurements FE-simulations

n,(rpm) Ir,(A) Vr,(V) Vs1,pk,(V) Vs1,pk,(V) ε,(%)

498.6 0.4910 2.986 2.544 2.558 -0.54

498.5 0.9899 5.960 5.154 5.157 -0.068

498.5 1.478 8.858 7.712 7.697 0.19

498.3 1.976 11.70 10.22 10.28 -0.58

498.6 2.993 17.51 14.98 15.31 -2.2

498.5 3.994 23.32 18.29 18.48 -1.0

498.5 4.983 29.23 19.79 20.04 -1.3

498.4 5.990 35.07 20.82 21.03 -1.0

498.5 6.985 40.94 21.66 21.73 -0.35

498.5 7.982 46.63 22.36 22.30 0.27

498.5 8.996 52.50 22.94 22.77 0.70

498.4 9.983 58.36 23.42 23.18 1.0

498.5 10.98 64.29 23.83 23.55 1.2

498.5 11.99 70.20 24.16 23.88 1.2

498.5 12.98 76.16 24.43 24.18 1.0

498.5 13.99 81.65 24.64 24.47 0.70

498.5 14.99 87.78 24.81 24.73 0.30

498.5 15.98 93.80 24.96 24.98 -0.089

498.5 16.99 100.2 25.10 25.22 -0.48

498.5 17.98 106.7 25.23 25.44 -0.86

5.3.2 Current-to-flux linkage model identification

Based on the information available online [142], the peak motor power is 100kW,
the battery voltage 400V, and assuming both the power factor and the efficiency
equal to 0.95, the peak value of the stator current is approximately 230A for the peak
performances. No information is available on the rotor current; however, with a rotor
current of 18A in no load conditions, the magnetic flux density in the rotor pole body
is more than 2T, thus already highly saturated. The current-to-flux linkage model is
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Fig. 5.22 Maps of the dq-axis flux for different rotor currents.

Fig. 5.23 dq-axis flux for 0A rotor current.

Fig. 5.24 dq-axis flux for 10A rotor current.
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Fig. 5.25 dq-axis magnetic inductances.

Table 5.11 Measured and simulated dq-axes unsaturated inductances.

Measurements FE-simulation Error
Lq 1.889 mH 1.939 mH 2.65%
Ld 0.6969 mH 0.6547 mH 6.44 %

therefore simulated via FEMM by setting the stator current amplitude to vary from 0
to 700A with a step of 25A up to 350A and then changing it to 50A; the stator current
angle is set to vary from negative d-axis to positive d-axis with a step of 10◦. The
considered rotor angular positions comprehend one-sixth of the period, averaging
the needed variables over 30 points. The rotor current is set to vary from 0 to 18A,
with a step of 1A. The amount of simulated points for each rotor current is, therefore,
12540, leading to a total of 238260 simulations. This emphasises how the additional
degree of freedom introduced by the rotor current makes the extrapolation of the
model not trivial. The simulations have been distributed over 6 PCs with different
rated characteristics, and for each of them, the parallelization over the available cores
has been exploited. The process was completed in around two days. Figure 5.22
reports the obtained results for 4 simulated rotor currents. Figure 5.23 and Figure
5.24 show the obtained dq fluxes for 0A and 10A rotor currents.

The map of the dq-fluxes with the rotor current equal to zero can be used to
extrapolate the values of the magnetic inductances in the d- and q-axis. Indeed, the
value of Ld inductance can be simply obtained by dividing the d-axis flux by the
d-axis current when the q-current is zero, and vice-versa for the computation of the
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Table 5.12 Main specifications of the baseline motor.

Sizing code inputs
Torque (T ) 120Nm
Speed (n) 4000rpm
Stator phase voltage (Vs) 160Vrms

Pole pairs number (p) 2
Slots per pole per phase (q) 4
Minimum air gap thickness (g0) 0.78mm
Rotor pole span (kb) 0.64

Electromagnetic loadings limits
Stator current density (Js,max) 7.3A/mm2

Rotor current density (Jr,max) 8.4A/mm2

Linear current density (As,max) 392A/cm
Air-gap flux density at no-load (Bg,max) 0.95T
Stator yoke flux density at no-load (Bsy,max) 1.41T
Rotor yoke flux density at no-load (Bry,max) 1.78T
Teeth flux density at no-load (Bt,max) 1.70T
Rotor pole flux density at no-load (Bp,max) 1.85T

Lq inductance. The obtained results are shown in Fig.5.25. The unsaturated values
of the inductances can be compared to the ones obtained from the test described
in Section 5.2.1 as an additional confirmation of the model’s reliability. Both the
measured and computed via simulation values are reported in Table 5.11, together
with the percentage error.

5.4 The validation of the sizing procedure

On the basis of the obtained current-to-flux linkage model, a rated working point
has been identified following the strategy adopted for the baseline motor used in
the preliminary validation, reported in [38]. Therefore, the rotor and stator currents
have been found with the aim of maximizing the power factor, thus leading to the
individuation of the electromagnetic loadings, using the formula reported in Section
4.3. The obtained values are recollected in Table 5.12, together with the geometrical
and winding layout sizing input parameters.
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Reference

Computed

Fig. 5.26 Computed and reference geometry of the baseline motor.

Table 5.13 Main specifications of the baseline motor.

Geometric variable Computed (mm) Reference (mm) Error (%)
L 176.8 175.0 1.0

Dso 248.1 248.5 -0.2
Dg 157.0 155.1 1.2
hsy 26.16 23.75 10.1
hp 35.97 38.13 -5.7
hry 21.64 18.48 17.1
wst 5.568 5.900 -5.6
wp 39.44 37.00 6.6

The obtained values are finally used as inputs for the sizing code presented
in Chapter 4. The machine obtained by the sizing code is presented in Fig.5.26,
together with the baseline ZOE motor. The comparison of the obtained and reference
geometric dimensions are listed in Table 5.13. The reported percentage error values
indicate that the main dimensions are predicted by the sizing code with sufficient
accuracy, although it must be noted that a fair comparison of the outer stator diameter
is not trivial to define. In the table, the diameter considered for the reference machine
passes through the centres of the cooling slots.

Regarding the other dimensions, the largest errors can be appreciated in the stator
and rotor yoke. However, the definition of these two geometric variables for the
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Fig. 5.27 Colour density map of the magnetic flux density of the computed WFSM motor in
no-load conditions.

reference machine can be ambiguous. The rotor yoke considered for the comparison
is the minimum available. This explains the obtained 17.1% error. The stator yoke
has been identified starting from the end of the circular part of the slots up to the
centre of the cooling slots. Therefore, such dimension is affected by the real shape
of the stator and cooling slots, which are not accounted for in the proposed sizing
procedure. In conclusion, the obtained results are considered satisfactory, especially
considering that the proposed sizing procedure must be intended as a preliminary
design tool to be subjected to refinements for the project finalization.

The colour density map of the magnetic flux density in no-load conditions is
shown in Fig.5.27, with labelled values on the main machine parts. The reported
no-load air gap flux density (1.04T) shows an error of 9.47% with respect to the one
in Table 5.12 (0.95T). However, it must be considered that the pole tip profile of the
ZOE motor is shaped differently than the inverse cosine function used in the sizing
algorithm, leading to different fundamental values of the magnetic flux density. On
the contrary, the motor used for the preliminary validation in Chapter 4 is actually
shaped as in the sizing procedure, resulting in more similar results, i.e. a percentage
error of 2%.
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Fig. 5.28 Phasor diagram (a) and output torque (b) of the computed WFSM motor.

The computed machine’s load performance is reported in Fig.5.28, regarding
the phasor diagram (in rms values) and the output torque. The phasor diagram
indicates that both the stator voltage limit and the power factor are respected with a
margin error of less than 0.82%. The value of the average output torque is 123.4Nm,
meaning an error of 2.86%. The output torque is reached with a linear current density
of 338.0A/cm and rotor current density of 8.2A/mm2. Note again that the value
of the stator current density is not used as a check condition; therefore, its value is
exactly the requested one.

5.5 Conclusion

The sizing procedure developed in this dissertation has been validated using a sample
of the Renault ZOE motor. The sample has been subjected to a work of reverse
engineering to extrapolate the motor characteristics necessary for the validation. Both
direct measurements and 3D scans have been used to define the motor geometry,
while the BH-curve of the employed material has been experimentally measured.
Based on this information, the machine finite elements model is built. The goodness
of the extrapolated machine information, as well as the developed FE model, has
been proven by measuring the no-load characteristics on the sample and comparing
the FE and measured no-load characteristics. Therefore, finite element simulations
are used to define the machine current-to-flux linkage model and, thus, extrapolate
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the electromagnetic inputs required by the developed sizing code. The sizing code
with retrieved electromagnetic and geometry information provides a final geometry
comparable to the actual ZOE motor, with an accuracy on the main dimensions, i.e.
the axial length, the stator outer diameter and the air gap diameter, characterized
by a few per cent errors. In conclusion, it has been proven that the proposed sizing
procedure is able to obtain machine volumes that have a valid correspondence with
existing machines, starting from a limited number of specifications, such as targets
and constraints.



Chapter 6

Thermal Aspects & Modeling

Thermal analysis represents a critical factor in electrical machine design due to the
impact of temperature increase on insulation lifetime. The literature reports many
research papers that focus on the thermal analysis of electric machines. Depending
on the analysis techniques used to compute the temperature distribution, thermal
models can be mainly categorized as analytical and numerical models [147, 148].
Both modelling methods feature advantages and drawbacks that impact the thermal
model complexity, accuracy, and resolution time [149, 150].

Numerical models consist of thermal FE or computational fluid dynamic (CFD)
models that allow accurate prediction of the temperatures in the different machine
parts [151–154]. However, detailed knowledge of the machine’s geometrical dimen-
sions and the characteristics of the used materials is mandatory, as well as knowledge
of the details of the cooling system. Moreover, the model setup and its resolution are
usually very time-consuming. Because of these drawbacks, engineers working in
manufacturing companies often limit numerical thermal analyses only to the final
design stage, occasionally using multiphysics models for a comprehensive perfor-
mance assessment of the electric machines [155, 156]. Electromagnetic and thermal
numerical co-simulations are sometimes conducted to assess faulty conditions [157].

Analytical thermal models consist of lumped parameters networks modelled
on the basis of the heat transfer theory [158–160]. This approach exploits the
modelling equivalence between thermal and electric circuits. In detail, thermal
resistances represent the heat transfer due to conduction, convection, and radiation
phenomena and allow computation of the steady-state temperatures, while thermal
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capacitances represent the energy storage capacity and allow modelling of the thermal
transient behaviour. In the thermal network, the heat sources related to the different
machine losses are modelled by means of current generators, while the node voltages
represent the temperature values for the different machine parts. The lumped nature
of this modelling approach considers each machine loss and the corresponding
heat source uniformly distributed into the machine components [161]. Similarly,
the node voltages represent the average temperatures for the modelled machine
parts. Increasing the number of nodes results in a higher-order thermal network that
better discretizes the machine under analysis but at the expense of increased model
complexity because of the larger number of parameters that must be determined.

The parameter values of the LPTN can be mainly computed using equations
reported in literature upon the knowledge of machine dimensions and material prop-
erties [158]. In detail, thermal capacitances are derived by the weight and the specific
heat capacity of the materials, while thermal resistances are usually determined
assuming the different machine parts as hollow cylinders. The heat transfer coeffi-
cients due to radiation and convection are typically obtained by empirical formulas
[162–165]. However, for particularly complex and high-order LPTNs, as well as
for those cases where the assumptions for the thermal parameters computations
are not rigorous, the identification of a thermal parameters set that allows accurate
replication of the temperature variations measured on the real machine may not be
straightforward. In these cases, optimization techniques are often used in conjunction
with measurements to properly calibrate the thermal network parameters [166–169].

In this research activity, methodologies for developing lumped parameter thermal
networks for synchronous machines are presented, focusing on the identification of
the parameters by means of experimental and optimization approaches. In particular,
in the absence of a wound-field sample equipped with thermocouples, the study
is conducted on small synchronous SPM machines used in automotive actuators
[170, 171]. Adjustments are adopted to make the WFSM thermal network suitable
for SPM machines, specifically regarding the differences in the rotors. Moreover,
for the specific case used for the validation, dedicated lumped parameter thermal
networks are proposed to predict operative conditions requiring a non-uniform
thermal distribution. Finally, considerations on the heat exchange with the ambient
in the absence of force convection are drawn, focusing on the corresponding network
parameter computation. The considerations are independent of the machine type.
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Fig. 6.1 Lumped parameter thermal network for wound-field synchronous machines.

6.1 The Lumped Parameter Thermal Network Ap-
proach

The thermal network is developed starting from the Mellor and Turner model, where
the machine is subdivided into several parts that are assumed to have the same
thermal behaviour, and it is shown in Fig.6.1. In particular, the motor is subdivided
into hollow cylinders concentric with the rotor axis [158]. Moreover, as a first
approximation, the rotor poles are assessed with the same methodology adopted for
the stator teeth. The following hypotheses form the foundation of the developed
thermal model:

• motor symmetry around the shaft and about the radial plane through the centre
of the machine;

• the influence of the asymmetrical temperature distribution is neglected;

• each cylinder is thermally symmetrical in the radial direction;

• the heat sources are uniformly distributed;

• the heat flux in the axial direction is considered only in the shaft.

The thermal parameters are recollected in Table 6.1. The considered loss sources are:

• PFe,r and PJ,r: iron and Joule losses on the rotor, respectively;

• PFe,s and PJ,s: iron and Joule losses on the stator, respectively;
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Table 6.1 Thermal network parameters.

Parameter Description
Thermal Capacitance

Csha f t Thermal capacitance of the shaft
Crot Thermal capacitance of the rotor
CCu,r Thermal capacitance of the rotor winding
CCu,s Thermal capacitance of the stator winding
Cteeth Thermal capacitance of the stator teeth
Csy Thermal capacitance of the stator yoke
Chsg Thermal capacitance of the housing

Thermal Resistance
Rsha f t Thermal resistance of the shaft
RCu,r Thermal resistance between rotor winding and rotor core

Rairgap Convection thermal resistance of the air gap
RCu,s Thermal resistance between stator winding and stator core
Rteeth Radial thermal resistance of the stator teeth
Rsy1 Radial thermal resistance of the inner half of the stator yoke
Rsy2 Radial thermal resistance of the outer half of the stator yoke
Rig Radial thermal resistance of the interface gap between stator

core and housing
Rhsg Convection thermal resistance between housing and ambient

The temperature evaluated in the different nodes are:

• ϑCu,r: temperature of the rotor copper;

• ϑrot : temperature of the rotor core;

• ϑCu,s: temperature of the stator copper;

• ϑag: temperature of the air gap;

• ϑsy: temperature of the stator yoke;

• ϑhsg: temperature of the housing;

• ϑa: ambient temperature.
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Fig. 6.2 Lumped parameter thermal network for permanent magnets synchronous machines.

The proposed LPTN is also suitable for PM machines adopting some adjustments.
In particular, the branch relative to the rotor copper must be removed, and the rotor
core losses must include the permanent magnet losses, i.e. Prot = PFe,r +PPM. The
resulting network is shown in Fig.6.2. The different motor parts are shown in the
sketch of an SPM motor in Fig.6.3.

6.1.1 The thermal parameters

All the parameters of the LPTN can be computed by means of the dimensions of the
motor and the thermal characteristics of the used materials, except for the thermal
resistance of the housing and the parameters relative to the stator winding, which are
all represented in red squares in Fig.6.2. These parameters can be calibrated on a dc
test, as later explained. In the following sections, the procedure for the computation
of the thermal parameters is presented. In particular, thermal capacitances are
firstly computed, followed by thermal resistances, and subsequently, the parameters
obtainable through calibration are presented.

-The thermal capacitances

The generic thermal capacitance Cth of the presented LPTN can be computed by
multiplying the weight of the considered motor part and the specific heat capacity of
the relative material cp. Moreover, the weight of the considered motor part can be
obtained by multiplying the material specific weight γ by its occupied volume v. In
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Fig. 6.3 Sketch of a surface permanent magnet motor.

conclusion, the generic thermal capacitance can be computed as in (6.1).

Cth = cp · γ · v (6.1)

Therefore, assuming the specific heat capacity and the specific weight of the
material to be known by the catalogue, computing the thermal capacitance means
computing the motor part volume.

The thermal capacitance of the shaft

Starting from the left side of the network of Fig.6.2, the thermal capacitance of
the shaft (Csha f t) is obtained through the volume of the shaft vsha f t , which can be
computed as the volume of a cylinder.

vsha f t =

(
Dri

2

)2

·π ·L (6.2)
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The thermal capacitance of the rotor

The thermal capacitance of the rotor (Crot), for a PM machine, consists of the sum
of the thermal capacitance of the rotor yoke and that of the permanent magnets,
computed as in (6.3) and (6.4), respectively.

vry =

(
D2

ro
4

− D2
ri

4

)
·π ·L (6.3)

vPM = kPM ·
(
(Dro +2 ·hPM)2

4
− D2

ro
4

)
·π ·L (6.4)

In (6.4), kPM is the portion of one pole occupied by the permanent magnet, while
hPM is the height of the permanent magnets.

Thermal capacitance of the teeth

The thermal capacitance of the stator teeth (Cteeth) is computed through the volume of
the stator teeth (vteeth), which depends on the specific shape of the stator teeth/slots.
Considering the Stooth the cross-sectional area of one tooth and nteeth the number of
teeth, the total volume of the teeth is:

vteeth = Stooth ·nteeth ·L (6.5)

Thermal capacitance of the stator yoke and the housing

The thermal capacitance of the stator yoke (Csy) and the housing (Chsg) are obtained
by computing their volumes as in (6.6) and (6.7), considering Diy the diameter at the
bottom of the stator slots and hhsg the housing height.

vsy =

(
D2

so
4

−
D2

iy

4

)
·π ·L (6.6)

vhsg =

(
(Dso +2 ·hhsg)

2

4
− D2

so
4

)
·π ·L (6.7)
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-The thermal resistances

The formulations for the computation of the thermal resistances have been elaborated
and adapted for SPM machines starting from the equations reported in [158]. The
heat flux in the axial direction has been neglected in all the machine parts except
for the shaft. Therefore, all the thermal resistances, except Rsha f t , can be computed
using the equations of the hollow cylinders; thus, they can be obtained by knowing
the geometric dimensions.

The thermal resistance of the shaft

The thermal resistance of the shaft can be computed as the sum of three contribu-
tions, as in (6.8), where kir is the temperature-dependent iron thermal conduction
coefficient, and Lsha f t is the length of the shaft. The first one represents the radial
thermal flux due to the rotor yoke, the second one considers the part of the shaft
placed below the rotor core, and the last one is due to the shaft part external to the
rotor core length.

Rsha f t =
1

2 ·π · kir
· ln Dro

Dri
+

L
2 · kir ·π ·D2

ri
+

Lsha f t −L
kir ·π ·D2

ri
(6.8)

The iron thermal conduction coefficient can be expressed as a function of its temper-
ature in kelvin [158].

kir =−0.024ϑiron +65.552 (6.9)

The convection thermal resistance of the air gap

The convection thermal resistance of the air gap can be computed through (6.10),
where hag is the forced convection coefficient of the air [158].

Rairgap =
1

π ·Dsi ·L ·hag
(6.10)

The coefficient hag can be obtained through (6.11), where Nu is the Nusselt number,
kair is the thermal conduction coefficient of the air.

hag =
Nu · kair

2 ·g
(6.11)
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The Nusselt number depends on the comparison between the Reynold number
and the Reynolds critical number, which can be respectively computed as in (6.12)
and (6.13), where ρ is the fluid density, ν is the fluid speed, µ is the fluid dynamic
viscosity.

Re =
ρ ·ν ·L

µ
(6.12)

Recr = 100

√
Dsi

2
·g (6.13)

The Nusselt number is 2 if Re < Recr, meaning thermal conduction conditions,
otherwise:

Nu = 0.386
1√

Dsi/2 ·g
Pr0.27 (6.14)

In (6.14), Pr is the Prandtl number, which can be computed as in (6.15).

Pr =
cp ·µ

k
(6.15)

In (6.15), k is the conduction heat coefficient. In the case of air, as considered
fluid, the conduction heat coefficient can be obtained as in (6.16), where ϑairgap is
expressed in kelvin [158].

kair =−0.0000795ϑairgap +0.00246 (6.16)

The thermal resistance of the stator teeth

The thermal resistance of the stator teeth can be computed as in (6.17).

Rteeth =
1

2 ·π · kir ·L · pir
· ln
(

Diy

Dsi

)
(6.17)

The coefficient pir is the percentage of the teeth iron volume with respect to the
total teeth plus slots volume, and it is computed as:
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pir =
nteeth ·Stooth(

D2
iy

4 − D2
si

4

)
·π ·L

(6.18)

The thermal resistance of the stator yoke

The stator yoke is subdivided into two hollow cylinders separated at the middle stator
yoke diameter. In this way, the loss source corresponding to the stator iron losses
can be applied in the middle of the stator yoke. The formulations for the radial
conduction stator yoke thermal resistances are reported in (6.19) and (6.20) for the
inner and outer stator yoke parts, respectively.

Rsy1 =
1

2 ·π · kir ·L
ln
(

Dm

Diy

)
(6.19)

Rsy2 =
1

2 ·π · kir ·L
ln
(

Dso

Dm

)
(6.20)

The thermal resistance of the interface gap between the stator core and housing

The interface gap accounts for the assembling process of the stator pack into the
housing; this conduction thermal resistance is computed by (6.21), where the ther-
mal conduction coefficient has been assumed equal to that of air at the ambient
temperature, while hig is the radial thickness.

Rig =
hig

2 ·π · kair ·L ·Dso/2
(6.21)

-The thermal parameters obtained through calibration

The definition of the thermal capacitance of the stator winding (CCu,s), the thermal
resistance between the stator winding and the stator core (RCu,s), and the thermal
resistance between the housing and the ambient (Rhsg) are computed by means of
a dc test. In particular, the first instants of the test are necessary for finding the
parameters CCu,s and RCu,s, while the steady-state conditions must be reached to
define Rhsg. The dc test can be conducted by supplying two of the three stator phases
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or by supplying the series of one phase and the parallel of the other two phases.
Otherwise, if the neutral is accessible, the three phases can be connected in parallel.
The last option results in the most uniform heat distribution in the electric machine.

The thermal capacitance of the stator winding and the thermal resistance
between the stator winding and the stator core

The definition of the thermal characteristics of a stator winding must consider that
this component of the machine is a distributed composite (combination of the electric
insulation, impregnation, and air). Adopting pure material properties as input data for
the thermal models returns inaccurate temperature predictions. Hence, a reasonable
approach involves determining equivalent properties through measurements of a
dc test [172–174]. Since the motor is supplied with a dc current, the only active
loss source is the stator Joule losses in the copper. It is assumed that if the housing
temperature does not change more than one degree, the winding can be considered
adiabatic with respect to the rest of the motor. This means that all the heat produced
by the stator Joule losses is entirely used to heat the winding. In these initial instants,
the temperature of the stator winding can be obtained by solving a first-order RC
circuit:

ϑCu,s = ϑamb +RCu,s ·PJs(1− e
t

RCu,s·CCu,s ) (6.22)

Therefore, by comparison with the measurements, it is possible to find the parameters
RCu,s and CCu,s, which minimize the error between the computed and the measured
winding temperature. In this study, this is performed by using the particle swarm
optimization technique.

The thermal resistance between the housing and the ambient

The thermal resistance between the housing and the ambient can be obtained through
a steady-state dc test:

Rhsg =
ϑhsg,∞ −ϑamb,∞

PJs
(6.23)

where ϑhsg,∞ and ϑamb,∞ are the housing and ambient temperatures in steady-state
conditions.
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(a) (b)

Fig. 6.4 The SPM motors and their positioning inside the BBW actuators.

6.1.2 Validation on a synchronous machines case study

The presented LPTN is used to predict the temperatures of two different SPM motors
used in brake-by-wire (BBW) automotive actuators, which are depicted in Fig.6.4.
These machines equip the two different systems shown on the sides of Fig.6.4. The
structure on the left is an electromechanical brake calliper in which electric energy
is directly converted into clamping force, while the structure on the right side is an
electro-hydraulic actuator that converts electric energy into hydraulic pressure on a
standard brake calliper.

The two machines are SPM motors, rated a few hundred watts, with a star-
connected concentrated winding, and characterized by very different aspect ratios
λ , i.e. the ratio between the axial length L over the diameter Dg at the air gap.
Hereinafter, the machine with the highest aspect ratio is referred to as the ‘slender’
motor, while the machine with the lower aspect is the ‘disk-shaped’ machine. The
disk-shaped motor features a rated power 1.5 times greater than the slender motor
and a lower aspect ratio: L/Dg = 0.42 for the disk-shaped motor, L/Dg = 1.69 for
the slender motor. In their normal working conditions, the machines are low voltage
supplied and repetitive pulses of dc currents are injected in two of the three phases.
This results in an asymmetrical location of the heat sources and, consequently, uneven
temperature distributions inside the machines. An extensive thermal test campaign
has been conducted on both motors to calibrate and validate the thermal networks.
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(a)

(b)

(c)

Fig. 6.5 The performed thermal tests:(a) steady-state, (b) pulse-current, (c) load cycle.

6.1.3 The performed thermal tests

The two motors have been equipped with several thermocouples, as depicted in
Fig.6.4, and tested in two different ambient conditions: ambient air and climatic
chamber. Inside the climatic chamber, the ambient temperature was set to 120◦C to
consider the operating temperature of the brake-by-wire system. The test campaign
was based on three different thermal tests: ‘steady-state’, ‘pulse-current’ and ‘load
cycle’ tests. The first consists of injecting a dc current until the steady-state conditions
are reached, see Fig.6.5a. The second consists of injecting a dc current until the
maximum admissible temperature (180°C) is reached, as depicted in Fig.6.5b. The
third consists of injecting repetitive current pulses to test the motor under working
conditions similar to the real ones. Two load cycle tests have been defined. The
load cycle 1 consists of injecting repetitive pulses of dc currents for a defined time
duration; subsequently, another defined time interval waits before the next pulse of
current. For the second load cycle, two different values of currents are injected. For
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the slender motor, the lower value is injected four consecutive times before supplying
the motor with one pulse of the highest current. For the disk-shaped motor, the lower
value is injected five consecutive, and, in the following periods, the number of low
current injections progressively decreases by one, as shown in Fig.6.5c. The tests
performed on the slender motor are one steady-state test, eight pulse-current tests
and two load cycles in ambient air, while one steady-state, six pulse-current tests and
two load cycles have been performed in the climatic chamber. For the disk-shaped
motor, one steady-state test, seven pulse-current tests and two load cycles have been
performed in ambient air, while one steady-state test, eight pulse-current tests and
two load cycles in the climatic chamber.

The aim is to predict the temperatures of the load cycle tests by using the LPTN
of Fig.6.2. The steady-state tests are used for the calibration of the network: the first
instants of the test are used for the parameters CCu,s and RCu,s, and the last instants
for Rhsg. The pulse-current tests are later used to calibrate the developed ’phase-split’
LPTN, presented in Section 6.2.

6.1.4 The obtained results

The obtained parameters for the LPTN of Fig.6.2 are listed in Table 6.2 for both the
slender and the disk-shaped motor in ambient air and climatic chamber conditions.
Each motor features different thermal resistances depending on the ambient. Indeed,
the thermal resistances are temperature-dependent, and therefore, different values
are obtained in the ambient air (ϑamb ≈ 20◦C) and climatic chamber (ϑamb ≈ 120◦C)
conditions. Similarly, the parameters CCu,s, RCu,s and Rhsg are doubly calibrated:
on a steady-state test in ambient air and a steady-state test in the climatic chamber.
The thermal network is therefore simulated, giving as input the measured ambient
temperature and the power losses. The temperatures in the different nodes are
computed by solving the corresponding system of differential equations and using
Euler’s method. Considering that in all the performed tests, dc currents are injected
in the stator, the only active loss source is represented by the stator Joule losses. The
results are shown in Fig.6.6 and Fig.6.7 for the slender motor in the ambient air and
the climatic chamber, respectively. The results for the disk-shaped motor are shown
in Fig.6.8 and Fig.6.9. Specifically, the reported measured ’Copper Temperature’ is
the average of the measured temperatures of the two supplied phases.
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Table 6.2 Thermal parameters of the LPTN for the baseline motors - capacitances in J/◦C
and resistances in ◦C/W .

Parameter
Slender motor Disk-shaped motor

Ambient air Climatic chamber Ambient air Climatic chamber

Csha f t 15.74 15.74 10.32 10.32

Crot 49.46 49.46 39.94 39.94

CCu,s 58.05 117.0 114.9 312.0

Cteeth 31.04 31.04 44.29 44.29

Csy 40.97 40.97 67.24 67.24

Chsg 46.06 46.06 62.41 62.41

Rsha f t 11.12 11.08 8.165 8.253

Rairgap 4.506 4.634 14.52 13.84

RCu,s 0.4067 0.2400 0.1867 0.1067

Rteeth 0.07115 0.07089 0.3298 0.3332

Rsy1 0.004620 0.004603 0.01703 0.01721

Rsy2 0.004341 0.004326 0.01568 0.01584

Rig 0.1248 0.09672 0.2366 0.1848

Rhsg 3.970 2.190 2.500 1.130

The results show that the lumped parameter thermal network accurately predicts
the temperatures in the steady-state conditions for both the slender and the disk-
shaped motor. This is especially true for the slender motor, whose shape is more
consistent with the hypothesis of the proposed model, i.e. the heat flux is considered
to be mainly radial. The obtained results for the disk-shaped machine are necessarily
less accurate, nonetheless leading to a maximum error of 6.7% for the copper
temperature.

The predicted temperatures for the load cycles adequately match the measure-
ments for both motors in ambient air conditions, especially for the copper tempera-
ture. However, low-accuracy results are achieved in the climatic chamber for both
the copper and the housing temperatures. In all the cases, the proposed network
overestimates the housing temperature of the load cycle. Considering that the du-
ration of the load tests is much lower than that of the steady-state tests, the value
of the housing thermal capacitance significantly impacts the housing temperature
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Fig. 6.6 Results for the slender motor in ambient air.

estimation during these first instants. As a consequence, an accurate prediction can
be accomplished only by knowing the precise value of the housing mass. However,
the proposed LPTN considers the housing as a hollow cylinder and does not take
into account additional motor parts external to the housing, such as the end-plates
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Fig. 6.7 Results for the slender motor in the climatic chamber.

and the mechanical fixture parts that are thermally conductive (see Fig.6.4), hence
underestimating the total mass. As a consequence, the housing thermal capacitance is
slightly underestimated as well, yielding the overestimation of the thermal dynamics,
which in turn causes the housing temperature overestimation in the load cycle tests.
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Fig. 6.8 Results for the disk-shaped motor in ambient air.

In conclusion, the proposed LPTN model represents a valid tool for assessing
the motor temperatures in steady-state and not-too-harsh load cycles or ambient
conditions. However, the specific BBW application of the baseline motors generally
requires to operate by injecting dc currents in two of the three phases for short
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Fig. 6.9 Results for the disk-shaped motor in the climatic chamber.

time intervals, causing an uneven heat distribution in the machine, as anticipated in
Section 6.1.2. The proposed model cannot predict uneven heat distributions on the
basis of the assumed hypotheses.
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Fig. 6.10 Complete phase-split LPTN

6.2 The phase-split LPTN

A lumped parameters thermal network where the three phases are split is proposed to
consider the non-homogeneous heating of the machine. The new model is presented
in Fig.6.10. In this version, the winding equivalent thermal resistance (previously
referred to as RCu,s) has been split into three different branches of thermal resistance,
R1. Furthermore, a heat exchange among the three phases is considered by adding
the three thermal resistances, Rx. Finally, the three parameters Ry introduce an
additional heat path representing the heat exchange between the end winding and the
housing. The new structure of the network allowed the three phases to be supplied
independently.

In the ’phase-split’ network, the definition of practical analytical formulations for
the computation of the thermal parameters is highly complex due to unconventional
supply conditions. The motor dimensions and the thermal characteristics of the
used materials cannot be used to compute the parameters since the hypothesis of
motor symmetry is not valid anymore. Therefore, these values are estimated by
optimization.
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6.2.1 The optimization algorithm for the parameter identification

The thermal parameters of the phase-split network are obtained by means of the
particle swarm optimization technique, which is a swarm intelligence-based and
stochastic algorithm to solve optimization problems [175, 176]. The procedure
is performed in the Matlab environment using the built-in function of the PSO
technique. The objective function used in the algorithm is the sum of the quadratic
error between the measured and computed temperatures in different conditions, as
expressed in (6.24). In the function j is the index that indicates the j-th thermal test
(steady-state, pulse-current, load cycle), i is the index that indicates the temperatures
of the considered machine parts (nϑ ≤ 4 is the number of monitored machine parts),
and item z is the index that indicates the considered temperature samples (Z is the
number of considered samples of the considered thermal test).

ε =
ntest

∑
j=1

nϑ

∑
i=1

Z

∑
z=1

(
ϑmeasured j

i,z
−ϑcomputed j

i,z

)2

(6.24)

Several optimizations with PSO were performed on both motors, varying ntest

and nϑ , always leading to similar parameters. Based on the obtained values, the
following considerations can be drawn. A low value of the thermal resistance Ry is
found compared to all the other thermal resistances. The values of R1 and R2 are
practically infinite. This means that most heat flux does not encounter the thermal
resistances R1 and R2 and does not reach the node ϑ2, see Fig.6.10. Consequently,
the value of the thermal capacitance C2 does not affect the heat repartition in the
thermal network. The heat flux mainly reaches the housing frame through the
thermal resistance Ry. These considerations suggest the reduction of the ’complete’
thermal network of 6.10 to the ’simplified’ LPTN shown in Fig.6.11, where the node
ϑ2 is bypassed. The two thermal networks obtain comparable values of thermal
capacitances C1, C3 and the thermal resistance Ry.

The simplification of the thermal network leads to a sharp reduction of the
computational time, as fewer parameters need to be optimized. For example, when
one steady-state and seven pulse-current temperature tests are used to determine the
model parameters for the slender motor, the computational time reduces from one
hour and a half for the complete LTPN to five minutes for the simplified one.
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Fig. 6.11 Simplified phase-split LPTN

Table 6.3 Thermal parameters of the phase-split LPTN for the baseline motors - capacitances
in J/◦C and resistances in ◦C/W .

Parameter
Slender motor Disk-shaped motor

Ambient air Climatic chamber Ambient air Climatic chamber

C1 22 22 60 50

C3 245 309 567 641

Ry 1.19 0.80 0.80 0.84

Rhsg 3.97 2.20 2.50 1.15

6.2.2 The simplified phase-split LPTN

In Fig.6.11, the optimized thermal network is shown, where the four nodes allow
for the computation of the four considered temperatures. Different combinations of
thermal tests have been used in the optimization procedure. In particular, for each
ambient condition and each baseline motor, the steady-state test and all the performed
pulse-current tests have been used for the calibration of the thermal network. The
obtained parameters lead to consistent predictions of the monitored temperatures,
reported in [170]. However, a further investigation has been carried out to minimize
the number of experimental tests that need to be performed to calibrate the simplified
phase-split LPTN correctly. The outcome is that only one pulse-current test and
the steady-state test are sufficient to find similar thermal parameters. However, the
recommendation is to select a pulse-current test that reaches the maximum admissible
temperatures in a short time, as this operating condition is more comparable with
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the load cycles. The thermal parameters obtained through the PSO with one pulse-
current and one steady-state test for the baseline motors in ambient air and climatic
chamber conditions are recollected in Table 6.3. The obtained values of the housing
thermal resistance (Rhsg) are practically the same values used in the conventional
high-order network of Fig.6.2.

The temperatures predicted by the simplified phase-split thermal network of
Fig.6.11 with the thermal parameters of Table 6.3 are shown hereafter together with
the measured temperatures. Specifically, the temperatures for the two thermal tests
used for the optimization are presented, followed by the results for the load-cycle
tests. Moreover, for space reasons, the temperatures of one of the two ’hot’ phases
and the ’cold’ one are shown for the pulse-current test, while the other ’hot’ phase
and the housing are selected for the steady-state test. In particular, Fig.6.12-6.14
show the results for the slender motor in ambient air for the optimization tests and the
two load cycles, while the results in the climatic chamber are displayed in Fig.6.15-
6.17. Regarding the disk-shaped motor, the results in both ambient conditions can be
found in Appendix C.

As can be seen, good results are obtained for the three phases and the housing
temperatures in all the conditions and for both motors. The difference between
the hot phases and the cold one is predicted by the models thanks to the split of
the winding branch into three different branches. The maximum percentage error
exhibited by the proposed network is approximately 12%, reached by the slender
motor in ambient air for the first load cycle, in which, however, the absolute deviation
is less than 5◦C. Note also that the differences in the electrical resistances of the three
phases cause different heating of the two hot phases, while in the proposed model,
the three phases are assumed to be perfectly equal in terms of thermal parameters.

In conclusion, the conventional high-order LPTN of Section 6.1 has proven to be
essentially appropriate for the temperature estimations of the motors under analysis,
but it cannot provide the evolution of the temperatures of the three phases separately,
as requested by the specific application. However, the model provided an acceptable
estimate of the housing temperatures and the hot phases. The proposed phase-split
LPTN, if opportunely optimized as discussed, allows more accurate results for all
the monitored parts of the machine. The obtained model was simple and fast in
computing. However, an additional thermal test requires to be performed at higher
current levels; thus, adequate lab equipment must be available.
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Fig. 6.12 Simplified phase-split LPTN results for the slender motor in ambient air for the
tests used in the optimization.

Fig. 6.13 Simplified phase-split LPTN results for the slender motor in ambient air for the
load cycle 1.
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Fig. 6.14 Simplified phase-split LPTN results for the slender motor in ambient air for the
load cycle 2.

Fig. 6.15 Simplified phase-split LPTN results for the slender motor in the climatic chamber
for the tests used in the optimization.
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Fig. 6.16 Simplified phase-split LPTN results for the slender motor in the climatic chamber
for the load cycle 1.

Fig. 6.17 Simplified phase-split LPTN results for the slender motor in the climatic chamber
for the load cycle 2.
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6.3 Analytical computation of the housing thermal
resistance

The thermal resistance Rhsg represents the thermal resistance between the housing
and the external ambient. The heat flow through this specific path is generated
by the parallel contribution of natural convection, forced convection and radiation
phenomena. In the proposed LPTNs the parameter Rhsg has been either computed
through the steady-state dc-test or by the PSO technique. In any case, different values
have been obtained for each motor, depending on the external ambient (climatic
chamber or ambient air), as the parameter is temperature-dependent. In this section,
an alternative approach, based on an analytical estimation, is used to determine
the value of the parameter Rhsg for different ambient temperatures and injected
powers. The procedure is validated by a test campaign of dc steady-state thermal
tests conducted on the disk-shaped motor. The parameter determination is based on
the assumption of the absence of forced convection.

Following the work proposed in [177], originally based on [178], the thermal
resistance housing-ambient is obtained by computing the thermal convection and
radiation coefficients. The following ambient air’s thermal properties are obtained
through linear interpolation of the data reported in [177], at the film temperature
ϑ f = (ϑhsg +ϑhsg)/2.

Convection from the front surface

Approximating the convection phenomenon in the front and rear cross-sectional area
as that of two square plates with height Heq, the Rayleigh number can be computed as
in (6.25), where ga is the gravitational acceleration, β is the air expansion coefficient,
nuk is the air kinematic viscosity, and αth is the air thermal diffusivity.

Ra f =
gaβ (ϑhsg −ϑamb)H3

eq

νkαth
(6.25)

The value of Heq can be obtained by imposing the same surface for the front/rear
surface and the square plate.
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Fig. 6.18 Sketch of the motor housing.

D2
eπ

4
= H2

eq → Heq =

√
π

2
De (6.26)

Therefore, the Nusselt number can be computed as in 6.27, where h f is the
convection coefficient of the front/rear area.

Nu f =
h f ·Heq

kair
=

0.825+
0.387Ra1/6

f

(1+(0.492/Pr)9/16)8/27

2

(6.27)

Convection from the lateral surface

In order to compute the lateral surface convection coefficient hl , it must be considered
that the total lateral surface is composed of three different cylinders, as depicted in
Fig.6.18.

For the biggest lateral surface Sl1, the Rayleigh number can be computed consid-
ering the convection over a long horizontal cylinder.

Ral1 =
gaβ (ϑhsg −ϑamb)D3

e

νkαth
(6.28)

Considering:

De = Dso +hig +hhsg (6.29)
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The Nusselt number is given by 6.30, where hl1 is the convection coefficient for
the lateral surface Sl1

Nul1 =
hl1 ·De

kair
=

(
0.60+

0.387Ra1/6
l1

(1+(0.559/Pr)9/16)8/27

)2

(6.30)

Repeating the procedure for the other surfaces, the equivalent convection coeffi-
cient from the lateral surface can be computed, considering Sl = Sl1 +Sl2 +Sl3.

hl ·Sl = hl1 ·Sl1 +hl2 ·Sl2 +hl3 ·Sl3 (6.31)

Convection thermal coefficient

Therefore, the equivalent convection thermal coefficient given by the lateral, front
and rear surfaces can be obtained as in (6.32), where S = Sl +2S f .

hc =
hlSl +2h f S f

S
(6.32)

Radiation from the motor surface

The surface heat density dissipated by radiation can be computed as in (6.33), where
εr is the emissivity coefficient (assumed to be 0.97) and σc is the Stefan-Boltzmann
constant (5.67x10−8W/m2/K4), while hr is the unknown radiation coefficient.

qr = εrσc

(
ϑ

4
hsg −ϑ

4
amb

)
= hr

(
ϑhsg −ϑamb

)
(6.33)

Thus, the value of the radiation coefficient is:

hr = εrσc
(
ϑhsg +ϑamb

)(
ϑ

2
hsg +ϑ

2
amb

)
(6.34)

The housing-ambient thermal resistance

Finally, the equivalent value of the coefficient ht , which includes both the natural
convection and the radiation, can be obtained by summing two convection and
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Fig. 6.19 Measurements setup for the housing-ambient thermal resistance

radiation coefficients.
ht = hc +hr (6.35)

Therefore, the value of the parameter Rhsg is:

Rhsg =
1

ht ·S
(6.36)

6.3.1 The validation procedure

In order to validate the analytical computation of the parameter Rhsgy, nineteen
steady-state tests have been performed on the disk-shaped motor. As evident from
equations (6.30), (6.27) and (6.34), the thermal coefficients hc and hr depend on both
the ambient and housing temperatures. Therefore, the performed tests have been
conducted for different ambient temperatures, controlled through a climatic chamber,
and for different housing temperatures by varying the injected power in the motor.
Figure 6.19 shows the used measurements setup, which consists of a dc power source
used to supply two of the three phases of the disk-shaped motor under test, a data
acquisition system and the climatic chamber. The latter is specifically used as a static



6.3 Analytical computation of the housing thermal resistance 149

Fig. 6.20 Measured and computed housing-ambient thermal resistance.

Table 6.4 Results of the parameter Rhsg : part I

ϑamb,(
◦C) 27.23 29.65 31.75 35.19 38.35 39.33 56.49

ϑhsg,(
◦C) 48.67 69.5 95.72 129 86.55 57.27 117.5

Computed Rhsg,(
◦C/W ) 3.45 3.03 2.67 2.34 2.78 3.34 2.41

Measured Rhsg,(
◦C/W ) 3.96 2.87 2.5 2.21 2.71 3.52 2.29

Error (%) -12.9 5.3 7.1 6.0 2.9 -5.3 5.5

Table 6.5 Results of the parameter Rhsg : part II

ϑamb,(
◦C) 57.63 58.37 77.15 77.34 77.86 97.81

ϑhsg,(
◦C) 94.73 75.81 134.7 93.62 113.3 115

Computed Rhsg,(
◦C/W ) 2.68 3.03 2.22 2.75 2.44 2.44

Measured Rhsg,(
◦C/W ) 2.52 2.99 2.05 2.90 2.27 2.38

Error (%) 6.3 1.1 8.2 -5.0 7.4 2.4

Table 6.6 Results of the parameter Rhsg : part III

ϑamb,(
◦C) 98.00 98.30 118.5 118.7 118.7 118.8

ϑhsg,(
◦C) 131.8 142.5 133.1 149.3 140.6 127.5

Computed Rhsg,(
◦C/W ) 2.22 2.11 2.21 2.02 2.11 2.31

Measured Rhsg,(
◦C/W ) 2.18 2.08 2.11 1.95 1.99 2.23

Error (%) 1.8 1.7 5.0 3.5 6.0 3.5

oven, thus disabling the fan’s functioning. This procedure is necessary to ensure the
absence of forced convection phenomena.
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Figure 6.20 shows the map of the measured and computed housing-ambient
thermal resistance as a function of the ambient and housing temperatures. The shape
of the computed map is justified by the fact that, as ϑhsg and ϑamb become similar,
their difference tends to zero, and, thus, the parameter Rhsg tends to infinite. The
results show that the computed map and the measured points overlap in most cases.
In general, the absolute value of the minimum obtained percentage error is 1.08%,
while for the maximum error is 12.9%. The average value of the absolute percentage
error is 5.1%. However all the obtained computed and measured housing-ambient
thermal resistances are listed in Table 6.4 - 6.6, together with their percentage errors.

In conclusion, the presented method can analytically define the housing-ambient
thermal resistance for different housing and ambient temperatures in the absence of
forced ventilation. The obtained parameter can be used in the proposed LPTNs, there-
fore replacing the calibration or optimization procedure, although higher percentage
errors must be acceptable for the specific application.



Chapter 7

Conclusions and Future Works

In the context of transport decarbonization, and specifically regarding the production
of electric motors free from critical materials, the work presented in this dissertation
deals with the modelling and the sizing of wound-field synchronous machines.
The general purpose is to provide motor designers and engineers with reliable and
efficient tools for the modeling and design of wound-field synchronous motors for
traction applications.

Different models of wound-field synchronous machines are developed and pre-
sented in this dissertation. Specifically, an analytical model, a magnetic equivalent
circuit and a parametric finite element model are proposed. The analytical model
consists of a straightforward computation of the no-load characteristic, considering
the iron saturation, the distortion of the air gap flux density and the magnetic shunt
of the stator slots on the basis of the machine geometry and material properties. The
analytical model obtains accurate results in a negligible computation time. However,
the procedure is unsuitable for evaluations in load conditions, as the magnetic flux is
assumed to be placed in the d-axis. The magnetic equivalent circuit and the finite ele-
ment model are proposed to assess the machine performances at load. The magnetic
equivalent circuit includes non-linear reluctances, thus being suitable in saturation
conditions, and it incorporates rotor rotation. The required computational time for a
single rotational step is greater than the analytical model, as a system of non-linear
equations is solved through the Newton-Raphson method. However, the computa-
tional burden is still significantly reduced with respect to the finite element analysis.
The main drawback is the difficulty in reaching the convergence for high saturation
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conditions. The finite element model is created using the FEMM software, and a
Matlab code is built to automate the project creation process. The model exploits
the machine periodicity, and the solving process is achieved through parallelization
over multiple cores. The comparison of the three models has led to the conclusion
that a combination of the analytical and finite element models represents the most
appropriate choice to be used in the sizing process of wound-field motors.

In the frame of wound-field motor design, this research activity provides a
fast and reliable tool for the preliminary electromagnetic sizing of the machine,
starting from a limited number of specifications, such as targets and constraints.
The proposed methodology consists of an analytical-numerical approach in which
analytical equations establish a preliminary geometry, and subsequently, refinements
are achieved through finite element simulations. The developed approach combines
the reduced computational time of analytical models with the accuracy of finite
element methods. The procedure is validated by means of the wound-field motor
equipping the Renault ZOE. On the basis of the retrieved electromagnetic and
geometrical information on the tested motor sample, the inputs of the sizing algorithm
are defined. The procedure obtains a final geometry comparable to the actual ZOE
motor, with an accuracy on the main dimensions, i.e. the axial length, the stator outer
diameter and the air gap diameter, characterized by a few per cent errors.

Finally, methodologies for developing lumped parameter thermal networks for
synchronous machines are presented, focusing on identifying the parameters through
experimental and optimization approaches. In the absence of a wound-field sample
equipped with thermocouples, the study is conducted on two small synchronous
SPM machines used in automotive actuators, characterized by two different aspect
ratios. Different thermal networks are developed and validated through thermal tests
conducted on the prototypes. Specifically, a high-order thermal network operating
under conventional assumptions is presented, whose parameters are obtained by the
motor dimensions and the material characteristics. Moreover, a dedicated ’phase-
split’ thermal network, able to predict non-uniform thermal operative conditions, is
developed for the specific application requirements. Finally, considerations on the
heat exchange with the ambient in the absence of force convection are drawn for the
motor with the lowest aspect ratio, focusing on the corresponding network parameter
computation.
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Future Works

Among the potential future works, in the context of the proposed magnetic equivalent
circuit of wound-field motors, there is room for improvements regarding the conver-
gence procedure. One possibility is to introduce a relaxation factor to enforce global
convergence. In this process, selecting the proper relaxation factor is a crucial step,
which is currently under investigation. The relaxation factor must be small enough
to ensure stability without strongly affecting the convergence speed. Moreover, the
success of the convergence procedure is affected by the selected initial conditions.
In the proposed model, all the reluctances are assumed to be unsaturated, which
generally represents a condition far from reality. If the model is used to simulate the
rotor rotation, the convergence process is aided by assuming as initial conditions of
the current rotor step, the magnetic permeabilities of the reluctances computed in the
previous step. However, this is valid only from the second simulated rotor position.
Based on these considerations, an idea could be to use finite element simulations
to find the initial magnetic permeabilities only for the first rotor step. Thus, apart
from the time required for a single finite element simulation, the complete rotation is
performed through the magnetic equivalent circuit.

In the case of reaching better convergence properties with the adoption of the
proposed improvements, the magnetic equivalent circuit could replace the finite
element model in the sizing algorithm, reducing the required computational time.
Additionally, regarding the developed sizing procedure, efforts are being made to
develop a user-friendly graphical interface in Matlab. This interface would make it
easier for potential users to employ the sizing tool.

In the validation procedure of the sizing algorithm, the current-to-flux linkage
model of the ZOE motor is obtained through FE simulations, whose model is
validated by means of the performed no-load test on the motor sample. The future
plans include obtaining the current-to-flux linkage model directly by measurements
on the motor and comparing the results to the simulated maps.

In the frame of the thermal aspects, the considerations on the heat exchange
with the ambient drawn for the motor with the lowest aspect ratio are intended
to be extended to the other synchronous motor. The thermal test campaign of dc
steady-state tests needs to be performed on the motor with the highest aspect ratio.
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Because of its slender shape, more accurate results are expected as the analytical
computation assumed the motor to be approximated as a long cylinder.

Furthermore, the lumped parameter thermal networks can be extended to wound-
field synchronous machines in the availability of a motor sample equipped with
thermocouples. The network adjustment must consider the specific pole shape to
compute the rotor parameters. Moreover, on a higher level of detail, non-uniform
thermal conditions must be considered for the rotor pole. Indeed, depending on the
rotation direction, one side of the rotor pole receives more airflow, enhancing the
heat transfer.
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Appendix A

The Jacobian matrix

The Jacobian matrix JR is the matrix of all the first-order partial derivatives of f ,
defined as in (A.1).

JJJRRR =


∂ f1(ΦΦΦ)

∂Φ1
· · · ∂ f1(ΦΦΦ)

∂Φn
... . . . ...

∂ fm(ΦΦΦ)

∂Φ1
· · · ∂ fm(ΦΦΦ)

∂Φn

 (A.1)

In order to gain a better understanding of how to construct the Jacobian matrix,
let’s expand the first term of the function f of (3.67).

f1(ΦΦΦ) = (Rst,1+Rsy,1+Rst,2+Rss) ·Φs,1−Rst,1 ·Φs,ns −Rst,2 ·Φs,2−Rss ·Φa,2−F1

(A.2)

The first term of JR is, thus, the partial derivative of function f1 with respect
to the flux of loop 1. Considering that the first ns elements of ΦΦΦ coincide with the
vector ΦΦΦs, the first element of JJJRRR can be written as:

∂ f1(ΦΦΦ)

∂Φ1
=

∂
[
(Rst,1 +Rsy,1 +Rst,2 +Rss) ·Φ1 −Rst,1 ·Φns −Rst,2 ·Φ2 −Rss ·Φa,2 −F1

]
∂Φ1

(A.3)
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Each term of (A.3) is computed in the forthcoming. The first term recollects the
reluctances multiplying Φ1:

∂
[
(Rst,1 +Rsy,1 +Rst,2 +Rss) ·Φ1

]
∂Φ1

= Rst,1 +Rsy,1 +Rst,2 +Rss+

+

(
∂Rst,1

∂Φ1
+

∂Rsy,1

∂Φ1
+

∂Rst,2

∂Φ1

)
Φ1

(A.4)

Considering that the sum of Rst,1, Rsy,1, Rst,2, and Rss is the first term of the
reluctance matrix, equation (A.4) becomes:

∂
[
(Rst,1 +Rsy,1 +Rst,2 +Rss) ·Φ1

]
∂Φ1

= AR,11 +
∂Rst,1

∂Φ1
Φ1 +

∂Rsy,1

∂Φ1
Φ1 +

∂Rst,2

∂Φ1
Φ1

(A.5)

As the derivative of the other loop fluxes with respect to loop flux 1 is zero, the
other two terms are found by (A.6) and (A.7).

∂ [Rst,1Φns]

∂Φ1
=

∂Rst,1

∂Φ1
Φns (A.6)

∂ [Rst,2Φ2]

∂Φ1
=

∂Rst,2

∂Φ1
Φ2 (A.7)

Since Φa,2 is independent of Φ1 and Rss represents a flux tube of non-magnetic
material, the third term partial derivative is zero.

∂ [RssΦa,2]

∂Φ1
= 0 (A.8)

Finally, F1 is a input of the circuit and does not depend on Φ1.

∂F1

∂Φ1
= 0 (A.9)
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In conclusion, the first term of JJJRRR is:

∂ f1(ΦΦΦ)

∂Φ1
= AR,11 +

∂Rst,1

∂Φ1
(Φ1 −Φns)+

∂Rsy,1

∂Φ1
Φ1 +

∂Rst,2

∂Φ1
(Φ1 −Φ2) (A.10)

The computation of the partial derivative of the reluctances with respect to a loop
flux is described in [129]. Let’s consider, for example, the partial derivative of Rst,1:

∂Rst,1

∂Φ1
=

∂Rst,1

∂ µst,1
·

∂ µst,1

∂Bst,1
·

∂Bst,1

∂Φst,1
·

∂Φst,1

∂Φ1
(A.11)

Each multiplication factor can be easily computed. The first factor is the deriva-
tive of the reluctance with respect to the magnetic permeability, which simply is in
its denominator.

∂Rst,1

∂ µst,1
=− 1

µst,1
Rst,1 (A.12)

Considering that the flux is defined by the multiplication of the magnetic flux
density and the surface of the flux tube, the next derivative is simply the inverse of
such surface.

∂Bst,1

∂Φst,1
=

1
Ast,1

(A.13)

Finally, being Φst,1 the difference between Φns and Φ1:

∂Φst,1

∂Φ1
=

∂ (Φns −Φ1)

∂Φ1
=−1 (A.14)

The factor ∂ µst,1/∂Bst,1 is obtained by the material characteristic.

Repeating the procedure for all the other terms, the Jacobian matrix is populated.
However, it is possible to demonstrate that each element of the matrix is the sum
of the reluctance matrix in the same position and the partial derivatives of the
flux-dependent reluctances multiplied by the relative flux.

JR,xy = AR,xy + pAR,xy (A.15)



Appendix B

Matlab code for WFSM drawing in
FEMM

1 f u n c t i o n femm_design ( f i l e n a m e , pa th , pp , q , m, L , Dso , Dsi , g0 , Dri , hp , kb , BH, Fro t , F s t a t , h s t , h1 , h2 , wst
, wst0 , wp , hp1 , hre , wcu )

2 % F s t a t : 0−> P a r e l l e l s i d e t o o t h ; 1−> P a r e l l e l s i d e s l o t
3 % Fro t : 0−> R e c t a n g u l a r r o t o r c o i l ; 1−> R a d i a l r o t o r c o i l s i d e s
4
5 %% P r e l i m i n a r y s e t t i n g s and c o m p u t a t i o n s
6 openfemm ( 1 ) ;
7 newdocument ( 0 ) ;
8 mi_saveas ( s t r c a t ( pa th , ' \ ' , f i l e n a m e , ' . fem ' ) )
9

10 df = 1 / 1 2 ; % A i r gap p o l e arc d i s c r e t i z a t i o n ( h a l f a i r gap ) ( p . u . )
11 Ns = 2*q*m*pp ; % Number o f s t a t o r s l o t s ( −)
12 betam = kb *180 ; % Pole arc e x t e n s i o n ( deg )
13 p = pp * 2 ; % Number o f p o l e s ( −)
14 t a u = 360 / p ; % Pole p i t c h ( deg )
15 sp = 360 / Ns ; % S l o t p i t c h ( deg )
16 hry = Dsi /2 − g0−hp− Dr i / 2 ; % Rotor yoke (m)
17 hp2 = hp−hp1 ; % Rotor p o l e head h e i g h t (m)
18 n p o i n t s = 2 0 ; % Pole arc d i s c r e t i z a t i o n ( −)
19
20 mi_probde f ( 0 , ' m e t e r s ' , ' p l a n a r ' ,1 e −008 ,L , 2 0 , 0 )
21 smar tmesh ( 1 )
22
23 %% Main geomet ry d e s i g n
24
25 mi_drawarc ( Dr i / 2 , 0 , Dr i / 2 * cosd ( t a u ) , Dr i / 2 * s i n d ( t a u ) , t au , 30)
26 mi_drawarc ( Dso / 2 , 0 , Dso / 2 * cosd ( t a u ) , Dso / 2 * s i n d ( t a u ) , t au , 30)
27
28 i f rem ( q , 2 ) ==0
29 m i _ d r a w l i n e ( Dr i / 2 , 0 , ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) , 0 )
30 m i _ d r a w l i n e ( ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) , 0 , ( Dsi /2 − g0 /2 − g0* df ) , 0 )
31 m i _ d r a w l i n e ( ( Dsi /2 − g0 /2+ g0* df ) , 0 , Dsi / 2 , 0 )
32 m i _ d r a w l i n e ( Dsi / 2 , 0 , Dso / 2 , 0 )
33
34 m i _ d r a w l i n e ( Dr i / 2 * cosd ( t a u ) , Dr i / 2 * s i n d ( t a u ) , ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( t a u ) , ( Dsi /2 − g0 / cosd ( pp* betam /

p ) ) * s i n d ( t a u ) )
35 m i _ d r a w l i n e ( ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( t a u ) , ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * s i n d ( t a u ) , ( Dsi /2 − g0 /2 − g0* df )

* cosd ( t a u ) , ( Dsi /2 − g0 /2 − g0* df ) * s i n d ( t a u ) )
36 m i _ d r a w l i n e ( ( Dsi /2 − g0 /2+ g0* df ) * cosd ( t a u ) , ( Dsi /2 − g0 /2+ g0* df ) * s i n d ( t a u ) , Dsi / 2 * cosd ( t a u ) , Dsi / 2 * s i n d ( t a u ) )
37 m i _ d r a w l i n e ( Dsi / 2 * cosd ( t a u ) , Dsi / 2 * s i n d ( t a u ) , Dso / 2 * cosd ( t a u ) , Dso / 2 * s i n d ( t a u ) )
38 e l s e
39 m i _ d r a w l i n e ( Dr i / 2 , 0 , ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) , 0 )
40 m i _ d r a w l i n e ( ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) , 0 , ( Dsi /2 − g0 /2 − g0* df ) , 0 )
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41 m i _ d r a w l i n e ( ( Dsi /2 − g0 /2+ g0* df ) , 0 , Dsi / 2 , 0 )
42 m i _ d r a w l i n e ( Dsi / 2 , 0 , Dsi /2+ h2 , 0 )
43 m i _ d r a w l i n e ( Dsi /2+ h2 , 0 , Dsi /2+ h s t , 0 )
44 m i _ d r a w l i n e ( Dsi /2+ h s t , 0 , Dso / 2 , 0 )
45
46 m i _ d r a w l i n e ( Dr i / 2 * cosd ( t a u ) , Dr i / 2 * s i n d ( t a u ) , ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( t a u ) , ( Dsi /2 − g0 / cosd ( pp* betam /

p ) ) * s i n d ( t a u ) )
47 m i _ d r a w l i n e ( ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( t a u ) , ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * s i n d ( t a u ) , ( Dsi /2 − g0 /2 − g0* df )

* cosd ( t a u ) , ( Dsi /2 − g0 /2 − g0* df ) * s i n d ( t a u ) )
48 m i _ d r a w l i n e ( ( Dsi /2 − g0 /2+ g0* df ) * cosd ( t a u ) , ( Dsi /2 − g0 /2+ g0* df ) * s i n d ( t a u ) , Dsi / 2 * cosd ( t a u ) , Dsi / 2 * s i n d ( t a u ) )
49 m i _ d r a w l i n e ( Dsi / 2 * cosd ( t a u ) , Dsi / 2 * s i n d ( t a u ) , ( Dsi /2+ h2 ) * cosd ( t a u ) , ( Dsi /2+ h2 ) * s i n d ( t a u ) )
50 m i _ d r a w l i n e ( ( Dsi /2+ h2 ) * cosd ( t a u ) , ( Dsi /2+ h2 ) * s i n d ( t a u ) , ( Dsi /2+ h s t ) * cosd ( t a u ) , ( Dsi /2+ h s t ) * s i n d ( t a u ) )
51 m i _ d r a w l i n e ( ( Dsi /2+ h s t ) * cosd ( t a u ) , ( Dsi /2+ h s t ) * s i n d ( t a u ) , Dso / 2 * cosd ( t a u ) , Dso / 2 * s i n d ( t a u ) )
52 end
53
54 %% S l o t d e s i g n
55 j a = a t a n d ( ( wst0 / 2 ) / ( Dsi / 2 ) ) ;
56 r a = Dsi / 2 ;
57 xa = r a * cosd ( j a ) ;
58 ya = r a * s i n d ( j a ) ;
59
60 rb = Dsi /2+ h1 ;
61 j b = j a ;
62 xb = rb * cosd ( j b ) ;
63 yb = rb * s i n d ( j b ) ;
64
65 r c = Dsi / 2 + h2 ;
66 yc = wst / 2 ;
67 xc = s q r t ( r c ^2− yc ^2 ) ;
68 j c = a t a n d ( yc / xc ) ;
69
70 i f F s t a t ==0
71 rd = s q r t ( ( wst0 / 2 ) ^2 + ( Dsi / 2 ) ^2 ) + h s t ;
72 yd = wst / 2 ;
73 xd = s q r t ( rd ^2−yd ^2 ) ;
74 j d = a t a n d ( yd / xd ) ;
75 e l s e i f F s t a t ==1
76 xz = ( Dsi /2+ h s t ) * cosd ( sp / 2 ) ;
77 yz = ( Dsi /2+ h s t ) * s i n d ( sp / 2 ) ;
78 mz = t a n d ( sp / 2 ) ;
79 xd = ( mz+1/mz ) ^ −1*(mz* xc +1/mz*xz −yc+yz ) ;
80 yd = yc+mz*( xd−xc ) ;
81 j d = a t a n d ( yd / xd ) ;
82 rd = hypo t ( xd , yd ) ;
83 end
84
85 i f rem ( q , 2 ) ==0
86 m i _ d r a w l i n e ( r a * cosd ( j a ) , r a * s i n d ( j a ) , rb * cosd ( j b ) , rb * s i n d ( j b ) ) ;
87 m i _ d r a w l i n e ( rb * cosd ( j b ) , rb * s i n d ( j b ) , xc , yc ) ;
88 m i _ d r a w l i n e ( xc , yc , xd , yd ) ;
89 m i _ d r a w l i n e ( xd , yd , rd * cosd ( sp − j d ) , rd * s i n d ( sp − j d ) ) ;
90 m i _ d r a w l i n e ( rd * cosd ( sp − j d ) , rd * s i n d ( sp − j d ) , r c * cosd ( sp − j c ) , r c * s i n d ( sp − j c ) ) ;
91 m i _ d r a w l i n e ( r c * cosd ( sp − j c ) , r c * s i n d ( sp − j c ) , rb * cosd ( sp − j b ) , rb * s i n d ( sp − j b ) ) ;
92 m i _ d r a w l i n e ( rb * cosd ( sp − j b ) , rb * s i n d ( sp − j b ) , r a * cosd ( sp − j a ) , r a * s i n d ( sp − j a ) ) ;
93 mi_drawarc ( xc , yc , r c * cosd ( sp − j c ) , r c * s i n d ( sp − j c ) , sp −2* jc , 20) ;
94
95 m i _ s e l e c t s e g m e n t ( ( xa+xb ) / 2 , ( ya+yb ) / 2 ) ;
96 m i _ s e l e c t s e g m e n t ( ( xb+xc ) / 2 , ( yb+yc ) / 2 ) ;
97 m i _ s e l e c t s e g m e n t ( ( xc+xd ) / 2 , ( yc+yd ) / 2 ) ;
98 m i _ s e l e c t s e g m e n t ( ( r c * cosd ( sp − j c ) + rd * cosd ( sp − j d ) ) / 2 , ( r c * s i n d ( sp − j c ) + rd * s i n d ( sp − j d ) ) / 2 ) ;
99 m i _ s e l e c t s e g m e n t ( ( rb * cosd ( sp − j b ) + r c * cosd ( sp − j c ) ) / 2 , ( rb * s i n d ( sp − j b ) + r c * s i n d ( sp − j c ) ) / 2 ) ;

100 m i _ s e l e c t s e g m e n t ( ( r a * cosd ( sp − j a ) + rb * cosd ( sp − j b ) ) / 2 , ( r a * s i n d ( sp − j a ) + rb * s i n d ( sp − j b ) ) / 2 ) ;
101 m i _ s e l e c t s e g m e n t ( ( xd+ rd * cosd ( sp − j d ) ) / 2 , ( yd+ rd * s i n d ( sp − j d ) ) / 2 ) ;
102 m i _ c o p y r o t a t e 2 ( 0 , 0 , sp , Ns / p −1 , 1 ) ;
103 m i _ c l e a r s e l e c t e d ;
104 m i _ s e l e c t a r c s e g m e n t ( ( xc+ r c * cosd ( sp − j c ) ) / 2 , ( r c * s i n d ( sp − j c ) +yc ) / 2 ) ;
105 m i _ c o p y r o t a t e 2 ( 0 , 0 , sp , Ns / p −1 , 3 ) ;
106
107 mi_addnode ( Dsi / 2 * cosd ( sp / 2 ) , Dsi / 2 * s i n d ( sp / 2 ) ) ;
108 mi_addarc ( Dsi / 2 , 0 , Dsi / 2 * cosd ( sp / 2 ) , Dsi / 2 * s i n d ( sp / 2 ) , sp / 2 , 100) ;
109 mi_addnode ( Dsi / 2 * cosd ( sp ) , Dsi / 2 * s i n d ( sp ) ) ;
110 mi_addarc ( Dsi / 2 * cosd ( sp / 2 ) , Dsi / 2 * s i n d ( sp / 2 ) , Dsi / 2 * cosd ( sp ) , Dsi / 2 * s i n d ( sp ) , sp / 2 , 200) ;
111
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112 m i _ s e l e c t a r c s e g m e n t ( Dsi / 2 * cosd ( j a / 2 ) , Dsi / 2 * s i n d ( j a / 2 ) ) ;
113 m i _ s e l e c t a r c s e g m e n t ( Dsi / 2 * cosd ( sp − j a / 2 ) , Dsi / 2 * s i n d ( sp − j a / 2 ) ) ;
114 m i _ s e l e c t a r c s e g m e n t ( Dsi / 2 * cosd ( sp /2 −( sp /2 − j a ) / 2 ) , Dsi / 2 * s i n d ( sp /2 −( sp /2 − j a ) / 2 ) ) ;
115 m i _ s e l e c t a r c s e g m e n t ( Dsi / 2 * cosd ( sp / 2 + ( sp /2 − j a ) / 2 ) , Dsi / 2 * s i n d ( sp / 2 + ( sp /2 − j a ) / 2 ) ) ;
116 m i _ c o p y r o t a t e 2 ( 0 , 0 , sp , Ns / p −1 , 3 ) ;
117 m i _ c l e a r s e l e c t e d
118 e l s e
119 m i _ d r a w l i n e ( rd * cosd ( sp /2 − j d ) , rd * s i n d ( sp /2 − j d ) , r c * cosd ( sp /2 − j c ) , r c * s i n d ( sp /2 − j c ) ) ;
120 m i _ d r a w l i n e ( r c * cosd ( sp /2 − j c ) , r c * s i n d ( sp /2 − j c ) , rb * cosd ( sp /2 − j b ) , rb * s i n d ( sp /2 − j b ) ) ;
121 m i _ d r a w l i n e ( rb * cosd ( sp /2 − j b ) , rb * s i n d ( sp /2 − j b ) , r a * cosd ( sp /2 − j a ) , r a * s i n d ( sp /2 − j a ) ) ;
122
123 m i _ d r a w l i n e ( Dsi /2+ h s t , 0 , rd * cosd ( sp /2 − j d ) , rd * s i n d ( sp /2 − j d ) ) ;
124 m i _ s e l e c t s e g m e n t ( ( ( Dsi /2+ h s t ) + rd * cosd ( sp /2 − j d ) ) / 2 , rd * s i n d ( sp /2 − j d ) / 2 ) ;
125 m i _ m i r r o r 2 ( 0 , 0 , Dsi * cosd ( sp / 2 ) , Dsi * s i n d ( sp / 2 ) , 1 ) ;
126 m i _ c l e a r s e l e c t e d
127
128 mi_addnode ( Dsi / 2 * cosd ( sp / 2 ) , Dsi / 2 * s i n d ( sp / 2 ) )
129 mi_addarc ( Dsi / 2 , 0 , Dsi / 2 * cosd ( sp / 2 ) , Dsi / 2 * s i n d ( sp / 2 ) , sp / 2 , 100)
130 mi_drawarc ( Dsi /2+ h2 , 0 , r c * cosd ( sp /2 − j c ) , r c * s i n d ( sp /2 − j c ) , sp /2 − jc , 20) ;
131
132 m i _ d r a w l i n e ( rd * cosd ( sp /2+ j d ) , rd * s i n d ( sp /2+ j d ) , r c * cosd ( sp /2+ j c ) , r c * s i n d ( sp /2+ j c ) ) ;
133 m i _ d r a w l i n e ( r c * cosd ( sp /2+ j c ) , r c * s i n d ( sp /2+ j c ) , rb * cosd ( sp /2+ j b ) , rb * s i n d ( sp /2+ j b ) ) ;
134 m i _ d r a w l i n e ( rb * cosd ( sp /2+ j b ) , rb * s i n d ( sp /2+ j b ) , r a * cosd ( sp /2+ j a ) , r a * s i n d ( sp /2+ j a ) ) ;
135 mi_drawarc ( r c * cosd ( sp /2+ j c ) , r c * s i n d ( sp /2+ j c ) , r c * cosd ( sp ) , r c * s i n d ( sp ) , sp /2 − jc , 20) ;
136 mi_drawarc ( Dsi / 2 * cosd ( sp / 2 ) , Dsi / 2 * s i n d ( sp / 2 ) , Dsi / 2 * cosd ( sp ) , Dsi / 2 * s i n d ( sp ) , sp / 2 , 100)
137
138 m i _ s e l e c t s e g m e n t ( ( rd * cosd ( sp /2 − j d ) + r c * cosd ( sp /2 − j c ) ) / 2 , ( rd * s i n d ( sp /2 − j d ) + r c * s i n d ( sp /2 − j c ) ) / 2 ) ;
139 m i _ s e l e c t s e g m e n t ( ( rb * cosd ( sp /2 − j b ) + r c * cosd ( sp /2 − j c ) ) / 2 , ( rb * s i n d ( sp /2 − j b ) + r c * s i n d ( sp /2 − j c ) ) / 2 ) ;
140 m i _ s e l e c t s e g m e n t ( ( rb * cosd ( sp /2 − j b ) + r a * cosd ( sp /2 − j a ) ) / 2 , ( rb * s i n d ( sp /2 − j b ) + r a * s i n d ( sp /2 − j a ) ) / 2 ) ;
141 m i _ s e l e c t s e g m e n t ( ( rd * cosd ( sp /2+ j d ) + r c * cosd ( sp /2+ j c ) ) / 2 , ( rd * s i n d ( sp /2+ j d ) + r c * s i n d ( sp /2+ j c ) ) / 2 ) ;
142 m i _ s e l e c t s e g m e n t ( ( r c * cosd ( sp /2+ j c ) + rb * cosd ( sp /2+ j b ) ) / 2 , ( r c * s i n d ( sp /2+ j c ) + rb * s i n d ( sp /2+ j b ) ) / 2 ) ;
143 m i _ s e l e c t s e g m e n t ( ( rb * cosd ( sp /2+ j b ) + r a * cosd ( sp /2+ j a ) ) / 2 , ( rb * s i n d ( sp /2+ j b ) + r a * s i n d ( sp /2+ j a ) ) / 2 ) ;
144 m i _ s e l e c t s e g m e n t ( ( Dsi /2+ h s t ) * cosd ( sp / 8 ) , ( Dsi /2+ h s t ) * s i n d ( sp / 8 ) ) ;
145 m i _ s e l e c t s e g m e n t ( ( Dsi /2+ h s t ) * cosd ( sp ) , ( Dsi /2+ h s t ) * s i n d ( sp ) ) ;
146
147 m i _ c o p y r o t a t e 2 ( 0 , 0 , sp , Ns / p −1 , 1 ) ;
148 m i _ c l e a r s e l e c t e d
149
150 m i _ s e l e c t a r c s e g m e n t ( Dsi / 2 * cosd ( sp /4 − j a / 2 ) , Dsi / 2 * s i n d ( sp /4 − j a / 2 ) ) ;
151 m i _ s e l e c t a r c s e g m e n t ( Dsi / 2 * cosd ( sp /2 − j a / 2 ) , Dsi / 2 * s i n d ( sp /2 − j a / 2 ) ) ;
152 m i _ s e l e c t a r c s e g m e n t ( Dsi / 2 * cosd ( sp /2+ j a / 2 ) , Dsi / 2 * s i n d ( sp /2+ j a / 2 ) ) ;
153 m i _ s e l e c t a r c s e g m e n t ( Dsi / 2 * cosd (3* sp /4+ j a / 2 ) , Dsi / 2 * s i n d (3* sp /4+ j a / 2 ) ) ;
154 m i _ s e l e c t a r c s e g m e n t ( ( Dsi /2+ h2 ) * cosd ( sp /4 − j c / 2 ) , ( Dsi /2+ h2 ) * s i n d ( sp /4 − j c / 2 ) ) ;
155 m i _ s e l e c t a r c s e g m e n t ( ( Dsi /2+ h2 ) * cosd ( sp −sp /4+ j c / 2 ) , ( Dsi /2+ h2 ) * s i n d ( sp −sp /4+ j c / 2 ) ) ;
156
157 m i _ c o p y r o t a t e 2 ( 0 , 0 , sp , Ns / p −1 , 3 ) ;
158 m i _ c l e a r s e l e c t e d
159 end
160
161 %% A i r gap d e s i g n
162
163 mi_drawarc ( ( Dsi /2 − g0 /2 − g0* df ) , 0 , ( Dsi /2 − g0 /2 − g0* df ) * cosd ( t a u ) , ( Dsi /2 − g0 /2 − g0* df ) * s i n d ( t a u ) , t au , 1000)
164 mi_drawarc ( ( Dsi /2 − g0 /2+ g0* df ) , 0 , ( Dsi /2 − g0 /2+ g0* df ) * cosd ( t a u ) , ( Dsi /2 − g0 /2+ g0* df ) * s i n d ( t a u ) , t au , 1000)
165
166 %% Rotor d e s i g n
167 d e l t a = betam / p / n p o i n t s ;
168
169 x = ( Dsi /2 − g0 . / ( cosd ( ( 0 : n p o i n t s ) * d e l t a *pp ) ) ) . * cosd ( t a u / 2 − ( 0 : n p o i n t s ) * d e l t a ) ;
170 y = ( Dsi /2 − g0 . / ( cosd ( ( 0 : n p o i n t s ) * d e l t a *pp ) ) ) . * s i n d ( t a u / 2 − ( 0 : n p o i n t s ) * d e l t a ) ;
171
172 f o r i = 0 : n p o i n t s
173 xtmp = x ( i +1) ;
174 ytmp = y ( i +1) ;
175 mi_addnode ( xtmp , ytmp )
176 i f i >0
177 m i _ s e l e c t n o d e ( xtmp , ytmp ) ;
178 m i _ m i r r o r ( 0 , 0 , x ( 1 ) , y ( 1 ) ) ;
179 i f f l o o r ( i / 2 ) == c e i l ( i / 2 )
180 deg = fnc_ang ( x ( i −1) , y ( i −1) , x ( i +1) , y ( i +1) , x ( i ) , y ( i ) ) ;
181 mi_drawarc ( x ( i +1) , y ( i +1) , x ( i −1) , y ( i −1) , deg , 30)
182 m i _ s e l e c t a r c s e g m e n t ( ( x ( i +1)+x ( i ) ) / 2 , ( y ( i +1)+y ( i ) ) / 2 ) ;
183 m i _ s e l e c t a r c s e g m e n t ( ( x ( i −1)+x ( i ) ) / 2 , ( y ( i −1)+y ( i ) ) / 2 ) ;
184 m i _ s e t a r c s e g m e n t p r o p ( 2 . 5 , ' <none > ' , 0 , 1 )



177

185 m i _ m i r r o r 2 ( 0 , 0 , x ( 1 ) , y ( 1 ) , 3 ) ;
186 m i _ c l e a r s e l e c t e d ;
187 e l s e i f i == n p o i n t s && rem ( n p o i n t s , 2 ) >0
188 mi_drawarc ( x ( i +1) , y ( i +1) , x ( i ) , y ( i ) , deg / 2 , 30)
189 m i _ s e l e c t a r c s e g m e n t ( ( x ( i +1)+x ( i ) ) / 2 , ( y ( i +1)+y ( i ) ) / 2 ) ;
190 m i _ s e t a r c s e g m e n t p r o p ( 2 . 5 , ' <none > ' , 0 , 1 )
191 m i _ m i r r o r 2 ( 0 , 0 , x ( 1 ) , y ( 1 ) , 3 ) ;
192 m i _ c l e a r s e l e c t e d ;
193 end
194 end
195 end
196
197 mi_addarc ( ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) , 0 , ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( t a u /2 − betam / p ) , ( Dsi /2 − g0 / cosd ( pp*

betam / p ) ) * s i n d ( t a u /2 − betam / p ) , t a u /2 − betam / p , 30)
198 mi_addarc ( ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( t a u /2+ betam / p ) , ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * s i n d ( t a u /2+ betam / p ) , (

Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( t a u ) , ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * s i n d ( t a u ) , t a u /2 − betam / p , 30)
199 m i _ s e l e c t a r c s e g m e n t ( ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( t a u /4 − betam / p / 2 ) , ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * s i n d ( t a u /4 −

betam / p / 2 ) ) ;
200 m i _ s e l e c t a r c s e g m e n t ( ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( tau − t a u /4+ betam / p / 2 ) , ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * s i n d (

tau − t a u /4+ betam / p / 2 ) ) ;
201 m i _ s e t a r c s e g m e n t p r o p ( 2 . 5 , ' <none > ' , 0 , 1 )
202 m i _ c l e a r s e l e c t e d ;
203
204 xR1 = ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( t a u /2 − betam / p ) ;
205 yR1 = ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * s i n d ( t a u /2 − betam / p ) ;
206
207 i f F r o t == 0
208 xR = xR1− h r e * cosd ( 1 8 0 / ( 2 * pp ) ) ;
209 yR = yR1− h r e * s i n d ( 1 8 0 / ( 2 * pp ) ) ;
210 e l s e i f F r o t ==1
211 xR = ( Dsi /2 − g0 / cosd ( pp* betam / p ) − h r e ) * cosd ( t a u /2 − betam / p ) ;
212 yR = ( Dsi /2 − g0 / cosd ( pp* betam / p ) − h r e ) * s i n d ( t a u /2 − betam / p ) ;
213 end
214
215 mi_addnode ( xR , yR ) ;
216
217 r = Dsi /2 − g0−hp1 −hp2 ;
218 a l p h a _ d = a s i n d ( ( wp / 2 ) / r ) ;
219 xT = r * cosd ( t a u /2 − a l p h a _ d ) ;
220 yT = r * s i n d ( t a u /2 − a l p h a _ d ) ;
221 mi_addnode ( xT , yT ) ;
222
223 mTS = t a n d ( t a u / 2 ) ;
224 xS = (mTS*yR−mTS*yT+mTS^2*xT+xR ) / ( mTS^2+1) ;
225 yS = yT+mTS*( xS−xT ) ;
226 mi_addnode ( xS , yS ) ;
227
228 mi_addsegment ( xR1 , yR1 , xR , yR )
229 mi_addsegment ( xR , yR , xS , yS ) ;
230 mi_addsegment ( xT , yT , xS , yS ) ;
231
232 m i _ s e l e c t s e g m e n t ( ( xR+xR1 ) / 2 , ( yR+yR1 ) / 2 ) ;
233 m i _ s e l e c t s e g m e n t ( ( xT+xS ) / 2 , ( yT+yS ) / 2 ) ;
234 m i _ s e l e c t s e g m e n t ( ( xR+xS ) / 2 , ( yR+yS ) / 2 ) ;
235 m i _ s e t s e g m e n t p r o p ( ' <none > ' , 1 , 1 , 0 , 1 )
236 m i _ m i r r o r 2 ( 0 , 0 , x ( 1 ) , y ( 1 ) , 1 ) ;
237 m i _ c l e a r s e l e c t e d ;
238
239 mi_addnode ( r , 0 ) ;
240 mi_addarc ( r , 0 , r * cosd ( t a u /2 − a l p h a _ d ) , r * s i n d ( t a u /2 − a l p h a _ d ) , t a u /2 − a lpha_d , 30) ;
241
242 mi_addnode ( r * cosd ( t a u ) , r * s i n d ( t a u ) ) ;
243 mi_addarc ( r * cosd ( t a u /2+ a l p h a _ d ) , r * s i n d ( t a u /2+ a l p h a _ d ) , r * cosd ( t a u ) , r * s i n d ( t a u ) , t a u /2 − a lpha_d , 30) ;
244
245 % A s s i g n group 1 t o t h e r o t o r
246 m i _ s e l e c t a r c s e g m e n t ( ( r + r * cosd ( t a u /2 − a l p h a _ d ) ) / 2 , r * s i n d ( t a u /2 − a l p h a _ d ) / 2 ) ;
247 m i _ s e l e c t a r c s e g m e n t ( r * cosd ( t a u /2+ a l p h a _ d +( t a u /2+ a l p h a _ d ) / 2 ) , r * s i n d ( t a u /2+ a l p h a _ d +( t a u /2+ a l p h a _ d ) / 2 ) ) ;
248 m i _ s e t a r c s e g m e n t p r o p ( 2 . 5 , ' <none > ' , 0 , 1 )
249 m i _ c l e a r s e l e c t e d ;
250
251 %% Rotor c o i l d e s i g n
252
253 xJ = xR−wcu* s i n d ( 1 8 0 / ( 2 * pp ) ) ;
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254 yJ = yR+wcu* cosd ( 1 8 0 / ( 2 * pp ) ) ;
255
256 xJ1 = ( yT−yJ ) *mTS / ( mTS^2+1)+xJ *mTS ^ 2 / ( mTS^2+1)+xT / ( mTS^2+1) ;
257 yJ1 = yJ+mTS*( xJ1 −xJ ) ;
258
259 xU = ( Dr i /2+ hry ) * cosd ( a t a n d ( yR / xR ) ) ;
260 yU = ( Dr i /2+ hry ) * s i n d ( a t a n d ( yR / xR ) ) ;
261
262 i f F r o t ==0
263 f l a g _ r o t c o i l =0 ;
264 mi_addnode ( xJ , yJ ) ;
265 i f yJ1 <=0
266 yJ1 = Dso /2*1 e −3;
267 end
268 mi_addnode ( xJ1 , yJ1 ) ;
269 mi_addsegment ( xJ , yJ , xJ1 , yJ1 ) ;
270 mi_addsegment ( xJ1 , yJ1 , xT , yT ) ;
271
272 m i _ s e l e c t s e g m e n t ( ( xJ1+xT ) / 2 , ( yJ1+yT ) / 2 ) ;
273 m i _ s e l e c t s e g m e n t ( ( xJ+xJ1 ) / 2 , ( yJ+yJ1 ) / 2 ) ;
274 m i _ s e t s e g m e n t p r o p ( ' <none > ' , 1 , 1 , 0 , 1 )
275 m i _ m i r r o r 2 ( 0 , 0 , x ( 1 ) , y ( 1 ) , 1 ) ;
276
277 mm1 = ( yS−yJ1 ) / ( xS−xJ1 ) ;
278 mm2 = ( yJ −yT ) / ( xJ −xT ) ;
279 xm = ( yS−yJ −mm1*xS+mm2* xJ ) / ( mm2−mm1) ;
280 ym = yS+mm1*(xm−xS ) ;
281
282 rLA = hypo t ( ( xS+xT+xJ1+xJ ) / 4 , ( yS+yT+yJ1+yJ ) / 4 ) ;
283 xLA = rLA* cosd ( (1 − kb ) / 8 * 1 8 0 / pp ) ;
284 yLA = rLA* s i n d ( (1 − kb ) / 8 * 1 8 0 / pp ) ;
285 xLA1 = rLA* cosd ( tau −(1 − kb ) / 8 * 1 8 0 / pp ) ;
286 yLA1 = rLA* s i n d ( tau −(1 − kb ) / 8 * 1 8 0 / pp ) ;
287
288 i f yJ1 == Dso /2*1 e −3
289 xLA = 0 . 9 8 * ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( ( t a u /2 − betam / p ) / 8 ) ;
290 yLA = 0 . 9 8 * ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * s i n d ( ( t a u /2 − betam / p ) / 8 ) ;
291 xLA1 = 0 . 9 8 * ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * cosd ( tau −( t a u /2 − betam / p ) / 8 ) ;
292 yLA1 = 0 . 9 8 * ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) * s i n d ( tau −( t a u /2 − betam / p ) / 8 ) ;
293 end
294
295 e l s e i f F r o t ==1
296 i f a t a n d ( yU / xU ) > a t a n d ( yT / xT )
297 mi_addsegment ( xT , yT , xR , yR ) ;
298 f l a g _ r o t c o i l =1 ;
299 e l s e
300 mi_addnode ( xU , yU )
301 f l a g _ r o t c o i l =0 ;
302 mi_addsegment ( xU , yU , xR , yR ) ;
303 end
304
305 mi_addsegment ( xU , yU , xR , yR ) ;
306
307 m i _ s e l e c t s e g m e n t ( ( xU+xR ) / 2 , ( yU+yR ) / 2 ) ;
308 m i _ s e t s e g m e n t p r o p ( ' <none > ' , 1 , 1 , 0 , 1 )
309 m i _ m i r r o r 2 ( 0 , 0 , x ( 1 ) , y ( 1 ) , 1 ) ;
310
311 mm1 = ( yS−yU ) / ( xS−xU ) ;
312 mm2 = ( yR−yT ) / ( xR−xT ) ;
313 xm = ( yS−yR−mm1*xS+mm2*xR ) / ( mm2−mm1) ;
314 ym = yS+mm1*(xm−xS ) ;
315
316 xLA = ( Dr i /2+ hry + 0 . 5 * ( hypo t ( ( xU−xR ) , ( yU−yR ) ) ) ) * cosd ( (1 − kb ) / 8 * 1 8 0 / pp ) ;
317 yLA = ( Dr i /2+ hry + 0 . 5 * ( hypo t ( ( xU−xR ) , ( yU−yR ) ) ) ) * s i n d ( (1 − kb ) / 8 * 1 8 0 / pp ) ;
318 xLA1 = ( Dr i /2+ hry + 0 . 5 * ( hypo t ( ( xU−xR ) , ( yU−yR ) ) ) ) * cosd ( tau −(1 − kb ) / 8 * 1 8 0 / pp ) ;
319 yLA1 = ( Dr i /2+ hry + 0 . 5 * ( hypo t ( ( xU−xR ) , ( yU−yR ) ) ) ) * s i n d ( tau −(1 − kb ) / 8 * 1 8 0 / pp ) ;
320 end
321
322 c f = y ( 1 ) / x ( 1 ) ;
323 y_mir = (2* c f *xm−ym+ c f ^2*ym) / ( 1 + c f ^2 ) ;
324 x_mir = xm + c f *ym− c f * y_mir ;
325
326 %% B o u n d a r i e s



179

327
328 mi_addboundprop ( ' d i r ' , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 ) ;
329 mi_addboundprop ( ' ap1 ' , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 5 ) ;
330 mi_addboundprop ( ' ap12 ' , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 5 ) ;
331 mi_addboundprop ( ' ap2 ' , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 5 ) ;
332 mi_addboundprop ( ' ap3 ' , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 5 ) ;
333 mi_addboundprop ( ' ap4 ' , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 5 ) ;
334 mi_addboundprop ( ' sb ' , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 7 ) ;
335
336 % Rotor
337 m i _ s e l e c t a r c s e g m e n t ( Dr i / 2 * cosd ( t a u / 2 ) , Dr i / 2 * s i n d ( t a u / 2 ) ) ;
338 m i _ s e t a r c s e g m e n t p r o p ( 2 . 5 , ' d i r ' , 0 , 1 )
339 m i _ c l e a r s e l e c t e d
340
341 % S t a t o r
342 m i _ s e l e c t a r c s e g m e n t ( Dso / 2 * cosd ( t a u / 2 ) , Dso / 2 * s i n d ( t a u / 2 ) ) ;
343 m i _ s e t a r c s e g m e n t p r o p ( 2 . 5 , ' d i r ' , 0 , 0 )
344 m i _ c l e a r s e l e c t e d
345
346 m i _ s e l e c t s e g m e n t ( Dr i / 2 * cosd ( 0 ) , Dr i / 2 * s i n d ( 0 ) ) ;
347 m i _ s e l e c t s e g m e n t ( Dr i / 2 * cosd ( t a u ) , Dr i / 2 * s i n d ( t a u ) ) ;
348 m i _ s e t s e g m e n t p r o p ( ' ap1 ' , 1 , 1 , 0 , 1 )
349 m i _ c l e a r s e l e c t e d
350
351 m i _ s e l e c t s e g m e n t ( Dr i / 2 + ( ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) − Dr i / 2 ) / 2 , 0 ) ;
352 m i _ s e l e c t s e g m e n t ( ( Dr i / 2 + ( ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) − Dr i / 2 ) / 2 ) * cosd ( t a u ) , ( Dr i / 2 + ( ( Dsi /2 − g0 / cosd ( pp* betam / p ) ) −

Dr i / 2 ) / 2 ) * s i n d ( t a u ) ) ;
353 m i _ s e t s e g m e n t p r o p ( ' ap12 ' , 1 , 1 , 0 , 1 )
354 m i _ c l e a r s e l e c t e d
355
356 m i _ s e l e c t s e g m e n t ( ( Dsi /2 − g0 /2 − g0* df ) * cosd ( 0 ) , ( Dsi /2 − g0 /2 − g0* df ) * s i n d ( 0 ) ) ;
357 m i _ s e l e c t s e g m e n t ( ( Dsi /2 − g0 /2 − g0* df ) * cosd ( t a u ) , ( Dsi /2 − g0 /2 − g0* df ) * s i n d ( t a u ) ) ;
358 m i _ s e t s e g m e n t p r o p ( ' ap2 ' , 1 , 1 , 0 , 2 )
359 m i _ c l e a r s e l e c t e d
360
361 m i _ s e l e c t s e g m e n t ( ( Dsi /2 − g0 /2+ g0* df ) * cosd ( 0 ) , ( Dsi /2 − g0 /2+ g0* df ) * s i n d ( 0 ) ) ;
362 m i _ s e l e c t s e g m e n t ( ( Dsi /2 − g0 /2+ g0* df ) * cosd ( t a u ) , ( Dsi /2 − g0 /2+ g0* df ) * s i n d ( t a u ) ) ;
363 m i _ s e t s e g m e n t p r o p ( ' ap3 ' , 1 , 1 , 0 , 0 )
364 m i _ c l e a r s e l e c t e d
365
366 m i _ s e l e c t s e g m e n t ( ( 3 * Dsi / 2 ) * cosd ( 0 ) , ( 3 * Dsi / 2 ) * s i n d ( 0 ) ) ;
367 m i _ s e l e c t s e g m e n t ( ( 3 * Dsi / 2 ) * cosd ( t a u ) , ( 3 * Dsi / 2 ) * s i n d ( t a u ) ) ;
368 m i _ s e t s e g m e n t p r o p ( ' ap4 ' , 1 , 1 , 0 , 0 )
369 m i _ c l e a r s e l e c t e d
370
371 i f rem ( q , 2 ) >0
372 mi_addboundprop ( ' ap5 ' , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 5 ) ;
373 m i _ s e l e c t s e g m e n t ( ( Dsi /2+ h s t / 2 ) * cosd ( 0 ) , ( Dsi /2+ h s t / 2 ) * s i n d ( 0 ) ) ;
374 m i _ s e l e c t s e g m e n t ( ( Dsi /2+ h s t / 2 ) * cosd ( t a u ) , ( Dsi /2+ h s t / 2 ) * s i n d ( t a u ) ) ;
375 m i _ s e t s e g m e n t p r o p ( ' ap5 ' , 1 , 1 , 0 , 0 )
376 m i _ c l e a r s e l e c t e d
377 mi_addboundprop ( ' ap6 ' , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 0 , 5 ) ;
378 m i _ s e l e c t s e g m e n t ( ( Dsi /2+ h2 / 2 ) * cosd ( 0 ) , ( Dsi /2+ h2 / 2 ) * s i n d ( 0 ) ) ;
379 m i _ s e l e c t s e g m e n t ( ( Dsi /2+ h2 / 2 ) * cosd ( t a u ) , ( Dsi /2+ h2 / 2 ) * s i n d ( t a u ) ) ;
380 m i _ s e t s e g m e n t p r o p ( ' ap6 ' , 1 , 1 , 0 , 0 )
381 m i _ c l e a r s e l e c t e d
382 end
383
384 m i _ s e l e c t a r c s e g m e n t ( ( Dsi /2 − g0 /2 − g0* df ) , 0 ) ;
385 m i _ s e t a r c s e g m e n t p r o p ( 1 , ' sb ' , 0 , 2 )
386 m i _ c l e a r s e l e c t e d
387
388 m i _ s e l e c t a r c s e g m e n t ( ( Dsi /2 − g0 /2+ g0* df ) , 0 ) ;
389 m i _ s e t a r c s e g m e n t p r o p ( 1 , ' sb ' , 0 , 0 )
390 m i _ c l e a r s e l e c t e d
391
392 %% M a t e r i a l s and c i r c u i t s
393 m i _ g e t m a t e r i a l ( ' A i r ' )
394 m i _ g e t m a t e r i a l ( ' Copper ' )
395
396 m i _ a d d m a t e r i a l ( ' I r o n ' , 2100 , 2100 , 0 , 0 , 0 , 0 , 0 , 1 , 0 , 0 , 0 ) ;
397 m i _ a d d b h p o i n t s ( ' I r o n ' , BH) ;
398 m i _ a d d c i r c p r o p ( ' F i e l d ' , 0 , 1 ) ;
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399 i f m==3
400 m i _ a d d c i r c p r o p ( 'A ' , 0 , 1 ) ;
401 m i _ a d d c i r c p r o p ( 'B ' , 0 , 1 ) ;
402 m i _ a d d c i r c p r o p ( 'C ' , 0 , 1 ) ;
403 e l s e i f m>3
404 f o r h =1:m/ 3
405 m i _ a d d c i r c p r o p ( [ 'A ' , num2s t r ( h ) ] , 0 , 1 ) ;
406 m i _ a d d c i r c p r o p ( [ 'B ' , num2s t r ( h ) ] , 0 , 1 ) ;
407 m i _ a d d c i r c p r o p ( [ 'C ' , num2s t r ( h ) ] , 0 , 1 ) ;
408 end
409 end
410 %% Block L a b e l s
411
412 % S t a t o r
413 m i _ a d d b l o c k l a b e l ( Dso / 2 * 0 . 9 9 * cosd ( t a u / 2 ) , Dso / 2 * 0 . 9 9 * s i n d ( t a u / 2 ) ) ;
414 m i _ s e l e c t l a b e l ( Dso / 2 * 0 . 9 9 * cosd ( t a u / 2 ) , Dso / 2 * 0 . 9 9 * s i n d ( t a u / 2 ) ) ;
415 m i _ s e t b l o c k p r o p ( ' I r o n ' , 0 , 0 , ' <None> ' , 0 , 100 , 0 ) ;
416 m i _ c l e a r s e l e c t e d
417
418 % S t a t o r copper
419 i f rem ( q , 2 ) ==0
420 m i _ a d d b l o c k l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( sp / 2 ) , ( Dsi /2+ h s t / 2 ) * s i n d ( sp / 2 ) ) ;
421 m i _ a d d b l o c k l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( sp / 2 ) , ( Dsi /2+ h2 / 2 ) * s i n d ( sp / 2 ) ) ;
422 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( sp / 2 ) , ( Dsi /2+ h s t / 2 ) * s i n d ( sp / 2 ) ) ;
423 m i _ s e l e c t l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( sp / 2 ) , ( Dsi /2+ h2 / 2 ) * s i n d ( sp / 2 ) ) ;
424 m i _ c o p y r o t a t e 2 ( 0 , 0 , sp , Ns / p −1 , 4 )
425 f o r i = 0 : ( q −1)
426 i f i <q / 2
427 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( sp /2+ sp * i ) , ( Dsi /2+ h s t / 2 ) * s i n d ( sp /2+ sp * i ) ) ;
428 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , 'A ' , 0 , 0 , 2 ) ;
429 m i _ c l e a r s e l e c t e d
430 end
431
432 m i _ s e l e c t l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( sp /2+ sp * i ) , ( Dsi /2+ h2 / 2 ) * s i n d ( sp /2+ sp * i ) ) ;
433 m i _ s e t b l o c k p r o p ( ' Ai r ' , 0 , 0 , ' <None> ' , 0 , 0 , 0 ) ;
434 m i _ c l e a r s e l e c t e d
435
436 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( sp /2+ sp *( i +q ) −sp *q / 2 ) , ( Dsi /2+ h s t / 2 ) * s i n d ( sp /2+ sp *( i +q ) −sp *q / 2 ) ) ;
437 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , 'C ' , 0 , 0 , −2) ;
438 m i _ c l e a r s e l e c t e d
439
440 m i _ s e l e c t l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( sp /2+ sp *( i +q ) ) , ( Dsi /2+ h2 / 2 ) * s i n d ( sp /2+ sp *( i +q ) ) ) ;
441 m i _ s e t b l o c k p r o p ( ' Ai r ' , 0 , 0 , ' <None> ' , 0 , 0 , 0 ) ;
442 m i _ c l e a r s e l e c t e d
443
444 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( sp /2+ sp *( i +2*q ) −sp *q / 2 ) , ( Dsi /2+ h s t / 2 ) * s i n d ( sp /2+ sp *( i +2*q ) −sp *q / 2 ) )

;
445 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , 'B ' , 0 , 0 , 2 ) ;
446 m i _ c l e a r s e l e c t e d
447
448 m i _ s e l e c t l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( sp /2+ sp *( i +2*q ) ) , ( Dsi /2+ h2 / 2 ) * s i n d ( sp /2+ sp *( i +2*q ) ) ) ;
449 m i _ s e t b l o c k p r o p ( ' Ai r ' , 0 , 0 , ' <None> ' , 0 , 0 , 0 ) ;
450 m i _ c l e a r s e l e c t e d
451
452 i f i >=q / 2
453 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( tau −sp /2 − sp *( q−1− i ) ) , ( Dsi /2+ h s t / 2 ) * s i n d ( tau −sp /2 − sp *( q−1− i ) ) ) ;
454 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , 'A ' , 0 , 0 , −2) ;
455 m i _ c l e a r s e l e c t e d
456 end
457 end
458 e l s e
459 m i _ a d d b l o c k l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( ( sp /2 − j a ) / 2 ) , ( Dsi /2+ h s t / 2 ) * s i n d ( ( sp /2 − j a ) / 2 ) ) ;
460 m i _ a d d b l o c k l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( ( sp /2 − j a ) / 2 ) , ( Dsi /2+ h2 / 2 ) * s i n d ( ( sp /2 − j a ) / 2 ) ) ;
461 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( ( sp /2 − j a ) / 2 ) , ( Dsi /2+ h s t / 2 ) * s i n d ( ( sp /2 − j a ) / 2 ) ) ;
462 m i _ s e l e c t l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( ( sp /2 − j a ) / 2 ) , ( Dsi /2+ h2 / 2 ) * s i n d ( ( sp /2 − j a ) / 2 ) ) ;
463 m i _ c o p y r o t a t e 2 ( 0 , 0 , sp , Ns / p −1 , 4 )
464 m i _ a d d b l o c k l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( tau −( sp /2 − j a ) / 2 ) , ( Dsi /2+ h s t / 2 ) * s i n d ( tau −( sp /2 − j a ) / 2 ) ) ;
465 m i _ a d d b l o c k l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( tau −( sp /2 − j a ) / 2 ) , ( Dsi /2+ h2 / 2 ) * s i n d ( tau −( sp /2 − j a ) / 2 ) ) ;
466
467 f o r i = 0 : ( q −1)
468 i f i <q / 2
469 i f i ==0
470 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( ( sp /2 − j a ) /2+ sp * i ) , ( Dsi /2+ h s t / 2 ) * s i n d ( ( sp /2 − j a ) /2+ sp * i ) ) ;
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471 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , 'A ' , 0 , 0 , 1 ) ;
472 m i _ c l e a r s e l e c t e d
473 e l s e
474 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( ( sp /2 − j a ) /2+ sp * i ) , ( Dsi /2+ h s t / 2 ) * s i n d ( ( sp /2 − j a ) /2+ sp * i ) ) ;
475 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , 'A ' , 0 , 0 , 2 ) ;
476 m i _ c l e a r s e l e c t e d
477 end
478 end
479
480 m i _ s e l e c t l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( ( sp /2 − j a ) /2+ sp * i ) , ( Dsi /2+ h2 / 2 ) * s i n d ( ( sp /2 − j a ) /2+ sp * i ) ) ;
481 m i _ s e t b l o c k p r o p ( ' Ai r ' , 0 , 0 , ' <None> ' , 0 , 0 , 0 ) ;
482 m i _ c l e a r s e l e c t e d
483
484 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( ( sp /2 − j a ) /2+ sp *( i +q ) −sp *( q −1) / 2 ) , ( Dsi /2+ h s t / 2 ) * s i n d ( ( sp /2 − j a ) /2+ sp

*( i +q ) −sp *( q −1) / 2 ) ) ;
485 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , 'C ' , 0 , 0 , −2) ;
486 m i _ c l e a r s e l e c t e d
487
488 m i _ s e l e c t l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( ( sp /2 − j a ) /2+ sp *( i +q ) ) , ( Dsi /2+ h2 / 2 ) * s i n d ( ( sp /2 − j a ) /2+ sp *( i +q ) ) ) ;
489 m i _ s e t b l o c k p r o p ( ' Ai r ' , 0 , 0 , ' <None> ' , 0 , 0 , 0 ) ;
490 m i _ c l e a r s e l e c t e d
491
492 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( ( sp /2 − j a ) /2+ sp *( i +2*q ) −sp *( q −1) / 2 ) , ( Dsi /2+ h s t / 2 ) * s i n d ( ( sp /2 − j a ) /2+

sp *( i +2*q ) −sp *( q −1) / 2 ) ) ;
493 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , 'B ' , 0 , 0 , 2 ) ;
494 m i _ c l e a r s e l e c t e d
495
496 m i _ s e l e c t l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( ( sp /2 − j a ) /2+ sp *( i +2*q ) ) , ( Dsi /2+ h2 / 2 ) * s i n d ( ( sp /2 − j a ) /2+ sp *( i +2*q ) ) ) ;
497 m i _ s e t b l o c k p r o p ( ' Ai r ' , 0 , 0 , ' <None> ' , 0 , 0 , 0 ) ;
498 m i _ c l e a r s e l e c t e d
499
500 i f i >=q / 2
501 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( tau − ( ( sp /2 − j a ) / 2 ) −sp * ( q− i ) ) , ( Dsi /2+ h s t / 2 ) * s i n d ( tau − ( ( sp /2 − j a )

/ 2 ) −sp * ( q− i ) ) ) ;
502 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , 'A ' , 0 , 0 , −2) ;
503 m i _ c l e a r s e l e c t e d
504 end
505 end
506 m i _ s e l e c t l a b e l ( ( Dsi /2+ h s t / 2 ) * cosd ( tau −( sp /2 − j a ) / 2 ) , ( Dsi /2+ h s t / 2 ) * s i n d ( tau −( sp /2 − j a ) / 2 ) ) ;
507 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , 'A ' , 0 , 0 , −1) ;
508 m i _ c l e a r s e l e c t e d
509 m i _ s e l e c t l a b e l ( ( Dsi /2+ h2 / 2 ) * cosd ( tau −( sp /2 − j a ) / 2 ) , ( Dsi /2+ h2 / 2 ) * s i n d ( tau −( sp /2 − j a ) / 2 ) ) ;
510 m i _ s e t b l o c k p r o p ( ' Ai r ' , 0 , 0 , ' <None> ' , 0 , 0 , 0 ) ;
511 m i _ c l e a r s e l e c t e d
512 end
513
514 % S t a t o r a i r
515 Dro = Dsi −2*g0 ;
516 m i _ a d d b l o c k l a b e l ( ( Dro /2+ g0 /2+ df *g0 * 1 . 2 ) * cosd ( t a u / 2 ) , ( Dro /2+ g0 /2+ df *g0 * 1 . 2 ) * s i n d ( t a u / 2 ) ) ;
517 m i _ s e l e c t l a b e l ( ( Dro /2+ g0 /2+ df *g0 * 1 . 2 ) * cosd ( t a u / 2 ) , ( Dro /2+ g0 /2+ df *g0 * 1 . 2 ) * s i n d ( t a u / 2 ) ) ;
518 m i _ s e t b l o c k p r o p ( ' Ai r ' , 0 , 0 , ' <None> ' , 0 , 0 , 0 ) ;
519 m i _ c l e a r s e l e c t e d
520
521 % Rotor a i r
522 m i _ a d d b l o c k l a b e l ( ( Dsi /2 − g0 /2 − df *g0 * 1 . 2 ) * cosd ( t a u / 2 ) , ( Dsi /2 − g0 /2 − df *g0 * 1 . 2 ) * s i n d ( t a u / 2 ) ) ;
523 m i _ s e l e c t l a b e l ( ( Dsi /2 − g0 /2 − df *g0 * 1 . 2 ) * cosd ( t a u / 2 ) , ( Dsi /2 − g0 /2 − df *g0 * 1 . 2 ) * s i n d ( t a u / 2 ) ) ;
524 m i _ s e t b l o c k p r o p ( ' Ai r ' , 0 , 0 , ' <None> ' , 0 , 2 , 0 ) ;
525 m i _ c l e a r s e l e c t e d
526
527 % Rotor
528 m i _ a d d b l o c k l a b e l ( ( Dr i /2+ hp1 ) * cosd ( t a u / 2 ) , ( Dr i /2+ hp1 ) * s i n d ( t a u / 2 ) ) ;
529 m i _ s e l e c t l a b e l ( ( Dr i /2+ hp1 ) * cosd ( t a u / 2 ) , ( Dr i /2+ hp1 ) * s i n d ( t a u / 2 ) ) ;
530 m i _ s e t b l o c k p r o p ( ' I r o n ' , 0 , 0 , ' <None> ' , 0 , 200 , 0 ) ;
531 m i _ c l e a r s e l e c t e d
532
533 %Rotor copper
534 i f f l a g _ r o t c o i l ==0
535 m i _ a d d b l o c k l a b e l (xm , ym)
536 m i _ s e l e c t l a b e l (xm , ym) ;
537 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , ' F i e l d ' , 0 , 1 , 1 ) ;
538 m i _ c l e a r s e l e c t e d
539 m i _ a d d b l o c k l a b e l ( x_mir , y_mir )
540 m i _ s e l e c t l a b e l ( x_mir , y_mir ) ;
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541 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , ' F i e l d ' , 0 , 1 , −1) ;
542 m i _ c l e a r s e l e c t e d
543 e l s e i f f l a g _ r o t c o i l ==1
544 m i _ a d d b l o c k l a b e l ( hypo t ( xS , yS ) * cosd ( a t a n d ( yS / xS ) −1) , hypo t ( xS , yS ) * s i n d ( a t a n d ( yS / xS ) −1) )
545 m i _ s e l e c t l a b e l ( hypo t ( xS , yS ) * cosd ( a t a n d ( yS / xS ) −1) , hypo t ( xS , yS ) * s i n d ( a t a n d ( yS / xS ) −1) ) ;
546 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , ' F i e l d ' , 0 , 1 , 1 ) ;
547 m i _ c l e a r s e l e c t e d
548 m i _ a d d b l o c k l a b e l ( hypo t ( xS , yS ) * cosd ( tau − a t a n d ( yS / xS ) +1) , hypo t ( xS , yS ) * s i n d ( tau − a t a n d ( yS / xS ) +1) )
549 m i _ s e l e c t l a b e l ( hypo t ( xS , yS ) * cosd ( tau − a t a n d ( yS / xS ) +1) , hypo t ( xS , yS ) * s i n d ( tau − a t a n d ( yS / xS ) +1) ) ;
550 m i _ s e t b l o c k p r o p ( ' Copper ' , 0 , 0 , ' F i e l d ' , 0 , 1 , −1) ;
551 m i _ c l e a r s e l e c t e d
552 end
553
554 %Rotor l a t e r a l a i r
555 m i _ a d d b l o c k l a b e l ( xLA , yLA) ;
556 m i _ a d d b l o c k l a b e l ( xLA1 , yLA1 ) ;
557 m i _ s e l e c t l a b e l ( xLA , yLA) ;
558 m i _ s e l e c t l a b e l ( xLA1 , yLA1 ) ;
559 m i _ s e t b l o c k p r o p ( ' Ai r ' , 0 , 0 , ' <None> ' , 0 , 1 , 0 ) ;



Appendix C

Results of the phase-split Thermal
Network for the Disk-Shaped Motor

Fig. C.1 Simplified phase-split LPTN results for the disk-shaped motor in ambient air for the
tests used in the optimization.
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Fig. C.2 Simplified phase-split LPTN results for the disk-shaped motor in ambient air for the
load cycle 1.

Fig. C.3 Simplified phase-split LPTN results for the disk-shaped motor in ambient air for the
load cycle 2.
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Fig. C.4 Simplified phase-split LPTN results for the disk-shaped motor in the climatic
chamber for the tests used in the optimization.

Fig. C.5 Simplified phase-split LPTN results for the disk-shaped motor in the climatic
chamber for the load cycle 1.
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Fig. C.6 Simplified phase-split LPTN results for the disk-shaped motor in the climatic
chamber for the load cycle 2.
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